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 Preface
 
 A great need has existed for an in-depth handbook on concrete construction engineering and technology that can assist the constructor in making correct technical judgments in the various areas of constructed systems. This Handbook is intended to ﬁll this very need. This edition is completely updated and includes ten new chapters written by leading experts on various topics dealing with the state of the art in several newly developed areas of concrete construction and design engineering. All chapters treat their particular subjects with extensive detail and depth of discussion, a feature that is lacking in any comparable texts. Also, each chapter provides selected references for the user to consult for further research beyond the scope of the Handbook. The topics covered here are state-of-the-art statements regarding what the design engineer and the constructor should know about concrete, the most versatile material of the 21st century. These topics can be grouped into ﬁve categories: 1. Latest advances in engineered concrete materials, including concrete constituents, high-performance concretes, the design of mixtures for both normal- and high-strength concretes, and special concrete applications such as architectural concrete 2. Reinforced concrete construction, including recommendations on the vast array of types of constructed facilities, long-term effects on behavior and performance such as creep and shrinkage, construction loading effects, formwork and falsework proportioning, and automation in construction 3. Specialized construction, such as prestressed concrete construction in buildings and transportation facilities; construction and proportioning of structures in seismic zones (including the latest provisions of the 2006 International Building Code on the design of structures in high-seismicity zones); masonry construction; heavy concrete construction, such as roller-compacted concrete; and concrete marine structures, such as offshore platforms concrete 4. Design recommendations for high performance, including deﬂection reduction in buildings, proportioning of concrete structural elements by the latest ACI 318-08 Building Code, prefabricated precasting, geotechnical and foundation engineering, nondestructive evaluation of long-term structural performance, and structural concrete repair, retroﬁt, and rehabilitation 5. Specialized topics on new materials, such as engineered concrete composites, geopolymer concrete, equipment for concrete building construction, joints in concrete structures, design of precast seismic bracing systems, detailed design of ﬁber-reinforced polymers (FRP), and aesthetics in longspan bridge construction The 37 contributors to this new edition of the Handbook are leading authorities in the ﬁeld, with a combined professional practice of at least 1200 years. All of them are national or international leaders in research, design, and construction. This Handbook is the only publication in this category that has in a single chapter a summary of all concrete design expressions in accordance with the latest ACI 318-08 Building Code for ﬂexure, shear, torsion, strut-and-tie design of corbels and deep beams, compression, long-term effects, slender columns, and development of reinforcement. Both PI (in.-lb) and SI formats are provided. A design ofﬁce will be able to quickly review all of the latest requirements for structural concrete. This Handbook should enable designers, constructors, educators, and ﬁeld personnel to produce the best and most durably engineered constructed facilities. It is for these professionals that this Handbook was written in the hope that the wealth of the most up-to-date knowledge embodied in this comprehensive work will provide, in this dynamic century, vastly better, more efﬁcient, and longer enduring constructed concrete.
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 1.1 Introduction Portland cement concrete is a composite material made by combining cement, supplementary cementing materials, aggregates, water, and chemical admixtures in suitable proportions and allowing the resulting mixture to set and harden over time. Because hardened concrete is a relatively brittle material with a low tensile strength, steel reinforcing bars and sometimes discontinuous ﬁbers are used in structural concrete to provide some tensile load-bearing capacity and to increase the toughness of the material. In this chapter, we deal with some of the basic constituents: cements, aggregates, water, steel reinforcement, and ﬁber reinforcement. Chemical admixtures and supplementary cementing materials (often referred to as mineral admixtures) are covered in Chapter 2. It must be emphasized that choosing the appropriate * Professor Emeritus, Department of Civil Engineering, University of British Columbia, Vancouver, Canada; expert in concrete materials behavior and in composites.
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 Limestone Quarrying (crushing)
 
 Other Raw Materials
 
 Clay/Shale Quarrying (crushing)
 
 Grinding and Blending
 
 Grinding and Blending Storage and Final Blending Preheaters
 
 Burning (kiln)
 
 Gypsum Finish Grinding
 
 Storage
 
 FIGURE 1.1 Schematic outline of Portland cement production.
 
 constituent materials for a particular concrete is a necessary, but not sufﬁcient, condition for the production of high-quality concrete. The materials must be proportioned correctly, and the concrete must then be mixed, placed, and cured properly (Chapter 6). In addition, there must be careful quality control of every part of the concrete-making process. This requires full cooperation among the materials or ready-mixed-concrete supplier, the engineer, and the contractor.
 
 1.2 Portland Cement Portland cement is by far the most important member of the family of hydraulic cements—that is, cements that harden through chemical interaction with water. The ﬁrst patent for “Portland” cement was taken out in England in 1824 by Joseph Aspdin, though it was probably not a true Portland cement; the ﬁrst true Portland cements were produced about 20 years later. Since then, many improvements have been made to cement production, leading to the sophisticated, though common, cements that are now so widely available.
 
 1.2.1 Manufacture of Portland Cement The manufacture of Portland cement is, in principle, a simple process that relies on the use of inexpensive and abundant raw materials. In short, an intimate mixture of limestone (CaCO3) and clay or silt (ironbearing aluminosilicates), to which a small amount of iron oxide (Fe2O3) and sometimes quartz (SiO2) is added, is heated in a kiln to a temperature of between 1400 and 1600°C; in this temperature range, the materials react chemically to form calcium silicates, calcium aluminates, and calcium aluminoferrites. The cement production process is shown in Figure 1.1. The raw materials, which are ground to a ﬁneness of less than about 75 µm, are introduced at the top end of an inclined rotary kiln, as shown in Figure 1.2. The kiln is heated by fuel (natural gas, oil, or pulverized coal) that is injected and burned at the lower end of the kiln, with the hot gases passing up through the kiln. Thus, in a period ranging from
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 FIGURE 1.2 Schematic outline of reactions in a typical dry-process rotary cement kiln.
 
 about 20 minutes to 2.5 hours, depending on the kiln design, the raw ingredients are subjected to increasingly higher temperatures as they pass through the kiln, and a complex series of chemical reactions takes place. The high-temperature reactions for the formation of cement clinker have been described as follows (Bentur, 2002): • Decomposition of the clay minerals (~500 to 800°C) • Decomposition of the calcite (~700 to 900°C) • Reactions of the calcite (or lime formed from it), SiO2, and the decomposed clays to form 2CaO·SiO2 (~1000 to 1300°C) • Clinkering reactions at about 1300 to 1450°C to form 3CaO·SiO2—a melt of aluminate and ferrite is formed to act as a ﬂux to facilitate the formation of 3CaO·SiO2 by the reaction between CaO and 2CaO·SiO2 • Cooling back to ambient temperature, during which time the melt crystallizes to form the ferrite and aluminate phases As the charge in the kiln moves through the ﬁnal few feet, its temperature drops rapidly, and it emerges from the kiln as clinker, dark colored nodules about 6 to 50 mm in diameter. This is then cooled and is ﬁnally interground with gypsum (CaSO4·2H2O), to a particle size of about 10 µm or less. The gypsum is added to control the early hydration reactions of the cement. The ternary phase diagram of the CaO–Al2O3–SiO2 system is shown in Figure 1.3 (Bentur, 2002). It may be seen that Portland cement (and, indeed, all other cementitious materials in this system) may have a considerable range of chemical compositions. The above description of the production of Portland cement represents a considerable simpliﬁcation of what really occurs, in that it overlooks several important factors: • Because of the nature of the raw materials, about 5 to 8% impurities are present in the clinker, the exact type and amount of which depend on the particular raw material sources. These impurities include sodium and potassium oxides (from the clay), sulfates (from the fuel), magnesium (from the limestone), manganese, iron, potassium, titanium, and perhaps others as well. • The mineral phases formed are not pure but are doped with various other ions, depending on the exact chemistry of the raw feed. • The different mineral phases are not in the form of separate grains; each cement particle generally contains several phases.
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 FIGURE 1.3 Ternary phase diagram of the CaO–Al2O3–SiO2 system. (Adapted from Bentur, A., J. Mater. Civ. Eng., 14(1), 2–22, 2002.)
 
 The precise details of the chemistry of cement are not particularly important for ordinary concretes, whose properties (in both the fresh and hardened states) can be predicted reasonably well based on the aggregate grading, the cement content, and the water/cement (w/c) ratio. This permits us to design normal concrete mixes with little regard to the source and composition of the particular cement being used; however, for high-performance concretes, these details can be of vital importance, as such concretes will invariably contain both mineral and chemical admixtures and in particular superplasticizers (also known as highrange water reducers). The behavior and durability of these much more complex mixtures can be greatly affected by the minor components of the cement and by the cement mineralogy and composition. The problems of cement–superplasticizer incompatibility and other adverse admixture interactions can create difﬁculties in ﬁnding satisfactory mix designs for concretes for some special applications. The chemical composition of Portland cement is customarily reported in terms of the oxides of the various elements that are present, using the shorthand notation given in Table 1.1. Using this notation, the typical compound composition of ordinary Portland cement may be given as shown in Table 1.2. The characteristics of these compounds when cement is hydrated are indicated in Table 1.3. It can be seen that the two calcium silicates are primarily responsible for the strength that the cement will develop upon hydration. The C3A can lead to durability problems when the concrete is in contact with soils or groundwater containing sulfates. By making relatively small changes in the relative proportions of raw materials, one can bring about relatively large changes in the relative proportions of the principal compounds of Portland cement. In North America, this has led to the speciﬁcation of ﬁve types of Portland cement, as indicated in Table 1.4. It is thus possible, to a considerable degree, to tailor cements for particular applications, as long as the quantities required are sufﬁciently large to be economically feasible. For example, special cements have been formulated for very high-strength concretes and for particular durability considerations.
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 TABLE 1.1 Shorthand Notation for the Oxides in Portland Cement Oxide
 
 Shorthand Notation
 
 Common Name
 
 CaO SiO2 Al2O3 Fe2O3 MgO K 2O Na2O SO3 CO2 H 2O
 
 C S A F M K N S C H
 
 Lime Silica Alumina Ferric oxide Magnesia
 
 Typical Weight Percent in Ordinary Cement 63 22 6 2.5 2.5 0.6 0.4 2.0 — —
 
 Alkalis Sulfur trioxide Carbon dioxide Water
 
 TABLE 1.2 Typical Compound Composition of Ordinary Portland Cement Chemical Formula
 
 Shorthand Notation
 
 Chemical Name
 
 Weight Percent
 
 3CaO·SiO2 2CaO·SiO2 3CaO·Al2O3 4CaO·Al2O3·Fe2O3 CaSO4·2H2O
 
 C 3S C 2S C 3A C4AF CSH2
 
 Tricalcium silicate Dicalcium silicate Tricalcium aluminate Tetracalcium aluminoferrite Calcium sulfate dihydrate (gypsum)
 
 50 25 12 8 3.5
 
 TABLE 1.3 Contribution of Cement Compounds to the Hydration of Portland Cement Compound C 3S C 2S C3A + CSH2 C4AF + CSH2
 
 Reaction Rate
 
 Heat Liberated
 
 Contribution to Strength
 
 Moderate Slow Fast Moderate
 
 High Low Very high Moderate
 
 High Low initially; high later Low Low
 
 TABLE 1.4 Approximate Chemical Compositions of the Principal Types of Portland Cement ASTM Designation Type I Type II Type III Type IVb Type V a b
 
 Percent by Weight Common Name
 
 C 3S
 
 C 2S
 
 C 3A
 
 C4AF
 
 CSH2
 
 Finenessa
 
 Ordinary Modiﬁed High early strength Low heat Sulfate resistant
 
 50 45 60 25 40
 
 25 30 15 50 40
 
 12 7 10 5 4
 
 8 12 8 12 10
 
 5 5 5 4 4
 
 350 350 450 300 350
 
 Blaine ﬁneness (m2/kg). Now rarely produced; replaced with blends of Portland cement and ﬂy ash.
 
 The hydration reactions of Portland cement do not involve the complete dissolution of the cement grains; rather, the reactions take place between water and the exposed surfaces of the cement particles. As a result, the ﬁneness of the cement will have a considerable effect on its rate of reaction, as this will determine the surface area exposed to water. Clearly, more ﬁnely ground cements will hydrate more rapidly, but they give rise to higher rates of heat liberation during hydration, the consequences of which are discussed later.
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 1.2.2 Hydration of Portland Cement The hydration reactions that take place between ﬁnely ground Portland cement and water are highly complex, because the individual cement grains vary in size and composition. As a consequence, the resulting hydration products are also not uniform; their chemical composition and microstructural characteristics vary not only with time but also with their location within the concrete. The basic characteristics of the hydration of Portland cement may be described as follows: • As long as the individual cement grains remain separated from each other by water, the cement paste remains ﬂuid. • The products of the hydration reactions occupy a greater volume than that occupied by the original cement grains. • As the hydration products begin to intergrow, setting occurs. • As the hydration reactions continue, additional bonds are formed between the cement grains, leading to strengthening of the system. 1.2.2.1 Chemistry of Hydration The principal products of the hydration reactions, which are primarily responsible for the strength of concrete, are the calcium silicate hydrates that make up most of the hydrated cement. They are formed from the reactions between the two calcium silicates and water. Using the shorthand notation of Tables 1.1 and 1.2, these reactions may be written as: 2C 3S + 11H → C 3S 2 H8 + 3CH 2C 2S + 9H → C 3S 2 H8 + CH
 
 (1.1)
 
 In reality, calcium silicate hydrate is a largely amorphous material that does not have the precise composition indicated in Equation 1.1. It is thus more often referred to merely as C–S–H so no speciﬁc formula is implied. The reactions of Equation 1.1 are highly exothermic. These reactions, and the others described below, occur ﬁrst on the surfaces of the ﬁnely divided cement; as the surface layers react, water must diffuse through the hydration products to reach still unhydrated material for the reactions to proceed. The reactions will continue, at an ever-decreasing rate, until either all of the water available for hydration is used up or all of the space available for the hydration products is ﬁlled. In the absence of the gypsum that is interground with the Portland cement clinker, the C3A would react very rapidly with the water, leading to early setting (within a very few minutes) of the cement, which, of course, is highly undesirable. In the presence of gypsum, however, a layer of ettringite forms on the surface of the C3A particles which slows down the subsequent hydration: C 3 A + 3CSH2 + 26H → C 6 AS3H32
 
 tricalcium aluminate + gypsum + water → ettringite
 
 (1.2)
 
 As the gypsum becomes depleted by this reaction, the ettringite and the C3A react further: C 6 AS3H32 + 2C 3 A + 4 H → 3C 4 ASH12
 
 ettringite + tricalcium aluminate + water → monosulfoaluminate
 
 (1.3)
 
 The monosulfoaluminate is thus the stable phase in concrete. The ferrite phase is much less reactive than the C3A, so it does not combine with much of the gypsum. Its reaction may be written as: C 4 AF + 3CSH 2 + 21H → C 6 (A,F)S3H32 +(F,A)H3
 
 (1.4)
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 FIGURE 1.4 Compressive strength development of the pure cement compounds.
 
 (A, F) means that A and F occur interchangeably in the so-called hexagonal hydrates, but the ratio A/F need not be the same as that in the parent compounds. These hydrates derive their name from the fact that they tend to occur in thin, hexagonal plates. The tetracalcium aluminate hydrate is structurally related to monosulfoaluminate; the ferric–alumina hydroxide is amorphous. It must be emphasized again that the chemical formulae presented in Equations 1.1 to 1.4 are only approximate. There may be as much as 5% of various other impurities in the raw materials used to make cement (K2O, Na2O, MgO, etc.), and these atoms also ﬁnd their way into the structure of the hydration compounds, so the pure phases represented above are rarely found in that form. In general, this has little effect on the mechanical properties of hardened cement or concrete; however, the impurities may have a considerable effect on the durability of the concrete and on interactions between the cement and modern chemical admixtures. 1.2.2.2 Development of Hydration Products The hydration reactions described above occur at quite different rates, so the rates of strength development and the ﬁnal strengths achieved by the various hydration products vary widely (Figure 1.4). Most of the strength comes from the hydration of the calcium silicates. The C3S hydrates more rapidly than the C2S and so is responsible for most of the early strength gain. The aluminate and ferrite phases hydrate quickly but contribute little to strength. The course of the hydration of Portland cement is best described by reference to Figure 1.5, in which the hydration process is divided into ﬁve stages on the basis of the amount of heat being liberated. The ﬁrst stage lasts only a few minutes; the heat liberated is due mostly to the wetting and early dissolution of the cement grains. In the second, or induction stage, which may last for several hours, there is very little hydration activity, and the cement paste remains ﬂuid. The beginning of the hydration of C3S marks the start of the third stage, during which both initial set and ﬁnal set occur, due to the production of the hydration products and the development of a solid microstructural skeleton. Stage four is marked by the hydration of the C3A after depletion of the gypsum. Finally, in stage ﬁve, the rate of reaction slows as long as water is present, and the skeleton developed in stage three is ﬁlled in and densiﬁed by additional hydration products.
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 FIGURE 1.5 Rate of heat evolution during the hydration of Portland cement.
 
 1.2.2.3 Mechanical Properties of Hydration Products What determines the mechanical properties of the hardened cement is not so much the chemical details of the hydration reactions but the physical microstructure that is developed as a result of these reactions. As a continuous matrix of C–S–H is formed, the porosity of the system is reduced, and it is this reduction in porosity that is largely responsible for the gain in strength with an increasing degree of hydration. Of course, in addition to the C–S–H, the hardened matrix also contains the still unhydrated residues of the cement grains, relatively large crystals of calcium hydroxide, and monosulfoaluminate crystallites, but the latter two are more important for durability than for strength considerations. Here, we focus on the resultant porosity of the system. Pores may exist in hydrated Portland cement over a wide range of sizes. They may generally be classiﬁed into the following size ranges: Micropores, which are 100 nm If, however, we adopt the simpliﬁed model of pore structure ﬁrst suggested by Powers (1958), it is possible to relate the strength of the hardened paste to its porosity. Powers subdivided pores into two types. Gel pores, with a diameter of 10 nm in diameter, represent the spaces in the hardened paste that were originally ﬁlled with mixing water and have not been completely ﬁlled by the various hydration products. The larger the amount of mixing water used, therefore, the greater the volume of capillary pores; the volume of gel pores is largely independent of the amount of mixing water. It is possible to calculate the volume fraction of the pores and the solid fraction in terms of two parameters: the original water/cement (w/c) ratio and the degree of hydration (α), which is the fraction of cement that is hydrated and ranges from 0 to 1. The following equations were originally determined empirically by Powers and are still often used: Volume of total hydration products = 0.68α cm3 /g of original cement (including gel pores)
 
 (1.5)
 
 Volume of unhydrated cement = 0.32(1− α) cm3 /g of original cement
 
 (1.6)
 
 Volume of capillary pores = [w/c − 0.36α] cm3 /g of original cement
 
 (1.7)
 
 Volume of gel pores = 0.16α cm3 /g of original cement
 
 (1.8)
 
 Capillary porosity (relative volume of capilllary pores) =
 
 w/c − 0.36α w/c + 0.32
 
 (1.9)
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 FIGURE 1.6 Volume relationships among the hydration products of hydrating Portland cement pastes: (a) constant w/c ratio = 0.50; (b) increasing w/c ratio (α = 1.0).
 
 These volume relationships can be seen more clearly in Figure 1.6, in terms of the degree of hydration and w/c ratio. From the above, it may be seen that the w/c ratio essentially controls the capillary porosity, which in turn controls the permeability and strength of the hardened paste. This is the basis of the w/c ratio law on which most mix design procedures are based. To produce high-strength, low-permeability concretes, it is thus necessary to use a low w/c ratio and to ensure a high degree of hydration by following proper curing procedures.
 
 1.3 Modified Portland Cements Increasingly, modern concretes contain a blend of Portland cement and other cementitious materials. When other materials are added to Portland cement at the time at which the concrete is batched, they are referred to as mineral admixtures, which are described in detail in Chapter 2; however, there are also hydraulic cements, which are produced either by forming other compounds during the burning process or by adding other materials to the clinker and then intergrinding them. The common types of such modiﬁed cements are described in the following sections.
 
 1-10
 
 Concrete Construction Engineering Handbook
 
 1.3.1 Portland Pozzolan Cements Portland pozzolan cements are blends of Portland cement and a pozzolanic material (see Chapter 2). The role of the pozzolan is to react slowly with the calcium hydroxide that is liberated during cement hydration. This tends to reduce the heat of hydration and the early strength but can increase the ultimate strength of the material. These cements tend to be more resistant to sulfate attack and to the alkali–aggregate reaction.
 
 1.3.2 Portland Blast-Furnace Slag Cements Ground granulated blast-furnace slag (GGBFS), which is a byproduct of the iron and steel industry, is composed largely of lime, silica, and alumina and thus is a potentially cementitious material. To hydrate it, however, it must be activated by the addition of other compounds. When the GGBFS is to be activated by lime, the lime is most easily supplied by the hydration of the Portland cement itself. Slags may be present in proportions ranging from 25 to 90%. They react slowly to form C–S–H, which is the same product that results from the hydration of the calcium silicates. In general, because they react more slowly than Portland cement, slag cements have both lower heats of hydration and lower rates of strength gain. On the other hand, they have an enhanced resistance to sulfate attack. When the GGBFS is to be activated with calcium sulfate (CaSO4), together with a small amount of lime or Portland cement, the material is known as supersulfated cement. This cement is available mostly in Europe, where it is used for its lower heat of hydration and its resistance to sulfate attack.
 
 1.3.3 Expansive Cements Expansive cements were developed to try to offset the drying shrinkage that concrete undergoes. This is particularly important when the concrete is restrained against contraction or when it is to be cast against mature concrete in repair situations. In both cases, severe cracking may occur as a result of the shrinkage. Expansive cements are based on the formation of large quantities of ettringite during the ﬁrst few days of hydration; however, they are little used today, in large part because it is very difﬁcult to control (or predict) the amount of expansion that will take place for a particular concrete formulation.
 
 1.4 High-Alumina Cement A number of non-Portland inorganic cements are available, but by far the most important is high-alumina cement (also known as calcium–aluminate cement). It was developed originally for its sulfate-resistant properties but was subsequently used structurally because of its high rate of strength gain. Its use has been limited by structural problems due to the loss of strength that can occur in certain circumstances, which has led to several disastrous structural collapses. High-alumina cement (HAC) is about 60% CA, 10% C2S, and 5 to 20% C2AS (gehlenite), with 10 to 25% various minor constituents. When this material hydrates, much depends on the temperature: CA + H10 0°C 2
 
 5°C C3AH6 + 2AH3
 
 These reactions take place rapidly, so HAC reaches about 75% of its ultimate strength in one day. Unfortunately, C2AH8 and CAH10 are transformed to C3AH6 at temperatures above 30°C, particularly in moist conditions. This leads to a considerable loss in strength, because C3AH6 has a smaller solid volume
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 TABLE 1.5
 
 Comparison of Mix Proportions for 25-MPa Concrete Conventional Concrete
 
 Component Cement Fly ash Water Entrapped air (2%) Coarse aggregate Fine aggregate Total
 
 HVFA Concrete
 
 By Mass (kg/m3)
 
 By Volume (m3)
 
 By Mass (kg/m3)
 
 By Volume (m3)
 
 307 — 178 — 1040 825 2350
 
 0.097 — 0.178 0.020 0.387 0.318 1.000
 
 154 154 120 — 1210 775 2413
 
 0.049 0.063 0.120 0.020 0.449 0.299 1.000
 
 Source: Adapted from Mehta, P.K., Concrete Int., 24(7), 23–28, 2002.
 
 than the other two calcium aluminate hydrates, causing a large increase in porosity. This loss in strength can be minimized if a low w/c ratio (100 MPa) concrete.
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 FIGURE 1.7 Relative compressive strengths of concretes made with different cements. (Adapted from U.S. Bureau of Reclamation, Concrete Manual, 8th ed., U.S. Bureau of Reclamation, Washington, D.C., 1975.)
 
 Because most cements contain about 75% by weight of calcium silicates and undergo the same hydration reactions, though perhaps at different rates, their ultimate performances in concrete are similar, as shown in Figure 1.7. Here, the major differences are in the rate of strength gain and in the heat of hydration.
 
 1.7 Water Although the water itself is often not considered when dealing with materials that go into the production of concrete, it is an important ingredient. Typically, 150 to 200 kg/m3 of water is used. The old rule of thumb for water quality is “If you can drink it, you can use it in concrete,” although good-quality concrete can be made with water that is not really potable. Indeed, more bad concrete is made by using too much drinkable water than by using the right amount of undrinkable water. The tolerable limits for various common impurities in mixing water are given in Table 1.6. When in question, the suitability of the water is determined by comparing the strength of concrete made with the suspect water to the strength of concrete made with a known acceptable water.
 
 1.8 Water/Cement Ratio For brittle ceramic materials, including cementitious systems, the strength has been found to be inversely proportional to the porosity. Often, an exponential equation is used to relate strength to porosity; for example, f c = f c 0e −kp
 
 (1.11)
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 TABLE 1.6
 
 Tolerable Levels of Some Impurities in Mixing Water
 
 Impurity Suspended matter (turbidity) Algae Carbonates Bicarbonates Sodium sulfate Magnesium sulfate Sodium chloride Calcium chloride Magnesium chloride Sugar
 
 Maximum Concentration (ppm) 2000 500–1000 1000 400–1000 10,000 40,000 20,000 50,000 40,000 500
 
 Remarks Silt, clay, organic matter Entrains air Decreases setting times 400 ppm for bicarbonates of Ca or Mg May increase early strength but reduce later strength Decreases setting times, increases early strength, reduces ultimate strength, and may lead to corrosion of reinforcing steel Affects setting behavior
 
 where fc is the strength, fc0 is the intrinsic strength at zero porosity, p is the porosity, and k is a constant that depends on the particular system. Equations such as this do not consider the pore-size distribution, the pore shape, and whether the pores are empty or ﬁlled with water; thus, they are a gross simpliﬁcation of the true strength vs. porosity relationship. Nonetheless, for ordinary concretes for the same degree of cement hydration, the strength does indeed depend primarily on the porosity. Because the porosity, in turn, depends mostly on the original w/c ratio, mix proportioning for normal-strength concretes is based, to a large extent, on the w/c ratio law articulated by D.A. Abrams in 1919: “For given materials, the strength depends only on one factor—the ratio of water to cement.” This can be expressed as: fc =
 
 K1 K 2(w /c )
 
 (1.12)
 
 where K1 and K2 are constants, and w/c is the water/cement ratio by weight. In fact, of course, given the variability in raw materials from concrete to concrete, the w/c ratio law is really a family of relationships for different mixtures. As stated by Gilkey (1961a): For a given cement and acceptable aggregates, the strength that may be developed by a workable, properly placed mixture of cement, aggregate, and water (under the same mixing, curing, and, testing conditions) is inﬂuenced by the: (a) ratio of cement to mixing water; (b) ratio of cement to aggregate; (c) grading, surface texture, shape, strength, and stiffness of aggregate particles; and (d) maximum size of aggregate. Thus, in some cases, simple reliance on the w/c ratio law may lead to serious errors. It should be noted that many modern concretes contain one or more mineral admixtures that are, in themselves, cementitious to a greater or lesser degree; therefore, it is becoming more common to use the term water/ cementitious material ratio to reﬂect this fact rather than the simpler water/cement ratio. For ordinary concretes, the w/c ratio law works well for a given set of raw materials, because the aggregate strength is generally much greater than the paste strength; however, the w/c ratio law is more problematic for high-strength concretes, in which the strength-limiting factor may be the aggregate strength or the strength of the interfacial zone between the cement and the aggregate. Although it is, of course, necessary to use very low w/c ratios to achieve very high strengths, the w/c ratio vs. strength relationship is not as straightforward as it is for normal concretes. Figure 1.8 shows a variety of water/ cementitious material vs. strength relationships obtained by a number of different investigators. A great deal of scatter can be seen in the results. In addition, the range of strengths for a given w/c ratio increases as the w/c ratio decreases, leading to the conclusion that, for these concretes, the w/c ratio is not by itself a very good predictor of strength; a different w/c ratio “law” must be determined for each different set of materials.
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 FIGURE 1.8 Water/cementitious material vs. strength relationships obtained by different investigators: (1) (Aitcin, P.-C., private communication, 1992.) (2) (Fiorato, A.E., Concrete Int., 11(4), 44–50, 1989.) (3) (Cook, J.E., Concrete Int., 11(10), 67–75, 1989.) (4) (CPCA, Design and Control of Concrete Mixtures, Canadian Portland Cement Association, Ottawa, Canada, 1991.) (5) (Addis, B.J. and Alexander, M.G., in High-Strength Concrete, Second International Symposium, ACI SP-121, pp. 287–308, American Concrete Institute, Farmington Hills, MI, 1990.) (6) (Hattori, K., in Superplasticizers in Concrete, ACI SP-62, pp. 37–66, American Concrete Institute, Farmington Hills, MI, 1979.) (7) Ordinary Portland cement. (From Suzuki, T., in Utilization of High-Strength Concrete, Symposium Proceedings, pp. 53–54, Tapis Publishers, Trondheim, Norway, 1987.) (8) High-early-strength cement. (From Suzuki, T., in Utilization of High-Strength Concrete, Symposium Proceedings, pp. 53–54, Tapis Publishers, Trondheim, Norway, 1987.)
 
 1.9 Aggregates Aggregates make up about 75% of the volume of concrete, so their properties have a large inﬂuence on the properties of the concrete (Alexander and Mindess, 2005). Aggregates are granular materials, most commonly natural gravels and sands or crushed stone, although occasionally synthetic materials such as slags or expanded clays or shales are used. Most aggregates have speciﬁc gravities in the range of 2.6 to 2.7, although both heavyweight and lightweight aggregates are sometimes used for special concretes, as described later. The role of the aggregate is to provide much better dimensional stability and wear resistance; without aggregates, large castings of neat cement paste would essentially self-destruct upon drying. Also, because they are less expensive than Portland cement, aggregates lead to the production of more economical concretes. In general, aggregates are much stronger than the cement paste, so their exact mechanical properties are not considered to be of much importance (except for very high-strength concretes). Similarly, they are also assumed to be completely inert in a cement matrix, although this is not always true, as will be seen in the discussion on the alkali–aggregate reaction. For ordinary concretes, the most important aggregate properties are the particle grading (or particle-size distribution), shape, and porosity, as well as possible reactivity with the cement. Of course, all aggregates should be clean—that is, free of impurities such as salt, clay, dirt, or foreign matter. As a matter of convenience, aggregates are generally divided into two size ranges: coarse aggregate, which is the fraction of material retained on a No. 4 (4.75-mm) sieve, and fine aggregate, which is the fraction passing the No. 4 sieve but retained on a No. 100 (0.15-mm) sieve.
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 FIGURE 1.9 ASTM grading limits for ﬁne aggregate and for coarse aggregate with a maximum particle size of 38.1 mm.
 
 1.9.1 Particle Shape and Texture Ideally, to minimize the amount of cement paste required to provide adequate workability of the fresh concrete, aggregate particles for ordinary concrete should be roughly equidimensional with relatively smooth surfaces, such as most natural sands and gravels. Where natural sands and gravels are unavailable, crushed stone may be used. Crushed stone tends to have a rougher surface and to be more angular in shape. As a result, it tends to require rather more cement paste for workability. Whether using natural gravels or crushed stone, however, either ﬂat or elongated particles should be avoided, as they will lead to workability and ﬁnishing problems.
 
 1.9.2 Particle Grading The particle-size distribution in a sample of aggregate, referred to as the grading, is generally expressed in terms of the cumulative percentage of particles passing (or retained on) a speciﬁc series of sieves. These distributions are most commonly shown graphically as grading curves. Examples of such curves are given in Figure 1.9, which shows the usual North American grading limits for ﬁne aggregate and for a particular maximum size (38.1 mm) of coarse aggregate. Such grading limits have been determined empirically. They are intended to provide a fairly dense packing of aggregate particles, again to minimize the cement paste requirement; however, no ideal aggregate grading exists that can be derived theoretically. In practice, one can provide good concrete with quite a range of aggregate gradings. Although the continuous type of grading described in Figure 1.9 is the most common, other types of grading are sometimes used for special purposes; for example, gap grading refers to a grading in which one or more of the intermediate size fractions is omitted. This is sometimes convenient when it is necessary to blend different aggregates to achieve a suitable grading. Such concretes are also prone to segregation of the fresh concrete. No-fines concrete is a special case of gap-graded concrete in which the ﬁne aggregate (10% CaO, the range of AEA requirements was 126 to 173%. • For ashes containing 40% ﬂy ash was lower than that of control concrete without ﬂy ash. 2.1.9.5 Effects of Fly Ash on Sulfate Resistance of Concrete In 1967, Dikeou (1970) reported the results of sulfate-resistance studies on 30 concrete mixtures made with Portland cement, Portland ﬂy-ash cement, or ﬂy ash. From this work, it was concluded that all of the 12 ﬂy ashes tested greatly improved sulfate resistance. Kalousek et al. (1972) studied the requirements of concretes for long-term service in a sulfate environment. From their study, they drew the following conclusions:
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 • Eighty-four percent of ASTM Types V and II cement concretes without pozzolan showed a life expectancy of 30°C), there is little or no change in the setting time of slag concrete as compared to control concrete. Data by Hogan and Meusel (1981) on initial and ﬁnal setting for concrete incorporating granulated slag are shown in Table 2.9. 2.2.2.3 Bleeding Few published data are available on the bleeding of slag concretes. Slags are generally ground to a higher ﬁneness than normal Portland cement; therefore, a given mass of slag has a higher surface area than the corresponding mass of Portland cement. As the bleeding of concrete is governed by the ratio of the surface area of solids to the volume of water, in all likelihood the bleeding of slag concrete will be lower than that of the corresponding control concrete. The slags available in Canada and the United States have ﬁneness, as measured by the Blaine method, greater than 4500 cm2/g, compared with that of about 3000 cm2/g for Portland cement. Thus, in concrete in which a given mass of Portland cement is replaced by an equivalent mass of slag, bleeding should not be a problem. 2.2.2.4 Dosage of Air-Entraining Admixtures The dosage requirement of an air-entraining admixture to entrain a given volume of air in slag concrete increases with increasing amounts of slag. The increased demand for the admixture is, once again, probably due to the higher total surface area of the slag particles compared with that of the Portland cement particles. In an investigation reported by Malhotra (1979), the admixture dosage required to entrain about 5% air increased from 177 mL/m3 for the control concrete to 562 mL/m3 for a concrete mixture incorporating 65% pelletized slag. The water/cement + slag ratio was 0.30.
 
 *
 
 Granulated slag implies that the slag is granulated by rapid-water quenching of the molten slag, whereas pelletized slag implies that the granulation is achieved by a pelletizing process. Hereafter, these are referred to either as granulated or pelletized slag or only as slag when reference is made to both types.
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 TABLE 2.9 Data on Time of Setting for Air-Entrained Concrete Incorporating Granulated Slag Properties Water/(cement + slag) Cement factor (cement and slag) (kg/m3) Fine aggregate/coarse aggregate Air content (%) Unit weight (kg/m3) Slump (mm) Air-entraining admixture (mL/kg cement) Initial set at 21.1°C (70°F) (hr:min) Final set at 21.1°C (70°F) (hr:min) Initial set at 32.2°C (70°F) (hr:min) Final set at 32.2°C (70°F) (hr:min)
 
 Slag Content (%)
 
 Slag Content (%)
 
 Control, No Slag
 
 40
 
 50
 
 65
 
 Control, No Slag
 
 40
 
 50
 
 65
 
 0.40 413
 
 0.40 435
 
 0.40 419
 
 0.40 408
 
 0.55 272
 
 0.55 290
 
 0.55 245
 
 0.55 301
 
 33/67
 
 33/67
 
 33/67
 
 33/67
 
 46/54
 
 46/54
 
 46/54
 
 46/54
 
 5.4 2330 75 4.4
 
 3.4 2350 75 4.4
 
 4.5 2320 95 9.0
 
 5.0 2310 90 9.5
 
 4.3 2345 70 8.4
 
 3.5 2355 15 4.6
 
 6.0 2310 50 8.2
 
 4.9 2295 75 8.2
 
 4:06
 
 4.02
 
 4:31
 
 4:30
 
 4:32
 
 5:02
 
 5:10
 
 5:21
 
 5:34
 
 5:40
 
 6:29
 
 7:04
 
 7:03
 
 6:40
 
 8:10
 
 8:09
 
 3:30
 
 —
 
 3:45
 
 —
 
 —
 
 —
 
 —
 
 —
 
 4:30
 
 —
 
 4:50
 
 —
 
 —
 
 —
 
 —
 
 —
 
 Source: Hogan, F.J. and Meusel, J.W., ASTM Cement, Concrete, Aggregates, 3(1), 40–52, 1981.
 
 2.2.2.5 Rates of Slump Loss Meusel and Rose (1979) have shown that the rate of slump loss of concrete incorporating granulated slag at 50% cement replacement was comparable to that of the control concrete.
 
 2.2.3 Properties of Hardened Concrete 2.2.3.1 Color Concrete incorporating slags is generally lighter in color than normal Portland cement concrete, due to the lighter color of slags. When concrete is tested for compression or ﬂexure, the interior of the broken specimens exhibit a deep blue–green color. After sufﬁcient exposure to air, the color disappears. The degree of color, which results from the reaction of sulﬁdes in the slag with other compounds in cement, depends on the percentage of slag used, curing conditions, and the rate of oxidation. 2.2.3.2 Curing The rate and degree of hydration of cement paste, and consequently its strength, are affected significantly by lack of proper curing because of the slow formation of strength-producing hydrates. This effect becomes more pronounced when the paste incorporates high percentages of slag. To ensure proper strength and durability of concretes incorporating high percentages of slag (>30%), it is important that they be given more curing than concretes without slag. Such extended curing is especially important during winter concreting in Canada and the northern United States. The increase in curing time would depend on the ambient temperature, the concrete temperature, the type and amount of cement used, and the percentage of cement replacement. 2.2.3.3 Compressive Strength The compressive strength development of slag concrete depends primarily on the type, ﬁneness, activity index, and proportions of slag used in concrete mixtures. Other factors that affect the performance of slag in concrete are the water/cementitious materials ratio and the type of cement used. In general, the strength development of concrete incorporating slags is slow at 1 to 5 days, compared to that of the control concrete. Between 7 and 28 days, the strength approaches that of the control
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 FIGURE 2.10 Age vs. compressive strength relationship for air-entrained concrete: W/(C + S) = 0.40. (From Hogan, F.J. and Meusel, J.W., ASTM Cement, Concrete, Aggregates, 3(1), 40–52, 1981.) Cement: ASTM Type 1 C.A.: Crushed Limestone (19 mm max. size) F.A.: Natural Sand A.E.A.: A Sulfonated-Hydrocarbon Type Superplasticizer: Naphthalene-Based Product Specimen Size: 100×200-mm Cylinder Curing Condition: Moist-Curing
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 FIGURE 2.11 Age vs. compressive strength relationship for concrete incorporating condensed silica fume and pelletized slag, water/cement + blast-furnace slag (W/(C + BFS)) = 0.50. (From Malhotra, V.M. et al., in Proceedings of the RILEM/ACI Symposium on the Technology of Concrete When Pozzolans, Slags and Chemical Admixtures Are Used, Monterey, Mexico, 1985, pp. 395–414.)
 
 concrete, and beyond this period the strength of slag concrete exceeds the strength of the control concrete. Figure 2.10 and Figure 2.11 show compressive strength development with age for granulated slag concrete for water/cement + slag ratios of 0.40 and 0.55. Note that the highest strength gain at 28 days was for concrete with a slag content of 40% cement replacement. Malhotra et al. (1985) reported investigations in which small amounts of condensed silica fume were added to pelletized slag concrete to increase the early-age strength. Figure 2.11 illustrates the strength development of concrete from 1 to 180 days. The authors concluded that:
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 • The low early-age strength of Portland cement concrete incorporating blast-furnace slag can be increased by the incorporation of condensed silica fume. The gain in strength is generally directly proportional to the percentage of the fume used. • At 3 days, the increase in strength is generally marginal, especially for concrete with high W/C + blast-furnace slag (BFS) ratios. However, at the age of 14 days and beyond, with minor exceptions, the loss in compressive strength of concrete due to the incorporation of BFS can be fully compensated for with a given percentage of condensed silica fume, regardless of the W/(C + BFS). This is also true for the ﬂexural strength. • The continuing increase in strength at 56, 91, and 180 days of the concrete incorporating BFS and condensed silica fume indicates that sufﬁcient lime (liberated during the hydration of Portland cement) is present at these ages for the cementitious reaction to continue. 2.2.3.4 Flexural Strength In general, at 7 days and beyond, the ﬂexural strength of concrete incorporating slag is comparable to, or greater than, the corresponding strength of control concrete; however, in one instance, the reverse was reported for a water/cement + slag ratio of 0.38. The increased ﬂexural strength of slag concrete is probably due to the stronger bonds in the cement–slag–aggregate system because of the shape and surface texture of the slag particles. 2.2.3.5 Young’s Modulus of Elasticity According to Stutterheim (1960), at the same strength level, there is little, if any, difference between the modulus of elasticity of the control concrete and a concrete containing a granulated slag of South African origin. No published data are available on Young’s modulus of elasticity of slags currently available in North America. Investigations performed by Nakamura et al. (1986) on a Japanese slag showed no signiﬁcant difference between the values of the Young’s modulus of elasticity of concrete incorporating granulated slag and that of the control concrete. 2.2.3.6 Drying Shrinkage Hogan and Meusel (1981) showed that drying shrinkage of concrete incorporating granulated slag is more than that of control concrete. The increase in shrinkage is attributed to increased paste volume in concrete when slag is used as replacement for Portland cement on an equal weight basis because of the lower speciﬁc gravity of the slag. This ﬁnding may or may not be true for other slags, and further research is needed to conﬁrm this. Fulton (1974) suggested that the shrinkage of concrete incorporating granulated slag can be reduced by taking advantage of improved workability to increase the aggregate/cement ratio or by reducing the water/cement ratio of concrete. 2.2.3.7 Creep Few published data are available on creep of concrete incorporating North American slags. The available data from South Africa and Japan are conﬂicting (Fulton, 1974). This conﬂict is due primarily to the ﬁneness of slags used, methods of tests, age of testing, humidity conditions, and the stress/strength ratio employed; for example, it has been shown that the ﬁneness of cement signiﬁcantly affects the creep strains (Fulton, 1974). Bamforth (1980) has reported limited data on creep strains for concretes with and without ﬂy ash and granulated slags, loaded to a constant stress/strength ratio of 0.25. He found that for concretes loaded at an age greater than 24 hours, the effects of ﬂy ash and slag signiﬁcantly reduced the magnitude of the creep. Neville and Brooks (1975) showed that, when creep tests are performed at ordinary room temperature and humidity conditions (i.e., 20°C and 60% relative humidity) on test specimens that have been loaded after moist curing for 28 days, the total creep of the concrete incorporating a slag from a British source was greater than that of the control concrete, although not signiﬁcantly so. The rationale for this ﬁnding may be that under such test conditions, the rate of gain of strength of the slag concrete is lower than that of the control concrete.
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 2.2.3.8 Permeability The permeability of concrete depends mainly on the permeability of the cement paste, which, in turn, depends on its pore-size distribution. Using mercury-intrusion techniques, several investigators (Manmohan and Mehta, 1981; Mehta, 1983) demonstrated that incorporating granulated slags in cement paste helps transform large pores into smaller pores, resulting in decreased permeability of the matrix and, hence, of the concrete. The exact mechanism by which the pore reﬁnement occurs in a hydrated slag– cement matrix, however, is not fully understood. Detailed data comparing the permeability of concrete with and without slags are not available, although it has been observed that granulated slag concretes incorporating slags at up to 75% cement replacement have performed satisfactorily when exposed to seawater (Wiebenga, 1980).
 
 2.2.4 Durability of Concrete Incorporating Blast-Furnace Slag It is believed that the increased durability of Portland cement concrete incorporating blast-furnace slag results from a ﬁner pore structure and a reduction in easily leached calcium hydroxide in the hardened cement paste. Subsequently, the volume previously occupied by calcium hydroxide is ﬁlled in with hydration products, resulting in a less-permeable material. Permeability controls the physical and chemical processes of degradation caused by the action of migrating water; therefore, permeability to water determines the rate of deterioration. 2.2.4.1 Resistance to Sulfate Attack Sulfates attack concrete and affect its coherence and strength. The resistance of concrete to sulfate attack is improved by partially replacing Portland cement with ground granulated blast-furnace slag. In Germany, France, and the Netherlands, cements with a high blast-furnace slag content have been used for many years and are considered appropriate for use in a high-sulfate environment (DIN 1164, 1978; NEN 3550, 1979). Hogan and Meusel (1981) carried out a study that demonstrated high resistance to sulfate attack when the granulated slag proportion exceeded 50% of the total cementitious material; ASTM Type II cements were used. Results of studies carried out by Frearsen (1986) conﬁrmed that ordinary Portland cements and blends of both ordinary and sulfate-resisting Portland cement containing lower levels of granulated slag replacement have inferior resistance to sulfate attack. Sulfate resistance increased with granulated slag content, and a mortar with 70% slag content was found to have a resistance superior to mortars containing sulfate-resisting Portland cements alone. Also, the inﬂuence of slag content on sulfate resistance was found to be more signiﬁcant than the water/cement ratio in the mixtures investigated. According to Ludwig (1989), the cements exhibiting resistance to sulfate attack are: • Portland cement with C3A content ≤3 wt% • Portland cement with ≤70% slag content • Nonstandard cements such as high-alumina and supersulfated cements Bakker (1983) found that slag concretes with a high slag content display an increased resistance to sulfates because of the low permeability of the concrete to different ions and water, as shown by the various coefﬁcient values in Table 2.10. Where granulated slag is used in sufﬁcient quantities, several changes occur that improve resistance to sulfate attack. These changes include the following: • The C3A content of the mixture is proportionally reduced depending on the percentage of slag used; however, Lea (1970) reported that increased sulfate resistance depends not only on the C3A content of Portland cement alone but also on the Al2O3 content of the granulated slag. Lea further reported that sulfate resistance increased where the alumina content of the slag is less than 11%, regardless of the C3A content of the Portland cement when blends with 20 to 50% granulated slags were used.
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 TABLE 2.10 Diffusion Coefﬁcients of Na, K, and Cl Ions in Hardened Cement Paste and Mortars Made with Portland and Blast-Furnace Cement after Different Hardening Times Dm (10–8 cm2/sec) Diffused Ion Na+
 
 K+ Cl–
 
 Hardening Time (days)
 
 Water/Cement Ratio
 
 Portland Cement
 
 Blast-Furnace Cement
 
 Slag Content (%)
 
 3 14 28 28 28 3 14 28 28 28 5 103 60
 
 0.50 0.50 0.55 0.60 0.65 0.50 0.50 0.55 0.60 0.65 0.50 0.50 0.50
 
 7.02 2.38 1.47 3.18 4.73 11.38 3.58 3.57 6.21 8.53 5.08 2.96 4.47
 
 1.44 0.10 0.05 0.05 0.06 2.10 0.21 0.12 0.23 0.41 0.42 0.04 0.41
 
 75 75 60 60 60 75 75 60 60 60 75 75 75
 
 Source: Owens, P.L., Concrete J. Concrete Soc., 13, 21–26, 1979.
 
 • Through the reduction of soluble Ca(OH)2 in the formation of calcium silicate hydrates (CSHs), the environment for the formation of ettringite is reduced. Resistance to sulfate attack is greatly dependent on the permeability of the concrete or cement paste. The formation of CSH in pore spaces usually occupied by alkalis and Ca(OH)2 reduces the permeability of the paste and prevents the intrusion of aggressive sulfates. Mehta (1981) tested pastes incorporating natural pozzolans, rice-husk ash, and granulated slag. The 28-day-old paste of the blended cement containing 70% blast-furnace slag showed excellent resistance to sulfate attack. Few large pores were present in the hydrated paste, although the total porosity (pores >45 Å) was the highest among all the cements tested. The direct relationship between sulfate resistance of a cement and the slope of its pore-size distribution plot in the range of 500 to 45 Å probably shows that the presence of a large number of ﬁne pores is associated with improved sulfate resistance of the material (Figure 2.12). Although the total porosity of the cement containing 30% slag was considerably less than the cement containing 70% slag, the former was not found to be sulfate resistant. On the basis of the test results, Mehta proposed that the chemical resistance of blended Portland cements results mainly from the process of pore reﬁnement, which is associated with the pozzolanic reactions involving the removal of Ca(OH)2. 2.2.4.2 Resistance to Seawater The action of sulfate in seawater on concrete is rather similar to that of sulfate-bearing groundwater, but in the former case the attack is not accompanied by expansion of the concrete. The absence of expansion is partly due to the presence of a large quantity of chlorides in the seawater that inhibit the expansion; gypsum and calcium sulfoaluminate are more soluble in a chloride solution than in water, so they either do not form or are leached out by the seawater. Regourd et al. (1977) studied mortar cubes that had been exposed to seawater since 1904 at the port of La Rochelle, France. They concluded that all Portland slag cements with a slag content >60% perform well in seawater. In the case of lower slag content, the MgSO4 reacts with the Ca(OH)2 from C3S and C2S hydration and produces gypsum. The gypsum reacts with the aluminates to form expansive ettringite. Mehta (1989), on the other hand, proposed that the deterioration of concrete by seawater is not characterized by expansion but rather is affected by erosion or loss of the solid constituents from the mass. Mehta suggested that ettringite expansion is suppressed in environments where (OH)– ions have been replaced by Cl– ions.
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 FIGURE 2.12 Pore-size distribution of hydrated cements containing 30% or 70% granulated blast-furnace slag. (From Mehta, P.K., in Proceedings of the Fifth International Symposium on Concrete Technology, Rivera, R., Ed., Monterey, Mexico, 1981, pp. 35–50.)
 
 In seawater, well-cured concretes containing large amounts of granulated slag or pozzolan usually outperform reference concretes containing only Portland cement, partly because the former contain less uncombined Ca(OH)2 after curing. In permeable concretes, the normal amount of CO2 present in seawater is sufﬁcient to decompose the cementitious products. The presence of calcium silicocarbonate (thaumasite), calcium carboaluminate hydrate (hydrocalumite), and calcium carbonate (aragonite) have been reported in cement pastes derived from deteriorated concretes exposed to seawater for long periods. 2.2.4.3 Reduction of Expansion Due to Alkali–Silica Reactions In concrete containing reactive siliceous aggregates, slag cements are preferable to Portland cements, which are rich in alkalis (Regourd, 1980). Research undertaken at the Concrete Research Institute of the Dutch Cement Industry and by other investigators (Smolczyk, 1974, 1975) conﬁrmed that the reason for the high resistance of concretes incorporating slags to the alkali–silica reaction is the low permeability
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 of these concretes to various ions and to water. The low permeability is due not only to the amount of gel formed but also to the locality where the gel is precipitated; that is, the gel can block a pore when Portland cement and slag grains are close to each other. The potential alkali–aggregate reactivity for combinations of Portland cement and granulated slag was investigated by Hogan and Meusel (1981) using ASTM Test C 227; the aggregate used was Pyrex® glass, known to be highly reactive. The data indicate that the expansion of mortar bars made with slag-cement mixtures and Pyrex® glass is significantly less than for bars made with Portland cement alone. The cement used for these tests had an alkali content of 0.51% sodium oxide equivalent, which conforms to the ASTM C 150 speciﬁcation for Portland cement requirement for low-alkali cement. Suppression of the alkali–aggregate reaction by the addition of slag was cited by Mather (1965), who suggested that an alkali limit for Portland slag cements, which have a performance equal to that of 0.60% Na2O for Portland cements alone, could be as high as 1.20% Na2O equivalent. 2.2.4.4 Resistance to Repeated Cycles of Freezing and Thawing Many studies have been published in which granulated blast-furnace slag has been used as partial replacement for Portland cement in concrete subjected to repeated cycles of freezing and thawing (Fulton, 1974; Klieger and Isberner, 1967; Mather, 1957). Results of these studies indicated that, when mortar or concrete made with granulated slag and Portland cement were tested in comparison with Type I and Type II cements, their resistance to freezing and thawing (ASTM C 666, Procedure A) was essentially the same, provided the concrete was air entrained. Malhotra (1983b) reported results of tests performed in an automatic unit capable of performing eight freezing and thawing cycles per day (ASTM C 666, Procedure B). The percentage of slag used as replacement for normal Portland cement varied from 25 to 65 wt% of cement. Initial measurements were taken at 14 days. After about every 100 cycles, the specimens were measured, weighed, and tested by resonant frequency and by the ultrasonic-pulse velocity method. The test was terminated at 700 freezing and thawing cycles. Durability of the exposed concrete prisms was determined from weight, length, resonant frequency, and pulse velocity of the test prisms before and after the freezing and thawing cycling, and relative durability factors (ASTM C 666) were calculated. The test results (Table 2.11) indicated that, regardless of the water/cement + slag ratio and whether the concretes were air entrained or air entrained and superplasticized, these specimens performed excellently in freezing and thawing tests, with relative durability factors greater than 91%.
 
 2.2.5 Carbonation Concrete exposed to air will partially release its free water from the layers next to the surface. During evaporation, the pore water in the concrete is replaced by air, and reactions between the CO2 of the atmosphere and the alkali compounds of the concrete take place. This process between the CO2 of the atmosphere and the hydration products of the hardened cement paste is called carbonation. The properties of the concrete, as well its protective properties against corrosion of reinforcing steel, are affected by these reactions. In general, in well-compacted low water/cement ratio slag concrete, carbonation is not a problem; however, if the concrete incorporates a large percentage of slag, is not cured properly, and has a high water/cement + slag ratio, then the depth of carbonation will exceed that for normal Portland cement concrete. Steel in the presence of high concentrations of hydroxyl does not corrode. Bird (1969) suggested that this passivity is the result of the formation of a protective ﬁlm of gamma ferric oxide on the surface of the steel. As long as this protective ﬁlm is maintained by a high pH and is not disrupted by aggressive substances, complete protection of the steel against corrosion is assured. Carbonation can reduce the pH to an extent determined by the permeability of the concrete. Hamada (1968) and Meyer (1968) agreed that carbonation proceeds more rapidly in concretes incorporating slag than in those made with ordinary Portland cement; however, this ﬁnding was disputed by Schröder and Smolczyk (1968), who pointed out that comparative tests should be based on specimens of equal initial permeability rather than on specimens of equal age.
 
 Control + AEA Control + AEA + SP 25% slag + AEA 25% slag + AEA + SP 65% slag + AEA 65% slag + AEA + SP Control + AEA Control + AEA + SP 25% slag + AEA 25% slag + AEA + SP 65% slag + AEA 65% slag + AEA + SP
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 0.56
 
 B
 
 D
 
 8.703 8.499 8.697 8.540 8.622 8.302 8.331 8.443 8.451 8.544 8.465 8.471
 
 Weight (kg) 2.89 2.70 3.00 2.96 2.74 1.59 2.56 2.76 2.85 2.83 2.61 2.52
 
 Length (mm)b 5150 5150 5300 5125 5140 5025 5000 4980 5000 5040 4950 4930 4717 4684 4788 4684 4684 4589 4568 4568 4573 4639 4546 4563 8.693 8.486 8.673 8.517 8.626 8.302 8.299 8.394 8.416 8.483 —c —c
 
 Weight (kg) 2.90 2.72 3.05 3.01 2.91 1.68 2.56 2.76 2.88 2.91 2.88 2.75
 
 Length (Hz) 5200 5138 5225 5100 4950 4875 5010 4980 5000 5050 —d —d
 
 Longitudinal Resonant Frequency (m/sec)
 
 4747 4661 4788 4656 4568 4531 4600 4504 4606 4622 —d —d
 
 Pulse Velocity (%)
 
 102 99 97 99 93 94 100 100 100 100 — 70
 
 Durability Factor (%)
 
 100 97 95 97 91 92 — 100 100 100 59 —
 
 Relative Durability Factor (%)
 
 b
 
 Water/(cement + slag) ratio. Gauge length of 345 mm should be added to this value to arrive at the exact length. c Prisms failed at the end of 533 freeze–thaw cycles when the resonant frequency was 3840 Hz. d Prisms failed at the end of 450 freeze–thaw cycles when the resonant frequency was 4150 Hz. Source: Malhotra, V.M., in Fly Ash, Silica Fume, Slag, and Other Mineral Byproducts in Concrete, Vol. 2, Spec. Publ. SP-79, Malhotra, V.M., Ed., American Concrete Institute, Detroit, MI, 1983, pp. 892–931.
 
 a
 
 Type of Mix
 
 W/(C + S)a
 
 Mix Series
 
 Pulse Velocity (m/sec)
 
 At Completion of 700 Cycles
 
 Summary of Freeze-Thaw Test Results Longitudinal Resonant Frequency (Hz)
 
 At Zero Cycles
 
 TABLE 2.11 Summary of Freeze–Thaw Test Results for Concrete Series B and D
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 2.3 Silica Fume 2.3.1 Production of Silica Fume Silica fume is a byproduct of the manufacture of silicon or of various silicon alloys produced in submerged electric-arc furnaces. The type of alloy produced and the composition of quartz and coal, the two major components used in the submerged-electric arc furnace, greatly inﬂuence the chemical composition of silica fume (Malhotra et al., 1987). Most of the published data on the use of silica fume in cement and concrete are related to silica fume collected during the production of a silicon alloy containing at least 75% silicon. 2.3.1.1 Forms of Silica Fume Silica fume is available commercially in several forms in both North America and Europe: • As-produced silica fume is silica fume collected in dedusting systems known as bag houses. In this form, the material is very ﬁne and has a bulk density of about 200 to 300 kg/m3, compared with 1500 kg/m3 for Portland cement (Malhotra et al., 1987). As-produced silica fume is available in bags or in bulk. Because of its extreme ﬁneness, this form poses handling problems; in spite of this, the material can be and has been transported and handled like Portland cement. • Compacted silica fume has a bulk density ranging from 500 to 700 kg/m3 and is considerably easier to handle than as-produced silica fume. To produce the compacted form, the as-produced silica fume is placed in a silo, and compressed air is blown in from the bottom of the silo. This causes the particles to tumble, and in doing so they agglomerate. The heavier agglomerates fall to the bottom of the silo and are removed at intervals. The air compaction of the asproduced silica fume is designed so the agglomerates produced are rather weak and quickly break down during concrete mixing. Mechanical means have also been used to produce compacted silica fume. • Water-based silica fume slurry overcomes the handling and transporting problems associated with as-produced silica fume; the slurry contains about 40 to 60% solid particles. Typically, these slurries have a density of about 1300 kg/m3. Some slurries may contain chemical admixtures such as superplasticizers, water reducers, and retarders. One such product (known as Force 10,000®) has been successfully marketed in North America.
 
 2.3.2 Physical and Chemical Characteristics of Silica Fume 2.3.2.1 Physical Characteristics of Silica Fume Silica fume varies in color from pale to dark gray. The carbon content and, to a lesser extent, the iron content seem to have signiﬁcant inﬂuence on the color of silica fume. The bulk speciﬁc weight is of the order of 200 kg/m3 and is 500 kg/m3 when compacted. The speciﬁc gravity of silica fume is about 2.20. The particles have a wide range of sizes, but they are perfectly spherical (Figure 2.13). The mean particle diameter is 0.1 µm, compared with 10 µm for particles of cement. The speciﬁc surface of silica fume ranges from 13,000 to 30,000 m2/kg as measured by the nitrogen adsorption technique; the values for Portland cement are 300 to 400 m2/kg as measured by the Blaine method. Table 2.12 gives values for the ﬁneness, speciﬁc surface, pozzolanic activity index, and speciﬁc gravity for silica fume from the production of silicon and ferrosilicon alloys (Malhotra et al., 1987). X-ray diffractograms of samples of different types of silica fume have shown them to be vitreous. All the diffractograms exhibit a very wide scattering peak centered at about 4.4 Å, the most important peak of cristobalite (Figure 2.14). When heated to 1100°C, silica fume crystallizes in the form of cristobalite, except the FeSi-50% type, which crystallizes as enstatite, most probably due to the presence of a high amount of iron and magnesium oxide.
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 FIGURE 2.13 Typical particle size distribution of silica fume. (From Hjorth, L., in Characterization and Performance Prediction of Cement and Concrete, Proceedings of the Second Engineering Foundation Conference, Young, J.F., Ed., Henniker, NH, 1982, p. 165.) TABLE 2.12 Physical Characteristics of Silica Fume Nebesar and Carette Results
 
 Physical Characteristics Fineness by 45 µm sieve (% passing) Speciﬁc surface area (m2/kg) Pozzolanic activity index with Portland cement (%) Water requirement (%) Pozzolanic activity index with lime (MPa) Speciﬁc gravity
 
 Si Silica Fume (24 Samples)
 
 FeSi–75% Silica Fume (24 Samples)
 
 Pistilli et al. Results Mixture of Si and FeSi–75% Silica Fume (32 Samples)b
 
 FeSi–75% Silica Fume (30 Samples)
 
 94.6
 
 98.2
 
 94.0
 
 96.3
 
 20,000a 102.8
 
 17,200a 96.5
 
 3750b 91.9
 
 5520b 95.3
 
 138.8 8.9
 
 139.2 —
 
 140.1 7.0
 
 144.5 9.1
 
 —
 
 —
 
 2.27
 
 2.26
 
 a
 
 Nitrogen adsorption. Blaine permeability. Source: Malhotra, V.M. et al., Condensed Silica Fume in Concrete, CRC Press, Boca Raton, FL, 1987. With permission.
 
 b
 
 2.3.2.2 Chemical Composition of Silica Fume The chemical composition of silica fume from different furnaces is given in Table 2.13. A change in the type of alloy manufactured may cause changes in the characteristics of the silica fume produced; therefore, it is important that concrete plants using silica fume know of any changes in the source of raw materials used for the furnace or changes in the nature of the alloy being produced by a plant.
 
 2.3.3 Physical and Chemical Mechanisms in the Cement–Silica Fume System 2.3.3.1 Physical Mechanisms Silica fume enhances the properties of concrete by several physical mechanisms, including increasing the strength of the bond between the paste and aggregate by reducing the size of the CH crystals in the region by: (1) providing nucleation sites for the CH crystals so they are smaller and more randomly oriented, and (2) reducing the thickness of the weaker transition zone (Detwiler and Mehta, 1989; Monteiro and Mehta, 1986). Physical mechanisms also include increasing the density of the composite system due to
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 5° CaSi 5° FeSi-50% 5° FeSi-75% 5° Si 5° FeCrSi
 
 (a)
 
 (Fe3Mg)SrO3 (Fe3Mg)SrO3 (Fe3Mg)SrO3
 
 5° FeSi-50%
 
 5° CaSi
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 5° FeCrSi SiO2 SiO2 SiO2
 
 SiO2
 
 (b)
 
 FIGURE 2.14 X-ray diffractograms of different types of silica fume for concrete with water/cement + silica fume (W/(C + SF)) of 0.64: (a) before heating; (b) after heating at 1100°C. (From Carette, G.G. and Malhotra, V.M., ASTM J. Cement Concrete Aggregates, 5(1), 3–13, 1983.)
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 TABLE 2.13 Chemical Characteristics of Silica Fume Nebesar and Carette Results Chemical Composition SiO2 Al2O3 Fe2O3 CaO MgO Na2O K 2O S SO3 C LOI
 
 Si Silica Fume (24 Samples)
 
 FeSi–75% Silica Fume (24 Samples)
 
 93.7a 0.28 0.58 0.27 0.25 0.02 0.49 0.20 — 3.62 4.4
 
 93.2 0.3 1.1 0.44 1.08 0.10 1.37 0.22 — 1.92 3.1
 
 Pistilli et al. Results Mixture of Si Silica Fume and FeSi–75% Silica Fume (32 Samples) 92.1 0.25 0.79 0.38 0.35 0.17 0.96 — 0.36 — 3.20
 
 FeSi–75% Silica Fume (6 Samples) 91.4 0.57 3.86 0.73 0.44 0.20 1.06 — 0.36b — 2.62b
 
 a
 
 Calculated. Thirty samples. Source: Malhotra, V.M. et al., Condensed Silica Fume in Concrete, CRC Press, Boca Raton, FL, 1987. With permission.
 
 b
 
 the ﬁller packing effect and by providing a more reﬁned pore structure (Bache, 1981; Hjorth, 1982; Sellevold and Nilsen, 1987). For the above mechanisms to take place, it is essential that silica-fume particles be well dispersed in a concrete mixture. To achieve this, the use of high-range water reducers (superplasticizers) becomes almost mandatory. 2.3.3.2 Chemical Mechanisms and Pozzolanic Reactions Malhotra et al. (1987) have reported extensively on the chemical reactions involved in the cement–silica fume–water system. In the presence of Portland cement, the basic reaction, known as the pozzolanic reaction, involves combining ﬁnely divided amorphous silica with lime to form a calcium silicate hydrate.
 
 2.3.4 Properties of Fresh Concrete 2.3.4.1 Color In general, the color of silica-fume concrete is darker than that of conventional concrete. This color difference is more evident on the surface of wet-hardened concrete and in fresh concrete. Also, in concretes incorporating high levels of silica fume that has high carbon content, the dark color is more pronounced. In investigations of silica-fume concrete made with dark-colored fume, it was observed that the color difference disappeared when concrete specimens were stored in the laboratory environment for extended periods. Presumably, this difference in color was neutralized by drying and perhaps by carbonation. 2.3.4.2 Water Demand Due to its spherical, small particles, silica fume ﬁlls the pores between larger grains of cement and gives a better particle-size distribution, leading to a decrease in water demand in silica-fume concrete; however, the high speciﬁc area of the silica-fume particles tends to increase water demand, giving a net effect of increased water demand compared to Portland cement concrete with the same level of workability. Figure 2.15 shows that the increase in water demand is almost directly proportional to the amount of silica fume used in concretes that have an initial water/cement ratio of 0.64 (Carette and Malhotra, 1983). Superplasticizers or high-range water reducers can be used in silica-fume concretes to reduce the water demand. In a study using high-resolution nuclear magnetic resonance (NMR) in combination with thermal analysis (DTA/TG), Justnes et al. (1992) investigated the pozzolanicity of condensed silica fume
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 FIGURE 2.15 Relation between water requirement and dosage of silica fume for concrete with a W/(C + SF) of 0.64. (From Carette, G.G. and Malhotra, V.M., ASTM J. Cement, Concrete, Aggregates, 5(1), 3–13, 1983.)
 
 in cement pastes. Their results conﬁrmed that condensed silica fume is a very reactive pozzolan. The conversion rate of condensed silica fume to hydration products after 3 days of curing was higher than for cement at the same age. In a parallel study, Sellevold and Justnes (1992) studied the decrease in relative humidity and chemical shrinkage during hydration for sealed cement pastes. The Portland cement pastes incorporated 0, 8, and 16% condensed silica fume and had water/cement + silica fume ratios of 0.2, 0.3, and 0.40, respectively. They found that the relative humidity (RH) decreased rapidly during the ﬁrst 2 weeks and reached about 78% after more than a year for the pastes with the lowest water/cement + silica fume ratios; the value for the paste with the highest water/cement + silica fume ratio was about 87% RH. According to the authors, the decrease in RH is the main cause of increased cracking tendency in high-strength concretes that incorporate silica fume. 2.3.4.3 Bleeding Bleeding of silica fume concretes is generally lower than that of plain Portland cement concrete. The extremely ﬁne silica-fume particles attach themselves to the cement particles, reducing the channels for bleeding and leaving very little free water available in the fresh concrete. 2.3.4.4 Workability When compared to Portland cement concrete, silica-fume concrete is more cohesive and resistant to segregation due to the increase in the number of solid-to-solid contact points. Silica-fume concrete also tends to lose slump rapidly, and a higher initial slump than that of a conventional concrete is often required. In lean concretes incorporating less than 300 kg/m3 cement, however, workability appears to improve when silica fume is added.
 
 2-34
 
 Concrete Construction Engineering Handbook
 
 2.3.4.5 Air Entrainment Because of the extremely high surface area of the silica fume, the dosage of air-entraining admixture required to produce a certain volume of air in silica fume concretes increases considerably with increasing silica-fume dosage. The presence of carbon in the silica fume adds to the increase in air-entraining admixture demand. It has been reported that entrainment of more than 5% air is difﬁcult in concretes that incorporate high amounts of silica fume, even in the presence of a superplasticizer (Carette and Malhotra, 1983). 2.3.4.6 Shrinkage Cracking Shrinkage cracking occurs in fresh concrete under curing conditions that cause a net removal of water from exposed concrete surfaces, thus creating tensile stresses beyond the low early-age tensile strength capacity of concretes. As concretes containing silica fume show little or no bleeding, thus allowing very little water to rise to the surface, the risk of cracking is high in fresh concrete. Shrinkage cracking can be a very serious problem under curing conditions of elevated temperatures, low humidity, and high winds, which allow rapid evaporation of water from freshly placed concrete. Johansen (1980) and Sellevold (1984) reported that fresh concrete is most vulnerable to shrinkage cracking as it approaches initial set. To overcome this problem, the surface of concrete should be protected from evaporation by covering it with plastic sheets or wet burlap or by using curing compounds and evaporation-retarding admixtures. 2.3.4.7 Setting Time Ordinary mixtures (with 250 to 300 kg/m3 cement) that incorporate small amounts of silica fume, up to 10% by weight of cement, exhibit no signiﬁcant difference in setting times compared with conventional concretes. As silica fume is invariably used in concretes in combination with water reducers and superplasticizers, the effect of silica fume on the setting of concrete is masked by the effects of the admixtures. Investigations by Bilodeau (1985) showed that the addition of 5 to 10% silica fume to superplasticized and nonsuperplasticized concretes had a negligible effect on the setting time of concrete; however, in concrete with a water/cementitious materials ratio of 0.40 and 15% silica fume, there was a noticeable delay in setting time. The high dosage of superplasticizer used because of the high silica-fume content in the concrete could have contributed to the setting delay (Bilodeau, 1985).
 
 2.3.5 Properties of Hardened Concrete 2.3.5.1 Compressive Strength It is well recognized that silica fume can contribute signiﬁcantly to the compressive strength development of concrete. This is because of the ﬁller effect and the excellent pozzolanic properties of the material, which translate into a stronger transition zone at the paste–aggregate interface. The extent to which silica fume contributes to the development of compressive strength depends on various factors, such as the percentage of silica fume, the water/cement + silica fume ratio, cementitious materials content, cement composition, type and dosage of superplasticizer, temperature, curing conditions, and age. Superplasticizing admixtures play an important role in ensuring optimum strength development of silica-fume concrete. The water demand of silica-fume concrete is directly proportional to the amount of silica fume (used as a percentage replacement for Portland cement) if the slump of concrete is to be kept constant by increasing the water content rather than by using a superplasticizer. In such instances, the increase in the strength of silica-fume concrete over that of control concrete is largely offset by the higher water demand, especially for high silica-fume content at early ages. In general, the use of superplasticizer is a prerequisite to achieving proper dispersion of the silica fume in concrete and fully utilizing the strength potential of the fume. In fact, many important applications of silica fume in concrete depend strictly upon its utilization in conjunction with superplasticizing admixtures. Silica-fume concretes have compressive strength development patterns that are generally different from those of Portland cement concretes. The strength development characteristics of these concretes are
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 somewhat similar to those of ﬂy-ash concrete, except that the results of the pozzolanic reactions of the former are evident at earlier ages. This is due to the fact that silica fume is a very ﬁne material with a very high amorphous silica content. The main contribution of silica fume to concrete strength development at normal temperatures takes place between the ages of about 3 and 28 days. The overall strength development patterns can vary according to concrete proportions and composition and are also affected by the curing conditions. Carette and Malhotra (1992) reported investigations dealing with the short- and long-term strength development of silica-fume concrete under conditions of both continuous water curing and dry curing after an initial moist-curing period of 7 days. Their investigations covered superplasticized concretes incorporating 0 and 10% silica fume as a replacement by weight for Portland cement and water/cement + silica fume ratios ranging between 0.25 and 0.40. As expected, the major contributions of silica fume to the strength took place prior to 28 days; the largest gains in strength of the silica-fume concrete over the control concrete were recorded at the ages of 28 and 91 days, although this gain progressively diminished with age. For concretes with water/cement + silica fume ratios of 0.30 and 0.40, the gain largely disappeared at later ages. Under air-drying conditions, the strength development pattern was found to be signiﬁcantly different from that of water-cured concretes up to the age of about 91 days; thereafter, however, air drying clearly had some adverse effect on the strength development of both types of concrete. The effect was generally more severe for silica-fume concrete, where some reduction in strength was recorded between the ages of 91 days and 3.5 years, especially for concretes with water/cement + silica fume ratios of 0.30 and 0.40. These trends of strength reduction have not yet been clearly explained, but they appear to stabilize at later ages and therefore are probably of little practical signiﬁcance. Curing temperatures have also been shown to affect signiﬁcantly the strength development of silicafume concrete. This aspect has been examined in some detail by several investigators in Scandinavia. In general, these investigations have indicated that the pozzolanic reaction of silica fume is very sensitive to temperature, and elevated-temperature curing has a greater strength-accelerating effect on silica-fume concrete than on comparable Portland cement concrete. The dosage of silica fume is obviously an important parameter inﬂuencing the compressive strength of silica-fume concrete. For general construction, the optimum dosage generally varies between 7 and 10%; however, in specialized situations, up to 15% silica fume has been incorporated successfully in concrete. 2.3.5.2 Young’s Modulus of Elasticity Based on the data published by various investigators, there appears to be no signiﬁcant differences between the Young’s modulus of elasticity (E) of concrete with and without silica fume. Malhotra et al. (1985) reported data on the Young’s modulus of elasticity of Portland cement–blast-furnace slag– silica-fume concrete. They found no signiﬁcant difference between the E values obtained at 28 days, regardless of the various percentages of silica fume and water/cementitious materials ratios. 2.3.5.3 Creep The published data on the creep strain of silica-fume concrete are sparse; Bilodeau et al. (1989) reported an investigation on the mechanical properties, creep, and drying shrinkage of high-strength concretes incorporating ﬂy ash, slag, and silica fume. The cementitious-material content of the concretes was about 530 kg/m3, and the water/cementitious material ratio was 0.22. In addition to the reference concrete, concretes with silica fume at 7 and 12% cement replacements, ﬂy ash at 25% cement replacement, slag at 40% cement replacement, a combination of 7% silica fume and 25% ﬂy ash, and 7% silica fume and 40% slag were investigated. Specimens of these concretes were subjected to creep loading after 35 days of moist curing and an applied stress equivalent to 35% of the compressive strength. After one year, the creep strains of the reference, 7% silica fume, and 12% silica fume concretes were 1505 × 10–6, 713 × 10–6, and 836 × 10–6, respectively. For concrete with 7% silica fume and 40% slag, the creep strain measured was the lowest at 641 × 10–6. The pore structure and minimal quantity of free water in concrete with the highest amount of supplementary materials could have resulted in these very low creep values, about 40% of the creep of the reference concrete.
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 2.3.5.4 Permeability The incorporation of supplementary cementing materials such as ﬂy ash, slag, silica fume, and natural pozzolans in concrete results in ﬁne pore structure and changes to the paste–aggregate interface, leading to a decrease in permeability. This decrease is much higher in concretes incorporating silica fume, due to its high pozzolanicity. The ﬁller and pozzolanic activity of the silica fume, as well as the virtual elimination of bleeding, improve the interfacial zone through pore reﬁnement. Plante and Bilodeau (1989) reported that the addition of 8% silica fume signiﬁcantly reduced the penetration of chloride ions into concrete. With increasing cementitious materials content and decreasing water/cementitious materials ratios, the chloride-ion penetration was reduced further. At a water/cement + silica fume ratio of 0.21 and 500 kg/m3 cement and 40 kg/m3 silica fume, the chloride-ion penetration was found to be 196 coulombs at 28 days, compared to 1246 C for the reference concrete. This reduction is primarily due to the reﬁned pore structure and increased density of the matrix.
 
 2.3.6 Durability Aspects 2.3.6.1 Carbonation Silica fume, like other pozzolanic materials, reduces the Ca(OH)2 content of the concrete, and this promotes a faster rate of carbonation. On the other hand, this effect may be offset by the more impermeable nature of silica-fume concrete, which tends to impede the ingress of CO2 into concrete. The net effect can be somewhat variable, as it depends on various factors such as silica-fume content, water/ cementitious materials ratio, and curing conditions, all of which can have a determinant inﬂuence on the ultimate Ca(OH)2 content and permeability of the concrete. Vennesland and Gjorv (1983) reported that using up to 20% silica fume as an addition to cement in concrete, in combination with the use of a plasticizer, reduced the rate of carbonation. The concrete specimens were initially moist cured for a period of 7 days prior to air storage at 60% relative humidity. Carette and Malhotra (1992) compared the rate of carbonation of silica-fume concrete with that of reference Portland cement concrete up to the age of 3.5 years. The test specimens had been initially moist cured for 7 days before being stored under ambient room drying conditions. At a water/cementitious materials ratio of 0.25, they found that all concretes remained free of any noticeable carbonation during a 3.5-year period, whereas at a water/ cement + silica fume ratio of 0.40, all specimens exhibited signs of carbonation, the effect being slightly more marked for the silica-fume concrete. In general, however, it is agreed that carbonation is not a problem in adequately cured, high-quality, low water/cement ratio concrete, and this also applies to silicafume concrete. 2.3.6.2 Chemical Resistance Chemical attack on concrete causes destructive expansion and decomposition of the cement paste, leading to severe deterioration. A permeating solvent as innocuous as water can result in the leaching of calcium hydroxide liberated from the hydration of cement. The ingress of chemicals and acids into concrete allows them to react with calcium hydroxide to form water-soluble salts that leach out of concrete, increasing the permeability of concrete and allowing further ingress of chemicals. Sulfates react with calcium hydroxide, forming ettringite, which causes expansion and cracking of the concrete. Silica-fume concretes have better resistance to chemicals than comparable Portland cement concretes due to the depletion of calcium hydroxide liberated during the hydration of Portland cement by means of pozzolanic reaction with silica fume, which thus reduces the amount of lime available for leaching, and also due to the decrease in permeability resulting from the reﬁned pore structure of the mortar phase of the concrete. Mehta (1985) compared the chemical resistance of low water/cement ratio (0.33 to 0.35) concretes exposed to solutions of 1% hydrochloric acid, 1% sulfuric acid, 1% lactic acid, 5% acetic acid, 5% ammonium sulfate, and 5% sodium sulfate. Specimens of a reference concrete, latex-modiﬁed concrete, and silica-fume concrete with 15% silica fume by weight of cement were used, and the criteria for failure
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 was 25% weight loss when fully submerged in the above solutions. The investigation showed that concrete incorporating silica fume better resisted chemical attacks than did the other two types of concrete. The only exception was the silica-fume concrete specimens immersed in ammonium sulfate solution which performed poorly. This was attributed to the ability of the ammonium salts to decompose the calcium silicate hydrate in the hydrated cement paste. 2.3.6.3 Freezing and Thawing Resistance Extensive laboratory and ﬁeld experience in Canada and the United States has shown that, for satisfactory performance of concrete under repeated cycles of freezing and thawing, the cement paste should be protected by incorporating air bubbles, 10 to 100 µm in size, using an air-entraining admixture. Brieﬂy, the most important parameters concerning the entrainment of air in concrete are the air content, bubblespacing factor, and speciﬁc surface. For satisfactory freezing and thawing resistance, it is recommended that air-entrained concrete should have bubble-spacing factor (L) values of less than 200 µm and speciﬁc surface (α) greater than 24 mm–1. Usually, fresh Portland cement concrete incorporating between 4 to 7% entrained air by volume will yield the above values of L and α. Several investigators have performed studies on the freezing and thawing resistance of silica-fume concrete. These include, among others, Sorensen (1983), Gjorv (1983), Carette and Malhotra (1983), Malhotra (1984), Yamato et al. (1986), Hooton (1987b), Hammer and Sellevold (1990), Virtanen (1985), Pigeon et al. (1986), and Batrakov et al. (1992). In one CANMET investigation, the freezing and thawing resistance of non-air-entrained and air-entrained concrete incorporating various percentages of silica fume was compared (Malhotra, 1984). The study led to the following conclusions: • Non-air-entrained concrete: Non-air-entrained concrete, regardless of the water/cement + silica fume ratio and irrespective of the amount of condensed silica fume, shows very low durability factors and excessive expansion when tested in accordance with ASTM C 666 (Procedure A or B). The concrete appears to show somewhat increasing distress with increasing amounts of fume; therefore, the use of non-air-entrained condensed silica-fume concrete is not recommended when it is to be subjected to repeated cycles of freezing and thawing. • Air-entrained concrete: Air-entrained concrete, regardless of the water/cement + silica fume ratio and containing up to 15% condensed silica fume as partial replacement for cement, performs satisfactorily when tested in accordance with ASTM C 666 (Procedures A and B). However, concrete incorporating 30% of the fume and a water/cement + silica fume ratio of 0.42 performs very poorly (durability factors less than 10), regardless of the procedure used. This is probably due to the fact that the hardened concrete has high values of L, or it might be due to the high amount of condensed silica fume in concrete, resulting in a very dense cement matrix system that, in turn, might adversely affect the movement of water. It is difﬁcult to entrain more than 5% air in the above type of concrete, and this amount of air may or may not provide satisfactory L values in hardened concrete for durability purposes. The users are therefore asked to exercise caution when using high percentages of condensed silica fume as replacement for Portland cement in concretes with water/cement + silica fume ratios of the order of 0.40 if these concretes are to be subjected to repeated cycles of freezing and thawing. 2.3.6.4 Frost Resistance in the Presence of Deicing Salts Limited published data are available on the deicing salt scaling resistance of silica-fume concrete. Gagne et al. (1990) reported that the frost resistance of concrete incorporating 6% silica fume as an addition to cement is satisfactory in the procedure of deicing salt scaling tests (ASTM C 672). This was true for both air-entrained and non-air-entrained concrete. The water/cement + silica fume ratio of the concretes ranged from 0.23 to 0.30, and the concretes were air dried for 28 days before being subjected to the deicing salt scaling test. Using the ASTM C 672 tests, Bilodeau and Carette (1989) investigated the deicing salt scaling resistance of Portland cement concrete and concretes incorporating 8% silica fume
 
 2-38
 
 Concrete Construction Engineering Handbook
 
 as replacement for cement. In their investigation, superplasticized and nonsuperplasticized concretes were made, with water/cementitious materials ratios ranging from 0.40 to 0.65, all having adequate airvoid parameters. They reported that, in general, all concretes performed satisfactorily under the action of deicing salts, although the silica-fume concrete exhibited a slightly inferior performance when compared to that of Portland cement concrete. In particular, silica-fume concrete with a water/cement + silica fume ratio of 0.60 showed appreciable weight loss after 50 cycles. 2.3.6.5 Role of Silica Fume in Reducing Expansion Due to Alkali–Silica Reaction A number of laboratory investigations have indicated that silica fume, like other pozzolans, is effective in reducing the above-mentioned expansions due to alkali-silica reactions; however, the percentage of silica fume to be incorporated into concrete would depend on the type of reactive aggregate, the exposure conditions, the alkali and silica contents, the silica fume used, the type of cement used, and the water/cementitious materials ratio of the mixture. Published data indicate that the percentage replacement of cement by silica fume may range from about 10 to 15% (Durand, 1991). CANMETfunded studies have indicated that silica fume is not effective in controlling expansions due to alkalicarbonate reactions (Chen and Sunderman, 1990). At present, no signiﬁcant well-documented data are available as to the long-term effectiveness of silica fume in controlling alkali–silica expansions in actual ﬁeld structures. Based on current knowledge, it is recommended that those contemplating the use of silica fume to control expansion due to alkali–silica reactions perform accelerated tests in the laboratory, using the materials to be employed on a job site, to determine the percentage of silica fume to be used as replacement for cement.
 
 2.4 Highly Reactive Metakaolin Highly reactive metakaolin has recently become available as a very active pozzolanic material for use in concrete. Unlike ﬂy ash, slag, or silica fume, this material is not a byproduct but is manufactured from a high-purity kaolin clay by calcination at temperatures in the region of 700 to 800°C (Caldarone et al., 1994). The material, ground to an average particle size of 1 to 2 µm, is white in color. In 1994, a plant was commissioned in Atlanta to produce the material on a commercial scale.
 
 2.4.1 Chemical and Mineralogical Composition Unlike silica fume, which contains more than 85% SiO2, highly reactive metakaolin contains equal proportions of SiO2 and Al2O3 by mass. A typical oxide analysis is given below: SiO2
 
 Al2O3
 
 Fe2O3
 
 CaO
 
 MgO
 
 Alkalis
 
 Loss on Ignition
 
 51
 
 40
 
 1
 
 2
 
 0.1
 
 0.5
 
 2
 
 The highly reactive metakaolin derives its reactivity from the combination of two factors—namely, a totally noncrystalline structure and a high surface area. As far as mineralogical character is concerned, like silica fume, metakaolin is composed essentially of noncrystalline aluminosilicate (Si-Al-O) phase. Occasionally, a small amount of crystalline impurities may be present—that is, 1 to 2% of quartz, feldspar, or titania. The material has a speciﬁc surface of about 20 m2/g and a speciﬁc gravity of 2.5.
 
 2.4.2 Properties of Fresh Concrete According to the limited published data, the initial and ﬁnal setting time of concrete incorporating 10% of metakoalin by mass are comparable to those of control concrete and concrete incorporating
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 FIGURE 2.16 Autogenous temperature rise in control, silica fume, and metakaolin concretes.
 
 10% silica fume. Also, the air-entraining admixture demand is similar to that of silica-fume concrete. Because of its very high speciﬁc surface, the bleeding of concrete incorporating metakoalin is negligible. According to the data published by Zhang and Malhotra (1995), the autogenous temperature rise of concrete made with metakaolin was higher than that of the control and silica-fume concrete at ages up to 6 days, indicating high reactivity of the material (Figure 2.16).
 
 2.4.3 Mechanical Properties of Hardened Concrete 2.4.3.1 Strength Development Table 2.14 gives some data on strength development and Young’s modulus for concrete made with metakaolin; also, data on the control concrete and silica fume are included for comparison purposes. The faster strength development of the metakaolin concrete at early ages as compared with the silicafume concrete is probably due to the faster rate of hydration, as discussed earlier. 2.4.3.2 Drying Shrinkage Zhang and Malhotra (1995) investigated the drying shrinkage of concrete incorporating metakaolin; the data are shown in Figure 2.17, together with data for control and silica-fume concrete. The concretes were exposed to drying shrinkage after 7 days of initial curing in lime-saturated water. The metakaolin concrete had a lower drying shrinkage strain compared with that of the control and silica-fume concrete. After 112 days of drying at a relative humidity of 50%, the metakaolin concrete had a drying shrinkage strain of 427 × 10–6 compared with 596 × 10–6 for the control concrete.
 
 2.4.4 Durability Aspects of Hardened Concrete Air-entrained concrete incorporating 10% metakaolin by mass of cement has high resistance to the penetration of chloride ions and excellent durability in regard to repeated cycles of freezing and thawing. Table 2.15 and Table 2.16 show some test results on these above aspects of durability (Zhang and Malhotra, 1995). Limited data on the deicing salt scaling resistance of the metakaolin concrete indicates that its performance in the ASTM deicing salt scaling test (ASTM C 672) is comparable to that of silica-fume concrete but somewhat inferior to that of plain Portland cement concrete.
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 TABLE 2.14 Mechanical Properties of Hardened Concrete
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 Control 10% MK 10% SF
 
 CO-D MK10-D SF10-D 36.5 37.9 42.8
 
 2320 2330 2310
 
 0.40 0.40 0.40
 
 W/C or W/(C + MK) or W/(C + SF)
 
 CO-D MK10-D SF10-D 37.9 42.8
 
 36.5
 
 5.8 5.1 5.8 6.6 4.9 5.0
 
 Hardened Concrete (%)
 
 Air Content Fresh Concrete (%) 21.2 17.9 22.2
 
 Speciﬁc Surface (mm–1)
 
 Note: L, length; PV, pulse velocity; RF, resonant frequency; W, weight. Source: Zhang, M.H. and Malhotra, V.M., Cement Concrete Res., 25(8), 1713–1725, 1995.
 
 Control 10% MK 10% SF
 
 Mix
 
 28-Day Compressive Strength (MPa)
 
 TABLE 2.16 Summary of Test Results after 300 Cycles of Freezing and Thawing
 
 Type of Concrete
 
 28-Day Compressive Strength (MPa)
 
 0.15 0.22 0.17
 
 Spacing Factor L (mm)
 
 1875 300 360
 
 90 Days
 
 0.08 0.09 0.12
 
 W
 
 0.006 –0.003 0.001
 
 L
 
 –0.55 0 0.19
 
 PV
 
 –0.84 0.16 0.47
 
 RF
 
 Change at the End of 300 Freezing/ Thawing Cycles (%)
 
 390 410
 
 3175
 
 28 Days
 
 Resistance to Chloride-Ion Penetration (coulombs)
 
 Note: W/C, water/cementitious materials ratio; MK, metakaolin; SF, silica fume. Source: Zhang, M.H. and Malhotra, V.M., Cement Concrete Res., 25(8), 1713–1725, 1995.
 
 Type of Concrete
 
 Mix
 
 Unit Weight (kg/m3)
 
 TABLE 2.15 Resistance of Concrete to Chloride-Ion Penetration
 
 98.3 100.3 100.9
 
 Durability Factor (%)
 
 85 89 96
 
 Residual Flexural Strength (%)
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 (a) Scanning electron micrograph of a polymer concrete fracture surface. (Photograph courtesy of Edward G. Nawy, Rutgers University.) (b) Chemical admixtures analysis. (Photograph courtesy of Portland Cement Association, Skokie, IL.)
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 3.1 Introduction to Chemical Admixtures In recent decades, tremendous success has been achieved in the advancement of chemical admixtures for Portland cement concrete. Materials scientists, chemists, engineers, and manufacturers’ technical representatives have helped the concrete industry to improve our ability to control work times, workability, strength, and durability of Portland cement concrete. Most efforts have centered on improving the properties of concrete with minimal investments by ready-mix suppliers and contractors in the way of specialized equipment or special skills and education of their labor forces. This approach has resulted in construction cost reductions and universally accepted ready-made remedies for unexpected problems during construction. The function of each admixture focuses on a speciﬁc need, and each has been developed independently of the others. Some admixtures already have chemistry that affects more than one property of concrete, and some have simply been combined for ease of addition during the batching process. Their deﬁnitions and speciﬁcations are discussed in the American Society for Testing and Materials (ASTM) C 494 and in the American Concrete Institute (ACI) Manual of Concrete Practice 212.3R and 212.4R. Retarders have been developed that allow for longer working times with minimal effect on the ﬁnal cure strength. These retarders provide better ﬁnishing and higher quality concrete in the heat of the summer. Accelerators have been produced that initiate the cement hydration process much earlier in lower temperatures. Airentraining agents were developed into commercial admixtures when it was observed that air entrainment *
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 improved the resistance of concrete to freezing and thawing. This is accomplished by the production of many well-distributed tiny bubbles that act as pressure-relief mechanisms in the matrix whenever water in the pores expands and contracts under freezing and near-freezing conditions. Water reducers, or plasticizers, have allowed ﬁnishers to place and work the concrete with much less water and thus produce higher strengths and more durable concrete. High-range water reducers (HRWRs), or superplasticizers, were developed to adjust the plasticity of low-water concrete to a consistency that can easily be pumped up to higher elevations without compromising strength or durability. Later, organic polymers such as latex and epoxies were developed to modify the concrete matrix in such a way as to improve the bond of the cured concrete to a given substrate or to reduce permeability and internally reinforce the cured matrix. Often, a stronger matrix is also a result. Monomer systems have also been used to impregnate cured Portland cement concrete, ﬁlling the small pores, capillaries, and voids with a liquid that quickly hardens, leaving a less porous, higher modulus, and more chemicalresistant concrete. All of these admixtures have been reﬁned to provide concrete designers and builders with increasing options and greater adaptability to an expanding variety of applications and ambient conditions. It is estimated that one or more chemical admixtures, not including air-entraining agents, are present in 80% of the concrete placed today, and the ﬁgure rises to almost 100% when air-entraining agents are included (Whiting et al., 1994). The most commercially important chemical admixtures are described in the ACI Manual of Concrete Practice (ACI Committee 212 on Admixtures for Concrete) and ASTM C 494 (Speciﬁcations for Chemical Admixtures for Concrete); in the Canadian Standards Association’s admixture standards A 266.1, A 266.2 M78 (chemical admixtures), A 266.4 M78 (guidelines for the use of admixtures), 266.5 M 1981 (guidelines for use of HRWRs), and 266.6 M85 (HRWR requirements); and in the Reunion Internationale des Laboratoires d’Essais et de Recherches sur les Materiaux et les Constructions (RILEM) Guide for Use of Admixtures in Concrete. To better understand recommended usage for various applications of these chemical admixtures in concrete, a review of each functional category is presented. This review would be simpler if each of the admixtures worked independently in the matrix, but the performance of each is often affected by the presence of another. For this reason, known reactions and interactions are discussed wherever appropriate for speciﬁc materials.
 
 3.2 Retarding Admixtures Retarding admixtures are used to slow down the initial set of the concrete whenever elevated ambient temperatures shorten working times beyond the practical limitations of normal placement and ﬁnishing operations. Retarders are speciﬁed in ASTM C 494 as Type B admixtures and are used in varying proportions, often in combination with other admixtures, so that, as working temperatures increase, higher doses of the admixture may be used to obtain a uniform setting time (ACI 305R). Simple retarders typically consist of one of four relatively inexpensive materials: lignin, borax, sugars, or tartaric acids or salts. Retarders serve best to compensate for unwanted accelerations of working times due to changes in temperature or cement or due to other admixture side effects. They also are used to extend the working time required for complicated or high-volume placements and for retarding the set of concrete at a surface where an exposed aggregate ﬁnish is desired. Retarding admixtures interfere with the critical chemical reactions of the fastest hydrating cement reactant groups, C3A and C3S (Collepardi, 1984). These reactants normally initiate the hydration process in the early stages. Eventually, the hydration process accelerates due to another initially slower reaction group, and the heat of reaction allows the hydration to continue at a normal rate until completion. Typical retardation effects are signiﬁcant for the ﬁrst 24 to 72 hours. The intent is for concrete in its plastic state to be affected by retarders with little or no negative effect on the hardened properties. Improvements in fresh concrete properties include extended times for workability and set, better workability with less water, frequently an increase in air content, and minimal
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 FIGURE 3.1 Effect of delayed addition of retarding admixture on its retarding power. (From Mindess, S. and Young, J.F., Concrete, Prentice Hall, Englewood Cliffs, NJ, 1981.)
 
 delay in ﬁnal cure time. Retarders may reduce critical physical properties when used in excess. Changes in hardened concrete properties due to retarders usually relate to delayed early strength development, which may affect early (especially plastic) shrinkage and creep (Daugherty and Kowalewski, 1976). Dosage rates vary considerably depending on the needs of the concrete application, ambient and material temperatures, retarder type and concentration, cement type and content, and presence of other admixtures in the concrete, but it generally is best to use the least amount necessary to produce the required properties. This is typically between 2 and 7 ﬂuid ounces per 100 pounds cement (ACI 211.1-4) added with a portion of the mixing water a few minutes after the ﬁrst addition of water. This is recommended to ensure the most efﬁcient and uniform dispersion throughout the batch (Figure 3.1). Manufacturers’ recommendations are a good place to start, but trial batches under the expected ﬁeld conditions followed by a complete evaluation of effects on all critical properties should be conducted. It should be noted that retardation may be a side effect of other chemical admixtures that are speciﬁed for the adjustment of other properties in the matrix. If the retardation effect is desirable and predictable, as in many water-reducing admixtures, the material is marketed as such (e.g., water-reducing and -retarding admixtures). Because users noticed that earlier water reducers tended to retard set times, today many retarders are meant to serve double duty as water reducers. This added functionality is discussed in the next section. If the retardation side effect is predictable but not desired, the simple addition of a compatible accelerator may be all that is necessary. If, however, the retardation side effect is not desired or predictable, an incompatibility may exist between the cement or other admixtures and the corrupting admixture (Dodson and Hayden, 1989; Johnston, 1987). Every effort must be made to determine the faulty ingredient and substitute it with a more compatible choice.
 
 3.3 Water-Reducing Admixtures Water-reducing agents, or plasticizers, are added to provide workability in the freshly mixed concrete matrix while using signiﬁcantly lower amounts of mix water, thus achieving better strength and durability. These agents provide the lubricity in coarse mixes that would normally require additional paste or more water in the paste. According to ASTM C 494, these admixtures are classiﬁed as Type A and must allow at least a 5% reduction in water without changing the consistency or reducing the strength of the control batch having the higher water content without this admixture. They often are able to reduce the water demand by 10% and as much as 15% for even greater strength and durability beneﬁts derived from lowering the water/cement ratio (Figure 3.2). This class of admixtures is typically made from relatively inexpensive lignosulfonates, hydroxylated carboxylic acids, or carbohydrates.
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 FIGURE 3.2 Typical relationship between 28-day compressive strength and water/cement ratio for a wide variety of air-entrained concretes using Type I cement. (From Kosmatka, S.H. and Panarese, W.C., Design and Control of Concrete Mixtures, 13th ed., Portland Cement Association, Skokie, IL, 1988.)
 
 Several theories exist as to what mechanisms are responsible for the reduction in water demand in the plastic concrete matrix, but all agree that the improvement is mainly due to the chemical and physical effects of the water-reducing admixtures (WRAs) on the surface of the hydrating cement particles. Deﬂocculating and dispersion of the cement particles are the net result and allow better use of the available water for more uniform lubrication and hydration. Also, because many WRAs entrain as much as 2% air, increased lubricity is partly due to the distribution of tiny added air bubbles. Many WRAs retard set times and are sometimes used with an accelerator for compensation. WRAs that are combined with an accelerator into one admixture are classiﬁed as Type E under ASTM C 494. Of course, retardation may be desired for higher temperature concreting conditions. Whenever the natural tendency of WRAs to retard hydration is not adequate for the desired application, additional retarders are added. Commercially available single admixtures that combine a retarder with the WRA are classiﬁed as Type D under ASTM C 494. Many WRAs are associated with higher shrinkage rates and faster slump loss even though the water/ cement ratio is reduced. Bleeding properties, too, are sometimes affected by the choice of WRA. To overcome these tendencies WRAs are often added at the batch plant along with much less of the more expensive, but more efﬁcient, high-range (or mid-range) water reducers described in the next section. Considerations for usage of WRAs are economically based, and strategies fall into the following three main categories (Collepardi, 1984): 1. Reduce the water/cement ratio for higher strengths and improved durability while maintaining the same workability and cement content. 2. Reduce the paste portion of the matrix, water, and cement, for the purpose of reducing shrinkage and heat development in massive placements; workability, strength, and durability are maintained at a comparative level. 3. Keep water and cement the same and maintain the same strength and durability but improve ﬂow and workability. Efﬁcient dosage rates vary with chemical composition of the WRA, individual batch designs, cement types, other admixtures, environmental conditions (Kosmatka and Panarese, 1988), ﬂow and workability constraints in the job, and end-product needs. Manufacturers’ guidelines typically recommend 2 to 7 ﬂuid ounces per 100 pounds cement added into the mix water. These recommendations should be used as a starting place for several trial batches closely monitored for critical properties under ﬁeld conditions in both the fresh and hardened states.
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 FIGURE 3.3 Effect of superplasticizers on slump loss. (From Mindess, S. and Young, J.F., Concrete, Prentice Hall, Englewood Cliffs, NJ, 1981.)
 
 3.4 High-Range, Water-Reducing Admixtures High-range water reducers (HRWRs) are also known as superplasticizers, super ﬂuidizers, and super water reducers due to their higher efﬁciency than conventional WRAs in improving workability and ﬂow of concrete mixes. They were developed for use where the amount of WRAs required to reach a desired slump or ﬂow resulted in unacceptable reductions of other critical properties. Different chemistry enabled developers to produce an admixture that allowed contractors to place highly workable, pumpable, or even ﬂowing concrete with higher strengths and greater durability and less shrinkage when the concrete mix was properly designed. The speciﬁcations for superplasticizers are detailed in ASTM C 494 as Type F for high-range water reduction with normal set times or Type G for high-range water reduction with retarded setting times. ASTM C 1017 speciﬁes chemical admixtures for use in ﬂowing concrete. HRWRs are typically one of four chemical groups: sulfonated melamine–formaldehyde condensate (SMF), sulfonated naphthalene–formaldehyde condensate (SNF), modiﬁed lignosulfonate (MLS), and others that may include sulfonic acid esters or carbohydrate esters (carboxylates). HRWRs deﬂocculate and disperse the cement particles in a similar manner but much more efﬁciently than WRAs. Superplasticizers can reduce water demand in the matrix by as much as 30%, and, because HRWRs can be added into the transit mixer at the plant and again at the jobsite, workability can continue to be customized at the site for speciﬁc application needs regardless of transit-time slump loss (Fisher, 1994) (Figure 3.3). HRWRs are often referred to as ﬁrst-, second-, and third-generation superplasticizers: 1. First-generation superplasticizers are primarily anionic materials that create negative charges on the cement particles, resulting in reduced friction due to the same-charge particles repelling each other. These HRWRs have no effect on the hydration process, but using them to reduce water/ cement ratios without the addition of retarders makes for quicker set times. Because of the shorter workability times, ﬁrst-generation HRWRs are normally added at the jobsite. Their chemistry allows a reduction in water of 20 to 30%. 2. Second-generation superplasticizers, which are normally added at the batch plant, coat the cement particles with a thixatropic material; they lubricate the mix, allow lower water/cement ratios, and add a measure of control in the hydration process. Second-generation HRWRs can be used at higher concrete temperatures, thus reducing or eliminating the need for ice. Water demand is typically reduced 20 to 30%, and the higher workability time is extended.
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 3. Third-generation superplasticizers coat the cement particles and are added at the batch plant, just like the second-generation HRWRs. Third-generation superplasticizers offer the same advantages as second-generation HRWRs, plus they offer the added bonus of maintaining initial setting characteristics similar to normal concrete while producing a highly plastic mix at an extremely low water/cement ratio. Second-generation and third-generation superplasticizers are relatively expensive (typically $5 to $6 additional per yard of concrete), but they have proven themselves to be cost effective in such applications as hot weather concreting, wall placements, bucket and crane placements, slabs on grade, and pumped concrete (Guennewig, 1993). Modern trends are clearly moving toward the use of polycarboxylates over the older sulfonated lignins or melaminebased products, as they are so much more effective at deﬂocculating cement grains due to steric hindrance. Strategies for the use of HRWRs include those listed in the WRA section above, but application-related considerations may dictate that HRWRs must be used and require decisions of which type and quantity are required to achieve the proper concrete placement. Determining optimal superplasticizer dosage can be a relatively complex task involving consideration of costs, rheology of the fresh concrete, mechanical properties at early ages, and long-term durability under expected service conditions. Optimal dosage is highly dependent on determination of the saturation concentration—the highest ratio of the mass of HRWR solids to the mass of cementitious materials over which any higher dosage will not signiﬁcantly improve the workability of the paste (Gagné et al., 1996). This ratio is usually 0.8 to 1.2% and is affected by type and quality of superplasticizer, ﬁneness of the cement, C3A content, type and content of sulfates, and the speed and shearing action of the mixer employed (Baalbaki, 1990). The ability of superplasticized concrete to ﬂow through congested reinforcement and into otherwise inaccessible areas and a requirement for minimal vibration make it a natural choice in any applications presenting such problems. The ease with which it can be pumped and placed makes it a good choice for ﬂoors, structural and foundation slabs, pavements, bridges, and roof decks. Contractors and precasters prefer superplasticized concrete for its faster strength gain, improved surface details, and pigment dispersion in architectural applications. HRWRs are used in sprayed concrete applications, self-consolidating concrete, and tremie pipe placements because of the increased ﬂuidity and higher strengths. Highperformance concrete has been implemented primarily through the engineered concrete mix designs made possible by using HRWRs to reduce water/cement ratios and by adding high-surface ﬁne materials such as silica fume and ﬂy ash while maintaining good workability and minimal segregation. Consequently, higher and earlier strengths and increased durability are commonly expected and achieved. Regular reporting of successful concrete applications relying on HRWRs has led to a tendency to think of HRWRs as a panacea for all concrete problems; however, good batch designs that consider the level of HRWRs to be added are critically important to avoid serious segregation, excessive bleeding, and needless extra expense. Normal mixes made ﬂowable through the addition of HRWRs typically require an increase of approximately 5% more sand. Surface ﬁnishes can become mottled and irregular when too much HRWR is used. Water/cement ratios are critical to strength and durability, but, for even minimal workability and accounting for evaporation and substrate absorption, the practical lower water/cement ratio limits of concrete mixtures without HRWRs are well above the theoretical minimum required for complete hydration. Because HRWRs allow concrete to be made with the lowest water/cement ratios, care must be exercised to ensure that enough water is present in the matrix throughout the entire hydration process to fully hydrate all of the cement in the matrix. As for WRAs, HRWRs tend to retard concrete setting times, but this effect may be compensated for or overridden by the addition of accelerating admixtures or the further addition of retarding admixtures. When a retarder is combined with a superplasticizer, the resulting admixture is classiﬁed by ASTM C 494 as Type G. Slump loss is a problem of particular importance in high-slump or ﬂowable concretes utilizing HRWRs. The rate of slump loss may be affected by the type and dosage of HRWR, other admixtures, order of addition, type and brand of cement, concrete temperature, and concrete batch design. Concrete that has
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 HRWRs added at the batch plant will tend to experience moderate to rapid slump loss, unless special slump-loss-control admixtures are also added. Normally, the higher dosage rates tend to slow down the rate of slump loss, and cement with higher levels of C3A, as found in Type I and Type III cements, exhibit a more rapid rate of slump loss. Higher concrete temperatures also tend to accelerate the rate of slump loss (ACI Committee 212), but adherence to ACI Committee 305 hot-weather concreting procedures can minimize slump loss. Entrained air content is initially increased by the addition of HRWRs, but redoing ﬂowing concrete causes loss of entrainment with each dose. Also, air bubbles may have a tendency to be larger and coalesce in ﬂowing concrete. Shrinkage and creep are generally as good as or better than control mixes, but ﬂowing concrete may exhibit more shrinkage depending on water and cement content and the choice of HRWRs. Durability is generally better for concrete modiﬁed with HRWRs because strength is higher, cement particles are more uniformly dispersed and hydrated, and permeability of the hardened concrete is lower. Resistance to sulfate attack and abrasion should be better, and resistance to salt scaling and resistance to corrosion of reinforcing steel are comparable with control batches containing no superplasticizer (ACI Committee 212). As always, evaluation of trial batches cured under ﬁeld conditions is highly recommended.
 
 3.5 Accelerating Admixtures Accelerators are commonly used to offset retardation effects from other admixtures, although overcoming weather-induced retardation due to colder temperatures at the job site is probably their primary application. Through the use of accelerators contractors can place concrete at much lower temperatures than would be practical without their use (ACI 306R). Accelerating admixtures are also commonly used to speed up normal set and cure times for purposes of earlier service than would be possible with an unaccelerated mix design. Such an application is most often the case for concrete repair mix designs and in prestressed or precast applications, where time delays cost customers or precasters signiﬁcant amounts of money and inconvenience. Accelerating admixtures should conform to ASTM C 494 Type C. These materials are predominantly calcium chloride or closely related salts because of their availability, relatively low costs, and more than a century of documented usage. Caution should be exercised, however, as the use of chloride accelerators will corrode reinforcement in concrete exposed to water. Other materials such as silicates, ﬂuorosilicates, thiocyanates, alkali hydroxides, calcium formate, calcium nitrate, calcium thiosulfate, potassium carbonate, sodium chloride, aluminum chloride, and various organic compounds, including triethanolamine, are also used as accelerating admixtures (ACI 517.2R). Calcium nitrite is frequently recommended and commercially available as an accelerator that also inhibits corrosion of reinforcing steel wherever exposure to precipitation and salt from deicing materials or seawater is likely to initiate corrosion problems. Lignosulfonate, benzoates, phosphates, hypophosphates, chromates, ﬂuorides, Calgon®, and alkali nitrates have also been promoted as corrosion inhibitors, too, but their effectiveness is not widely accepted. Because of the long-term usage of calcium-chloride-based accelerating admixtures, many of their effects on concrete are well known and highly touted in manufacturers’ literature. They should conform to ASTM D 98 requirements and be sampled and tested according to the procedures in ASTM D 345. Calcium chlorides are known to reduce initial and ﬁnal setting times. The workability of the mix is usually improved by accelerators, and the air content of the matrix may be increased slightly with average-sized voids (Figure 3.4). Accelerators also tend to reduce the bleeding rate and bleeding capacity of concrete. The effects of accelerators on hardened concrete are as important as they are for the fresh mix. Beneﬁts of their use include accelerated strength development in both compression and in ﬂexural modes, although less so in the latter. Modulus of elasticity, too, increases at a faster rate. Abrasion resistance and erosion resistance are improved with the use of accelerating admixtures, as is pore structure, due to reduced porosity. Frost resistance in concrete is better at early ages when calcium chloride accelerators are used, but performance declines with time, and resistance is actually worse at later ages. Other
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 FIGURE 3.4 Effect of set-modifying admixtures on strength development of concrete. (From Mindess, S. and Young, J.F., Concrete, Prentice Hall, Englewood Cliffs, NJ, 1981.)
 
 disadvantages of using common calcium chloride accelerating admixtures in concrete include slight increases in drying shrinkage and creep increases from 20 to 35%, all of which may occur because rapid strength gain is usually obtained at the expense of reduced ultimate strength (Figure 3.4). Accelerators also often increase alkali–silica reactions and decrease resistance to external sulfate attack. Additionally, they are known to increase the rate of freeze–thaw scaling and of corrosion of steel reinforcement, except for those previously mentioned accelerating admixtures known as corrosion inhibitors (i.e., calcium nitrite and sodium thiocyanate) (Nmai et al., 1994). Accelerated concrete is also usually darker in color than unaccelerated concrete. With these effects on properties in mind, the Portland Cement Association (PCA) recommends that calcium chloride and other admixtures containing soluble chlorides should not be used under the following conditions: • Prestressed concrete, due to potential corrosion hazards • Concrete containing embedded aluminum, due to serious corrosion problems in humid environments • Concrete subjected to alkali–silica reactions or exposed to soil or water containing sulfates • Floor slabs intended to receive dry-shake metallic ﬁnishes • Hot ambient conditions or hot constituent materials such as aggregates or water • Massive concrete placements The PCA also recommends caution when using calcium chloride in the following applications (Kosmatka and Panarese, 1988): • Concrete subjected to steam curing because of possible expansion problems with delayed ettringite formation • Concrete containing embedded dissimilar metals, especially when electrically connected to reinforcing steel • Concrete slabs supported on galvanized steel forms The ACI 318 Committee on Building Code Requirements for Reinforced Concrete has recommended maximum allowable levels of chloride ions for corrosion protection in steel reinforced concrete under various service exposures. These levels are shown in Table 3.1. In spite of the cautions, calcium chlorides are used on a regular basis for interior concrete with predictable performance. Recommended usage rates vary with mixture designs, temperatures, and exposure conditions. As with any admixture,
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 TABLE 3.1 ACI 318 Maximum Chloride-Ion Content for Corrosion Protection (ACI 318/318R Building Code and Commentary)
 
 Type of Application Prestressed concrete Reinforced concrete exposed to chloride in service Reinforced concrete that will be dry or protected from moisture in service Other reinforced concrete construction
 
 Maximum Water-Soluble Chloride Ion (Cl–) in Concrete (Percent by Weight of Cement) 0.06 0.15 1.00 0.30
 
 though, no more should be used in the batching than is necessary to accomplish its intended purpose. Even then it is not generally used at rates higher than 2% of the weight of cement (Kosmatka and Panarese, 1988), and care must be taken to ascertain complete dissolution of all of the salt into the mixing water before adding it to the rest of the matrix to avoid popouts and serious local staining problems. Laboratory evaluations of ﬁeld-cured trial batches are recommended before full-scale placements are made.
 
 3.5.1 Accelerating Corrosion-Inhibiting Admixtures When designers have concerns about corrosion of reinforcing steel under shallow concrete cover, corrosion-inhibiting admixtures are often prescribed as a mitigation strategy. This class of materials electrochemically interferes with the galvanic corrosion process by scavenging either electrons or protons near the steel reinforcement. The three general categories of corrosion inhibitors are: 1. Anodic or active corrosion inhibitors actively interfere with the corrosion process by occupying overactive electrons oxidizing rapidly dissolving ferrous oxide ions into an insoluble protective coating of ferric oxide on their way to the surface of the anodic steel reinforcement. Calcium nitrite is the primary material in this category, although sodium nitrite, sodium benzoate, and sodium chromate are also used outside the United States. 2. Cathodic or passive corrosion inhibitors indirectly interfere with the corrosion process by slowing down the cathodic reactions by serving as proton acceptors and thus impeding the corrosion current. They are normally highly alkaline materials that render the ferrous ions at the surface of the reinforcing steel insoluble in water and unable to participate in the corrosion current. The most commonly used materials in this category are sodium hydroxide, sodium bicarbonate, and ammonium hydroxide, although the use of organic materials such as substituted forms of aniline and mercaptobenzothiazole has been reported. 3. Mixed or passive–active corrosion inhibitors might be preferable over either of the previous two types by themselves, as this type attacks the problem at both ends of the reaction, interfering more completely with the corrosion process before it can begin. These materials can be in the form of more complicated organic molecules that are attracted to and tie up both cathodic and anodic sites, forming salts as they accept either the available electrons or protons. This category may also be a physical mixture of two simpler compounds where one component reacts at the cathodic reaction site while the other reacts at the anodic site. Corrosion inhibitors are typically used at dosage rates of 1 to 4%, based on the weight of the cement. Properties of concrete are affected by the use of corrosion-inhibiting admixtures. Inorganic salts such as calcium nitrite are known accelerators, but organic corrosion inhibitors may retard set times. Workability may be improved at levels up to 2% but begins to degenerate above that. Hardened concrete strengths are often slightly diminished, and alkali–silica reaction may be aggravated by corrosion inhibitors if reactive aggregates are present in the matrix.
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 FIGURE 3.5 Relationship between air content and expansion of concrete test specimens during 300 cycles of freezing and thawing for various maximum aggregate sizes. (From Kosmatka, S.H. and Panarese, W.C., Design and Control of Concrete Mixtures, 13th ed., Portland Cement Association, Skokie, IL, 1988.)
 
 3.6 Air-Entraining Admixtures Air-entrained concrete was developed in the 1930s, and it is still recommended today for nearly every commercial application. Air-entraining agents are provided already ground into the cement (air-entrained cement) or as an admixture whose addition can be adjusted for individual batch design needs. Because air-entraining agents provide extremely small and well-dispersed air bubbles in the paste, they act as localized stress reducers in the cured matrix. This is advantageous in concrete exposed to moisture and especially to wet deicing chemicals during freezing and thawing conditions (Figure 3.5). Because the bubble voids provide room for microscopically localized expansions, resistance to damage from alkali–silica reactions and sulfate attack is enhanced as well. The trade-off is that air is compressible and not strength enhancing; therefore, some loss in strength of the concrete will result. A good rule of thumb is that every 1% increase in air content reduces the strength of a well-designed concrete 2 to 4% (Kosmatka and Panarese, 1988) (Figure 3.6). Generally, manufacturers recommend between 0.3 and 2.0 mL/kg cement depending on the speciﬁc air-entraining admixture, mineral admixtures also included in the batch, batch conditions, and the amount of air required. Manufacturers’ recommendations for a speciﬁc air-entraining agent should be used as a guideline, but property evaluations should be made on several small batches before deciding on the optimum quantity required to produce the air content necessary for the batch design (Table 3.2). Air-entraining admixtures are members of a class of chemicals known as surface-active substances or surfactants. These surfactants are made of molecules having a polar (water-attracted) head and a nonpolar (water-repulsed) tail. If the head is negatively charged, the surfactant is anionic, as represented by carboxylates, sulfonates, and sulfate esters. When the head is positively charged, the surfactant is cationic, as represented by substituted ammonium ion products. Nonionic surfactants are made of molecules with uncharged polar heads, and they are generally polyoxyethylenated compounds. Commercial air-entraining agents for concrete are inexpensive and have served the concrete industry well over time. They come from surfactants that can be categorized into the following seven groups (Dolch, 1984): 1. Vinsol™ is the most widely used type of air-entraining admixture. It is the byproduct of the distillation and extraction of pine stumps for other materials. The leftover insoluble residue is neutralized in sodium hydroxide, resulting in the soluble solution used to produce entrained air in concrete.
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 FIGURE 3.6 Relationship between air content and 28-day compressive strength for concrete at three constant cement contents. Water content was reduced with increased air content to maintain a constant slump. (From Kosmatka, S.H. and Panarese, W.C., Design and Control of Concrete Mixtures, 13th ed., Portland Cement Association, Skokie, IL, 1988.) TABLE 3.2 Properties of Typical Air-Entraining Admixtures Product Protex® Regular Darex® AEA Airex® “D” Oxy-Plastair Plastade
 
 Manufacturer
 
 Active Ingredient
 
 Dosage
 
 Speciﬁc Gravity
 
 Protex Industries W.R. Grace & Co. Mulco, Inc. Sider-Oxydro, Inc. Sternson, Ltd.
 
 Neutralized Vinsol™ resin Organic acid salts Sulfonated HC salt Vinsol™ resin Coconut acid amide
 
 0.3–1.0 0.65–1.95 1.5–1.85 1.4 0.6–1.9
 
 1.044 1.00–1.05 1.01–1.03 — 1.0
 
 Source: Dolch, W.L., in Concrete Admixtures Handbook: Properties, Science, and Technology, Ramachandran, V.S., Ed., Noyes Publications, Park Ridge, NJ, 1984, pp. 269–302. With permission.
 
 2. Synthetic detergents, normally alkyl aryl sulfonates, come from petroleum-based (typically C12) residues that are condensed with benzene then sulfonated and neutralized to obtain the soluble salt. 3. Salts of sulfonated lignin are byproducts of the paper industry. These tend to be relatively poor air-entraining agents but have been used extensively in concrete as water reducers and retarders. 4. Salts of petroleum acids are the leftovers from petroleum reﬁneries. Sludge left after the extraction of white oils with sulfuric acid contains water-soluble sulfonates that are then neutralized with sodium hydroxide. 5. Salts of proteinaceous materials are products of animal- and hide-processing industries. They consist of salts from a complex mixture of carboxylic and amino acids. This group does not produce many commercial air-entraining admixtures. 6. Fatty and resinous acids and their salts are produced from various sources such as vegetable oil, coconut oil, and tall oil, another byproduct of the paper industry. 7. Organic salts of sulfonated hydrocarbons are the same water-soluble sulfonates described in group 4, except they are neutralized with triethanolamine instead of sodium hydroxide. When determining air contents, an observant technician would note that even concrete without airentraining admixtures contains some air. This air, however, is air that has become entrapped during the mixing process. Entrapped air is evident as much larger, irregularly spaced voids that do nothing to resist freeze–thaw stresses.
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 TABLE 3.3 Effect of Entrained Air on Concrete Properties Plastic Bleeding Plastic shrinkage Slump Unit weight Water demand (for equal slump) Workability Hardened Abrasion Absorption Alkali–silica reactivity Bond to steel Compressive strength Creep Deicer scaling Fatigue Flexural strength Freeze–thaw resistance Heat of hydration Modulus of elasticity Permeability
 
 Effect Signiﬁcant reduction of bleeding Reduction Increases (25 mm more slump/0.5–1% more air) Decreases as air content increases Decreases 3–6 kg/m3/1% increase in air Increases as air increases Insigniﬁcant (only as it relates to strength and modulus) Insigniﬁcant Concrete expansion decreases as air increases Decreases as air increases Typically decreases strength 2–6%/1% air increase; unusually harsh or lean mixes may gain strength Insigniﬁcant (only as it relates to strength and modulus) Signiﬁcantly more resistant as air increases Insigniﬁcant (only as it relates to strength and modulus) Decreases strength 2–4%/1% increase in air Water-saturated F-T resistance improves with added air Insigniﬁcant Decreases 724–1380 MPa (1.05 × 105–2.00 × 105 psi) per 1% air increase Minimal; if higher air means lower w/c then lower permeability results
 
 Source: Kosmatka, S.H. and Panarese, W.C., Design and Control of Concrete Mixtures, 13th ed., Portland Cement Association, Skokie, IL, 1988.
 
 Entrained air has a signiﬁcant inﬂuence on many of the properties of both fresh and cured concrete. In fresh concrete, it is known to reduce water demand and the tendency toward bleeding, as well as plastic shrinkage. It increases slump and workability. In hardened concrete, entrained air improves deicer scaling resistance and resistance to freezing and thawing degradation, although small and predictable reductions in compressive, ﬂexural, and bond strengths are to be expected (Table 3.3). If air is determined to be excessive, very small quantities of defoaming or air-detraining agents may be used as recommended by the manufacturer. Defoaming agents are typically composed of silicones, esters of carbonic acid (water-insoluble), octyl alcohol, dibutylphthalate, or tributylphosphate. These materials are very effective, but too much may hurt concrete properties; thus, care must be taken to use only enough defoamer or detrainer to bring concrete air into the speciﬁed range. All air-entraining admixtures that are to be added at the time of mixing should conform to ASTM C 260 speciﬁcations. Air-entraining cements should conform to ASTM C 150 and ASTM C 595 with ASTM C 226 speciﬁcations for the air-entraining additives in air-entraining cements. Typically total air content needs are dependent on anticipated exposure conditions vs. the strength and quality of the matrix mortar and coarse aggregates. Table 3.4 illustrates target air content considerations for various coarse aggregates. It should be noted that sometimes other chemical or mineral admixtures in the matrix may detrimentally reduce the anticipated volume of entrained air. Of course, trial batching to verify the effects of air-entraining admixtures on critical properties for any proposed batch design is recommended.
 
 3.7 Antifreezing Admixtures As the name implies, this category of admixtures is employed to allow most types of concrete construction work and precasting to take place at freezing and well below freezing temperatures. These admixtures are sometimes used in conjunction with external energy and heat sources, but they are often used without
 
 3-13
 
 Chemical Admixtures
 
 TABLE 3.4 Total Target Air Content for Concrete Air Content (%)a Nominal Maximum Aggregate Size (in.)
 
 Severe Exposureb
 
 Moderate Exposureb
 
 Mild Exposureb
 
 3/8 1/2 3/4 1 1-1/2 2c 3c
 
 7-1/2 7 6 6 5-1/2 5 4-1/2
 
 6 5-1/2 5 4-1/2 4-1/2 4 3-1/2
 
 4-1/2 4 3-1/2 3 2-1/2 2 1-1/2
 
 a
 
 Project speciﬁcations often allow the air content of the delivered concrete to be within –1 to +2 percentage points of the table target values. b Severe exposure is an environment in which concrete is exposed to wet freeze–thaw conditions, deicers, or other aggressive agents. Moderate exposure is an environment in which concrete is exposed to freezing but will not be continually moist, will not be exposed to water for long periods before freezing, and will not be in contact with deicers or aggressive chemicals. Mild exposure is an environment in which concrete is not exposed to freezing conditions, deicers, or aggressive agents. c These air contents apply to total mix, as for the preceding aggregate sizes. When testing these concretes, however, aggregate larger than 1-1/2 in. is removed by hand picking or sieving, and air content is determined on the –1-1/2 in. fraction of mix. (Tolerance on air content as delivered applies to this value.) Air content of total mix is computed from value determined on the –1-1/2 in. fraction. Source: Kosmatka, S.H. and Panarese, W.C., Design and Control of Concrete Mixtures, 13th ed., Portland Cement Association, Skokie, IL, 1988.
 
 them, even under bitterly cold environmental conditions. Antifreezing admixtures work by lowering the freezing point of the water in fresh concrete (Brook et al., 1993; Ratinov and Rosenberg, 1984). This is accomplished by dissolving salts and mixing in higher-molecular-weight alcohols, ammonia, or carbamide into the mix water. For this reason, the admixture dosage rates are based on the amount of mixing water in the given batch design. These antifreeze admixtures tend to seriously retard the set and cure properties of the matrix, as do freezing temperatures. It is obvious, then, that at the same time the water is being kept unfrozen and thus available for hydration acceleration of the hydration process is also important and must be designed to work with the antifreezing component. Thus, these two admixtures—antifreeze and accelerator—are often combined into one complex multicomponent additive. This compensating type of antifreeze typically consists of inexpensive combinations of potash and calciumchloride-type additives. A third group of antifreeze admixture used occasionally promotes a highly accelerated hydration process and utilizes the much higher earlier exothermic temperatures in the concrete mass to push the curing process in spite of ambient temperatures that are too low to allow normal curing. Chemicals in this group include ferric sulfate and aluminum sulfate. Dosage rates for the various materials may differ signiﬁcantly even for the same antifreeze admixture, because their effect is inﬂuenced by many things, including the temperature of the forms, air, aggregates, and mix water, as well as the concrete mass and geometry, mitigating construction technology, and type and brand of cement used.
 
 3.8 Antiwashout Admixtures This class of chemical admixture was developed as a viscosity-modifying admixture that could improve the rheological properties of the cement paste. It has proved itself in the ﬁeld by signiﬁcantly improving the cohesiveness of concrete being placed underwater, where the exposed matrix is in jeopardy of being diluted and segregated or washed away by the surrounding water. It is most commonly used underwater in large placements and in repairs. These admixtures are also known as viscosity-enhancing admixtures
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 and are sometimes used to produce self-leveling concrete or self-consolidating concrete (SCC), which is used wherever extreme congestion due to reinforcement conﬁgurations or unusual geometry of the forms requires a very ﬂuid, cohesive concrete that resists bleeding and segregation (Khayat, 1996). Disadvantages of antiwashout or viscosity-enhancing admixtures include the typical reductions in strength and modulus of elasticity. Depending on the base concrete batch design, water/cement ratio, and the type and dosage rate of antiwash admixture (AWA), compressive strength has been determined to be 75 to 100% of the same control mix without this admixture. Flexural strengths have been reported at 84 to 100%, and modulus of elasticity measurements are 80 to 100% of the control batch. The two most commonly used AWAs are based on either welan gum or hydroxypropylmethylcellulose. Some AWAs are made from variations of related microbial saccharides similar to welan gum or various cellulose-based polymers such as hydroxyethylcellulose and hydroxyethylmethylcellulose. The thixotropic mechanisms that enable this admixture to work include attachment of its long molecules to water molecules. This inhibits the free displacement of the water by heavier mix constituents. The long chains can slip past each other under conditions of high shear, such as mixing and pumping and rapid ﬂow, but when the moving concrete slows down the chains intermesh and the matrix behaves in a much more viscous state. This self-adjusting behavior minimizes segregation and bleeding. Workability is usually better, too, because the constituents of the mix are better dispersed, even with the higher additions of HRWRs. Set time, cure time, shrinkage, and creep are not signiﬁcantly affected by the presence of AWAs themselves but may be inﬂuenced by the addition of higher levels of HRWR associated with the use of AWAs. Electric current passed through cured permeability specimens is lower in concrete containing AWAs, indicating reduced chloride ion permeability. Addition levels for AWAs are totally dependent on the application needs and constraints, but the mechanism suggests that its function is based on the availability of free water. It is essential that trial batches be made and evaluated for all important properties before concrete containing AWA is placed. Known interactions include higher air-entraining admixture demand when higher levels of HRWRs are needed. Acceptable entrainment levels are easily attainable but require trial batch evaluations. Hydroxypropylmethylcellulose tends to entrap air unless a deaerating agent is added into the mixer with it; therefore, careful adherence to a speciﬁc mixing procedure may be more important than with other batch designs.
 
 3.9 Shrinkage-Reducing Admixtures Shrinkage-reducing or shrinkage-compensating admixtures promote expansion of the concrete at about the same volume that normal drying shrinkage is contracting it. The net change in length of the hardened concrete should be small enough to prevent shrinkage cracks. The typical materials used for shrinkage compensation in concrete are based on calcium sulfoaluminate or calcium aluminate and calcium oxide. Some losses in properties are typical with the introduction of these antishrinkage agents. Any ill effects on strength are minimized by the use of HRWRs, which provide good workability while allowing reduction of the water content. These admixtures can be used to great advantage in slabs, bridge decks, structures, and repair work where cracking can lead to steel reinforcement corrosion problems, but maintaining effective air entrainment for resistance to freezing and thawing damage can be difﬁcult with shrinkage-reducing admixtures. Usage rates vary with batch designs and water content but typically range from 8 to 25%. ACI 223 (Standard Practice for the Use of Shrinkage-Compensating Concrete) speciﬁes the best methods for utilization of this admixture.
 
 3.10 Polymer Modifier Admixtures Different types of polymers can be used in concrete as polymerizing admixtures for comatrix formation or where the hydraulic cement paste and the polymer simultaneously form into separate, but interdependent, phases in the matrix. This polymer-modiﬁed concrete (PMC) is the result of adding higher-
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 FIGURE 3.7 Simpliﬁed formation model for latex-cement co-matrix. (From Ohama, Y., in Report of the Building Research Institute No. 65, Building Research Institute, Tokyo, Japan, 1973.)
 
 molecular-weight polymers to concrete batch designs for the purposes of improved adhesion, greater chemical resistance, lower permeability, lower drying shrinkage, improved tensile strength, or accelerated cure. Different chemical families and physical forms of polymers have been tried with varying degrees of success, but latex, acrylic, and epoxy additives are the most commonly used. They are available as powdered or liquid forms of resins, monomers, or emulsions, and their uses include concretes and mortars for ﬂooring, ship decks, bridge decks overlays, repair, anticorrosive coatings, and adhesives. Improvements over the properties of normal concrete or mortar depend on the polymer phase formation and the cement hydration forming an interpenetrating network structure of polymer and hydrated cement phases. The resulting monolithic matrix exhibits properties beyond either isolated phase material. Initially, the mixing process disperses the admixture into the fresh concrete matrix. As hydration begins and free water is lost, membrane strands of polymer begin forming either through water loss or independent polymerization. These membranes adhere to major portions of the hydrating cement particle surfaces. As the process continues, membranes interconnect and hydration progresses somewhat independently until both constituents of the matrix have cured (Figure 3.7). This modiﬁed matrix tends to arrest propagating microcracking due to local tensile or impact insults to the concrete. The mechanics
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 FIGURE 3.8 FHWA test results of 90-day ponding test. (Figure courtesy of Dow Chemical Company, Midland, MI.)
 
 of this phenomenon seem to rely upon higher tensile strengths of the polymer network and the better bond to aggregates and hydration product. Additionally, higher curing shrinkage strains and resulting stresses in the polymer may post-tension the polymer phase, internally compressing the Portland cement concrete phase. Because of their signiﬁcantly higher costs, these polymer modiﬁers are considered premium admixtures for concrete with special needs. The gains in tensile and ﬂexural strength over normal concrete are primarily a function of the polymer/cement ratio rather than water/cement ratio. Although mixing and placement of PMC are similar to normal concrete, there are some important differences, and ﬁnishing and curing may be very different. Normally, set times are delayed in PMC, and initial set times for PMC may be much more sensitive to ambient, substrate, and concrete constituent temperatures. Because of this sensitivity to temperature and unwanted additional air content from overmixing, latex-modiﬁed concrete is generally batched and mixed in mobile batching-plant trucks or trailers at the jobsite. With latex in particular, too much entrained air requires the addition of an antifoaming agent if it is not already included in the admixture. Initially, workability may be better than unmodiﬁed concrete, but as the polymer phase progresses and the surface begins to dry, ﬁnishing operations may tear the sticky or crusty surface due to polymer adhesion, so workers need to quickly place and ﬁnish PMC. Styrene–butadiene resin (SBR) concretes should be wet cured for 24 to 48 hours to permit concrete to gain adequate strength before the latex is allowed to cure and shrink. Bleeding and segregation are also less in most PMCs because of the hydrophilic nature of the polymer modiﬁers used. Placement and ﬁnishing tools must be cleaned thoroughly and immediately after each use, and reuseable formwork must be carefully coated with a special form release that releases from latex or epoxy as well as the cement paste. All joints should be formed, including construction joints and control joints. Sawed joints for control of cracking are not recommended (ACI 548 Committee, 1992). Changes in hardened concrete properties are important to anticipate. Shrinkage is dependent on the batch design and the choice and amount of polymer modiﬁer. Some PMCs exhibit the same or less shrinkage, and some exhibit more than expected from normal concrete. Creep properties from SBR latexmodiﬁed concrete are typically lower than for normal concrete, but epoxy-modiﬁed concrete may be higher, depending on the polymer loading in the matrix. The coefﬁcient of thermal expansion for PMCs is minimally affected by the polymer, as it such a small constituent in the matrix compared to the aggregates. Although signiﬁcant increases in tensile strength, ﬂexural strength, and bond strength may be expected, compressive strengths do not necessarily increase. Cured PMC typically exhibits lower water absorption and water or water vapor permeability due to larger pores being ﬁlled with polymer (Figure 3.8, Figure 3.9, and Figure 3.10); however, some polymers can re-emulsify, which may reduce the strength
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 of the matrix at least near the surface when it is saturated with water over time. Epoxy-modiﬁed concretes are more suitable for constantly wet conditions (Popovic, 1985). Polymer-modiﬁed concrete strengths are normally better than for conventional concrete with similar water/cement ratios at ambient temperatures below 100°F. Due to marked decreases in the polymer’s modulus at polymer-speciﬁc glass transition temperatures (Tgs), usually somewhere between 100 and 120°F, the strength differences may decrease in service temperatures at or above this range. Abrasion resistance, frost resistance, chemical resistance, and bond to concrete or steel substrates are normally better in PMC than unmodiﬁed concrete. Epoxy-modiﬁed concrete typically has a polymer/cement ratio of 20% for water-reducible resins and more than 30% for others (even more than 50% for some resins) (Ohama, 1984). This makes epoxymodiﬁed concretes more expensive than latex-modiﬁed concretes, but all strengths are typically higher, including compressive strength, and these systems can be cured in water, whereas latex-modiﬁed concrete usually must be allowed to dry after 48 hours of moist curing. Other commercially available polymers such as polyvinyl acetates, water-soluble unsaturated polyester resins, methylcellulose, and polyurethanes are used to modify concrete for speciﬁc applications, but latexes (particularly SBR and acrylic) and epoxies are the two that claim most of the market. PMC is used most often in protective coatings such as shotcrete (Shorn, 1985), overlays (Irvin, 1989), and large-
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 surface-area repairs (Smoak, 1985), because these applications can take cost-effective advantage of the better adhesion, better abrasion resistance, and lower permeability afforded the matrix through the use of polymer modiﬁers. Also, crews associated with these applications generally tend to be better trained for the special batching, placing, ﬁnishing, and curing requirements of PMC. Job-speciﬁc materials, usage, and batch design recommendations from polymer modiﬁer manufacturers should be solicited and closely followed to make trial batches under ﬁeld conditions which must be tested for critical properties before large-scale use of PMC is implemented.
 
 3.11 Alkali–Silica Reaction Prevention Admixtures In recent years, alkali–silica reaction (ASR) has been found to be responsible for much of the premature deterioration of many concrete structures in the United States and other countries throughout the world; consequently, there has been renewed interest in using lithium compounds (lithium hydroxide, lithium carbonate, and lithium nitrate) to combat this deleterious chemical reaction. The most promising of these lithium compounds is a solution of lithium nitrate. Research efforts are increasingly focused on understanding the mechanism by which lithium materials inhibit alkali–silica reaction. Furthermore, work continues toward improving the cost effectiveness of this mitigation strategy (Folliard et al., 2006).
 
 3.12 Conclusion It should be noted that all of the many admixtures are intended to enhance the properties of concrete, but they are not intended to substitute for proper concrete design, batching, transport, and ﬁnishing practices. It is often more cost effective to change the mixture proportions or the aggregate than to use higher quantities of admixtures; therefore, it is recommended that a cost analysis be done on both proposed and alternative batch designs. Any change in admixtures or their quantities should be veriﬁed in trial batch evaluations for strength and any other critical properties before delivered to any jobsite. Trial batches should be mixed with all intended admixtures and cured under expected ﬁeld conditions before evaluation.
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 4.1 Creep and Shrinkage Deformations in Concrete Creep, or lateral material ﬂow, is the increase in strain with time due to sustained load. Initial deformation due to load is the elastic strain, while the additional strain or time-dependent deformation due to the same sustained load is the creep strain. Drying shrinkage, on the other hand, is the decrease in volume *
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 FIGURE 4.1 Three-dimensional model of time-dependent structural behavior. (From Nawy, E.G., Reinforced Concrete: A Fundamental Approach, 6th ed., Prentice Hall, Upper Saddle River, NJ, 2008.)
 
 of the concrete element when it loses moisture due to evaporation. Because every infrastructure element under load will suffer this long-term deformation that has to be accounted for in a durable system, this aspect has been chosen as one of the major topics for consideration in this chapter. If we look at the three-dimensional representation in Figure 4.1 and its two-dimensional counterpart in Figure 4.2, we can see that the nonlinear relationship in the creep and shrinkage behavior makes it difﬁcult to come up with an exact model of prediction. This has been a challenge for researchers from the 1920s onwards and is why there are so many models of prediction (ACI 209, 1992; Bazant and Boweja, 1995a,b, 2000a,b; Bazant and Murphy, 1995; Branson, 1971, 1977; CEB-FIP, 1990; Gardner, 2000; Gardner and Lockman, 2001; Ross, 1937). Because of the incomplete reversibility of both creep and shrinkage strains, we can observe cracking, sagging of elements, and progressive deterioration as the strain continues to increase with time. Figure 4.2a shows a section of the three-dimensional model presented in Figure 4.1 parallel to the plane that contains the stress and deformation axes at time t1. The ﬁgure indicates that both elastic and creep strains are linearly proportional to applied stress. In a similar manner, Figure 4.2b illustrates a section parallel to the plane that contains the time and strain axes at a stress f1; hence, it shows the familiar creep time and shrinkage time relationships. The current ACI 318 code expressions due to Branson are still the acceptable general-purpose expressions for the prediction of creep and shrinkage as embodied in the ACI 209 model, and the designer can use other methods such as the CEB-FIP (1990), Bazant’s B3 model (Bazant and Boweja, 1995a,b, 2000a,b), or Gardner’s GL 2000 model (Gardner, 2000; Gardner and Lockman, 2001) for reﬁned predictions (Nawy, 2006a,b, 2008). Recent work by Nassif at Rutgers (Saksawang et al., 2005), shown in Figure 4.3, indicates that the ACI 209 model seems to be a close best ﬁt for creep prediction in high-strength, high-performance concrete; Figure 4.4 shows essentially similar characteristics for shrinkage but with lesser correlation.
 
 4.2 Creep Deformations in Concrete Creep or lateral material ﬂow is the increase in strain with time due to sustained load. Initial deformation due to load is the elastic strain, while the additional strain due to the same sustained load is the creep strain. This practical assumption is quite acceptable, as the initial recorded deformation includes few time-dependent effects. Figure 4.5 illustrates the increase in creep strain with time; in the case of
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 FIGURE 4.2 Two-dimensional section of deformations in Figure 4.1: (a) Section parallel to stress-deformation plane; (b) section parallel to deformation-time plane. (From Nawy, E.G., Reinforced Concrete: A Fundamental Approach, 6th ed., Prentice Hall, Upper Saddle River, NJ, 2008.) 60 y = 1.0775 + 1.0254x R= 0.87531
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 FIGURE 4.3 Comparison of measured and calculated speciﬁc creep for ACI 209 model.
 
 shrinkage, it can be seen that the rate of creep decreases with time. Creep cannot be measured directly but is determined only by deducting elastic strain and shrinkage strain from the total deformation. Although shrinkage and creep are not independent phenomena, it can be assumed that superposition of strains is valid; hence, total strain (εt ) = elastic strain (εe ) + creep (εc ) + shrinkage (ε sh ) An example of the relative numerical values of strain due to elastic strain creep and to shrinkage is presented in the ﬁgure for a normal concrete specimen subjected to 900 psi in compression (Nawy, 2001; Ross, 1937). These relative values illustrate that stress–strain relationships for short-term loading in
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 FIGURE 4.5 Long-term creep stress–time curve. (From Nawy, E.G., Reinforced Concrete: A Fundamental Approach, 6th ed., Prentice Hall, Upper Saddle River, NJ, 2008.)
 
 normally reinforced or plain concrete elements lose their signiﬁcance and the effects of long-term loadings become dominant on the behavior of a structure. In cases of large heavily reinforced columns in buildings, elastic strain can be a more signiﬁcant component of the total strain. Numerous tests have indicated that creep deformation is proportional to the applied stress, but the proportionality is valid only for low stress levels. The upper limit of the relationship cannot be determined accurately but can vary between 0.2 and 0.5 of the ultimate strength fc′. This range in the limit of the proportionality is expected due to the large number of microcracks that exist at about 40% of the ultimate load. As in the case of shrinkage, creep is not completely reversible. If a specimen is unloaded after a period of being under a sustained load, an immediate elastic recovery is obtained that is less than the strain precipitated on loading. The instantaneous recovery is followed by a gradual decrease in strain, called creep recovery. The extent of the recovery depends on the age of the concrete when loaded; older concretes present higher creep recoveries, while residual strains or deformations become frozen in the structural element, as shown in Figure 4.6.
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 FIGURE 4.6 Creep recovery vs. time. (From Nawy, E.G., Reinforced Concrete: A Fundamental Approach, 6th ed., Prentice Hall, Upper Saddle River, NJ, 2008.)
 
 4.2.1 Creep Effects As in shrinkage, creep increases the deﬂection of beams and slabs and causes loss of prestress in prestressed concrete elements. In addition, the initial eccentricity of a reinforced concrete column increases with time due to creep, resulting in the transfer of the compressive load from the concrete to the steel in the concrete section. When the steel yields, additional load has to be carried by the concrete; consequently, the resisting capacity of the column is reduced, and the curvature of the column increases further, resulting in overstress in the concrete and leading to failure. Similar behavior occurs in axially loaded columns.
 
 4.2.2 Rheological Models Rheological models are mechanical devices that portray the general deformation behavior and ﬂow of materials under stress. A model is basically composed of elastic springs and ideal dashpots denoting stress, elastic strain, delayed elastic strain, irrecoverable strain, and time. The springs represent the proportionality between stress and strain, and the dashpots represent the proportionality of stress to the rate of strain. A spring and a dashpot in parallel form a Kelvin unit, and in series they form a Maxwell unit. Two rheological models are discussed here: the Burgers model and the Ross model. The Burgers model (Figure 4.7) is shown because it can approximately simulate the stress–strain–time behavior of concrete at the limit of proportionality, with some limitations. This model simulates the instantaneous recoverable strain (a), the delayed recoverable elastic strain in the spring (b), and the irrecoverable time-dependent strain in dashpots (c and d). The weakness in this model is that it continues to deform at a uniform rate as long as the load is sustained by the Maxwell dashpot—a behavior not similar to concrete, where creep reaches a limiting value with time, as shown in Figure 4.7. A modiﬁcation in the form of the Ross rheological model (Ross, 1958) (Figure 4.8) can eliminate this deﬁciency. In this model, A represents the Hookian direct proportionality of the stress-to-strain element, D represents the Newtonian element, and B and C are the elastic springs that can transmit the applied load P(t) to the enclosing cylinder walls by direct friction. Because each coil has a deﬁned frictional resistance, only those coils whose resistance equals the applied load P(t) are displaced; the others remain unstressed, symbolizing irrecoverable deformation in concrete. As the load continues to increase, it overcomes the spring resistance of unit B,
 
 4-6
 
 Concrete Construction Engineering Handbook b c
 
 a
 
 P(t)
 
 P(t)
 
 d Maxwell Unit Kelvin Unit
 
 FIGURE 4.7 The Burgers rheological model. (From Nawy, E.G., Reinforced Concrete: A Fundamental Approach, 6th ed., Prentice Hall, Upper Saddle River, NJ, 2008.) C
 
 P(t)
 
 A
 
 B P(t) D
 
 FIGURE 4.8 Ross rheological model. (From Nawy, E.G., Reinforced Concrete: A Fundamental Approach, 6th ed., Prentice Hall, Upper Saddle River, NJ, 2008.)
 
 pulling the spring from the dashpot and signifying failure in a concrete element. More rigorous models have been used, such as Roll’s model, to assist in predicting the creep strains. Mathematical expressions for such predictions can be very rigorous. One convenient expression from Ross deﬁnes creep (C) under load after time interval t as follows: C=
 
 t a + bt
 
 (4.1)
 
 where a and b are constants that can be determined from tests. As will be discussed in the next section, this model seems to represent the creep deformation of concrete and is the background for the ACI code equations for creep.
 
 4.3 Creep Prediction 4.3.1 Creep Prediction for Standard Conditions Creep and shrinkage are interrelated phenomena because of the similarity of the variables affecting both, including the forms of their strain–time curves, as seen in Figure 4.2. The ACI (ACI Committee 209, 1992) proposed a similar model for expressing both creep and shrinkage behavior. The expression for creep is as follows: Ct =
 
 tα Cu a +t α
 
 (4.2)
 
 where a and α are experimental constants and t, in days, is the duration of loading. Work by Branson (1971, 1977) formed the basis for Equation 4.2 and Equation 4.3 in a simpliﬁed creep evaluation. The additional strain (εcu) due to creep can be deﬁned as: εcu = ρu f ci where: ρu = unit creep coefﬁcient, generally referred to as specific creep. fci = stress intensity in the structural member corresponding to initial unit strain εcu.
 
 (4.3)
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 TABLE 4.1 Standard Conditions for Creep and Shrinkage Factors Parameter Concrete (creep and shrinkage)
 
 Factors
 
 Variable Considered
 
 Standard Conditions
 
 Concrete composition
 
 Cement paste content Water/cement ratio Mixture proportions Aggregate characteristics Degree of compaction
 
 Type of cement Slump Air content Fine aggregate percentage Cement content
 
 Initial curing
 
 Length of initial curing
 
 Moist-cured Steam cured Moist-cured Steam-cured Relative humidity
 
 Type I and Type III 2.7 in. (70 mm) ≤6% 50% 470 to 752 lb/yd3 (279 to 446 kg/m3) 7 days 1–3 days 73.4 ± 4°F (23 ± 2°C) ≤212°F (≤100°C) ≥95
 
 Concrete temperature Concrete water content Size and shape
 
 Concrete temperature Ambient relative humidity Volume/surface ratio (V/S) Minimum thickness
 
 73.4 ± 4°F (23 ± 2°C) 40% V/S = 1.5 in. (38 mm) 6 in. (150 mm)
 
 Concrete age at load Application Duration Duration of unloading period Number of unloading cycles Type of stress and distribution across the section Stress/strength ratio
 
 Moist-cured Steam-cured Sustained load —
 
 7 days 1–3 days Sustained load —
 
 Curing temperature Curing humidity Member geometry and environment (creep and shrinkage)
 
 Environment
 
 Loading (only creep)
 
 Loading history
 
 Geometry
 
 Stress conditions
 
 —
 
 —
 
 Compressive stress
 
 Axial compression
 
 Stress/strength ratio
 
 ≤0.50
 
 Source: ACI Committee 209, Prediction of Creep, Shrinkage, and Temperature Effects in Concrete Structures, ACI 209R-92, American Concrete Institute, Farmington Hills, MI, 1992, pp. 1–47.
 
 Cu =
 
 εcu = ρu Ec εci
 
 (4.4)
 
 if Cu is the ultimate creep coefﬁcient. An average value of Cu is 2.35. Branson’s model, veriﬁed by extensive tests, relates the creep coefﬁcient (Ct) at any time to the ultimate creep coefﬁcient for standard conditions as follows: Ct =
 
 t 0.6 Cu 10 + t 0.6
 
 (4.5)
 
 t 0.6 10 + t 0.6
 
 (4.6)
 
 or, alternatively, ρt =
 
 where t is the time in days during which the load is applied. Standard conditions are summarized in Table 4.1 for both creep and shrinkage (ACI Committee 209, 1992).
 
 4.3.2 Factors Affecting Creep Creep is greatly affected by concrete constituents. The coarse-aggregate modulus affects the creep strain level, but the cementitious paste and its shear–friction interaction with the aggregate are constituents that signiﬁcantly inﬂuence the time-dependent, load-induced strain. Other factors are environmental effects. A summary of these factors follows:
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 FIGURE 4.9 Water/cement ratio effect on the relative speciﬁc creep. (From Mindess, S. et al., Concrete, Prentice Hall, Upper Saddle River, NJ, 1999. With permission.)
 
 • Sustained load. Creep as a result of sustained load is proportional to the sustained stress and is recoverable up to 30 to 50% of the ultimate strain. • Water/cementitious materials ratio (w/(c + p) or w/cm). The higher this ratio, the larger the creep, as seen in Figure 4.9, which relates speciﬁc creep to the w/(c + p) ratio (Mindess et al., 1999). • Aggregate modulus and aggregate/paste ratio. For a constant paste-volume content, an increase in aggregate volume decreases creep. As an example, an increase from 65 to 75% lowered creep by 10%. This behavior is the same whether the coarse aggregate is natural stone or lightweight artiﬁcial aggregate. • Age at time of loading. The older the concrete at the time of loading, the smaller the induced creep strain for the same load level. • Relative humidity. Reconditioning the concrete at a lower relative humidity before applying the sustained external load reduces the resulting creep strain. If creep is considered in two categories—drying creep and wetting creep—the creep strain develops irrespective of the direction of change (Mindess et al., 1999), provided the exposure is above 40%. • Temperature. Creep increases with increase in temperature if the concrete is maintained at elevated temperatures while under sustained load. It increases in a linear manner up to a temperature of 175°F (80°C). Its value at this temperature level is almost three times the creep value at ambient temperatures. • Concrete member size. Creep strain decreases with increasing thickness of the concrete member. • Reinforcement. Creep effects are reduced by use of reinforcement in the compressive zones of concrete members.
 
 4.3.3 Creep Prediction for Nonstandard Conditions As the standard conditions for creep described in Table 4.1 change, corrective modifying multipliers have to be applied to the ultimate creep coefﬁcient (Cu) in Equation 4.5. If the average ultimate creep Cu is 2.35 for standard conditions, it has to be adjusted by a multiplier (γCR) so: Cu = 2.35γ CR
 
 (4.7a)
 
 Here, γCR has component coefﬁcients that account for the change in conditions enumerated in the preceding section. ACI Committee 209 recommends, in detailed tabular form, the various component
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 Long-Term Effects and Serviceability
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 FIGURE 5.34 ASR expansion vs. dosage for silica fume (CSF), ﬂy ash (FA), and slag (GBFS). (From Berube, M.A. and Duchesne, J., in Fly Ash, Silica Fume, Slag, and Natural Pozzolans in Concrete, American Concrete Institute, Farmington Hills, MI, 1992, pp. 549–575.)
 
 After an aggregate is determined to be potentially reactive by the above tests, special precautions in mix proportioning and mix ingredient selection must be taken. ASR is avoidable by using the following approaches individually or in combination (Farny and Kerkhoff, 2007; Portland Cement Association, 2007).
 
 5.18.1 Blended Cement Blended hydraulic cement meeting ASTM C 595 or ASTM C 1157 can be used to control alkali–silica reactivity as long as it has been demonstrated to be effective in controlling it using ASTM C 1293 or ASTM C 1567.
 
 5.18.2 Supplementary Cementing Materials Supplementary cementing materials such as ﬂy ash, slag, silica fume, and natural pozzolans can be added to concrete to control alkali–silica reactivity (Figure 5.34). The beneﬁts of these materials come from their pozzolanic properties. Fly ash and natural pozzolans should meet ASTM C 618 requirements. Ground granulated blast-furnace slag should meet ASTM C 989. Silica fume should meet ASTM C 1240. As an incorrect dosage of supplementary cementing materials may not control ASR or can increase the potential for ASR, the optimum amount should be determined using ASTM C 1293 or ASTM C 1567. Low-alkali Class F ash is generally more effective than many Class C ashes in reducing ASR.
 
 5.18.3 Controlling Concrete Alkali Content The concrete alkali content can be limited to a level that has been demonstrated to be effective by the ﬁeld performance of concretes with the potentially reactive aggregate. This approach assumes that concrete ingredients for future construction are the same as those materials used in the past where detrimental alkali–silica reactivity did not occur. Speciﬁcations in the United States have traditionally limited the alkali content in concrete through the use of low-alkali Portland cement. ASTM C 150 deﬁnes low-alkali
 
 5-42
 
 Concrete Construction Engineering Handbook
 
 cement as having a maximum alkali content of 0.60% equivalent sodium oxide; however, higher alkali limits have been safely used with certain moderately reactive aggregates. Low-alkali cements are not available in many areas, and deleterious reactivity has been observed with certain glassy volcanic aggregates, especially andesite and rhyolite rocks, even when low-alkali cements (alkali contents of 0.35 to 0.6%) were used (Farny and Kerkhoff, 2007). Thus, the use of local cements in combination with one or more of the above alternatives is the preferable approach to controlling ASR. The methods outlined to evaluate the potential for aggregate reaction provide estimates based on accelerated laboratory tests. Although these methods are often the only approach available, the best indicator of potential aggregate performance is ﬁeld history under conditions similar to the intended application. If a proven service record can be documented, the comfort level regarding potential performance is increased dramatically. Complete documentation of service history should include condition evaluations of several structures, preferably at least 15 years old, exposed to moisture in service, and made with concrete containing the aggregates in question and cement having an alkali content at least as high (equivalent sodium oxide) as the cement intended for the new construction. Condition evaluations should include petrographic examination of the concrete by ASTM C 856. Requirements for reactivity are: • A potentially reactive aggregate • Sufﬁciently available alkali • Sufﬁciently available moisture If any of the three requirements is missing, deleterious reactivity will not occur. The approaches listed above for avoiding reactivity focus on the ﬁrst two requirements; however, the moisture requirement, while difﬁcult to control, should not be ignored. Of particular importance are wetting and drying exposures, as they can concentrate alkalis near the drying surface, inducing reactivity. Design considerations should include steps to minimize available moisture and wet–dry cycles. Alkali–silica reactivity requires at least 80% relative humidity (RH) at 73°F (23°C) in the concrete to develop. In some applications, it may be possible to dry out the concrete to less than 80% RH. For example, sealed laboratory concrete with a water/cement ratio of 0.35 or less can self-desiccate to below 80% RH, which provides little opportunity for expansion due to ASR. Another environmental factor that affects reactivity is temperature. As with any chemical reaction, the rate of reactivity increases with temperature; thus, structures in warmer exposures are more susceptible to ASR than those in colder climates.
 
 5.19 Heat-Induced Delayed Expansion Heat-induced delayed expansion (HIDE), also called delayed ettringite formation (DEF), refers to a rare condition of internal sulfate attack in which mature concretes undergo expansion and cracking. Only concretes of particular chemical makeup are affected when they have achieved high temperatures—158 to 212°F (70 to 100°C)—usually after the ﬁrst few hours of placement, depending on the concrete ingredients and the time the temperature is achieved after casting. This can occur because the high temperature decomposes any initial ettringite formed and holds the sulfate and alumina tightly in the calcium silicate hydrate (C–S–H) gel of the cement paste. The normal formation of ettringite is thus impeded. In the presence of moisture, sulfate desorbs from the conﬁnes of the C–S–H and reacts with calcium monosulfoaluminate to form ettringite in cooled and hardened concrete. After months or years of desorption, ettringite forms in conﬁned locations within the paste. Such ettringite can exert crystallization pressures because it forms in a limited space under supersaturation. This paste expansion usually results in a visible separation of the paste from the aggregate. Only concretes in massive elements that retain the heat of hydration or elements exposed to very high temperatures at an early age are at risk of HIDE; of these, only a few have the chemical makeup or temperature proﬁle to cause detrimental expansion. Normal-sized concrete elements cast and maintained near ambient temperatures cannot experience HIDE when sound materials are used. The best way to avoid HIDE is to not let concrete exceed 158°F (70°C) at an early age. Delayed ettringite formation must not be confused with the beneﬁcial
 
 Properties and Performance of Normal-Strength and High-Strength Concrete
 
 5-43
 
 primary ettringite formation required to help control early strength gain and harmless secondary ettringite formation, an opportunistic and nonexpansive reformation of ettringite in cracks and voids, often found in connection with frost damage, ASR, or aging in a moist environment.
 
 5.20 Self-Consolidating Concrete Self-consolidating concrete (SCC) is normal- or high-strength concrete that is able to ﬂow and consolidate under its own weight. At the same time, it is cohesive enough to ﬁll spaces of almost any size and shape without segregation or bleeding. This makes SCC particularly useful wherever placing is difﬁcult, such as in heavily reinforced concrete members or in complicated formwork. This technology, developed in Japan in the 1980s, is based on increasing the amount of ﬁne material (e.g., ﬂy ash or limestone ﬁller) without changing the water content compared to common concrete. This changes the rheological behavior of the concrete. SCC has to have a low yield value to ensure high ﬂowability; a low water content ensures high viscosity, so the coarse aggregate can ﬂoat in the mortar without segregating. To achieve a balance between deformability and stability, the total content of particles ﬁner than the 150-µm (No. 100) sieve has to be high, usually about 520 to 560 kg/m3 (880 to 950 lb/yd3). High-range water reducers based on polycarboxylate ethers are typically used to plasticize the mixture. SCC is very sensitive to ﬂuctuation in water content; therefore, stabilizers such as polysaccharides are used. Because SCC is characterized by special fresh concrete properties, many new tests have been developed to measure ﬂowability, viscosity, blocking tendency, self-leveling, and stability of the mixture (Lange, 2007). The ASTM C 1611 slump ﬂow test is the most common testing method for ﬂowability. The ﬁnal slump ﬂow diameter and time to reach a spread diameter of 20 in. (50 cm) are recorded. The ASTM C 1621 J-ring test, along with the U-box and L-box test, is used to evaluate passing ability. The strength and durability of well-designed SCC are similar to conventional concrete. Without proper curing, SCC tends to have higher plastic shrinkage. It is difﬁcult to keep SCC in the desired consistency over a long period of time; however, construction time is shorter, and the production of SCC is environmentally friendly (no noise, no vibration). Furthermore, SCC produces a good surface ﬁnish. These advantages make SCC especially valuable for use in precasting plants, but SCC is also used in cast-in-place construction.
 
 5.21 Related ASTM Standards ASTM C 33—Speciﬁcation for Concrete Aggregates ASTM C 150—Speciﬁcation for Portland Cement ASTM C 227—Test Method for Potential Alkali Reactivity of Cement-Aggregate Combinations (mortar bar method) ASTM C 289—Test Method for Potential Reactivity of Aggregates (chemical method) ASTM C 294—Descriptive Nomenclature of Constituents of Natural Mineral Aggregates ASTM C 295—Practice for Petrographic Examination of Aggregates for Concrete ASTM C 441—Test Method for Effectiveness of Mineral Admixtures or Ground Blast-Furnace Slag in Preventing Excessive Expansion of Concrete Due to the Alkali-Silica Reaction ASTM C 586—Test Method for Potential Alkali Reactivity of Carbonate Rocks for Concrete Aggregates (rock cylinder method) ASTM C 595—Speciﬁcation for Blended Hydraulic Cements ASTM C 618—Speciﬁcation for Fly Ash and Raw or Calcined Natural Pozzolans for Use As a Mineral Admixture in Portland Cement Concrete ASTM C 823—Practice for Examination and Sampling of Hardened Concrete in Construction ASTM C 856—Practice for Petrographic Examination of Hardened Concrete ASTM C 989—Speciﬁcation for Ground Granulated Blast-Furnace Slag for Use in Concrete and Mortars ASTM C 1105—Standard Test Method for Length of Change of Concrete Due to Alkali–Carbonate Rock Reaction
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 ASTM C 1157—Performance Speciﬁcation for Hydraulic Cement ASTM C 1240—Speciﬁcation for Silica Fume for Use in Hydraulic-Cement Concrete and Mortar Test Method for Accelerated Detection of Potential Deleterious Expansion of Mortar Bars Due to Alkali–Silica Reaction ASTM C 1260—Test Method for Potential Alkali Reactivity of Aggregates (mortar bar method) ASTM C 1293—Test Method for Concrete Aggregates by Determination of Length Change of Concrete Due to Alkali–Silica Reaction ASTM C 1567—Test Method for Determining the Potential Alkali Silica Reactivity of Combinations of Cementitious Materials and Aggregate (accelerated mortar bar method) ASTM C 1602—Speciﬁcation for Mixing Water Used in the Production of Hydraulic Cement Concrete ASTM C 1611—Test Method for Slump Flow of Self-Consolidating Concrete ASTM C 1621—Test Method for Passing Ability of Self-Consolidating Concrete by J-Ring
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 (a) Hoist delivery and placement of ready-mix concrete. (b) Truck delivery of ready-mix concrete. (Photographs courtesy of Portland Cement Association, Skokie, IL.)
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 Part A. Design of Concrete Mixtures (E.G. Nawy) 6.1 General The design of concrete mixtures involves choosing appropriate proportions of ingredients for particular strengths, long-term qualities, and performance of the concrete produced. Several factors determine these properties. They include the following parameters, which are summarized in Figure 6.1: • • • • • • • •
 
 Quality of cement Proportion of cement in relation to water in the mix (water/cementitious material ratio) Strength and cleanliness of aggregate Interaction or adhesion between cement paste and aggregate Adequate mixing of the ingredients Proper placing, ﬁnishing, and compaction of the fresh concrete Curing at a temperature not below 50°F while the placed concrete gains strength Chloride content not to exceed 0.15% in reinforced concrete exposed to chlorides in service and 1% in dry protected concrete
 
 A study of these requirements shows that most control actions have to be taken prior to placing the fresh concrete. Because such control is governed by the proportions of ingredients and the mechanical ease or difﬁculty in handling and placing the concrete, the development of criteria based on the theory of proportioning for each mix should be studied. Most mixture design methods have become essentially only of historical and academic value. The two universally accepted methods of mixture proportioning for normal weight and lightweight concrete are the American Concrete Institute’s methods of proportioning, described in their recommended practices for selecting proportions for normal weight, heavyweight, and mass concrete, and in the recommended practice for selecting proportions for structural lightweight concrete (ACI Committee 211, 1991a,b; ASTM, 1993; Nawy, 1996).
 
 6.2 Selection of Constituent Materials 6.2.1 Cement and Other Cementitious Materials As discussed in Chapter 1, several types of cement are available. The most commonly used is Portland cement. Table 6.1 lists the general composition of the various types of Portland cement. Types I and III fundamentally differ in that Type III (high early cement) is considerably ﬁner than Type I, and in 7 days achieves the strength that normal cement concrete achieves in 28 days. Other hydraulic cements include blended cements, rapid-setting cements, expansive cements (type K), very high early cements, and exotic cements such as macrodefect-free cement (MDF), densiﬁed cement (DSP), perlite cement, and alkaliactivated cement.
 
 6.2.2 Normal Weight and Lightweight Aggregate Aggregates are those parts of the concrete that constitute the bulk of the ﬁnished product. They comprise 60 to 80% of the volume of the concrete and have to be graded so the whole mass of concrete acts as a relatively solid, homogeneous, dense combination, with the smaller particles acting as inert ﬁller for the voids that exist between the larger particles. Aggregates are of two types:
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 Appropriate cement type: low C3A, MgO, free lime; low Na2O, and K2O
 
 Resistance to wear deterioration
 
 d olle ns ntr Co portio Pro
 
 Appropriate cement type Low W/C ratio Proper curing Alkali-resistant aggregate Suitable admixture Use of superplasticizers or polymers as admixtures Air entrainment
 
 Co nt Qu rolled alit y C Mate on ria tro l l
 
 Resistance to weathering and chemicals
 
 Low W/C ratio Proper curing Dense, homogeneous concrete High strength Wear-resisting aggregate Good surface texture
 
 d ol le g ntr Co ndlin Ha
 
 Co ntr o and lled Cu Placi rin ng g
 
 Ideal Durable Concrete
 
 Economy
 
 Strength
 
 Good quality of paste Low W/(C+P) ratio Optimal cement content Sound aggregate, grading And vibration Low air content
 
 Large maximum aggregate size Efficient grading Minimum slump Minimum cement content Optimal automated plant operation Admixtures and entrained air Quality assurance and control
 
 FIGURE 6.1 Principal properties of good concrete. (From Nawy, E.G., Reinforced Concrete: A Fundamental Approach, 6th ed., Prentice Hall, Upper Saddle River, NJ, 2008.)
 
 • Coarse aggregate—gravel, crushed stone, or blast-furnace slag • Fine aggregate—natural or manufactured sand Because the aggregate constitutes the major part of the mix, the more aggregate in the mix the less expensive the concrete, provided the mix is of reasonable workability for the speciﬁc job for which it is used. Coarse aggregate is classiﬁed as such if the smallest particle is greater than 1/4 in. (6 mm). Properties of coarse aggregate affect the ﬁnal strength of hardened concrete and its resistance to disintegration, weathering, and other destructive effects. Mineral coarse aggregates must be clean of organic impurities and bond well with the cement gel. Common types of coarse aggregate include: • Natural crushed stone is produced by crushing natural stone or rock from quarries. The rock may be igneous, sedimentary, or metamorphic. Crushed rock gives higher concrete strength but is less workable for mixing and placing than the other types of aggregate.
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 TABLE 6.1
 
 Percentage Composition of Portland Cements Component (%)
 
 Type of Cement
 
 C 3S
 
 C 2S
 
 C 3A
 
 C4AF
 
 CaSO4
 
 CaO
 
 MgO
 
 General Characteristics
 
 Normal (I) Modiﬁed (II)
 
 49 45
 
 25 29
 
 12 6
 
 8 12
 
 2.9 2.8
 
 0.8 0.6
 
 2.4 3.0
 
 High early strength (III) Low heat (IV) Sulfate-resisting (V)
 
 56 30 43
 
 15 46 36
 
 12 5 4
 
 8 13 12
 
 3.9 2.9 2.7
 
 1.4 0.3 0.4
 
 2.6 2.7 1.6
 
 All-purpose cement Comparatively low heat liberation; used in large structures High strength in 3 days Used in mass concrete dams Used in sewers and structures exposed to sulfates
 
 Source: Data from Nawy, E.G., Reinforced Concrete: A Fundamental Approach, 6th ed., Prentice Hall, Upper Saddle River, NJ, 2008; Nawy, E.G., Fundamentals of High-Strength, High-Performance Concrete, Addison Wesley Longman, London, 1996; Nawy, E.G., Fundamentals of High-Performance Concrete, John Wiley & Sons, New York, 2001.
 
 • Natural gravel is produced by the weathering action of running water on the beds and banks of streams. It gives less strength than crushed rock but is more workable. • Artificial coarse aggregates are mainly slag and expanded shale and are frequently used to produce lightweight concrete. They are byproducts of other manufacturing processes such as blast-furnace slag or expanded shale, or pumice for lightweight concrete. • Heavyweight and nuclear-shielding aggregates have been produced to meet the speciﬁc demands of our atomic age and the hazards of nuclear radiation; due to the increasing number of atomic reactors and nuclear power stations, special concretes have had to be produced to shield against x-rays, gamma rays, and neutrons. In such concretes, economic and workability considerations are not of prime importance. The main heavy coarse aggregate types are steel punchings, barites, magnetites, and limonites. Whereas concrete with ordinary aggregate weighs about 144 lb/ft3, concrete made with these heavy aggregates weighs from 225 to 330 lb/ft3. The property of heavyweight radiation shielding in concrete depends on the density of the compact product rather than on the water/cement ratio criterion. In certain cases, high density is the only consideration, whereas in others both density and strength govern. • Fine aggregate is a smaller ﬁller made of sand. It ranges in size from No. 4 to No. 100 in U.S. standard sieve sizes. A good ﬁne aggregate should always be free of organic impurities, clay, or any deleterious material or excessive ﬁller of size smaller than No. 100 sieve. Preferably, it should have a well-graded combination conforming to the American Society for Testing and Materials (ASTM) sieve analysis standards. For radiation-shielding concrete, ﬁne steel shot and crushed iron ore are used as ﬁne aggregate. The recommended grading of coarse and ﬁne aggregates for normal weight concrete is presented in Table 6.2 (ASTM C 33), grading requirements for lightweight aggregate (ASTM C 330) are given in Table 6.3, and Table 6.4 provides grading requirements for coarse aggregate for aggregate concrete (ASTM C 637). The unit weights of the commonly used aggregates in structural concrete are given in Table 6.5.
 
 6.2.3 Workability-Enhancing and Strength-Enhancing Admixtures Admixtures are materials other than water, aggregate, or hydraulic cement that are used as ingredients of concrete and that are added to the batch immediately before or during mixing. Their function is to modify the properties of concrete for strength, workability, and long-term performance. The major types of admixtures can be summarized as follows:
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 TABLE 6.2
 
 Grading Requirements for Aggregates in Normal Weight Concrete (ASTM C-33) Percent Passing
 
 U.S. Standard Sieve Size
 
 No. 4 to 2 in.
 
 No. 4 to 1-1/2 in.
 
 No. 4 to 1 in.
 
 No. 4 to 3/4 in.
 
 Fine Aggregate
 
 2 in. 1-1/2 in. 1 in. 3/4 in. 1/2 in. 3/8 in. No. 4 No. 8 No. 16 No. 30 No. 50 No. 100
 
 95–100 — 25–70 — 10–30 — 0–5 0 0 0 0 0
 
 100 95–100 — 35–70 — 10–30 0–5 0 0 0 0 0
 
 — 100 95–100 — 25–60 — 0–10 0–5 0 0 0 0
 
 — — 100 90–100 — 20–55 0–10 0–5 0 0 0 0
 
 — — — — — 100 95–100 80–100 50–85 25–60 10–30 2–10
 
 Coarse Aggregate
 
 Source: ASTM, Annual Book of ASTM Standards. Part 14. Concrete and Mineral Aggregates, American Society for Testing and Materials, Philadelphia, PA, 1993.
 
 TABLE 6.3
 
 Grading Requirements for Aggregates in Lightweight Structural Concrete (ASTM C-330) Percentage (by weight) Passing Sieves with Square Openings
 
 Size Designation Fine aggregate No. 4 to 0 Coarse aggregate 1 in. to No. 4 3/4 in. to No. 4 1/2 in. to No. 4 3/8 in. to No. 8
 
 1 in. (25.0 mm)
 
 3/4 in. (19.0 mm)
 
 1/2 in. (12.5 mm)
 
 3/8 in. (9.5 mm)
 
 No. 4 (4.75 mm)
 
 No. 8 (2.36 mm)
 
 No. 16 (1.18 mm)
 
 No. 50 (300 µm)
 
 No. 100 (150 µm)
 
 —
 
 —
 
 —
 
 100
 
 85–100
 
 —
 
 40–80
 
 10–35
 
 5–25
 
 95–100 100 — —
 
 — 90–100 100 —
 
 25–60 — 90–100 100
 
 — 10–50 40–80 80–100
 
 0–10 0–15 0–20 5–40
 
 — — 0–10 0–20
 
 — — — 0–10
 
 — — — —
 
 — — — —
 
 95–100 100
 
 — 90–100
 
 50–80 65–90
 
 — 35–65
 
 — —
 
 5–20 10–25
 
 2–15 5–15
 
 Combined fine and coarse aggregate 1/2 in. to 0 — 100 3/8 in. to 0 — —
 
 Source: ASTM, Annual Book of ASTM Standards. Part 14. Concrete and Mineral Aggregates, American Society for Testing and Materials, Philadelphia, PA, 1993.
 
 • • • • • • •
 
 Accelerating admixtures Air-entraining admixtures Water-reducing admixtures and set-controlling admixtures Finely divided mineral admixtures Admixtures for no-slump concretes Polymers Superplasticizers
 
 Details of the various mineral and organic admixtures for strength enhancement are given in Chapter 2 and Chapter 3. The following is a brief outline of these admixtures (Nawy, 2001).
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 TABLE 6.4 Grading Requirements for Coarse Aggregate for Aggregate Concrete (ASTM C-637) Percentage Passing Sieve Size Coarse aggregate 2 in. (50 mm) 1-1/2 in. (37.5 mm) 1 in. (25.0 mm) 3/4 in. (19.0 mm) 1/2 in. (12.5 mm) 3/8 in. (9.5 mm) Fine aggregate No. 8 (2.36 mm) No. 16 (1.18 mm) No. 30 (600 µm) No. 50 (300 µm) No. 100 (150 µm) No. 200 (75 µm) Fineness modulus
 
 Grading 1a
 
 Grading 2b
 
 100 95–100 40–80 20–45 0–10 0–2
 
 — 100 95–100 40–80 0–15 0–2
 
 100 95–100 55–80 30–55 10–30 0–10 1.30–2.10
 
 — 100 75–95 45–65 20–40 0–10 1.00–1.60
 
 a
 
 For 1-1/2-in. (37.5-mm) maximum-size aggregate. For 3/4-in. (19.0-mm) maximum-size aggregate. Source: ASTM, Annual Book of ASTM Standards. Part 14. Concrete and Mineral Aggregates, American Society for Testing and Materials, Philadelphia, PA, 1993.
 
 b
 
 TABLE 6.5
 
 Unit Weight of Aggregates
 
 Type Insulating concretes (perlite, vermiculite, etc.) Structural lightweight Normal weight Heavyweight
 
 Unit Weight of Dry-Rodded Aggregate (lb/ft3)a
 
 Unit Weight of Concrete (lb/ft3)a
 
 15–50 40–70 70–110 >135
 
 20–90 90–110 130–160 180–380
 
 a
 
 1 lb/ft3 = 16.02 kg/m3. Source: Data from ASTM, Annual Book of ASTM Standards. Part 14. Concrete and Mineral Aggregates, American Society for Testing and Materials, Philadelphia, PA, 1993; Nawy, E.G., Reinforced Concrete: A Fundamental Approach, 6th ed., Prentice Hall, Upper Saddle River, NJ, 2008; Nawy, E.G., Fundamentals of High-Performance Concrete, John Wiley & Sons, New York, 2001.
 
 PHOTO 6.1 Electron-microscope photographs of concrete. (Photograph courtesy of E.G. Nawy et al.)
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 6.2.3.1 Accelerating Admixtures Accelerating admixtures are added to the concrete mixture to reduce the time of setting and accelerate early strength development. The best known are calcium chlorides. Other accelerating chemicals include a wide range of soluble salts such as chlorides, bromides, carbonates, and silicates, as well as other organic compounds such as triethanolamine. It must be stressed that calcium chlorides should not be used where progressive corrosion of steel reinforcement can occur. The maximum dosage recommended is 0.5% by weight of Portland cement. 6.2.3.2 Air-Entraining Admixtures Air-entraining admixtures form minute bubbles that are 1 mm in diameter or smaller in concrete or mortar during mixing; they are used to increase both the workability of the mix during placing and the frost resistance of the ﬁnished product. Most air-entraining admixtures are in liquid form, although a few are powders, ﬂakes, or semisolids. The amount of admixture required to obtain a given air content depends on the shape and grading of the aggregate used. The ﬁner the aggregate, the larger the percentage of admixture needed. The amount required is also governed by several other factors, such as type and condition of the mixer, use of ﬂy ash or other pozzolans, and degree of agitation of the mix. It can be expected that air entrainment reduces the strength of the concrete. Maintaining cement content and workability, however, offsets the partial reduction of strength because of the resulting reduction in the water/cement ratio.
 
 (a)
 
 (b)
 
 PHOTO 6.2 Fracture surface in tensile splitting test: (a) mortar failure, ft′ = 450 psi, 3.1 MPa; (b) aggregate failure, ft′ = 1550 psi, 10.7 MPa. (From Nawy, E.G., Fundamentals of High-Performance Concrete, John Wiley & Sons, 2001.)
 
 (a)
 
 (b)
 
 PHOTO 6.3 Slump test of fresh concrete. (Photograph courtesy of E.G. Nawy et al.)
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 6.2.3.3 Water-Reducing and Set-Controlling Admixtures Water-reducing and set-controlling admixtures increase the strength of the concrete. They also enable reduction of cement content in proportion to the reduction of water content. Most admixtures of the water-reducing type are water soluble. The water they contain becomes part of the mixing water in the concrete and is added to the total weight of water in the design of the mix. It has to be emphasized that the proportion of mortar to coarse aggregate should always remain the same. Changes in the water content, air content, or cement content are compensated for by changes in the ﬁne-aggregate content so the volume of the mortar remains the same. 6.2.3.4 Finely Divided Admixtures Finely divided admixtures are mineral admixtures used to rectify deﬁciencies in concrete mixes by providing missing ﬁnes from the ﬁne aggregate, improving one or more qualities of the concrete (such as reducing permeability or expansion), and reducing the cost of concrete-making materials. Such admixtures include hydraulic lime, slag cement, ﬂy ash, and raw or calcined natural pozzolans. 6.2.3.5 Admixtures for No-Slump Concrete No-slump concrete is deﬁned as a concrete with a slump of 1 in. (25 mm) or less immediately after mixing. The choice of admixture depends on the desired properties of the ﬁnished product such as plasticity, setting time and strength development, freeze–thaw effects, strength, and cost. 6.2.3.6 Polymers Polymer admixtures allow production of concretes of very high strength up to a compressive strength of 15,000 psi or higher and a splitting tensile strength of 1500 psi or higher. Such concretes are generally produced using a polymerizing material through: (1) modiﬁcation of the concrete property by water reduction in the ﬁeld, or (2) impregnation and irradiation under elevated temperature in a laboratory environment. Polymer concrete (PC) is concrete made through the addition of resin and hardener as admixtures. The principle is to replace part of the mixing water with the polymer to attain a high compressive strength and other desired qualities. The optimum polymer/concrete ratio by weight to achieve such high compressive strengths seems to lie within the range of 0.3 to 0.45. 6.2.3.7 Superplasticizers Superplasticizers can be termed high-range water-reducing chemical admixtures. The types of plasticizers include: • Sulfonated melamine formaldehyde (SMF) condensates, with a chloride content of 0.005% • Sulfonated naphthalene formaldehyde (SNF) condensates, with negligible chloride content • Modified lignosulfonates, which contain no chlorides These plasticizers are made from organic sulfonates and are considered superplasticizers in view of their considerable ability to facilitate reduction of water content in a concrete mix while simultaneously increasing the slump up to 8 in. (206 mm) or more. A dosage of 1 to 2% by weight of cement is advisable; higher dosages can result in a reduction in compressive strength. Other superplasticizers include sulfonic acid esters or other carbohydrate esters. A dosage of 1 to 2-1/2% by weight of cement is advisable; higher dosages can result in a reduction in compressive strength unless the cement content is increased to balance the reduction. It should be noted that superplasticizers exert their action by decreasing the surface tension of water and by equidirectional charging of cement particles. These properties, coupled with the addition of silica fume, help achieve high strength and water reduction in concrete without loss of workability. 6.2.3.8 Silica Fume Admixture Use in High-Strength Concrete Silica fume is generally accepted as an efﬁcient mineral admixture for high-strength concrete mixes. It is a pozzolanic material that has received considerable attention in both research and application. Silica
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 fume is a byproduct resulting from the use of high-purity quartz with coal in electric-arc furnaces during production of silicon and ferrosilicon alloys. Its main constituent, ﬁne spherical particles of silicon dioxide, makes it an ideal cement replacement and simultaneously raises concrete strength. As it is a waste product that is relatively easy to collect compared to ﬂy ash or slag, silica fume is used extensively worldwide. Proportions of silica fume in concrete mixes vary from 5 to 30% by weight of the cement, depending on strength and workability requirements. Water demand is greatly increased as the proportion of silica fume is increased, and high-range water reducers are essential to keep the water/cementitious material ratio low to produce higher strength yet workable concrete. Silica fume seems to reach a high early strength in about 3 to 7 days with relatively less increase in strength at 28 days. The strength-development pattern of ﬂexural and splitting tensile strengths is similar to that of compressive-strength gain for silica-fume-added concrete. The addition of silica fume to the mixture can produce signiﬁcant increases in strength in excess of 20,000 psi, increased modulus of elasticity, and increased ﬂexural strength.
 
 6.3 Mixture Proportioning for High-Performance, Normal-Strength Concrete (Cylinder Compressive Strength Limit 6000 psi) The ACI method of designing mixtures for normal weight concrete is summarized in Figure 6.2, based on water slump values selected from Table 6.6, Table 6.7, and Table 6.8. One aim of the mixture design is to produce workable concrete that is easy to place in forms. A measure of the degree of consistency and extent of workability is the slump. In the slump test, a plastic concrete specimen is formed into a conical metal mold, as described in ASTM C 143. The mold is lifted, leaving the concrete to slump—that is, to spread or drop in height. This drop in height is the slump measure of the degree of workability of the mixture.
 
 6.3.1 Example 6.1: Mixture Proportions Design for Normal-Strength Concrete Design a concrete mixture using the following details: • • • • • •
 
 Required strength—4000 psi (27.6 MPa) Type of structure—beam Maximum size of aggregate—3/4 in. (18 mm) Fineness modulus of sand—2.6 Dry-rodded weight of coarse aggregate—100 lb/ft3 Moisture absorption—3% for coarse aggregate and 2% for ﬁne aggregate
 
 Solution • Required slump for beams (Table 6.6) is 3 in. • Maximum aggregate size (given) is 3/4 in. • For a slump between 3 and 4 in. and a maximum aggregate size of 3/4 in., the weight of water required per cubic yard of concrete (Table 6.7) is 340 lb/yd3. For the speciﬁed compression strength (4000 psi), the water/cement ratio (Table 6.8) is 0.57. Table 6.9 is also required if volumes instead of weights are used in the mix design calculations. Therefore, the amount of cement required per cubic yard of concrete is 340/0.57 = 596.5 lb/yd3. Using a sand ﬁneness value of 2.6 and Table 6.9, the volume of coarse aggregate is 0.64 yd3. Using the dry-rodded weight of 100 lb/ft3 for coarse aggregate, the weight of coarse aggregate is (0.64) × (27 ft/yd3) × 100 = 1728 lb/yd3. The estimated weight of fresh concrete for aggregate of 3/4 in. is as follows:
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 Start
 
 If slump is not given, decide the slump: use Table 6.6
 
 Decide maximum size of aggregate; choose the maximum possible size using the following guidelines: maximum size ≥ 1/5 narrower dimension between forms ≥ 1/3 depth of slab ≥ 3/4 of clear spacing between reinforcing bars
 
 Decide amount of water and air (Table 6.7) Select the W/C ratio (Table 6.8) Calculate cement content (C/W × wt of water)
 
 Choose amount of coarse aggregate (Table 6.9)
 
 Calculate the amount of fine aggregate using the estimated weight of fresh concrete (Table 6.10) and the known weights of water, cement, and coarse aggregate
 
 Adjust for moisture content in coarse and fine aggregate
 
 Trial mix
 
 End
 
 FIGURE 6.2 Flow chart for normal weight concrete mixture design. (From Nawy, E.G., Reinforced Concrete: A Fundamental Approach, 6th ed., Prentice Hall, Upper Saddle River, NJ, 2008.) TABLE 6.6
 
 Recommended Slumps for Various Types of Construction Slump (in.)a
 
 Types of Construction Reinforced foundation walls and footings Plain footings, caissons, and substructure walls Beams and reinforced walls Building columns Pavements and slabs Mass concrete a
 
 Maximumb
 
 Minimum
 
 3 3 4 4 3 2
 
 1 1 1 1 1 1
 
 1 in. = 25.4 mm. May be increased 1 in. for methods of consolidation other than vibration. Source: Data from ACI Committee 211, Standard Practice for Selecting Proportions for Normal, Heavyweight, and Mass Concrete, ACI 211.1-91, American Concrete Institute, Farmington Hills, MI, 1991; Nawy, E.G., Reinforced Concrete: A Fundamental Approach, 6th ed., Prentice Hall, Upper Saddle River, NJ, 2008.
 
 b
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 TABLE 6.7 Approximate Mixing Water and Air Content Requirements for Different Slumps and Nominal Maximum Sizes of Aggregates Water (lb/yd3 of Concrete for Indicated Nominal Maximum Sizes of Aggregate) 3/8 in.a
 
 1/2 in.a
 
 3/4 in.a
 
 1 in.a
 
 1-1/2 in.a
 
 2 in.a,b
 
 3 in.b,c
 
 6 in.b,c
 
 350 385 410
 
 335 365 385
 
 315 340 360
 
 300 325 340
 
 275 300 315
 
 260 285 300
 
 220 245 270
 
 190 210 —
 
 3
 
 2.5
 
 2
 
 1.5
 
 1
 
 0.5
 
 0.3
 
 0.2
 
 305 340 365
 
 295 325 345
 
 280 305 325
 
 270 295 310
 
 250 275 290
 
 240 265 280
 
 205 225 260
 
 180 200 —
 
 Recommended average total air contentd (percent for level of exposure) Mild exposure 4.5 4.0 3.5 3.0 Moderate exposure 6.0 5.5 5.0 4.5 Extreme exposureg 7.5 7.0 6.0 6.0
 
 2.5 4.5 5.5
 
 2.0 4.0 5.0
 
 1.5e,f 3.5e,f 4.5e,f
 
 1.0e,f 3.0e,f 4.0e,f
 
 Slump (in.) Non-air-entrained concrete 1 to 2 3 to 4 6 to 7 Approximate amount of entrapped air in non-air-entrained concrete (%) Air-entrained concrete 1 to 2 3 to 4 6 to 7
 
 a
 
 These quantities of mixing water are for use in computing cement factors for trial batches. They are maximal for reasonably well-shaped angular coarse aggregates graded within limits of accepted speciﬁcations. b The slump values for concrete containing aggregate larger than 1-1/2 in. are based on slump tests made after removal of particles larger than 1-1/2 in. by wet screening. c These quantities of mixing water are for use in computing cement factors for trial batches when 3-in. or 6-in. nominal maximum-size aggregate is used. They are average for reasonably well-shaped coarse aggregates, well graded from coarse to ﬁne. d Additional recommendations for air content and necessary tolerances on air content for control in the ﬁeld are given in a number of ACI documents, including ACI 201, 345, 318, 301, and 302. ASTM C 94 for ready-mixed concrete also gives air-content limits. The requirements in other documents may not always agree exactly, so in proportioning concrete consideration must be given to selecting an air content that will meet the needs of the job and also meet the applicable speciﬁcations. e For concrete containing large aggregates that will be wet screened over the 1-1/2-in. sieve prior to testing for air content, the percentage of air expected in the 1-1/2-in. material should be tabulated in the 1-1/2-in. column; however, initial proportioning calculations should include the air content as a percent of the whole. f When using large aggregate in low-cement-factor concrete, air entrainment need not be detrimental to strength. In most cases, the mixing water requirement is reduced sufﬁciently to improve the water/cement ratio and thus to compensate for the strength-reducing effect of entrained-air concrete. Generally, therefore, for these large maximum sizes of aggregate, air contents recommended for extreme exposure should be considered even though there may be little or no exposure to moisture and freezing. g These values are based on the criteria that 9% air is needed in the mortar phase of the concrete. If the mortar volume will be substantially different from that determined in this recommended practice, it may be desirable to calculate the needed air content by taking 9% of the actual mortar volume. Source: Data from ACI Committee 211, Standard Practice for Selecting Proportions for Normal, Heavyweight, and Mass Concrete, ACI 211.1-91, American Concrete Institute, Farmington Hills, MI, 1991; Nawy, E.G., Reinforced Concrete: A Fundamental Approach, 6th ed., Prentice Hall, Upper Saddle River, NJ, 2008.
 
 • Maximum size (Table 6.10) = 3960 lb/yd3. • Weight of sand = weight of fresh concrete – weight of water – weight of cement – weight of coarse aggregate: 3960 – 340 – 596.5 – 1728 = 1295.5 lb • Net weight of sand to be taken (moisture absorption 2%) = 1.02 × 1295.5 = 1321.41 lb.
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 TABLE 6.8
 
 Relationship between Water/Cement Ratio and Compressive Strength of Concrete Water/Cement Ratio (by weight)
 
 Compressive Strength at 28 Days (psi)
 
 Non-Air-Entrained Concrete
 
 Air-Entrained Concrete
 
 6000 5000 4000 3000 2000
 
 0.41 0.48 0.57 0.68 0.82
 
 — 0.40 0.48 0.59 0.74
 
 Note: 1000 psi = 6.9 MPa. Values are estimated average strengths for concrete containing not more than the percentage of air shown in Table 6.7. For a constant water/cement ratio, the strength of concrete is reduced as the air content is increased. Strength is based on 6 × 12-in. cylinders moist-cured 28 days at 73.4 ± 3°F (23 ± 1.7°C) in accordance with Section 9(b) of ASTM C 31 (Making and Curing Concrete Compression and Flexure Test Specimens in the Field). Relationship assumes maximum size of aggregate about j to 1 in.; for a given source, strength produced for a given water/cement ratio will increase as maximum size of aggregate decreases. Source: Data from ACI Committee 211, Standard Practice for Selecting Proportions for Normal, Heavyweight, and Mass Concrete, ACI 211.1-91, American Concrete Institute, Farmington Hills, MI, 1991; Nawy, E.G., Reinforced Concrete: A Fundamental Approach, 6th ed., Prentice Hall, Upper Saddle River, NJ, 2008.
 
 TABLE 6.9
 
 Volume of Coarse Aggregate per Unit of Volume of Concrete Volume of Dry-Rodded Coarse Aggregateb per Unit Volume of Concrete for Different Fineness Moduli of Sand
 
 Maximum Size of Aggregate (in.)a
 
 2.40
 
 2.60
 
 2.80
 
 3.00
 
 3/8 1/2 3/4 1 1 1/2 2 3 6
 
 0.50 0.59 0.66 0.71 0.75 0.78 0.82 0.87
 
 0.48 0.57 0.64 0.69 0.73 0.76 0.80 0.85
 
 0.46 0.55 0.62 0.67 0.71 0.74 0.78 0.83
 
 0.44 0.53 0.60 0.65 0.69 0.72 0.76 0.81
 
 a
 
 1 in. = 25.4 mm. Volumes are based on aggregates in dry-rodded condition, as described in ASTM C 29 (Unit Weight of Aggregate). These volumes are selected from empirical relationships to produce concrete with a degree of workability suitable for usual reinforced construction. For less workable concrete, such as that required for concrete pavement construction, they may be increased about 10%. For more workable concrete, the coarse aggregate content may be decreased up to 10%, provided that the slump and water/cement ratio requirements are satisﬁed. Source: Data from ASTM, Annual Book of ASTM Standards. Part 14. Concrete and Mineral Aggregates, American Society for Testing and Materials, Philadelphia, PA, 1993; ACI Committee 211, Standard Practice for Selecting Proportions for Normal, Heavyweight, and Mass Concrete, ACI 211.1-91, American Concrete Institute, Farmington Hills, MI, 1991; Nawy, E.G., Reinforced Concrete: A Fundamental Approach, 6th ed., Prentice Hall, Upper Saddle River, NJ, 2008. b
 
 • Net weight of gravel (moisture absorption 3%) = 1.03 × 1728 = 1779.84 lb. • Net weight of water = 340 – (0.02 × 1295.5) – (0.03 × 1728) = 262.25 lb. For 1 yd3 of concrete: • • • •
 
 Cement = 596.5 lb = 600 lb (273 kg). Sand = 1321.41 lb = 1320 lb (600 kg). Gravel = 1779.84 lb = 1780 lb (810 kg). Water = 262.25 lb = 260 lb (120 kg).
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 TABLE 6.10 First Estimate of Weight of Fresh Concrete First Estimate of Concrete Weight (lb/yd3)b
 
 Maximum Size of Aggregate (in.)a
 
 Non-Air-Entrained Concrete
 
 Air-Entrained Concrete
 
 3/8 1/2 3/4 1 1-1/2 2 3 6
 
 3840 3890 3960 4010 4070 4120 4160 4230
 
 3690 3760 3840 3900 3960 4000 4040 4120
 
 a
 
 1 in. = 25.4 mm. Values calculated and presented in this table are for concrete of medium richness (550 lb of cement per cubic yard) and medium slump with aggregate speciﬁc gravity of 2.7. Water requirements are based on values for 3- to 4-in. slump in Table 5.3.2 of ASTM C 143. If desired, the estimated weight may be reﬁned as follows if necessary information is available: For each 10-lb difference in mixing water from Table 5.3.2 values for 3- to 4-in. slump, correct the weight per cubic yard 15 lb in the opposite direction; for each 100-lb difference in cement content from 550 lb, correct the weight per cubic yard 10 lb in the same direction; for each 0.1 by which aggregate speciﬁc gravity deviates from 2.7, correct the concrete weight 100 lb in the same direction. Source: Data from ACI Committee 211, Standard Practice for Selecting Proportions for Normal, Heavyweight, and Mass Concrete, ACI 211.1-91, American Concrete Institute, Farmington Hills, MI, 1991; Nawy, E.G., Reinforced Concrete: A Fundamental Approach, 6th ed., Prentice Hall, Upper Saddle River, NJ, 2008. b
 
 6.3.1.1 PCA Method of Design of Concrete Mixtures The mixture design method of the Portland Cement Association (PCA) is essentially similar to the ACI method. Generally, results would be very close once trial batches are prepared in the laboratory. The PCA publication Design and Control of Concrete Mixtures (Kosmatka and Panarese, 1994) provides details regarding the method as well as other information on properties of the ingredients.
 
 6.3.2 Estimating Compressive Strength of a Trial Mixture Using the Specified Compressive Strength The compressive strength for which the trial mixture is designed is not the strength speciﬁed by the designer. The mixture should be overdesigned to ensure that the actual structure uses concrete with the speciﬁed minimum compressive strength. The extent of mixture overdesign depends on the degree of quality control available in the mixing plant. ACI Committee 318 (2008a,b) speciﬁes a systematic way of determining the compressive strength for mixture designs using the speciﬁed compressive strength (fc′). The procedure is presented in a self-explanatory ﬂow-chart form in Figure 6.3. The cylinder compressive strength (fc′) is the test result 28 days after casting normal weight concrete. Mixture design has to be based on an adjusted higher value, the adjusted cylinder compressive strength (fcr′ ). The fcr′ value for which a trial mixture design is calculated depends on the extent of ﬁeld data available, as shown below: • No cylinder test records available. If ﬁeld-strength test records for the speciﬁed class (or within 1000 psi of the speciﬁed class) of concrete are not available, the trial mixture strength can be calculated by increasing the cylinder compressive strength (fc′) by a reasonable value, depending on the spread in values expected in the supplied concrete. Such a spread can be quantiﬁed by the standard deviation values represented by values in excess of fc′ in Table 6.11. Table 6.12 can then be used to obtain the water/cement ratio necessary for the required cylinder compressive strength value fc′.
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 Start
 
 Concrete production facility has field strength test records for the specified class or within 1000 psi of the specified class of concrete
 
 Yes
 
 Yes
 
 No
 
 No
 
 >30 consecutive tests
 
 Yes
 
 Two groups of consecutive tests (total >30)
 
 No
 
 15 to 29 consecutive tests
 
 Yes
 
 Calculate s
 
 Calculate average s
 
 Yes
 
 Field record of at least 10 consecutive test results using similar materials and under similar condition is available
 
 Results represent one mixture
 
 Average > required average
 
 or
 
 or No
 
 Make trial mixtures using at least three different W/C ratios or cement contents
 
 No
 
 Results represent two or more mixtures Yes
 
 Calculate s and increase using Table 6.13
 
 Required average strength from Table 6.11
 
 Required average strength from Equation 6.1 or 6.2
 
 Yes
 
 No
 
 Plot average strength vs. proportions and interpolate for required average strength
 
 No
 
 Plot average strength vs. proportions and interpolate for required average strength
 
 Determine mixture proportions using Table 6.12 (requires special permission)
 
 Submit for approval
 
 FIGURE 6.3 Flow chart of selection and documentation of concrete properties. (From Nawy, E.G., Reinforced Concrete: A Fundamental Approach, 6th ed., Prentice Hall, Upper Saddle River, NJ, 2008.)
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 PHOTO 6.4 Cylinder compressive-strength testing set-up. TABLE 6.11 Required Average Compressive Strength When Data Are Not Available to Establish a Standard Deviation Speciﬁed Compressive Strength (fc′) (psi)
 
 Required Average Compressive Strength (fcr′) (psi)
 
 Less than 3000 3000–5000 More than 5000
 
 f 'c + 1000 f 'c + 1200 f 'c + 1400
 
 Note: 1000 psi = 6.9 MPa. Source: Data from ACI Committee 211, Standard Practice for Selecting Proportions for Normal, Heavyweight, and Mass Concrete, ACI 211.1-91, American Concrete Institute, Farmington Hills, MI, 1991; Nawy, E.G., Reinforced Concrete: A Fundamental Approach, 6th ed., Prentice Hall, Upper Saddle River, NJ, 2008.
 
 • Data are available on more than 30 consecutive cylinder tests. If more than 30 consecutive test results are available, Equation 6.1, Equation 6.2, and Equation 6.3a can be used to establish the required mixture strength (fcr′) from fc′. If two groups of consecutive test results with a total of more than 30 are available, fcr′ can be obtained using Equation 6.1, Equation 6.2, and Equation 6.3b. • Data are available on fewer than 30 consecutive cylinder tests. If the number of consecutive tests results available is fewer than 30 and more than 15, Equation 6.1, Equation 6.2, and Equation 6.3a should be used in conjunction with Table 6.13. Essentially, the designer should calculate the standard deviation (s) using Equation 6.3a, multiply the s value by the magniﬁcation factor provided in Table 6.13, and use the magniﬁed s in Equation 6.1 and Equation 6.2. In this manner, the expected degree of spread of cylinder test values as measured by the standard deviation (s) is well accounted for.
 
 6.3.3 Recommended Proportions for Concrete Strength (fcr′) When the required average strength (fcr′) for the mixture design has been determined, the actual mixture required to obtain this strength can be established using either existing ﬁeld data or a basic trial mixture design:
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 TABLE 6.12 Maximum Permissible Water/Cement Ratios for Concrete When Strength Data from Field Experience or Trial Mixtures Are Not Available Absolute Water/Cement Ratio by Weight Speciﬁed Compressive Strength (fc′) (psi)a
 
 Non-Air-Entrained Concrete
 
 Air-Entrained Concrete
 
 2500 3000 3500 4000 4500 5000
 
 0.67 0.58 0.51 0.44 0.38 —b
 
 0.54 0.46 0.40 0.35 —b —b
 
 a
 
 28-day strength; with most materials, the water/cement ratios shown will provide average strengths greater than those calculated using Equation 6.1 and Equation 6.2. b For strengths above 4500 psi for non-air-entrained concrete and 4000 psi for airentrained concrete, mix proportions should be established using trial mixes. Note: 1000 psi = 6.9 MPa. Source: Data from ACI Committee 211, Standard Practice for Selecting Proportions for Normal, Heavyweight, and Mass Concrete, ACI 211.1-91, American Concrete Institute, Farmington Hills, MI, 1991; Nawy, E.G., Reinforced Concrete: A Fundamental Approach, 6th ed., Prentice Hall, Upper Saddle River, NJ, 2008.
 
 TABLE 6.13 Modiﬁcation Factor for Standard Deviation When Fewer Than 30 Tests Are Available Number of Testsa
 
 Modiﬁcation Factor for Standard Deviationb
 
 Less than 15 15 20 25 30 or more
 
 Use Table 6.11 1.16 1.08 1.03 1.00
 
 a
 
 Interpolate for intermediate number of tests. Modiﬁed standard deviation to be used to determine required average strength fcr′ in Equation 6.1 and Equation 6.2. Source: Data from ACI Committee 211, Standard Practice for Selecting Proportions for Normal, Heavyweight, and Mass Concrete, ACI 211.1-91, American Concrete Institute, Farmington Hills, MI, 1991; Nawy, E.G., Reinforced Concrete: A Fundamental Approach, 6th ed., Prentice Hall, Upper Saddle River, NJ, 2008. b
 
 • Use of field data—Field records of existing fcr′ values can be used if at least 10 consecutive test results are available. The test records should cover a period of at least 45 days. The material and conditions of the existing ﬁeld mix data should be the same as those to be used in the proposed work. • Trial mixture design—If ﬁeld data are not available, trial mixtures should be used to establish the maximum water/cement ratio or minimum cement content necessary for designing a mix that produces a 28-day fcr′ value. In this procedure, the following requirements have to be met: 1. The materials used and age at testing should be the same for the trial mixture and the concrete used in the structure. 2. At least three water/cement ratios or three cement contents should be tried in the design of the mixture. The trial mixtures should result in the required fcr′ value. Three cylinders should be tested for each water/cement ratio and each cement content tried.
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 3. The slump and air content should be within ±0.75 in. and 0.5% of permissible limits. 4. A plot should be constructed of the compressive strength at the designated age vs. the cement content or water/cement ratio, from which one can then choose the water/cement ratio or the cement content that will give the average fcr′ value required. If ﬁeld test data are available for more than 30 consecutive tests, the trial mixture should be designed for a compressive strength (fcr′ ) calculated from: fcr′ = fc′ + 1.34s
 
 (6.1)
 
 fcr′ = fc′ + 2.3s – 500
 
 (6.2)
 
 or from: where fc′ is the individual strength, and fcr′ is the average of the n specimens. The larger value of fcr′ from Equation 6.1 and Equation 6.2 should be used in designing the mixture, with the expectation that the minimum speciﬁed compressive strength will be attained. The standard deviation (s) is deﬁned by the expression:  s=  
 
 ∑( f
 
 12
 
 − f c )2   (n − 1)   ci
 
 (6.3a)
 
 If two test records are used to determine the average strength, the standard deviation becomes: 12
 
  (n − 1)( s )2 + (n − 1)( s )2  1 1 2 2  s= n1 + n2 − 2 )   (  
 
 (6.3b)
 
 where s1, s2 are the standard deviations calculated from two test records, 1 and 2, respectively, and n1 and n2 are the number of tests in each test record, respectively. If the number of test results available is fewer than 30 and more than 15, the value of s used in Equation 6.1 and Equation 6.2 should be multiplied by the appropriate modiﬁcation factor given in Table 6.13.
 
 6.3.4 Example 6.2: Calculation of Design Strength for a Trial Mixture Calculate the average compressive strengths for the design of a concrete mixture where the speciﬁed compressive strength is 5000 psi (334.5 MPa) and: 1. The standard deviation obtained using more than 30 consecutive tests is 500 psi (3.45 MPa). 2. The standard deviation obtained using 15 consecutive tests is 450 psi (3.11 MPa). 3. Records of prior cylinder test results are not available. Solution 1. Using Equation 6.1: fcr′ = 5000 + 1.34 × 500 = 5670 psi Using Equation 6.2: fcr′ = 5000 + 2.33 × 500 = 5665 psi Hence, the required trial mix strength is 5670 psi (39.12 MPa). 2. The standard deviation is equal to 450 psi in 15 tests. From Table 6.13, the modiﬁcation factor for s is 1.16; hence, the value of the standard deviation to be used in Equation 6.1 and Equation 6.2 is 1.16 × 450 = 522 psi (3.6 MPa). Using Equation 6.1: fcr′ = 5000 + 1.34 × 522 = 5700 psi
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 Using Equation 6.2: fcr′ = 5000 + 2.33 × 522 = 5716 psi Hence, the required trial mixture strength is 5716 psi (39.44 MPa). 3. Records of prior test results are not available. Using Table 6.11: fcr′ = fc′ + 1200 for 5000-psi concrete, so the trial mixture strength is 5000 + 1200 = 6200 psi (42.78 MPa). If a mixing plant keeps good records of its cylinder test results over a long period, the required trial mixture strength can be reduced as a result of quality control, thus reducing costs for the owner.
 
 6.4 Mixture Proportioning for High-Performance, High-Strength Concrete (Cylinder Compressive Strength Exceeding 6000 psi) 6.4.1 General By current ACI deﬁnitions, high-strength concrete covers concretes whose cylinder compressive strength exceeds 6000 psi (41.4 MPa). Proportioning concrete mixtures is more critical for high-strength concrete than for normal-strength concrete. The procedure is similar to the proportioning process for normalstrength concrete, except that adjustments have to be made for admixtures that replace part of the cement content in the mixture and it is often necessary to use smaller size aggregates in very high-strength concretes. As discussed in Chapter 2 and Chapter 3 and in Section 6.5, there are several types of strengthmodifying admixtures: high-range water reducers (superplasticizers), ﬂy ash, polymers, silica fume, and blast-furnace slag. When mix proportioning for very high-strength concrete, however, isolating the water/ cementitious materials ratio, W/(C + P), from the paste/aggregate ratio because of the very low water content can be more effective for arriving at the optimum mixture with fewer trial mixtures and ﬁeld trial batches. Few other methods are available today. The very low W/(C + P) ratios necessary for strengths in the range of 20,000 psi (138 MPa) or higher require major modiﬁcations to the standard approach used for mixture proportioning that seems to work well for strengths up to 12,000 psi (83 MPa). The optimum mixture, chosen with minimum trials, has to produce a satisfactory concrete product in both its plastic and its hardened states. An approach presented by ACI Committee 211 (1993) is based on the mortar volume/stone volume ratio and proportions the solids in the mortar on the basis of the ratio: Solid sand volume ± cementitious solid volum me Mortar volume The ACI standard is well established for ﬂy ash concrete (FAC). Ample mixture-proportioning results are available for polymers, and the same is true for silica-fume concrete (SFC) and slag concrete (SC or GGBFSC); however, they are not established in the form of a standard such as the committee reports of the ACI Manual of Concrete Practice (ACI, 1997). Additionally, several sections in the ACI manual list mixture proportions for the types of strength-generating admixtures that have been discussed in this chapter. The computational example in this chapter on ﬂy ash concrete design for strengths up to 12,000 psi (83 MPa) should serve as a systematic step-by-step guide for proportioning mixtures using polymers, silica fume, and granulated blast-furnace slag within the compressive strength range of the example.
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 PHOTO 6.5 Splitting tensile strength test to failure.
 
 6.4.2 Strength Requirements The age at test is a governing criteria for selecting mixture proportions. The standard 28-day strength for normal-strength concrete penalizes high-strength concrete because the latter continues gaining strength after that age. One also has to consider that a structure is subjected to its service load at 60 to 90 days age at the earliest; consequently, in this case mixture proportioning has to be based on the latter age levels and also on either field experience or laboratory batch trials. The average compressive ﬁeldstrength results should exceed the speciﬁed design compressive strength by a sufﬁciently high margin so as to reduce the probability of lower test results. 6.4.2.1 Mixture Proportions on the Basis of Field Experiences If the concrete producer chooses the mixture on the basis of ﬁeld experience, the required average strength fcr′ should be the larger of: fcr′ = fc′ + 1.34s or fcr′ = 0.90fc′ + 2.33s where fcr′ is the speciﬁed design compressive strength, and s is the sample standard deviation (lb/in.2) from Equation 6.3. 6.4.2.2 Mixture Proportions on the Basis of Laboratory Trial Batches In this case, the laboratory trial batches should give:
 
 ( f ′+ 1400) psi
 
 (6.4a)
 
 ( f ′+ 27.6) MPa
 
 (6.4b)
 
 f cr′ =
 
 c
 
 0.90
 
 or, in SI units: f cr′ =
 
 c
 
 0.90
 
 It is important to note that high-strength, high-performance concrete requires special attention in the selection and control of ingredients in the mixture to obtain optimum proportioning and maximum strength. To achieve this aim, care in the choice of the particular cement, admixture brand, dosage rate, mixing procedure, and quality and size of aggregate becomes paramount. Because not all of the cement hydrates, it is advisable that the cement content be kept at a minimum for optimum mixture proportioning.
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 (a)
 
 (b)
 
 PHOTO 6.6 Cylinder compressive-strength test result: (a) normal-strength concrete; (b) higher-strength concrete. (Photographs courtesy of E.G. Nawy et al.)
 
 PHOTO 6.7 Failure patterns of higher strength concrete compressive test. (Photograph courtesy of E.G. Nawy et al.)
 
 6.4.3 Selection of Ingredients 6.4.3.1 Cement and Other Cementitious Ingredients A proper selection of types and source of cement is extremely important. ASTM cement requirements are only minimum requirements, and certain brands are better than others due to variations in the physical and chemical makeup of various cements. High-strength concrete requires high cementitious materials content (namely, a low water/cementitious materials ratio), and the ﬁneness of the cementitious materials has a major effect on the workability of the fresh mixture and the strength of the hardened concrete. They contribute to the reduction in water demand and lower the temperature of hydration; hence, a determination has to be made whether to choose Class F ﬂy ash or Class G silica fume or granulated slag. The discussion in Chapter 2 of these cementitious materials gives guidelines for choosing ingredients. 6.4.3.2 Coarse Aggregate Aggregates greatly inﬂuence the strength of the hardened concrete, as they comprise the largest segment of all the constituents; consequently, only hard aggregate should be used for normal weight high-strength concrete so the aggregate has at least the strength of the cement gel. As higher strength is sought, aggregate size should be decreased. It is advisable to limit aggregate size to a 3/4-in. (19-mm) maximum size for strengths up to 9000 psi (62 MPa). For higher strengths, a 1/2-in. or preferably 3/8-in. aggregate should
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 be used (12.7 to 9.5 mm). To achieve very high strengths in the range of 15,000 to 20,000 psi (103 to 138 MPa), higher-strength trap rock from selected quarries should be used. Beyond 20,000 to 30,000 psi, aggregate size should not exceed 3/8 in. for structural components. 6.4.3.3 Fine Aggregate A ﬁneness modulus (FM) in the range of 2.5 to 3.2 is recommended for high-strength concrete to facilitate workability. Lower values result in decreased workability and a higher water demand. The mixing-water demand is dependent on the void ratio in the sand. The basic void ratio is 0.35 and should be adjusted for other void ratios such that the void content (V, in percent) can be evaluated from:  Oven-dry-rodded unit weight (lb/ft 3 )  V = 1− 100 Bulk dry specific gravity × 62.4  
 
 (6.5a)
 
  Oven-dry-rodded unit weight (kg/m3 )  V = 1−  100 Bulk dry specific gravity × 103  
 
 (6.5b)
 
 or, in SI units:
 
 The mixing water has to be adjusted accordingly to account for the change in the basic void ratio such that the mixing-water adjustment (A) would be as follows: A = 8(V – 35)
 
 (6.6a)
 
 where A is pounds per cubic yard. In SI units, A = 4.7(V – 35)
 
 (6.6b)
 
 where A is kilograms per cubic meter. 6.4.3.4 Workability-Enhancing Chemical Admixtures High-strength mixtures have a rich cementitious content that requires a high water content. Because excessive water reduces the compressive strength of the concrete and affects its long-term performance, water-reducing admixtures become mandatory. For these applications, high-range water reducers (HRWRs) are used (see Chapter 2 and Chapter 3). These are sometimes called superplasticizers. The dosage rate is usually based on ﬂuid ounces per 100 pounds (45 kg) of total cementitious materials if the HRWRs are in liquid form. If the water-reducing agent is in powdered form, the dosage rate would be on a weight-ratio basis. The optimum admixture percentage should be determined on a trial-andadjustment basis, as admixtures can reduce the water demand by almost 30 to 35% with a corresponding increase in compressive strength. A slump of 1 to 2 in. (25 to 50 mm) is considered adequate; however, if no HRWR admixtures are used, then the slump should be increased to 2 to 4 in. (50 to 100 mm). In addition, air-entraining admixtures are used if the concrete is exposed to freezing and thawing cycles in severe environmental conditions. For structural components in building systems, air entraining is unnecessary as these usually are not subjected to the type of frost action that exposed bridge decks or marine platforms endure.
 
 6.4.4 Recommended Proportions Table 6.14 to Table 6.22, adapted from ACI Committee 211 (1993), ACI Committee 212 (1983), ACI Committee 221 (1961), Nawy (2001), Neville (2001), and Russell (1993), recommend the necessary ingredients for proportioning mixes for high-strength concrete. Where the void content (V, in percent) is:  Oven-dry-rodded unit weight  V = 1− 100  Bulk dry speccific gravity (dry) × 62.4 
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 TABLE 6.14 Recommended Slump With HRWR, in. (mm)a
 
 Without HRWR, in. (mm)
 
 1–2 (25–50) before adding HRWR
 
 2–4 (50–100)
 
 a
 
 Adjust slump to that desired in the ﬁeld by adding HRWR. Note: HRWR, high-range water reducer.
 
 TABLE 6.15 Required Average Compressive Strength When Data Are Not Available to Establish a Standard Deviation Speciﬁed Strength (fcr′ ), psi (MPa)
 
 Required Strength (fcr′ ), psi (MPa)
 
 >5000 (34.5)
 
 fc′ + 1400 (fc′ + 9.7)
 
 TABLE 6.16 Maximum-Size Coarse Aggregate Required Concrete Strength (fc′), psi (MPa)
 
 Maximum Aggregate Size, in. (mm)
 
 40 >45
 
 26–28 27–28 28–30 11–16a
 
 28–30 30–32 30–34 14–18
 
 30–34 32–36 33–40 17–20
 
 33–38 36–42 40–50 17–22
 
 — 400
 
 Nearly impossible to deform by hand
 
 a
 
 Blow counts and OCR division serve as a guide; in clay, exceptions to the rule are very common. Source: Bowles, J.E., Foundation Analysis and Design, McGraw-Hill, New York, 1995. With permission.
 
 N′ =
 
 1 N σ ′v
 
 (14.6)
 
 where σv′ is the effective overburden stress (in tons per square feet) computed as follows: σv′ = γz – γωdω
 
 (14.7)
 
 where: γ z γw dw
 
 = = = =
 
 unit weight of soil. depth of test location. unit weight of water. depth of test location from the groundwater table.
 
 Once the corrected blow count (N70′ ) is determined, one can ﬁnd the strength parameters based on the empirical correlations shown in Table 14.4 and Table 14.5. The subscript 70 indicates 70% efﬁciency in energy transfer from the hammer to the sampler. This value has been shown to be relevant for the North American practice of SPT. It should be noted that the undrained strength (cu) of a saturated clay is one half the unconﬁned compression strength (qu).
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 Sleeve
 
 d1
 
 D 3.56 cm Cone 60
 
 FIGURE 14.14 Cone and sleeve.
 
 FIGURE 14.15 Cone penetration test equipment. (From Stinnette, P., Geotechnical Data Management and Analysis System for Organic Soils, Ph.D. dissertation, University of South Florida, Tampa, 1996.)
 
 14.1.2.5 Static Cone Penetration Test The cone penetration test (CPT) has been gaining popularity as a more reliable and repeatable alternative to SPT. In this test, a standard cone and a sleeve (Figure 14.14) are advanced at a steady rate (1 cm/sec) into the ground while the cone resistance (qc) and the sleeve friction (fs) are electronically measured. The entire cone apparatus and the associated computing facilities are usually trunk mounted, as shown in Figure 14.15. A typical cone proﬁle obtained from a University of South Florida organic soil research site is shown in Figure 14.16. Because it measures the two parameters qc and fs, CPT is a useful tool for identifying soil type as well as for evaluating soil properties. A convenient parameter termed the friction ratio (FR) is deﬁned for this purpose as: FR =
 
 fs qc
 
 (14.8)
 
 Figure 14.17 shows a simple chart that can be used for soil classiﬁcation using CPT data. Currently, it is commonplace to have cone tips ﬁtted with transducers that can produce a continuous record of the ground pore pressures at various depths. Using CPT data, the undrained strength of a clay can be obtained as: su =
 
 qt − p0 N kT
 
 (14.9)
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 FIGURE 14.16 A typical cone proﬁle. (From Mullins, A.G., Field Characterization of Dynamic Replacement of Florida Soils, Ph.D. dissertation, University of South Florida, Tampa, 1996.)
 
 where: qT = qc + uc (1 − a)
 
 (14.10)
 
 5.5 PI 50
 
 (14.11)
 
 N mT = 13 +
 
 and po and uc are the effective overburden pressure and the pore pressure, respectively, measured in the same units as su and qc; a is taken as the approximate diameter ratio (d1/D)2 (Figure 14.14). On the other hand, the friction angle of a granular soil can be obtained from qc (in megapascals) based on the following approximate expression: φ = 29 + qc
 
 (14.12)
 
 For gravel and silty sand, corrections of +5° and –5°, respectively, have to be made.
 
 14.1.3 Compressibility and Settlement Soils, like any other material, deform under loads; hence, even if the integrity of a structure is satisﬁed, soil supporting the structure can undergo compression, leading to structural settlement. For most dry soils, this settlement will cease almost immediately after the particles readjust to attain an equilibrium with the structural load. This immediate settlement is evaluated using the theory of elasticity; however, if the ground material is wet, ﬁne-grained (low permeability) soil, then the settlement will continue for a long period of time with slow drainage of water until the excess pore water pressure completely dissipates. This is usually evaluated by Terzaghi’s consolidation theory. In some situations involving very ﬁne clays and organic soils, settlement continues to occur even after the pore water pressure in the foundation vicinity comes to an equilibrium with that of the far ﬁeld. Secondary compression concepts are required to estimate this secondary settlement.
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 FIGURE 14.17 Soil classiﬁcation using CPT data. (From Bowles, J.E., Foundation Analysis and Design, McGraw-Hill, New York, 1995. With permission.)
 
 14.1.3.1 Estimation of Foundation Settlement in Granular Soils Very often, settlement of footings founded on granular soils is determined based on the plate load tests discussed in Section 14.2. The most commonly adopted analytical methods for settlement evaluation in granular soils are based on the elastic theory; however, one must realize that reliable estimates of elastic moduli and Poisson’s ratio values for soils are not easily obtained. This is mainly because of the sampling difﬁculty and, particularly, the dependency of the elastic modulus on the stress state. Reliable ﬁeld methods for obtaining elastic moduli are also scarce. The following expressions can be used to ﬁnd the immediate settlement: sc = f where: se = f = B = q0 = Es = α =
 
 Bq 0 Es
 
 (1 − µ ) α2 2 s
 
 (14.13)
 
 immediate (elastic) settlement. 0.5 or 1.0 (depending on whether se is at the corner of the foundation). width of foundation. contact pressure (P/BL, where L is the length of the foundation). elastic modulus. a factor to be determined from Figure 14.18.
 
 Another widely used method for computing granular soil settlements is the Schmertmann and Hartman (1978) method based on the elastic theory: z
 
 ∑ EI ∆z
 
 se = C1C 2 (q − q)
 
 z
 
 0
 
 s
 
 where: C1 = foundation depth correction factor = 1 – 0.5[q/q – q)]. C2 = correction factor for creep of soil = 1 + 0.2 log(time in years/0.1).
 
 (14.14)
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 α, αav , αr
 
 2.5
 
 α
 
 αav
 
 αr
 
 2.0 1.5
 
 For circular foundation
 
 α=1 αav = 0.85 αr = 0.88
 
 1.0 0.5
 
 1
 
 2
 
 3
 
 4
 
 5
 
 6
 
 7
 
 8
 
 9
 
 10
 
 L/B
 
 + + + + + + +
 
 + + + + + +
 
 FIGURE 14.18 Chart for obtaining α factor. (From Das, B.M., Principles of Foundation Engineering, PWS Publishing, Boston, MA, 1995. With permission.)
 
 B
 
 Iz
 
 z=0 0.6
 
 z = B/2
 
 z = 2B z
 
 FIGURE 14.19 Strain inﬂuence factor. (From Schmertmann J.H. and Hartman, J.P., J. Geotech. Eng. Div., Am. Soc. Civ. Eng., 104(GT8), 1131–1135, 1978. Reprinted with permission of ASCE.)
 
 q = stress at foundation level. q = overburden stress. Iz = strain inﬂuence factor in Figure 14.19. The elastic properties necessary to manipulate the above expressions are provided in Table 14.6 and Table 14.7. Furthermore, some useful relationships that can provide the elastic properties from in situ test results are given below: (14.15) Es (tsf) = 8N and (14.16) Es = 2qc A comprehensive example illustrating the use of the above relations is provided in Example 14.4. 14.1.3.2 Estimation of Foundation Settlement in Saturated Clays The load applied on a saturated ﬁne-grained soil foundation is immediately acquired by the pore water, as illustrated in Figure 14.20a; however, with the dissipation of pore pressure resulting from drainage of water, the applied stress (total stress) is gradually transferred to the soil skeleton as an effective stress
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 TABLE 14.6 Elastic Properties of Geomaterials Soil
 
 Es (MPa)
 
 Clay: Very soft Soft Medium Hard Sandy Glacial till: Loose Dense Very dense Loess
 
 2–15 5–25 15–50 50–100 25–250 10–150 150–720 500–1440 15–60
 
 Sand: Silty Loose Dense Sand and gravel: Loose Dense Shale Silt
 
 5–20 10–25 50–81 50–150 100–200 150–5000 2–20
 
 Note: Value range for the static stress-strain modulus Es for selected soils (see also Table 5.6). The value range is too large to use an “average” value for design. Field values depend on stress history, water content, density, and age of deposit. Source: Bowles, J.E., Foundation Analysis and Design, McGraw-Hill, New York, 1995. With permission.
 
 TABLE 14.7 Poisson Ratios for Geomaterials Type of Soil Clay, saturated Clay, unsaturated Sandy clay Silt Sand, gravelly sand commonly used Rock Loess Ice Concrete Steel
 
 µ 0.4–0.5 0.1–0.3 0.2–0.3 0.3–0.35 –0.1–1.00, 0.3–0.4 0.1–0.4 (depends somewhat on type of rock) 0.1–0.3 0.36 0.15 0.33
 
 Source: Bowles, J.E., Foundation Analysis and Design, McGraw-Hill, New York, 1995. With permission.
 
 (Figure 14.20b). The long-term soil skeleton rearrangement taking place during this process is termed the consolidation settlement. The soil properties required for estimation of the magnitude and rate of consolidation settlement can be obtained from the laboratory one-dimensional (1-D) consolidation test. Figure 14.21 shows the consolidometer apparatus where a saturated sample (2.5-in. diameter and 1.0-in. height) is subjected to a constant load while the deformation and sometimes the pore pressure are
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 (b)
 
 Final Effective Stress
 
 Initial Pore Pressure
 
 Final Pore Pressure
 
 (c)
 
 FIGURE 14.20 Illustration of consolidation settlement: (a) subsurface proﬁle, (b) effective stress distribution, and (c) pore pressure distribution.
 
 FIGURE 14.21 Laboratory consolidometer apparatus. (Figure courtesy of the University of South Florida, Tampa.)
 
 monitored until consolidation is complete. A detailed description of this procedure can be found in Bowles (1986). The sample is tested in this manner for a wide range of stresses that encompass the expected foundation pressure. Using Terzaghi’s 1-D consolidation theory, the relationship shown in Table 14.8 between the degree of consolidation U (settlement at any time t as a percentage of the ultimate settlement) and the time factor T can be derived for a clay layer subjected to a constant pressure increment throughout its depth. Figure 14.22 shows the results of a consolidation test conducted on an organic soil sample. The coefﬁcient of consolidation (Cv) for the soil can be obtained from these results using Casagrande’s logarithm-of-time method (Holtz and Kovacs, 1981). Using this method, from Figure 14.22 one can estimate the time for 90% consolidation as 200 sec. Then, by using the following expression for the time factor, one can estimate Cv as 2.5 × 10–4 in.2/sec, because U = 90% when t = 200 sec: T=
 
 C vt H dr2
 
 (14.17)
 
 14-19
 
 Foundations for Concrete Structures
 
 TABLE 14.8 Degree of Consolidation vs. Time Factor Uavg
 
 T
 
 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 0.95 1.0
 
 0.008 0.031 0.071 0.126 0.197 0.287 0.403 0.567 0.848 1.163 ∞
 
 where Hdr is the longest drainage path in the consolidating soil layer. It should be noted that the water in the laboratory soil sample drains through both sides during consolidation, so Hdr = 0.5 in. When the above consolidation test is repeated for several other pressure increments, doubling the pressure each time, variation of the post-consolidation (equilibrium) void ratio e with pressure p can be observed using the following relation between e and the sample strain computed from the monitored sample deformation: ∆e ∆H = 1 + e0 H
 
 (14.18)
 
 where e0 and H are the initial void ratio and the sample height, and ∆H and ∆e are their respective changes. A typical laboratory consolidation curve (e vs. log p) for a clayey soil sample is shown in Figure 14.23. The following important parameters can be obtained from Figure 14.23: Recompression index (Cr) = (1.095 – 1.045)/(log60 – log10) = 0.064. Compression index (Cc) = (1.045 – 0.93)/(log120 – log60) = 0.382. Preconsolidation pressure (pc) = 60 kPa. Deflection/Log Time State Road 580 Sample “A” 2.5 T6F
 
 0.1
 
 Deflection (in.)
 
 0.095 0.09
 
 u = 100%
 
 0.085 0.08
 
 u = 50%
 
 0.075
 
 0.07 U=0 0.065 0.06 0.1 1 Cv = 0.196^H^2/t50 t1 0.0806
 
 10 4t1
 
 100 Time (sec)
 
 1000 t50
 
 10000
 
 100000
 
 FIGURE 14.22 Settlement vs. logarithm-of-time curve. (From Stinnette, P., Engineering Properties of Florida Organic Soils, Master’s project, University of South Florida, Tampa, 1992.)
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 FIGURE 14.23 Laboratory consolidation curve (e vs. logp). σv0ʹ
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 FIGURE 14.24 Illustration of the use of the consolidation equation: (a) case 1, (b) case 2, and (c) case 3.
 
 All of the above information can be used to estimate the ultimate consolidation settlement of a saturated clay layer (of thickness H) due to an average pressure increase of ∆p. The ultimate consolidation settlement (scon) can be expressed by the following, depending on the individual case, as illustrated in Figure 14.24: Case 1 (σv′0 > pc ): scon =
 
 σ ′ + ∆p Cc H log v0 1 + e0 σ ′v0
 
 (14.19)
 
 scon =
 
 σ ′ + ∆p Cr H log v0 1 + e0 σ ′v0
 
 (14.20)
 
 σ ′ + ∆p Cr H p CH log c + c log v0 1 + e0 σ ′v0 1 + e 0 pc
 
 (14.21)
 
 Case 2 (σv′0 + ∆p < pc ):
 
 Case 3 (σv′0 + ∆p > σv′0 ): scon =
 
 The average pressure increase in the clay layer can be accurately determined by using Newmark’s chart, shown in Figure 14.25. When the footing is drawn on the chart to a scale of OQ = dc (the depth of the midplane of the clay layer from the footing bottom), ∆p can be evaluated by: ∆p = qIM
 
 (14.22)
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 I = 0.001
 
 dc O
 
 Q
 
 FIGURE 14.25 Newmark’s chart. (From Holtz R.D. and Kovacs W.D., An Introduction to Geotechnical Engineering, Prentice Hall, Englewood Cliffs, NJ, 1981. With permission.)
 
 where q, I, and M are the contact pressure, the inﬂuence factor (speciﬁc to the diagram), and the number of elements of the chart covered by the drawn footing, respectively. Example 14.4 Assume that it is necessary to compute the maximum differential settlement of the foundation shown in Figure 14.26, which also shows the SPT, elastic moduli (using Equation 14.15 for sands and 33% of the estimate for clay), and unit weight proﬁles as well as the strain inﬂuence factor plot. For the above data: Contact pressure (q) = 200/(1.5)2 kPa = 88.89 kPa. Overburden pressure at footing depth (q) = 16.5 × 1.0 kPa = 16.5 kPa. Immediate Settlement. Areas of the strain-inﬂuence diagram covered by different elastic moduli are: A1 = 0.5(0.75 × 0.6) + 0.5(0.25)(0.533 + 0.6) = 0.367 m A2 = 0.5(1.5)(0.533 + 0.133) = 0.5 m A3 = 0.5(0.5)(00.133) = 0.033 m
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 FIGURE 14.26 Settlement computation.
 
 Then, by applying Equation 14.14, one obtains the immediate settlement as: Scenter = 1 − 0.5{16.5 /(88.89 − 16.5)}  1.0  88.89 − 16.5  0.367(1.0) (11.5 × 103 ) + 0.5 /(10.7 × 103 ) + 0.033 (2.57 × 103 ) = 5.87 mm   From Equation 14.13, scorner can be deduced as 0.5(5.87) = 2.94 mm. Consolidation Settlement. As for the consolidation settlement, the average stress increase in clay can be obtained as: ∆pcenter = 4 × 19 × 88.89 × 0.001 = 6.75 kPa ∆pcorner = 58 × 88.89 × 0.001 = 5.2 kPa On the other hand, the average overburden pressure at the clay layer is found from Equation 14.3b as: σ ′v 0 = 16.5(2) + 17.5(1.5) + 18.0(1.0) − 9.8(2.75) = 54.8 kPa From Figure 14.24, one observes that the relevant expression for this situation is Equation 14.21, and by using the above estimates the consolidation settlement is found as: scenter = 0.064 (1 + 1.06) ( 2.5 ) log(60 54.8) + 0.382 (1 + 1.06)(2.5)log (54 + 6.75) 60  = 0.0819 m = 8.19 mm As for the corner, the applicable expression from Figure 14.24 is Equation 14.20; hence, scorner = 0.064 (1 + 1.06)(2.5)log (54.8 + 5.2 54.8 ) = 3.06 mm Therefore, the total settlement at the center of the footing will be 30.39 mm (1.12 in.), while that at the corner will be 6.0 mm (0.24 in.). Total Settlement Check. Most building codes stipulate the maximum allowable total settlement to be 1.0 in., so the above value is unacceptable.
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 FIGURE 14.27 Seepage under a concrete dam.
 
 Differential Settlement Check. The differential settlement is equal to (scenter – scorner) distance from center to corner, or (30.39 – 6.00)/1.06 × 1000 = 0.023. According to most building codes, the maximum allowable differential settlement to prevent structural cracks in concrete is 0.013; hence, the above design fails the differential settlement criterion.
 
 14.1.4 Groundwater and Seepage Stability analysis of water-retaining concrete structures requires that the uplift forces exerted on them be evaluated. These structures often exist in groundwater ﬂow regimes caused by differential hydraulic heads; hence, an analysis of groundwater seepage has to be performed invariably when estimating the uplift forces. The most common and the simplest means of seepage analysis is the method of flownets. In this method, two orthogonal families of equipotential and ﬂow lines are sketched in the ﬂow domain (Figure 14.27) using the following basic principles. A flow line is an identiﬁed or a visualized ﬂow conduit boundary in the ﬂow domain. On the other hand, an equipotential line is an imaginary line in which the total energy head is the same. 14.1.4.1 Rules Governing the Construction of a Flownet 1. 2. 3. 4.
 
 Equipotential lines do not intersect each other. Flow lines do not intersect each other. Equipotential lines and ﬂow lines form two orthogonal families. To ensure equal ﬂow in the drawn ﬂow conduits and equal head drop between adjacent equipotential lines, individual ﬂow elements formed by adjacent equipotential lines and ﬂow lines bear the same height/width ratio (typically 1.0).
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 With seepage velocities being generally very low, the pressure (p) exerted by seeping water contributes along with the potential energy to the total head (energy/unit weight) of water as: h=
 
 p +z γw
 
 (14.23)
 
 The quantity of groundwater ﬂow at any location in a porous medium such as soil can be expressed by D’Arcy’s law as: q = kiA (14.24) where k is the coefﬁcient of permeability (or hydraulic conductivity) at that location, and i, the hydraulic gradient, can be expressed by: i=
 
 dh dx
 
 (14.25)
 
 The following example illustrates the ﬂownet method of seepage analysis and evaluation of uplift pressures. For more accurate and rigorous methods, the reader is referred to Harr (1962). Example 14.5 Assume that it is necessary to establish the pressure distribution on the bottom of the dam shown in Figure 14.27 and the seepage under the dam shown in Figure 14.27. As the ﬁrst step in the solution, a ﬂownet has been drawn to scale, following the rules above. Using the bedrock as the datum for the elevation head, total heads have been assigned using Equation 14.23 for all of the equipotential lines as shown. It is noted that the head drop between two adjacent equipotential lines is: (9 m – 5 m)/12 = 0.333 m Then, by applying Equation 14.23 to the points where the equipotential lines and the dam bottom (Bi) intersect, the following expression can be obtained for the pressure distribution, which is plotted in Figure 14.27: p = γw(h – 3.0) Then, the total upthrust can computed from the area of the pressure distribution as .34 kPa/m acting at a distance of .45 m downstream. By applying Equation 14.25 to the element ABCD, one obtains: i = (5.333 – 5.0)/1.1 = 0.302 Because k = 1 × 10 cm/s, one can apply Equation 14.24 to obtain the quantity of seepage through ABCD as: q1 = 1s(10–9)(0.302)(1.3)(1) m3/s/m (because AD = 1.3 m) –6
 
 Because all of the conduits must carry equal ﬂow (see rule 4 of the ﬂownet construction): q = 3 × (10−9 )(0.302)(1.3)(1) m3 /s/m = 1.18 × 10−9 m3 /s/m Note the following important assumptions made in the above analysis: 1. The subgrade soil is homogeneous. 2. The bedrock and concrete dam are intact. 3. There is no free ﬂow under the dam due to piping (or erosion). Thus, the design and installation of an adequate pore-pressure monitoring system that can verify the analytical results are essential. A piezometer with a geomembrane/sand ﬁlter that can be used for monitoring pore pressures is shown in Figure 14.28.
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 FIGURE 14.28 Piezometer probes. (From Thilakasiri, H.S., Numerical Simulation of Dynamic Replacement of Florida Organic Soils, Ph.D. dissertation, University of South Florida, Tampa, 1996.) Header
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 FIGURE 14.29 Dewatering of excavations.
 
 14.1.5 Dewatering of Excavations Construction in areas of shallow groundwater requires dewatering prior to excavation. Although contractors specialized in such work determine the details of the dewatering program depending on the ﬁeld performance, a preliminary idea of equipment requirements and feasibility can be obtained by a simpliﬁed analysis. Figure 14.29 shows the schematic diagram for such a program and the elevations of the depressed water table at various distances from the center of the well. Observation wells (or bore holes) can be placed at any location, such as those shown at distances of r1 and r2, to monitor the water table depression. When analyzing a seepage situation like this, Dupuit (Harr, 1962) assumed that: (1) for a small inclination of the line of seepage, the ﬂow lines are horizontal, and (2) the hydraulic gradient is equal to the slope of the free surface and is invariant with depth. For discharge through any general section such as an
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 FIGURE 14.30 Typical cross-section of a geomembrane-lined landﬁll. (From Koerner, R.M., Designing with Geosynthetics, 3rd ed., Prentice Hall, Upper Saddle River, NJ, 1994. With permission.)
 
 observation well, one can write the following expression for the ﬂow by combining Equation 14.24 and Equation 14.25:  dh  q =k− h  dx 
 
 (14.26)
 
 Noting that q and k are constants throughout the ﬂow regime considered, Equation 14.26 can be integrated between distances of r1 and r2 to obtain: q=
 
 (
 
 πk h12 − h22 ln (r1 / r2 )
 
 )
 
 (14.27)
 
 By deﬁning the extent of dewatering, using parameters r1, r2, h1, and h2, one can utilize the above expression to determine the capacity requirement of the pump.
 
 14.1.6 Environmental Geotechnology The amount of solid waste generated in the United States was expected to exceed 510M tons by the year 2000 (Koerner, 1994); thus, the immediate need for construction of adequate landﬁlls cannot be overemphasized. Although the construction of landﬁlls involves political and legal issues, properly designed, constructed, and maintained landﬁlls have proven to be secure, especially if they are provided with lined facilities. These are installed on the bottom or sides of a landﬁll to control groundwater pollution by the liquid mixture (leachate) formed by the interaction of rainwater or snowmelt with waste material. Types of liners for leachate containment are basically: (1) clay liners, (2) geomembranes, and (3) composite liners consisting of geomembranes and clay liners. Of these, until recently, the most frequently used liners were clay liners, which minimized leachate migration by achieving permeability values as low as 5 × 10–8 to 5 × 10–9 cm/sec; however, due to the large thickness requirement (0.6 to 2 m) and chemical activity in the presence of organic-solvent leachates, geomembranes have been increasingly utilized for landﬁlls.
 
 14.1.7 Design of Landfill Liners As shown in Figure 14.30 and Figure 14.31, the important components of a solid material containment system include: (1) a leachate collection/removal system, (2) a primary leachate barrier, (3) a leachate detection/removal system, (4) a secondary leachate barrier, and (5) a ﬁlter above the collection system to prevent clogging. Some of the design criteria are as follows (Koerner, 1994): • The leachate collection system should be capable of maintaining a leachate head of less than 30 cm. • Both collection and detection systems should have 30-cm-thick granular drainage layers that are chemically resistant to waste and leachate and that have a permeability coefﬁcient of not less than 1 × 10–2 cm/sec or an equivalent synthetic drainage material. • The minimum bottom slope of the facility should be 2%.
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 FIGURE 14.31 Typical cross-section of a clay/geomembrane-lined landﬁll. (From Koerner, R.M., Designing with Geosynthetics, 3rd ed., Prentice Hall, Englewood Cliffs, NJ, 1994. With permission.)
 
 4.1.7.1
 
 Design Considerations for Clay Liners
 
 In the case of clay liners, the U.S. Environmental Protection Agency (EPA) requires that the coefﬁcient of permeability be less than 10–7 cm/sec. This can be achieved by meeting the following classiﬁcation criteria: • • • •
 
 The soil should have at least 20% ﬁnes (see Section 14.1.1.1, Mechanical Analysis). The plasticity index should be greater than 10 (see Section 14.1.1.2, Atterberg Limits). The soil should not have more than 10% gravel-size (>4.75 mm) particles. The soil should not contain any particles or chunks of rock larger than 50 mm.
 
 It is realized that liner criteria can be satisﬁed by blending available soils with clay minerals such as sodium bentonite. 4.1.7.2
 
 Design Considerations for Geomembrane Liners
 
 Geomembranes are mainly used in geotechnical engineering to perform the functions of: (1) separation, (2) ﬁltration, and (3) stabilization. In this application of geotextiles, the functions of separation and, to a lesser extent, ﬁltration are utilized. Due to the extreme variation of solid-waste leachate composition from landﬁll to landﬁll, the candidate liner should be tested for permeability with the actual or synthesized leachate. In addition to the permeability criterion, other criteria also play a role in geomembrane material selection. They are as follows: • • • •
 
 Resistance to stress cracking induced by the soil/waste overburden Different thermal expansion properties in relation to subgrade soil Coefﬁcient of friction developed with the waste material that governs slope stability criteria Axisymmetry in tensile elongation when the material is installed in a landﬁll that is founded on compressible subgrade soils
 
 In selecting a geomembrane material for a liner, serious consideration should also be given to its durability, which is determined by the possibility of leachate reaction with the geomembrane and premature degradation of the geomembrane. For more details on geomembrane durability and relevant testing, the reader is referred to Koerner (1994). According to U.S. EPA regulations, the required minimum thickness of a geomembrane liner for a hazardous waste pond is 0.75 mm.
 
 14.2 Site Exploration In addition to screening possible sites, a thorough site study can reveal plenty of vital information regarding the soil and groundwater conditions at a tentative site, leading to more efﬁcient selection of foundation depth and type as well as other construction details; hence, a site investigation that includes a subsurface exploration can certainly aid in economizing the time and cost involved in foundation construction projects. An exhaustive site study can be separated into two distinct phases: (1) preliminary investigation, and (2) detailed investigation. In the preliminary investigation, one would attempt to obtain
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 TABLE 14.9 Approximate Spacing of Boreholes Type of Project Multistory One-story industrial plants Highways Residential subdivisions Dams and dikes
 
 Spacing (m) 10–30 20–60 250–500 250–500 40–80
 
 as much valuable information about the site as possible at the least expense. Useful information regarding the site can often be obtained from the following sources: • • • • •
 
 Local department of transportation (DOT) soil manuals Local U.S. Geological Survey (USGS) soil maps Local U.S. Army Corps of Engineers hydrological data U.S. Department of Agriculture (USDA) agronomy maps Local university research publications
 
 A preliminary investigation also involves site visits (or reconnaissance surveys) where one can observe such site details as topography, accessibility, groundwater conditions, and nearby structures (especially in the case of expected pile driving or dynamic ground modiﬁcation). Firsthand inspection of the performance of existing buildings can also add to this information. A preliminary investigation can be an effective tool for screening all alternative sites for a given installation. A detailed investigation has to be conducted at a given site only when that site has been chosen for the construction, as the cost of such an investigation is enormous. This stage of the investigation invariably involves heavy equipment for boring; therefore, at ﬁrst, it is important to set up a deﬁnitive plan for the investigation, especially in terms of the bore hole layout and the depth of boring at each location. Generally, there are rough guidelines for bore hole spacing, as indicated in Table 14.9. In addition to planning boring locations, it is also prudent on the part of the engineer to search for any subsurface anomalies or possible weak layers that can undermine construction. As for the depth of boring, one can use the following criteria: 1. If bedrock is in the vicinity, continue boring until sound bedrock is reached, as veriﬁed from rock core samples. 2. If bedrock is unreachable, one can seek depth guidelines for speciﬁc buildings such as those given by the following expressions (Das, 1995): D = 3S0.7 (for light steel and narrow concrete buildings). D = 6S0.7 (for heavy steel and wide concrete buildings). 3. If none of the above conditions is applicable, then one can explore up to a depth at which the foundation stress attenuation reduces the applied stress by 90% (∆p/σ′v0 = 0.1 in Example 14.4). This generally occurs around a depth of 2B, where B is the minimum foundation dimension. Hand augers and continuous ﬂight augers (Figure 14.32a) can be used for boring up to a depth of about 3 m in loose to moderately dense soil. For extreme depths, a mechanized auger (Figure 14.32b) can be used in loose to medium dense sands or soft clays. When the cut soil is brought to the surface, a technically qualiﬁed person should observe the texture, color, and type of soil found at various depths and prepare a bore-hole log identifying the soil types at the different depths. This type of boring is called dry sample boring (DSB). On the other hand, if relatively hard strata are encountered, investigators have to resort to a technique known as wash boring. Wash boring is carried out using a mechanized auger and a watercirculation system that aids in cutting and drawing the cut material to the surface. A schematic diagram of the wash-boring apparatus is shown in Figure 14.33, and the Florida Department of Transportation drill rig, which utilizes the above technique, is shown in Figure 14.34.
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 (a)
 
 (b)
 
 FIGURE 14.32 Drilling equipment: (a) hand-auger, and (b) mechanized auger. (Figure courtesy of the University of South Florida, Tampa.)
 
 In addition to visual classiﬁcation, one has to obtain soil type and strength and deformation properties for a foundation design; hence, the soil at various depths has to be sampled as the bore holes advance. Easily obtained disturbed samples sufﬁce for classiﬁcation, index, and compaction properties, while triaxial, and consolidation tests require carefully obtained undisturbed samples (samples with minimum disturbance). Disturbed granular or clayey samples can be obtained by attaching a standard split spoon sampler (Figure 14.13) to the drill rods. An undisturbed clay sample can be obtained by carefully advancing and retrieving a Shelby tube (Figure 14.35) into a clay layer; however, if one needs to evaluate a granular material for strength, settlement, or permeability, then in situ tests have to be performed due to the difﬁculty in obtaining undisturbed samples in such soils. In this regard, the reader is referred to the in situ tests shown in Table 14.10. A description of the plate load test is presented in Section 14.2.1.
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 FIGURE 14.33 Schematic diagram of wash boring.
 
 FIGURE 14.34 Florida Department of Transportation’s CME-75 drill rig.
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 FIGURE 14.35 Shelby tubes. TABLE 14.10 Recommended In Situ Tests Evaluation Parameter Permeability Settlement Shear strength a b c
 
 Test Field pumping testa Plate load testb SPT or CPTc
 
 In Section 14.1.5, Dewatering of Excavations. In Section 14.2.1, Plate Load Tests. In Section 14.1.2, Strength of Soils.
 
 14.2.1 Plate Load Tests Plate load apparatus consists of a set of steel plates of standard diameters (12 in., 18 in., etc.), a hydraulic loading and recording mechanism, a reaction frame, and a deﬂection gauge (Figure 14.36). During the test, the plate is laid at the tentative foundation depth and gradually loaded while the magnitude of the load and plate deﬂection at different stages is recorded. Figure 14.37 shows a typical plot of plate load results on a sand deposit. When one scrutinizes Figure 14.37, it can be seen that the ultimate bearing capacity of the plate can be estimated from the change in gradient of the load–deﬂection curve; hence, the bearing capacity and the settlement of a tentative foundation can be predicted in the following manner, based on the results of a plate load test performed on that location. In the following expressions, the subscripts f and p refer to the foundation and the plate, respectively. Ultimate bearing capacity in clayey soils: qu( f ) = qu( p )
 
 (14.28)
 
  Bf  qu( f ) = qu( p )    Bp 
 
 (14.29)
 
 Ultimate bearing capacity in sandy soils:
 
 where Bp and Bf refer to the plate diameter and the minimum foundation dimension, respectively. One can deduce the above expressions based on the basic expression for the bearing capacity of shallow footings (Section 14.3, Equation 14.32) when one realizes that predominant contributions for bearing capacity in clay and sand are made by the terms involving Bc and Nγ terms of Equation 14.32, respectively.
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 FIGURE 14.36 Plate load test.
 
 Settlement of a footing under a given contact pressure (q) can be estimated by the corresponding plate settlement (sp) (Figure 14.37) using the following expressions: Immediate settlement in clayey soils:  Bf  s f = sp    Bp 
 
 (14.30)
 
 Immediate settlement in sandy soils:  2B f  s f = sp    B f + Bp 
 
 2
 
 (14.31)
 
 14.3 Shallow Footings A shallow spread footing must be designed for a building column to transmit the column load to the ground without exceeding the bearing capacity of the ground and causing an excessive settlement (Figure 14.38). Plate-load test results clearly demonstrate the existence of a maximum stress (approximately 10 psi in Figure 14.37) that can be imposed on a plate without causing excessive settlement. This maximum stress is termed the bearing capacity of a foundation.
 
 14.3.1 Bearing Capacity of Shallow Footings To avoid catastrophic bearing failures, shallow footings are proportioned based on the bearing-capacity criterion. Two expressions extensively used to evaluate the ground bearing capacity are provided below. 14.3.1.1 Terzaghi’s Expression q ult = sc cN c + qN q + s γ ( 0.5B γ )N γ
 
 (14.32)
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 FIGURE 14.37 Typical plate load test results. (From A.G. Mullins, A.G., Field Characterization of Dynamic Replacement of Florida Organic Soils, Ph.D. dissertation, University of South Florida, Tampa, 1996.) P
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 FIGURE 14.38 Schematic diagram of a shallow footing.
 
 14.3.1.2 Hansen’s Expression q ult = sc dc ic cN c + sqdqiqqN q + s γ d γ i γ 0.5B γN γ
 
 (14.33)
 
 where: Nc, Nq, and Nγ are bearing capacity factors (Table 14.11). s coefﬁcients are shape factors based on B/L (Table 14.12). d coefﬁcient are depth factors based on Df /B (Table 14.12). i coefﬁcients are inclination factors based on load inclination φ (Table 14.12). γ is the unit weight of soil in the footing inﬂuence zone. c and φ are the shear strength parameters of the soil. Thus, to avoid bearing-capacity failure: qn,ult P > F A where: qn,ult P A F
 
 = = = =
 
 net ultimate bearing capacity based on Equation 14.35. structural load. footing area. safety factor. qn,ult = qult – q
 
 (14.34)
 
 (14.35)
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 TABLE 14.11 Bearing Capacity Factors Terzaghi’s Expression
 
 Hansen’s Expression
 
 φ
 
 Nc
 
 Nq
 
 Nγ
 
 Nc
 
 Nq
 
 Nγ
 
 0 5 10 15 20 25 30 35 40 45
 
 5.7 7.3 9.6 12.9 17.7 25.1 37.2 57.8 95.7 172.3
 
 1.0 1.6 2.7 4.4 7.4 12.7 22.5 41.4 81.3 173.3
 
 0.0 0.5 1.2 2.5 5.0 9.7 19.7 42.4 100.4 297.5
 
 5.14 6.49 8.34 11.0 14.8 20.7 30.1 46.4 75.25 133.5
 
 1.0 1.6 2.5 3.9 6.4 10.7 18.4 33.5 64.1 134.7
 
 0.0 0.1 0.4 1.2 2.9 6.8 15.1 34.4 79.4 200.5
 
 TABLE 14.12 Shape, Depth, and Inclination Factors Hansen’s Expression
 
 Terzaghi’s Expression
 
 Sq = 1 + (B/L) tanφ Sγ = 1 – 0.4(B/L)
 
 Depth
 
 1.0 for strip footings 0.6 for circular footings 0.8 for square footings
 
 For Df /B < 1: dc = 1 + 0.4(Df /B) dq = 1 + 2tanφ(1 – sinφ)2(Df /B) dγ = 1 For Df /B > 1: dc = 1 + 0.4tan–1(Df /B) dq = 1 + 2tanφ(1 – sinφ)2tan–1(Df /B) dγ = 1
 
 Inclination
 
 a
 
 ic = iq = (1 – β/90°)2 a iγ = (1 – β/φ)2 a
 
 Here, β is the load inclination to the vertical.
 
 Example 14.6 Proportion a suitable footing for a 1000-kN vertical column load on a sandy ground where the SPT results are as indicated below. Assume that the groundwater table is at a depth of 0.5 m below the ground surface. Elevation (m)
 
 N
 
 1.0 2.0 3.0 4.0 5.0
 
 5 7 10 12 12
 
 An average N value has to be determined from the above data within the inﬂuence zone of the footing. For this, one has to assume a footing size, as the inﬂuence zone depends on the size of the footing, so assume a circular footing of diameter 1.5 m placed at a depth of 1 m from the ground surface. As indicated in Figure 14.39, the inﬂuence zone extends from 0.5Df above the footing (i.e., elevation –0.5 m) to 2B
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 FIGURE 14.39 Foundation inﬂuence zone.
 
 below the footing (i.e., –4.0 m). Then, by averaging the corrected N values within this range, one can obtain the average N′ as worked out in the table below: Elevation (m)
 
 N
 
 σv′ (kPa)
 
 CN
 
 N′
 
 1.0 2.0 3.0 4.0
 
 5 7 10 12
 
 12.1 19.3 26.5 33.7
 
 2.81 2.23 1.9 1.69
 
 14 15.6 19 20.3
 
 Note: Average N′ = [14(1.0) + 15.0(1.0) + 19(1.0) + 20.3(0.5)]/3.5 = 17.
 
 Note that the vertical effective stresses (σv′) are obtained using Equation 14.3 and assuming unit weights of 17.0 kN/m3 and 9.8 kN/m3, respectively, for sand and water, while CN is obtained using Equation 14.6. Then, from Table 14.4, a φ of 37° can be found. This yields interpolated values Nc = 60, Nq = 49, and Nγ = 57 from Table 14.11 (Hansen’s factors). The following factors can also be evaluated from Table 14.12: sc = 1.816, sq = 1.657, s γ = 0.6 dc = 1.266, dq = 1.176, d γ = 1.0 d is applied vertically) ic = 1.0, iq = 1.0, i γ = 1.0 (because the load The following quantities are also needed for Equation 14.35: q = σv′ at the foundation level = 12.1 kPa γ = γ′ (because the foundation is fully submerged) = 17.0 – 9.8 = 7.2 kN/m3 Finally, by substituting the above values in Equation 14.33, one obtains the ultimate bearing capacity as: qn,ult = (1.657)(1.176)(12.1)(49 – 1) + (0.5)(0.6)(1.0)(1.5)(7.2)(57) = 1316.7 kPa Note that the cohesion term is dropped due to negligible cohesion in sandy soils. Then, using Equation 14.34, one obtains a safety factor of 1316.7(1000/1.5/1.5) = 2.96, which provides an adequate design; hence, a 1.5 × 1.5-m footing at a depth of 1.0 m would sufﬁce. Note that, if the groundwater table was well below the footing (usually greater than 2B), then one would revise the following quantities as:
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 q = σv′ at foundation level = 17 kPa γ = kN/m3 If the groundwater table was below the footing but still near it (a distance of d below), one can use the following approximation to evaluate the γ term: γ = γ′ +
 
 (γ
 
 dry
 
 )
 
 − γ′ d
 
 2B
 
 (14.36)
 
 As an example, if the groundwater table was 2.0 m below the ground, one can assume a γdry of 16.5 kN/ m3 to modify the above two quantities as: q = σv′ at foundation level = 16.5 kPa γ = 7.2 + (16.5 – 7.2)(1.0)/2(1.5) = 10.3 kN/m3
 
 14.3.2 Footings with Eccentricity If a footing has to be designed for a column that carries an axial load (P) as well as a moment (M), or an eccentric axial load, the resulting contact pressure distribution is as shown in Figure 14.40a. One realizes, however, that this is statically equivalent to the uniform distribution shown in Figure 14.40b; hence, a simple method of computing the bearing capacity is to assume that only the portion of the footing containing the column at its center contributes to bearing capacity. When designing such a footing, modiﬁed dimensions (B′ and L′) have to be used in Equation 14.32 or Equation 14.33, where B′ and L′ are deﬁned as follows: B′ = B – 2ex L′ = L – 2ey Example 14.7 Check the adequacy of the footing shown in Figure 14.41 for the soil data obtained from the UU test in Example 14.3 (cu = 50.6 kPa). From Figure 14.41: ex = Mx/P = 50.0 kNm/250.0 kN = 0.2 m ey = Mx/P = 62.5 kNm/250.0 kN = 0.25 m Then, B′ = 1.1 and L′ = 1.1. Because φ = 0°, one obtains Nc = 5.14, Nq = 1.0, and Nγ = 0.0 from Table 14.11; hence, the only signiﬁcant term in Equation 14.33 is the cohesion term, and only the relevant factors are computed as follows: Sc = 1 + 1.0 / 5.14 = 1.195 dc = 1 + 0.4(1.0 / 1.5) = 1.267 ic = 1.0 qult = 1.195(1.267)(50.6)(5.14) = 393.78 kP Pa Finally, the safety factor can be computed as: F = (393.78)(1.1)(1.0)/250 = 1.733 Because the safety factor has to be more than 2.5, this is not a safe design. This factor can be improved by increasing the dimensions to about 2.0 × 2.0 m, depending on the available space.
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 FIGURE 14.40 Simplistic design of an eccentric footing: (a) pressure distribution due to an eccentric load, and (b) equivalent pressure distribution. 1.5 m
 
 250 kN P = 250 kN Mx = 50 kN.m My = 62.5 kN.m
 
 1.5 m
 
 0.2 m
 
 GWT 1m
 
 Saturated clay (a)
 
 (b)
 
 FIGURE 14.41 Design of an eccentric footing: (a) plan, and (b) elevation.
 
 14.3.3 Presumptive Load-Bearing Capacity The building codes of some cities suggest bearing capacities for a certain building site based on the classiﬁcation of the predominant soil type at the site. Table 14.13 presents a comprehensive list of presumptive bearing capacities for various soil types; however, it should be noted that these values do not reﬂect the foundation shape, depth, load inclination, location of the water table, and settlements that are associated with the sites. For this reason, the use of these bearing capacities is primarily advocated in situations where a preliminary idea of the potential foundation size is needed for the subsequent site investigation.
 
 14.4 Mat Footings Because mat footings are larger in dimension than isolated spread footings, they are commonly used for transferring multiple column loads to the ground to prevent bearing-capacity failures. Thus, an ideal application of a mat footing would be on relatively weak ground. However, if the ground has sufﬁcient strength to produce adequate bearing for isolated spread footings, a mat footing will be an economical alternative only if the combined area of the spread footings is less than 50% of the entire building plan area.
 
 14.4.1 Design of Rigid Mat Footings 14.4.1.1 Bearing Capacity of a Mat Footing One can use Equation 14.32 or Equation 14.33 to proportion a mat footing if the strength parameters of the ground are known. However, because the most easily obtained ground strength parameter is the standard penetration blow count (N), an expression is available that uses N to obtain the bearing capacity of a mat footing on a granular subgrade. This is expressed as follows:
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 TABLE 14.13 Presumptive Bearing Capacities Presumptive Bearing Capacities from Indicated Building Codes (kPa)
 
 Soil Description Clay, very soft Clay, soft Clay, ordinary Clay, medium stiff Clay, stiff Clay, hard Sand, compact and clean Sand, compact and silty Inorganic silt, compact Sand, loose and ﬁne Sand, loose and coarse; sand–gravel mixture; compact and ﬁne Gravel, loose and compact; coarse sand Sand-gravel, compact Hardpan; cemented sand; cemented gravel Soft rock Sedimentary layered rock (hard shale, sandstone, siltstone) Bedrock
 
 Chicago (1995)
 
 National Board of Fire Underwriters (1976)
 
 25 75 125 175 210 300 240 100 125 — —
 
 — 100 — 100 — — — — — — 140–400
 
 300 — 600 — — 9600
 
 BOCA (1993)a
 
 Uniform Building Code (1991)b
 
 — 100 — 140 — 140 — — 140 240
 
 — 100 — 100 — — 200 — — 210 300
 
 — — 950 — —
 
 240 240 340 — 6000
 
 300 300 — — 1400
 
 9600
 
 6000
 
 9600
 
 a
 
 Building Ofﬁcials and Code Administrators International, Inc. Bowles (1995) interpretation. Note: Values converted from pounds per square foot to kilopascals and rounded. Soil descriptions vary widely between codes; table represents author’s interpretations. Source: Bowles, J.E., Foundation Analysis and Design, McGraw-Hill, New York, 1995. With permission. b
 
 2
 
 qn ,all = where: qn,all = B = s = Df =
 
 N  1   0.33D f 1+ 1+ B 0.08  3.28B  
 
  s    25.4 
 
 (14.37)
 
 net allowable bearing capacity (kPa). width of footing. settlement (mm). depth of footing (mm).
 
 Then, the following condition has to be satisﬁed to avoid bearing failure: qn,all >
 
 P A
 
 (14.38)
 
 in which the use of a safety factor is precluded by employing an allowable bearing capacity. Example 14.8 Figure 14.42 shows the plan of a column setup where each column is 0.5 × 0.5 m in section. Design an adequate footing if the corrected average SPT blow count of the subsurface is 10 and if the allowable settlement is 25.4 mm (1 in.). Assume a foundation depth of 0.5 m. The bearing capacity can then be computed from Equation 14.37 as: qn,all = 10 1 + 0.33(0.5) 5.0  1 + 0.3 5.0  (0.088) = 136.87 kPa
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 FIGURE 14.42 Illustration of a mat footing. 500
 
 0.25 m
 
 500 kN
 
 1000
 
 477
 
 954
 
 2.5 m
 
 2.5 m
 
 Adjusted loads
 
 477
 
 0.25 m F, G 330 kN/m
 
 B,C
 
 346.83
 
 Adjusted reaction
 
 FIGURE 14.43 Free-body diagram for strip BCGF (Figure 14.42).
 
 By applying Equation 14.38: 4000 (5.0 + 2e ) < 136.87 2
 
 e > 0.2029 m Hence, the mat can be designed with a 0.25-m edge space as shown in Figure 14.42. For the reinforcement design, one can follow the simple procedure of separating the slab into a number of strips as shown in Figure 14.42. Each strip (BCGF in Figure 14.42) can be considered as a beam. The uniform soil reaction per unit length (w) can be computed as (4000)(2.5)/[(5.5)(5.5)] = 330.5 kN/m. Figure 14.43 indicates the free-body diagram of the strip BCGF (Figure 14.42). It can be seen from the free-body diagram that the vertical equilibrium of each strip is not satisﬁed because the resultant downward load is 2000 kN, as opposed to the resultant upward load of 1815 kN. This discrepancy results from the arbitrary separation of strips at the midplane between the loads where nonzero shear forces exist. In fact, one realizes that the resultant upward shear at the boundaries BF and CG (Figure 14.42) account for the difference—that is, 185 kN. To obtain shear and moment diagrams of the strip BCGF, one can add this to modify them as indicated in the ﬁgure. This was achieved by reducing the loads by a factor of 0.954 and increasing the reaction by a factor of 1.051. The two factors were determined as follows: For the loads, [(2000 + 1815)/2]/2000 = 0.954 For the reaction, [(2000 + 1815)/2]/1815 = 1.051
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 kN
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 –86.75 –390.29 476.29
 
 FIGURE 14.44 Distribution of shear on strip BCGF (Figure 14.42). 108.25 10.84
 
 10.84 kNm
 
 –219.54
 
 –219.54
 
 FIGURE 14.45 Distribution of moment on strip BCGF (Figure 14.42).
 
 The resulting shear and moment diagrams are indicated in Figure 14.44 and Figure 14.45. Now, using Figure 14.44 and Figure 14.45, we can determine the steel reinforcements as well as the mat thickness. This estimation is not repeated here as it can be found in other chapters of this book. 14.4.1.2 Settlement of Mat Footings The settlement of mat footings can also be found using the methods that were outlined in Section 14.1.3 (Compressibility and Settlement), assuming that they impart stresses on the ground in a manner similar to that of spread footings.
 
 14.4.2 Design of Flexible Mat Footings Flexible mat footings are designed based on the principle of slabs on elastic foundations. Because of their ﬁnite size and relatively large thickness, one can expect building foundation mats to generally exhibit rigid footing behavior; therefore, applications of ﬂexible footings are limited to concrete slabs used for highway or runway construction. The most signiﬁcant parameter associated with the design of beams on elastic foundations is the radius of relative stiffness (1/β) given by the following expression: 1 Eh 3 =4 β 12 1 − µ 2 k
 
 (
 
 )
 
 (14.39)
 
 where: E = elastic modulus of concrete. µ = Poisson’s ratio of concrete. k = coefﬁcient of subgrade reaction of the foundation soil usually determined from the plate load test (Section 14.2.1) or Equation 14.40. h = slab thickness. k=
 
 (
 
 Es
 
 B 1 − µ s2
 
 )
 
 (14.40)
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 FIGURE 14.46 Radial and tangential moments and shear coefﬁcients in a slab under point load. (From Scott, R.F., Foundation Analysis, Prentice Hall, Englewood Cliffs, NJ, 1981. With permission.)
 
 where: Es = elastic modulus of subgrade soil. µs = Poisson’s ratio of subgrade soil. When β has been evaluated for a particular mat, the shear, moment, and reinforcing requirements can be determined from nondimensional charts that are based on the solution for a concentrated load (P) applied to a slab on an elastic foundation. The following expressions can be used, along with Figure 14.46, for the evaluation:
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 FIGURE 14.47 Inﬂuence chart for determining moment at the edge of a slab. (From Pickett, G. and Ray, G.K., Am. Soc. Civ. Eng. Trans., 116(2425), 49–73, 1951.)
 
 P Mr = − C 4
 
 (14.41a)
 
 Mθ =
 
 P D 4
 
 (14.41b)
 
 V =−
 
 Pβ E 4
 
 (14.42)
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 A 250 kips
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 FIGURE 14.48 Illustration of an inﬁnite ﬂexible slab. TABLE 14.14 Flexible Footing Moments Distance from A (ft)
 
 C Coefﬁcient for Load at A
 
 C Coefﬁcient for Load at B
 
 C Coefﬁcient for Load at C
 
 Moment (kip-ft)
 
 0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0
 
 1.6 0.8 0.5 0.4 0.25 0.18 0.1 0.08 0.05 0.02 0.0
 
 0.18 0.25 0.4 0.5 0.8 1.6 0.8 0.5 0.4 0.25 0.18
 
 0.0 0.02 0.05 0.08 0.1 0.18 0.25 0.4 0.5 0.8 1.6
 
 122.5 32.25 84.38 92.5 121.88 222.5 121.88 92.5 84.38 32.25 122.5
 
 The moment due to a distributed load can be obtained by drawing the contact area on an inﬂuence chart, such as the one shown in Figure 14.47, and then using Equation 14.43. It should be noted that the scale for the drawing should be selected such that 1/β is represented by the distance l shown in Figure 14.47: P (1 / β ) N 2
 
 M=
 
 10, 000
 
 (14.43)
 
 where: P = distributed load. N = number of elements covered by the loading area drawn. Example 14.9 Plot the shear and moment distribution along the columns A, B, and C of the inﬁnite slab of 8-in. thickness shown in Figure 14.48. Consider it to be a ﬂexible footing. Assume a coefﬁcient of subgrade reaction of 2600 lb/ft3. Because Ec = 5.76 × 108 psf and µc = 0.15, then one can apply Equation 14.39 to obtain β = 0.1156 ft–1. Using the above results, Figure 14.46a, and Equation 14.41a, Table 14.14 can be developed for the radial moment (the moment on a cross-section perpendicular to the line ABC in Figure 14.48). These moment values are plotted in Figure 14.49.
 
 14.5 Retaining Walls When designing a retaining structure, one must ascertain that its structural capacity is adequate to withstand any potential instability that can be caused by the lateral earth pressures of the retained backﬁll; hence, a major step in the design of a retaining structure is the evaluation of the magnitude, direction, and the line of action of the lateral force. Most of the methods available for analyzing lateral earth pressures assume a yielding soil mass in the vicinity of the retaining structure, so the solutions are based on the limit equilibrium. The magnitude of the lateral force depends on the soil failure mechanism. The mechanism in which the backﬁll yields with the outward movement of the wall is known as the active
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 FIGURE 14.49 Moment distribution on a ﬂexible slab (in kip-ft). Retaining wall
 
 Backfill
 
 Failure plane Failure plane 45° – φ/2
 
 45° + φ/2
 
 (a) Active State
 
 (b) Passive State
 
 FIGURE 14.50 Illustration of (a) active and (b) passive states.
 
 failure mechanism (Figure 14.50a), while the yielding of soil due to inward wall movement is termed the passive failure mechanism (Figure 14.50b). Also indicated on Figure 14.50 is the orientation of the failure planes for each condition in the case of a smooth, vertical wall supporting a horizontal backﬁll. The two most widely used analytical methods are illustrated below.
 
 14.5.1 Determination of Earth Pressures 14.5.1.1 Rankine Method The Rankine method of analysis can be employed for the relatively simple case of a smooth, vertical wall supporting a homogeneous backﬁll. A modiﬁed form of Rankine’s original analysis allows one to obtain the active and passive earth pressure distributions by using the following expressions: σ ′a = σ ′v K a − 2c K a
 
 (14.44)
 
 σ ′p = σ ′v K p − 2c K p
 
 (14.45)
 
 and
 
 where the subscripts a and p stand for active and passive states, respectively, and the coefﬁcients of earth pressure Ka and Kp can be determined from the following expressions: K a = cos β
 
 cos β − cos 2 β − cos 2 φ cos β + cos 2 β − cos 2 φ
 
 (14.46)
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 FIGURE 14.51 Illustration of the Earth’s pressure distribution.
 
 and K p = cos β
 
 cos β + cos 2 β − cos 2 φ
 
 (14.47)
 
 cos β − cos 2 β − cos 2 φ
 
 where: β = inclination of the backﬁll. c,φ = soil strength parameters. The direction of the resultant lateral pressure and the line of action are indicated on Figure 14.51. Example 14.10 Determine the lateral pressure on the retaining wall shown in Figure 14.51. Assume active conditions. By using Equations 14.46, one obtains Ka = 0.38. Then, by using Equation 14.44, At z = 0.0 m, σa′ = –2(10)(0.616) = –12.32 kPa. At z =2 0 m, σa′ = 0.6 kPa. At z =8 0 m, σa′ = 19.3 kPa. The line of action of the effective force can be found by discretizing the pressure diagram into ﬁve segments as shown in Figure 14.51: Segment
 
 Area (A)
 
 Centroidal Distance (z)
 
 Az
 
 1 2 3 4
 
 –11.77 0.027 112.2 3.6
 
 0.64 1.97 6.0 5.0
 
 –7.49 0.053 673.2 18.0
 
 Hence, z = (−7.49 + 0.053 + 673.2 + 18.0) (−11.77 + 0.027 + 112..2 + 3.6) = 6.57 m In obtaining the total force on the wall, one should remember to include the water pressure in segment 5 in addition to the effective force.
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 26.56 kip/ft 7.5'
 
 Passive 5' 3540 psf
 
 1200 psf
 
 FIGURE 14.52 Illustration of the application of Coulomb’s analysis.
 
 14.5.1.2 Coulomb Method The Coulomb method of analysis is an attractive alternative to the Rankine method due to its ability to handle more complex cases involving rough, nonvertical retaining walls. The relevant equations for lateral earth pressure coefﬁcients are given below: Ka =
 
 sin 2 ( α + φ )  sin ( φ + δ ) sin ( φ − β )   sin α sin ( α − δ ) 1 + sin ( α − δ ) sin ( α + β )    
 
 2
 
 2
 
 Kp =
 
 (14.48)
 
 sin 2 ( α − φ )  sin ( φ + δ ) sin ( φ + β )   sin α sin ( α + δ ) 1 + sin ( α + δ ) sin ( α + β )     2
 
 2
 
 (14.49)
 
 where α and δ are the inclination of the wall face to the horizontal and the angle of wall friction, respectively. As illustrated in Figure 14.52, the direction of the resultant lateral force changes when conditions change from active to passive states, with the line of action remaining on the generators of the friction cone. The above coefﬁcients can be used in conjunction with Equation 14.44 and Equation 14.45. On the other hand, if α = 90°, and β = δ = 0°, it can be easily shown that Equation 14.48 and Equation 14.46 reduce to: Ka =
 
 1 − sin φ 1 + sin φ
 
 (14.50)
 
 Hence one can see that Rankine’s and Coulomb’s analytical predictions agree only when earth pressures are predicted on smooth, vertical walls supporting horizontal backﬁlls. In this case, the direction of the lateral force is horizontal. Example 14.11 Use the Coulomb method to determine the lateral earth pressure on the wall shown; assume passive conditions. Because the angle of wall friction (δ) is not speciﬁed in this problem, it would be adequate to assume that δ = (2/3)φ = 13.33°. Substituting α = 70°, φ = 20°, δ = 13.33°, and β = 0° in Equation 14.49, one would obtain Kp = 1.968. With c = 0.0, and a surcharge of q, Equation 14.45 reduces to the following:
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 FIGURE 14.53 Trial wedge method.
 
 σ ′p = ( σ ′v + q ) K p
 
 (14.51)
 
 where σv′ = 120z, and q = 610 psf. Then, one would obtain the passive pressure distribution as: σ p = 236.16z + 1200
 
 (14.52)
 
 and the resultant lateral force will be 44.568 kips/ft acting at a distance of 6.0 ft above the base, as shown in Figure 14.52. 14.5.1.3 Trial-Wedge Method When the backﬁll is nonhomogeneous or if there is a ﬁnite or a concentrated surcharge on the backﬁll, the above methods cannot be used to determine the earth pressures. In such situations, the lateral force on a retaining wall can be estimated by the graphical construction of the force polygon for a selected potential failure wedge. The following example is provided to illustrate this technique. Example 14.12 Use the trial-wedge solution to estimate the active soil pressure on the retaining wall shown in Figure 14.53: Step 1. Select a trial failure surface. An appropriate initial estimate would be the one corresponding to a smooth vertical wall with a horizontal backﬁll indicated in Figure 14.50. Hence, in this case, select a surface with an inclination of 45° + (10°/2) = 50° to the horizontal (OC). Step 2. In the case of active conditions, estimate the depth up to which tension develops (= 2c/γKa) and demarcate the area of tension cracks. In this case, the vertical depth of tension cracks is 4.4 ft, and the tension crack area is indicated by A′B′C′. Therefore, an effective cohesive force is developed on the OC surface only up to C′. This will have a magnitude of OC′ × 1 × 5 ft × 1.5 × 144 psf = 1.526 kips. Step 3. Estimate the total weight of the failure wedge. If there is a water table, submerged unit weights must be used under the water table to account for buoyancy. In this case, the weight of AOC can be estimated as (0.5 × 12.6 × 3.1 × 120) + (0.5 × 12.6 × 11.5 × 115) = 10.675 kips. Step 4. Draw a force polygon assuming the indicated directions for the two other forces (active force on the wall and the reaction from the intact soil mass). In this case, these are designated as Pa and R on Figure 14.54. Step 5. Estimate Pa from the force polygon. In this case, Pa = 5.25 kips.
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 R
 
 W = 10.675
 
 Scale 1'' = 5 kips PA = 1.05 x 5 = 5.25 kips
 
 C = 1.526
 
 FIGURE 14.54 Force polygon.
 
 Step 6. Repeat the above procedure for a number of different trial failure planes. Estimate the minimum lateral force to be the actual Pa and consider the corresponding trial failure plane to be the actual failure plane. Step 7. If G is the centroid of the actual failure wedge, obtain the line of action of Pa from the point Q on the wall such that QG is parallel to the failure surface OC.
 
 14.5.2 Design of Concrete Retaining Walls The two basic types of concrete retaining walls are the gravity type and the cantilever type. The following conditions must be satisﬁed when designing a concrete retaining wall: • Stability against overturning due to earth pressure • Stability against base sliding due to earth pressure • Prevention of any possible tensile stresses in the base soil In addition to these design criteria, the design must also provide for a good drainage system and adequate bearing (see Section 14.3.1, Bearing Capacity of Shallow Footings) and no excessive settlements (see Section 14.1.3, Compressibility and Settlement). 14.5.2.1 Design of a Cantilever Retaining Wall The basic design of a cantilever retaining wall is illustrated by the following example. Example 14.13 Design a suitable cantilever retaining wall to support the backﬁll shown in Figure 14.55. Bowles (1995) recommended the tentative dimensions shown in Figure 14.56 for a cantilever retaining wall. Based on Bowle’s recommendations, the dimensions shown in Figure 14.55 are assumed for the retaining wall. In computing the lateral pressure on the wall, it is usually assumed that the wall section starts at the crosssection CG shown in Figure 14.56; hence, the active wall pressure can be evaluated, using either of the described methods, as 4.496 kips/ft at a height 5 ft from the base. Despite the passive force due to the soil berm on the toe, practitioners generally neglect it for a conservative design. The weights of the different retaining wall components are computed as follows: w1 = (5.0 × 13.5 × 120)/1,000 = 8.1 kips/ft w2 = (9.0 × 1.5 × 150)/1,000 = 2.025 kips/ft w3 = (1.0 × 13.5 × 150)/1,000 = 2.025 kips/ft w4 = (0.5 × 0.5 × 13.5 × 150)/1,000 = 0.506 kips/ft The locations of the respective centroids from the toe are indicated below: Element
 
 Weight (wi)
 
 Centroidal Distance (xi)
 
 wixi
 
 1 2 3 4
 
 8.1 2.025 2.025 0.506
 
 6.5 4.5 3.5 2.83
 
 52.65 9.11 7.09 1.43
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 FIGURE 14.55 Tentative design dimensions for a cantilever retaining wall. (From Bowles, J.E., Foundation Analysis and Design, McGraw-Hill, New York, 1995. With permission.) G
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 FIGURE 14.56 Cantilever retaining wall design.
 
 Stability Against Overturning. The factor of safety against overturning can be computed as: F1 =
 
 Stabilizing moment (52.665 + 9.11 + 7.09 + 1.43) = 3.13 = Overturning moment 4.496 × 5
 
 This is adequate, as it is greater than 1.5. Stability Against Sliding. The normal reaction on the base is equal to Σwi = 12.656. Thus, the maximum frictional force on the base is equal to 12.656(tanφ) = 6.449 kips/ft. Then, the safety factor against sliding can be computed as: F2 =
 
 Stabilizing force 6.449 = = 1.43 Sliding force 4.496
 
 This is also acceptable, as it is greater than 1.25. Check for Tension in the Base Soil. The eccentricity on the base produced by the above forces is equal to 0.5(8.1 × 2.0 – 2.025 × –0.506 × 1.67 – 4.496 × 5)/(12.656) = e = –0.723 m. For tension not to develop in the base soil, e < B/6. Because B/6.0 = 1.5, the base tension criterion is also satisﬁed by this design (Figure 14.57).
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 FIGURE 14.58 Load, shear, and moment diagrams for the retaining wall stem.
 
 Reinforcement Requirements. To determine reinforcement requirements, the shear and bending moment diagrams can be drawn separately for the stem and the base (Figures 14.58 and 14.59). It should be noted that the maximum shear and moment in the stem occurs at its base and are 3.045 kips/ft and 16.412 kip-ft/ft, respectively. The reader should note that, when obtaining the shear and moment diagrams for the base, the base soil pressure is represented by a uniform distribution within a distance of B′ (equal to B – 2e), as this is statically equivalent to an eccentric force of 12.656 kips/ft. A maximum shear force of 3.743 kips/ft is produced at the base. The reader should also note that in the moment diagram, within the stem area of the base, an unbalanced stem moment of 16.512 kips/ft (Figure 14.58) is gradually transferred to the base. Further, the heel of the base will have a moment of 4.2 kip-ft/ft due to the earth pressure distribution on the base thickness as shown in the load distribution diagram (Figure 14.59a). This information can be utilized for reinforcement design. Drainage Design. The interested reader is referred to Bowles (1995) for further design details; however, one should remember the following preliminary guidelines: • Provide a compacted free-draining soil layer adjacent to the retaining wall if the backﬁll material is clayey in nature. • Provide a perforated collector drain with an appropriate soil or geomembrane ﬁlter at the base of the retaining wall. • Make provisions for drainage outlets known as weep holes in the stem with a soil or geomembrane ﬁlter at the wall face to prevent clogging.
 
 14.5.3 Effect of Water Table In many instances, the soil behind an earth-retaining structure is submerged. Examples include seawalls, sheet pile walls in dewatering projects, and offshore structures. Another reason for saturation of backﬁll material is poor drainage, which leads to an undesirable buildup of water pressure behind the retaining
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 FIGURE 14.59 (a) Load, (b) shear, and (c) moment diagrams for the retaining wall base.
 
 wall. Drainage failure often results in subsequent failure and collapse of the earth-retaining structure. In cases where the design considers the presence of a water table, the lateral earth pressure is calculated from the effective soil stress. Oddly enough, this leads to a reduction in effective horizontal earth pressure, as the effective stresses are lower than their total counterpart; however, the total stresses on the wall increase due to the presence of the hydrostatic water pressure. In other words, while the effective horizontal stress decreases, the total horizontal stress increases.
 
 14.5.4 Reinforced Walls 14.5.4.1 Geogrid-Reinforced Walls With the increased availability of high-strength geogrid materials in the 1990s, geogrid-reinforced walls were introduced as an alternative to metallic strip reinforcement. They provide increased interface area (because the coverage area can be continuous), better interlocking with the backﬁll (due to the geometry of the openings), resistance to corrosive environments, and lower cost. The most common type of geogrids used in earth reinforcement is the uniaxial type, due to its high strength and stiffness in the main direction. Facing panel units may be connected to the geogrid using a steel bar interwoven into the grid (known as a Bodkin connector) or, more recently, through special plastic clamps that tie into a geogrid section embedded in the concrete panel. Among the concerns associated with the use of geogrids in heavily loaded walls (such as bridge abutments) are the time-dependent stress relaxation (creep deformation), installation damage, and chemical degradation. It is, therefore, crucial to determine the design strength of the geogrid considering the various reduction factors due to creep, installation damage, chemical degradation, and biological
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 Geotextile Reinforcement
 
 FIGURE 14.60 Geotextile-reinforced wall with wrapped-around facing.
 
 degradation (Gunaratne, 2006). In addition, it is extremely important to ensure that the geogrid is fully stretched during installation and compaction of the subsequent soil layer; otherwise, signiﬁcant deformation is required before tensile stresses and interface friction are mobilized. A closely related problem that has been identiﬁed is the difﬁculty in keeping the facing elements plumb during installation, especially when close tolerance is required in tall walls. Design and construction procedures for geogrid reinforced walls are almost identical to reinforced earth walls. One distinct exception is that the strength of the geogrid is expressed in terms of force per unit length, and the associated horizontal spacing (sh) is taken as a unit length in all calculations. Another difference is that, because of the effective interlocking of the soil particles within the geogrid openings, the interface friction angle is usually equal to the internal friction angle of the soil. 14.5.4.2 Geotextile-Reinforced Walls Unlike metallic and geogrid reinforcement, typical geotextile-reinforced wall designs do not require facing elements. Instead, the geotextile layer is wrapped around the compacted soil at the front to form the facing (Figure 14.60). The ﬁnished wall must be covered with shotcrete, bitumen, or gunite to prevent ultraviolet radiation from reaching and damaging the geotextile. Such walls are usually constructed as temporary structures or where aesthetics are not of prime importance; however, it is possible to cover the wall with a permanent faux ﬁnish that blends with the surrounding environment. The design procedures for geotextile-reinforced walls are also identical to those described earlier for steel and geogrid reinforcement. The interface friction angle between the soil and the geotextile sheet is typically equal to 1/2 to 2/3φ. In addition, the overlap length (Lo) must be determined from the following equation: Lo =
 
 s v × σ h ,z × FSoverlap 2σ v ,z × tan ϕi
 
 (14.53)
 
 where sv is the vertical spacing of the geotextile and z is any given depth. The minimum acceptable overlap length is 1 m.
 
 14.5.5 Sheet Pile Walls 14.5.5.1 Cantilever Sheet Piles A conceptual representation of the lateral earth pressure acting on a cantilever sheet pile is shown in Figure 14.61. Only active pressure is present on side A, from the ground surface to the depth of excavation. Below the excavation depth, passive conditions are assumed to act on side B of the sheet pile, while active conditions persist on side A, up to point O, where a reversal of conditions occurs. Point O can be viewed roughly as the point of rotation of the sheet pile in the ground. Such rotation is necessary to achieve static equilibrium of the system. Below point O, active conditions develop on side B while passive earth pressures are present on side A. Cantilever sheet pile design typically involves the determination of the embedment depth (D), given other geometric constraints of the problem as well as soil properties. Therefore, the ﬁrst step is to calculate the magnitude of the horizontal stresses
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 FIGURE 14.61 Conceptual representation of lateral earth pressure on a cantilever sheet pile wall.
 
 σA, σB, and σC. The value of σA is readily calculated as the active earth pressure acting at depth H. The magnitudes of σO and σB must be calculated as a function of the embedment depth (D) and the depth to the rotation point (D1), both of which are unknown. The value of σO is calculated assuming passive conditions on side B and active conditions on side A. Similarly, σB is calculated with passive earth pressure on side A and active earth pressure on side B. Two equilibrium conditions are to be satisﬁed: The sum of the horizontal forces and the sum of the moments in the system must be equal to zero. By solving both equilibrium equations, the two unknowns, D and D1, can be determined. As force and moment calculations become complex, it is often convenient to determine the value of σC, which is the hypothetical lateral earth pressure at depth D that corresponds to passive earth pressure on Side B and active earth pressure on Side A. 14.5.5.2 Anchored Sheet Piles For large excavation depths, the inclusion of an anchor tie rod is necessary to reduce the moment on the sheet pile wall; otherwise, unreasonably large cross-sections may be required to resist the moment. Anchored sheet piles may be analyzed using either the free earth support or the ﬁxed earth support method. Under free earth support conditions, the tip of the sheet pile (Figure 14.62) is assumed to be free to displace and rotate in the ground. Only active earth pressures develop on the tie-back side, while passive pressures act on the other side. No stress reversal of rotation points exist down the embedded depth of the sheet pile. In contrast, the tip of ﬁxed-earth support sheet piles is assumed to be restricted from rotation. Stress reversal occurs down the embedded depth, and the sheet pile is analyzed as a statically indeterminate structure. To design free earth support sheet piles, typically the depth of the anchor tie rod must be known. Equilibrium conditions are checked in terms of horizontal forces and moments, and the force in the tie rod as well as the depth of embedment are calculated accordingly. Alternatively, the maximum allowable force in the tie rod may be given, while the depth of the tie rod and the embedment depth of the sheet pile are unknowns. It is usually convenient to sum the system moments about the connection of the tie rod with the sheet pile to eliminate the tensile force in the tie rod from the equation. The necessary anchor resistance in the tie rod is supplied through an anchor plate or deadman located at the far end of the tie rod (Figure 14.62a). To ensure stability, the anchor plate must be located outside the active wedge behind the sheet pile, which is delineated by line AB from the tip. In addition, this active wedge must not interfere with the passive wedge through which the tension in the tie rod is mobilized, which is bounded by the ground surface and line BC. Therefore, the length of the tie rod (Lt) is calculated from: Lt = ( H + D ) tan(45 − ϕ / 2) + Dt tan(45 + ϕ / 2)
 
 14-54
 
 Concrete Construction Engineering Handbook B 45–φ/2
 
 H1 O
 
 Anchor plate
 
 Dt
 
 T
 
 H
 
 Pa D
 
 Pp
 
 45 + φ/2 A (a) Anchor plate
 
 No rotation (b)
 
 FIGURE 14.62 Conceptual representation of lateral earth pressure on tie-rod-anchored sheet pile walls: (a) free earth support; (b) ﬁxed earth support.
 
 Example 14.14 For the sheet pile wall shown in Figure 14.62a, determine the depth of embedment (D) and the force in the tie rod. The soil on both sides of the sheet pile is well-graded sand, with a unit weight γ = 19 kN/m3 and an internal friction angle of 34°. The tie rods are spaced at 3 m horizontally and are embedded at a depth H1 = 1 m. The height of the excavation H = 15 m. Solution The active force (Pa) on the right side is calculated from: 1 1 Pa = K a γ ( H + D ) = × 0.283 × 19 × (15 + D ) = 40.328 + 2.689D 2 2 The passive force (Pp) on the right side is calculated from: 1 1 Pp = K p γD = × 3.537 × 19 × D = 33.60D 2 2 The sum of the moments about point O is:
 
 ( 40.328 + 2.689D ) 23 {15 + D } − 1 − (33.60D ) 15 + 23 D  = 0 Solving for D, we obtain: D = 0.77 m
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 FIGURE 14.64 Approximate earth pressure diagrams for use in designing braced excavations: (a) sand; (b) soft to medium clay; and (c) stiff ﬁssured clay.
 
 The tension in the tie rods per meter width of the sheet pile wall is then calculated from the equilibrium of the horizontal forces: T(per m) = (40.328 + 2.689 × 0.77) − (33.60 × 0.77) = 166.3 kN/m The force in each tie rod is calculated by multiplying the result by the horizontal spacing: T = 3 × 16.53 = 50 kN Theoretical depth D is multiplied by a safety factor of 1.2, thereby giving a total embedment depth of 0.92 m, which is rounded to 1.0 m.
 
 14.5.6 Braced Excavations Excavations in urban environments are constrained by the lack of adjacent space for installing tie rods or ground anchors. Where cantilever sheet piles are impractical, it becomes imperative to provide support to the sheet piles through internal bracing and struts. Examples of typical braced excavations are shown in Figure 14.63. It is important to ensure that the bracing system is stiff enough to prevent or minimize adjacent ground movement and strong enough to resist the earth pressure associated with such restricted deformations. Construction is usually initiated by driving the sheet piles or lateral support system, then excavating gradually from the ground level down. Rows of bracing or lateral support are installed as the excavation progresses down. The earth pressure developing in the case of braced excavations is different from the theoretical linear increase with depth described earlier for conventional retaining walls. In braced excavations, the lateral earth pressure is dictated by the sequence of excavation, soil type, stiffness of the wall and struts, and movement allowed prior to installing the struts. Although accurate determination of the distribution of earth pressure in braced cuts is almost impossible, Terzaghi et al. (1996) provided approximate methods based on actual observations for use in strut design (Figure 14.64). In the case of sands, the envelope of the apparent earth pressure is constant and equal to 0.65 KaγH, where H is the depth of the excavation. In the case of soft/medium clays and stiff ﬁssured clays, the diagrams shown in Figure 14.64b and Figure 14.64c are used, respectively. It is
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 FIGURE 14.65 Construction of soil-nailed wall.
 
 imperative, however, to monitor the development of forces in the struts and deformations along the depth of the braced cut during construction. Forces in the struts and deformations must be continuously adjusted to comply with design speciﬁcations.
 
 14.5.7 Soil Nail Systems Soil nailing is a technique for stabilizing steep slopes and vertical cuts. The technique relies on driving soil nails, which are steel rods 25 to 50 mm in diameter, into a vertical or steep cut at a 15° angle as excavation proceeds (Figure 14.65). Alternatively, the soil nails may be installed through drilling and grouting. Conceptually, the method differs from tie-back anchored walls in that no prior driving or installation of an earth retaining wall (sheet pile, soldier piles, or slurry wall) is conducted. Instead, the exposed soil surface is kept from caving in by installing a wire mesh on which the soil nails are connected through face plates. The technique works best in cohesive soils, as signiﬁcant unraveling may occur in sandy soils. The wire mesh is then covered with shotcrete, and excavation proceeds to the next level. Soil nail walls are typically used as temporary earth-retaining systems, although they have been used successfully as permanent structures. When analyzing soil nail systems, global stability is considered. Conventional methods for slope stability analysis are used, with the tension in the soil nails contributing to the stability of the slope. Typically, the method of slices is chosen, and the forces acting on each slice, including the tensile resistance of the soil nail, are included. The global stability of the reinforced soil mass is then assessed, and a factor of safety is calculated. The length of the soil nails is determined accordingly, so as to satisfy equilibrium of the slope or vertical cut.
 
 14.5.8 Drainage Considerations Proper drainage of backﬁll materials is a crucial component of retaining wall design. In general, cohesive backﬁlls are highly undesirable because of their poor drainage, loss of strength and increase in density upon wetting, and high coefﬁcient of active earth pressure. This is particularly important in the case of mechanically stabilized earth (MSE) walls, where only select backﬁll material may be used. Acceptable soil types for such purpose are SW (well-graded sand), GW (well-graded gravel), and SP (poorly graded sand). The vast majority of current design codes prohibit the use of cohesive materials as backﬁll in MSE walls. In addition, proper drainage provisions must be included in the design. This entails the inclusion of drains and ﬁlters in the cross-section, such as those shown in Figure 14.66. While graded sand constituted the majority of ﬁlters and drains in the past, geosynthetics (geotextiles, geonets, and geocomposites) are used in almost all projects today. To select the proper ﬁlter material, the acceptable apparent opening size (O95) of the geosynthetic must be ﬁrst determined. Current guidelines require that O95 be smaller than 2.5D85, where D85 is the grain size corresponding to the 85th percentile of the grain size distribution of the soil. Geonets selected for drainage must have a maximum ﬂow rate that is greater than the anticipated ﬂow rate in the structure.
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 FIGURE 14.66 Drainage provisions in cantilever retaining wall.
 
 14.6 Pile Foundations A pile foundation can be employed to transfer superstructure loads to stronger soil layers deep underground; hence, it is a viable technique for foundation construction in the presence of undesirable soil conditions near the ground surface. However, due to the high cost involved in piling, this method is only utilized after other less costly alternatives, such as combined footings and ground modiﬁcation, have been considered and ruled out for the particular application. On the other hand, piles may be the only possible foundation construction technique in the case of subgrades that are prone to erosion and in offshore construction.
 
 14.6.1 Advantages of Concrete Piles Depending on applicability, one of the three different pile types: timber, concrete, or steel, is selected for a given construction situation. Concrete piles are selected for foundation construction under the following circumstances: • Heavy loads must be supported in maritime areas where steel piles can easily corrode. • Stronger soil types are located at a relatively shallower depth that are easily accessible to concrete piles. • Bridge piers and caissons require large-diameter piles. • A large pile group is needed to support a heavy extensive structure so the total expense can be minimized. • Minipiles are necessary to support a residential building on a weak and compressible soil. The disadvantages of concrete piles are that they are damaged by acidic environments (organic soils) and undergo abrasion due to wave action when used to construct offshore structures.
 
 14.6.2 Types of Concrete Piles The two most common types of concrete piles are precast and cast in situ. Of these, precast piles may be constructed to speciﬁcations at a casting yard or at the site itself if a large number of piles is needed for the particular construction. In any case, handling and transportation can cause intolerable tensile stresses in precast concrete piles; hence, one should be cautious in handling them so as to minimize bending moments in the pile. Cast in situ piles are of two classes: (1) cased type, which are piles that are cast inside a steel casing that is driven into the ground, and (2) uncased type, which are piles that are formed by pouring concrete into a drilled hole or into a driven casing before the casing is gradually withdrawn.
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 FIGURE 14.67 Load-bearing capacity of a pile.
 
 14.6.3 Estimation of Pile Capacity The pile designer should be aware of the capacity of a pile under normal working conditions (static) and when it is driven (dynamic). 14.6.3.1 Static Pile Capacity The ultimate working load that can be applied to a given pile depends on the resistance that the pile can produce in terms of side friction and point bearing (Figure 14.67); hence, the expression for the allowable load on a pile will take the following form: Pa =
 
 Ppu + Psu F
 
 (14.54)
 
 where: Ppu = ultimate point capacity. Psu = ultimate side friction. F = safety factor. The ultimate point capacity component in Equation 14.54 corresponds to the bearing capacity of a shallow footing expressed by Equation 14.55, which is a modiﬁed form of Equation 14.32:
 
 (
 
 )
 
 Ppu = A p cN c* + q N q* − 1   
 
 (14.55)
 
 where: Ap q c Nc*, Nq*
 
 = area of the pile cross-section. = vertical effective stress at the pile tip. = cohesion of the bearing layer. = bearing capacity factors modiﬁed for deep foundations (and a B/L ratio of 1.0).
 
 The bearing capacity factors for deep foundations can be found in Figure 14.68. Using the above bearing capacity factors is more involved than in the case of shallow footings because, in the case of deep foundations, the mobilization of shear strength also depends on the extent of the penetration of the pile into the bearing layer. In granular soils, the depth ratio at which the maximum strength is mobilized is called the critical depth ratio (Lb/D)cr . Figure 14.69 shows (Lb/D)cr for the mobilization of Nc* and Nq* for different values of φ. According to Meyerhoff (1976), the maximum values of Nc* and Nq are usually mobilized at depth ratios of 0.5(Lb/D)cr . An interpolation process must be followed to evaluate the bearing capacity factors if the depth ratio is less than 0.5(Lb/D)cr. This is illustrated in Example 14.15.
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 FIGURE 14.68 Bearing capacity factors for deep foundations. (From Das, B.M., Principles of Foundation Engineering, PWS Publishing, Boston, MA, 1995. With permission.) 40
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 FIGURE 14.69 Variation of critical depth ratio with φ. (From Das, B.M., Principles of Foundation Engineering, PWS Publishing, Boston, MA, 1995. With permission.)
 
 Point Capacity in Sands. In the case of sandy soils where the cohesive resistance is negligible, Equation 14.55 can be reduced to:
 
 (
 
 )
 
 Ppu = A pq N q* − 1
 
 (14.56)
 
 Ppumax = A p 50N q* tan φ (kN); Ppumax = A p N q* tan φ (kiips)
 
 (14.57)
 
 where the limiting point resistance is:
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 Point Capacity in Clays. The most critical design condition in clayey soils is the undrained condition where the apparent angle of internal friction is zero. Under these conditions, it can be seen that Equation 14.55 reduces to: Ppu = A p ( 9.0cu )
 
 (14.58)
 
 where cu is the undrained strength. Skin-Friction Capacity of Piles. The skin-friction capacity of piles can be evaluated by means of the following expression: Psf = where: p = z = f = L =
 
 ∫
 
 L
 
 pfdz
 
 (14.59)
 
 0
 
 perimeter of the pile section. coordinate axis along the depth direction. unit skin-friction at any depth z. length of the pile.
 
 Unit Skin Friction in Sandy Soils. Because skin friction in granular soils is due to the frictional interaction between piles and granular material, the unit skin friction can be expressed as: f = K σ ′v tan δ
 
 (14.60)
 
 where: K = earth pressure coefﬁcient (K0 for bored piles and 1.4K0 for driven piles). δ = angle of friction between the soil and pile material (usually assumed to be 2/3φ). σv′ = vertical effective stress at the point of interest. It can be seen from the above expression that the unit skin friction can increase linearly with depth; however, practically, a depth of 15B (where B is the cross-sectional dimension) has been found to be the limiting depth for this increase. Skin Friction in Clayey Soils. In clayey soils, on the other hand, skin friction results from adhesion between soil particles and the pile; hence, the unit skin friction can be simply expressed by: f = αcu
 
 (14.61)
 
 where adhesion factor α can be obtained from Figure 14.70. Example 14.15 Estimate the maximum allowable static load on the 200-mm-square driven pile shown in Figure 14.71. From Table 14.14 and Table 14.15, the following strength parameters can be obtained, based on the SPT data given: Soil Layer Loose sand Clay Medium dense sand
 
 Representative N′
 
 Cohesion (c) (kPa)
 
 Friction (φ) (°)
 
 5 8 20
 
 0.0 40.0 0.0
 
 28 0 38
 
 Computation of Skin Friction in Loose Sand. Applying Equation 14.60, one would obtain: f = 1.4K0(17.0)z tanδ up to a depth of –30 m (i.e., 15.0 × 0.2) and constant thereafter. Assuming δ = 2/3(φ) = 19° and K0 = (1 – sinφ)OCR = 0.574, because the overconsolidation ratio (OCR) = 1.0 for normally consolidated soils, one obtains:
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 FIGURE 14.70 Variation of α with undrained strength. (From Das, B.M., Principles of Foundation Engineering, PWS Publishing, Boston, MA, 1995. With permission.) 200 mm
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 FIGURE 14.71 Illustration of the computation of pile capacity. TABLE 14.15 Comparison between Maintained Load and Quick Load Tests Test Parameter
 
 Maintained Load Test
 
 Quick Load Test
 
 Test load Load increment Load duration
 
 200% of design load 25% of the design load Up to a settlement rate of 0.001 ft/hr or 2 hr, whichever occurs ﬁrst 48 hr
 
 300% of design load or up to failure 10–15% of the design load 2.5 min
 
 Test duration
 
 3–5 hr
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 f = 4.203z kPa , for z < 3 m and f = 12.6z kPa, for z > 3 m Computation of Skin Friction in Clay. Applying Equation 14.61, one obtains: f = α(40) where α = 1.0 from Figure 14.70, so: f = 40 kPa The dense sand layer can be treated as an end-bearing layer, so its skin-frictional contribution cannot be included. Because the pile perimeter is constant throughout the depth, the total skin-frictional force (Equation 14.59) can be computed by multiplying the area of the skin-friction distribution shown in Figure 14.68 by the pile perimeter of 0.8 m. Hence, Psf (0.8) 0.5(3)(12.6) + 12.6(1) + 40(6) = 217.2 kN Computation of the Point Resistance in Dense Sand. From Figure 14.69, (L/D)cr = 15 for φ = 30°. For the current problem, L/D = 1/0.2 = 5. Because, in this case, L/D < 0.5(L/D)cr, Nq* can be prorated from the maximum Nq* values given in Figure 14.68. Thus,
 
 ( )
 
 N q = ( L / D ) 0.5( L / D )cr  N q* = 5 / 7.5 × 300 = 208 Note that Nq* = 300 was obtained from Figure 14.68. Also, A p = 0.2 × 0.2 = 0.04 m 2 q = σ ′v = 17.0(4) + (17.5 − 9.8)(6) + (18.0 − 9.8)(1) = 122.4 kPa Then, by substituting in Equation 14.56: Ppu = 0.04(208 − 1)(122.4) kN = 974.3 kN but Ppu max = 0.04(5)(208)tan 38° = 271.8 kN ∴ Ppu = 271.8 kN Finally, by applying Equation 14.55, one can determine the maximum allowable load as: Pall = (271.8 + 217.2) 4 = 122.3 kN
 
 14.6.4 Computation of Pile Settlement In contrast to shallow footings, a pile foundation settles not only because of the compression the tip load causes on the underlying soil layers but also because of the compression caused by the skin friction on the surrounding layers. The elastic shortening of the pile itself is another source of settlement. In addition, if an underlying saturated soft clay layer is stressed by the pile, the issue of consolidation settlement will also have to be addressed. In this section, only the immediate settlement will be analytically treated, as a computation of consolidation settlement of a pile group is provided in Example 14.16. According to Poulos and Davis (1990), the immediate settlement of a single pile can be estimated from the following expressions: s=
 
 PI E sd
 
 (14.62)
 
 and I = I o Rk Rh Rv
 
 (14.63)
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 FIGURE 14.72 Inﬂuence factor I0. (From Poulos, H.G. and Davis, E.H., Pile Foundation Analysis and Design, Krieger, Melbourne, FL, 1990. With permission.) 3
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 FIGURE 14.73 Correction factor for pile compressibility. (From Poulos, H.G. and Davis, E.H., Pile Foundation Analysis and Design, Krieger, Melbourne, FL, 1990. With permission.)
 
 where: Io Rk Rh Rν Es Ep d
 
 = = = = = = =
 
 inﬂuence factor for an incompressible pile in a semi-inﬁnite medium with νs = 0.5 (Figure 14.72). correction factor for pile compressibility k (= Ep/Es) (Figure 14.73). correction factor for a ﬁnite medium of thickness h (Figure 14.74). correction factor for the Poisson’s ratio (νs) of soil (Figure 14.75). elastic modulus of soil. elastic modulus of pile material. minimum pile dimension (pile diameter).
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 FIGURE 14.75 Correction factor for Poisson ratio. (From Poulos, H.G. and Davis, E.H., Pile Foundation Analysis and Design, Krieger, Melbourne, FL, 1990. With permission.)
 
 14.6.5 Pile Groups For purposes of stability, pile foundations are usually constructed of pile groups that transmit the structural load through a pile cap, as shown in Figure 14.76. If the individual piles in a group are not ideally placed, the individual inﬂuence zones will overlap, as shown in Figure 14.76. This will be manifested in the following group effects, which have to be considered when designing a pile group: • The bearing capacity of the pile group will be different (generally lower) than the sum of the individual capacities, due to the above interaction. • The group settlement will also be different from individual pile settlement due to additional stresses induced on the piles by the neighboring piles. Both topics are discussed in the following sections, and illustrative examples are provided.
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 FIGURE 14.76 Illustration of the group effect.
 
 14.6.5.2 Bearing Capacity of Pile Groups The efﬁciency of a pile group is deﬁned as: η=
 
 (
 
 Ultimate capacity of the pile group Pg (u ) Sum of individual ultimate ( ∑ P(u )i )
 
 )
 
 (14.64)
 
 where η is the group efﬁciency. Due to the complexity of individual pile interaction, the literature does not indicate any deﬁnitive methodology for determining the group efﬁciency in a given situation other than the following common Converse–Labarre equation, which is applied for clayey soils: η = 1−
 
 ζ  (n − 1)m + (m − 1)n    90  mn 
 
 (14.65)
 
 where: ξ = tan–1 (diameter/spacing ratio). n = number of rows in the group. m = number of columns in the group. Although the above expression indicates that the maximum possible efﬁciency is about 90%, reached at a spacing/diameter ratio of 5, the results from experimental studies (Bowles, 1995; Das, 1995; Poulos and Davis, 1990) have shown group efﬁciency values of well over 100% under certain conditions, especially in dense sand. This may be explained by possible densiﬁcation accompanied by pile driving in medium-dense sands. Computation of group capacity is illustrated in Example 14.16. 14.6.5.3 Settlement of Pile Groups One method for determining the immediate settlement of a pile group is by evaluating the interaction factor (αF), deﬁned as follows: αF =
 
 Additional settlement caused by adjacent pile Settlement of pile under its own load
 
 (14.66)
 
 The settlement of individual piles can be determined on the basis of the method described in Section 14.6.4. Then, once αF is estimated from Figure 14.77, one can easily compute the settlement of each pile in a group conﬁguration. At this point, the issue of the ﬂexibility of the pile cap has to be considered. This is because if the pile cap is rigid (thick and relatively small in area), it will ensure equal settlements throughout the group by redistributing the load to accommodate equal settlements. On the other hand, if the cap is ﬂexible (thin and relatively extensive in area), all of the piles will be equally loaded, which results in different settlements.
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 FIGURE 14.77 Determination of αF factor for (a) L/D = 10, (b) for L/D = 25, and (c) for L/D = 50. L = pile length; D = pile diameter; k and νs are as deﬁned in Equation 14.58. (From Poulos, H.G. and Davis, E.H., Pile Foundation Analysis and Design, Krieger, Melbourne, FL, 1990. With permission.)
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 FIGURE 14.78 Illustration of pile group load attenuation: (a) plan, and (b) elevation.
 
 Under conditions that require the estimation of consolidation settlement under a pile group, one can assume that the pile group acts as a large single footing and use the principles discussed in Section 14.1.3 (Compressibility and Settlement). However, the difference in load attenuation between a shallow footing and a rigid pile group with substantial skin friction is accounted for by assuming that the load attenuation originates from the lower middle-third of the pile length, as shown in Figure 14.78b. Example 14.16 The pile group (six 1 × 1-ft piles) shown in Figure 14.78 is subjected to a load of 80 kips. A compression test performed on a representative clay sample at the site yielded an unconﬁned compression strength of 3 psi and an elastic modulus of 8000 psi; a consolidation test indicated no signiﬁcant overconsolidation, with a compression index of 0.3 and a water content of 15%. Estimate the safety of the pile foundation and its settlement. The undrained strength is 0.5 (unconﬁned compression strength) = 1.5 psi = 216 psf. Computation of Skin Friction of a Single Pile. Using Equation 14.61, f = 1.0(216) psf. From Equation 14.60, the resultant skin-frictional force = 216(4)(50) = 43.2 kips. Computation of End-Bearing of a Single Pile. Using Equation 14.58, Ppu = (1)(9)(216) = 1.944 kips (in fact, one could have easily expected the insigniﬁcance of this contribution due to the frictional nature of the pile). Thus, the ultimate capacity of the pile is 45.14 kips. Estimation of Group Efficiency. Using Equation 14.65), η = 1 – [(3 – 1)(2) + (2 – 1)(3)](ζ)/[90(3)(2)] = 0.8. Then, using Equation 14.64, the group capacity can be obtained as 0.8(45.14)(6) = 216 kips; hence, the safety factor is 2.7.
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 Estimation of Single Pile Immediate Settlement. The relative stiffness factor for a rigid pile (K) is Econcrete/ Es = 4,000,000/8000 = 500L/D = 50/1 = 50. From Figure 14.72, Io = 0.045. From Figure 14.73, Rk = 1.85. From Figure 14.74, Rh = 1.00. From Figure 14.75, Rv = 1.00 (undrained ν = 0.5). Substituting in Equation 14.62: s = P(0.045)(1.85)(0.8)(1.00)/(8000 × 12) = 0.032 × 10–5P in. where P is the load on a single pile in kips. Analysis of Group Settlement. If the cap is assumed to be rigid, then the total settlement of all six piles must be identical. The total settlement consists of both immediate settlement and consolidation settlement; however, only an average consolidation settlement can be computed for the entire pile group based on the stress attenuation method (Figure 14.78) assuming equal consolidation settlement. Thus, one has to assume equal immediate settlements as well. Because of their positions with respect to the applied load, it can be seen that piles 1, 3, 4, and 6 can be considered as one type of pile (type 1) carrying identical loads, while piles 2 and 5 can be categorized as type 2. Thus, it will be sufﬁcient to analyze the behavior of pile types 1 and 2 only. Assume that the loads carried by type 1 and 2 piles are P1 and P2, respectively. Then, for vertical equilibrium: 4P1 + 2P2 = 80 kips
 
 (14.67)
 
 Using Figure 14.78a, the interaction factors for pile types 1 and 2 due to other piles can be obtained as follows: Pile Type 1 Pile i
 
 s/d for Pile i
 
 1 2 3 4 5 6
 
 0 4 8 8.94 5.67 4
 
 Pile i
 
 s/d for Pile i
 
 1 2 3 4 5 6
 
 4 0 4 5.67 4 5.67
 
 αF from Pile i — 0.4 0.3 0.25 0.35 0.4 α = 1.7
 
 Pile Type 2 αF from Pile i 0.4 — 0.4 0.35 0.4 0.35 α = 1.9
 
 Then, using Equation 14.66, the total settlement of pile type 1 is estimated as (1 + 1.7)P1(0.032 × 10–5), and the total settlement of pile type 2 would be (1 + 1.9)P2(0.032 × 10–5). By equating the settlement of pile types 1 and 2 (for equal immediate), one obtains: 2.7P1 = 2.9P2 P1 = 1.074P2
 
 (14.68)
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 By substituting in Equation 14.67, 2(1.074P2) + P2 = 40 P2 = 12.706 kips P1 = 13.646 kips Hence, immediate settlement of the pile group is equal to 2.9(0.032)(10–5)(12.706)(103) = 0.012 in. Computation of Consolidation Settlement. On the basis of the stress attenuation shown in Figure 14.78b, the stress increase on the midplane of the wet clay layer induced by the pile group can be found as: ∆σ = 80,000/[(8 + 20.835)(4 + 20.835)] = 111.71 psf The initial effective stress at the above point is equal to (115 – 62.4)(54.165) = 2849 psf. From basic soil mechanics, for a saturated soil sample e = ωGS = 0.15 × 2.65 = 0.4, assuming that the solid speciﬁc gravity (Gs) is 2.65. Then, by applying Equation 14.19, one obtains the consolidation settlement as: sult = (0.3)(41.67)(1/1 + 0.4)log[1 + 111.71/2849] = 0.149 ft = 1.7889 in. Hence, in this case the consolidation settlement is predominant.
 
 14.6.6 Verification of Pile Capacity Several methods are available to determine the load capacity of piles. The commonly used methods include: (1) the use of pile-driving equations, (2) the use of the wave equation, and (3) full-scale load tests. A brief description of the ﬁrst two methods is provided in the next two sections. 14.6.6.1 Use of Pile-Driving Equations In the case of driven piles, one of the very ﬁrst methods used to determine the load capacity was using numerous pile-driving equations. Of these equation, one of the more popular is the Engineering NewsRecord (ENR) equation, which expresses the pile capacity as follows: Pu =
 
 2 EWhh Wh + n W p S + C S + CWh + W p
 
 (14.69)
 
 where: n Wh Wp S C h E
 
 = = = = = = =
 
 coefﬁcient of restitution between the hammer and the pile (0.25). weight of the hammer. weight of the pile. pile set per blow (in inches). 0.1 in. hammer fall. hammer efﬁciency (usually estimated by monitoring the free fall).
 
 It can be seen how one can easily compute the instant capacity developed at any given stage of driving by knowing the pile set (S), which is usually computed by the reciprocal of the number of blows per inch of driving. To avoid damage to the pile and the equipment, it should be noted that, when driving has reached a stage where more than 10 blows are needed for a penetration of 1 in. (S = 0.1 or refusal), further driving is not recommended. 14.6.6.2 Use of the Wave Equation With the advent of modern computers, use of the wave equation method for pile analysis, as introduced by Smith (1960), became popular. Smith’s idealization of a driven pile is elaborated in Figure 14.79. The governing equation for wave propagation can be written as follows:
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 FIGURE 14.79 Idealization of a driven pile.
 
 ρA
 
 ∂ 2u ∂ 2u dz = AE 2 dz − R(z ) 2 ∂z ∂t
 
 (14.70)
 
 where: ρ A u t z R(z)
 
 = = = = = =
 
 mass density of pile. area of cross-section of pile. particle displacement. time. coordinate axis along the pile. resistance offered by any pile slice (dz).
 
 The above equation can be transformed into the ﬁnite-difference form to express the displacement, the force, and the velocity, respectively, of a pile element i at time t as follows: D(i ,t ) = D (i ,t − ∆t ) + V (i ,t − ∆t )
 
 (14.71)
 
 F (i ,t ) = D(i ,t ) − D(i + 1,t ) K
 
 (14.72)
 
 V (i ,t ) = V ((i , t − ∆t ) + t ) +
 
 ∆tg F (i − 1,t ) − F (i ,t ) − R(i ,t ) ω(i ) 
 
 (14.73)
 
 where: K = EA/∆x. ω = ρ∆xA. ∆t = selected time interval at which computations are made. Idealization of Soil Resistance. In Smith’s model, the point resistance and the skin friction of the pile are assumed to be viscoelastic and perfectly plastic in nature; therefore, the separate resistances can be expressed by the following equations:
 
 (
 
 Pp = PpD 1 + JVp
 
 )
 
 (14.74)
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 FIGURE 14.80 Assumed viscoelastic perfectly plastic behavior of soil resistance.
 
 and
 
 (
 
 Ps = PsD 1 + J ′Vp
 
 )
 
 (14.75)
 
 where: PpD , PsD = resistances at a displacement of D. = velocity of the pile. Vp J and J′ = damping factors. The assumed elastic, perfectly plastic behavior for PpD and PsD are illustrated in Figure 14.80. When implementing this method, the user must assume a value of total resistance (Pu), a suitable distribution of the resistance between the skin friction and point resistance (PpD and PsD), the quake (Q in Figure 14.80), and damping factors J and J′. Then, by using Equations 14.71 to 14.73, the pile set S can be determined. By repeating this procedure, a useful curve between Pu and S, which can eventually be used to determine the resistance at any given set S, can be obtained. Example 14.17 For simplicity, assume that a model pile is driven into the ground using a 1000-lb hammer dropping 1 ft, as shown in Figure 14.81. Assuming the following data, predict the velocity and the displacement of the pile tip after three time steps. J = Q = ∆t = Rpu = k =
 
 0.0 s/ft, J′ = 0.0 s/ft. 0.1 in. 1/4000 sec. Rsu = 50 kips. 2 × 106 lb/in.
 
 As shown in Figure 14.81, assume the pile consists of two segments (i = 2 and 3) and the time step to be 1/4000 sec. Then, the following boundary conditions can be written: D(1,0) = D(2,0) = D(3,0) = 0 F(1,0) = F(2,0) = F(3,0) = 0 V(1,0) = (2gh)1/2 = 96.6 in./sec After the First Time Step. From Equation 14.71, D(1,1) = D(1,0) + V(1,0)∆t = 1 + 8.0498(1/4000) = 0.024 in. D(2,1) = D(3,1) = 0 From Equation 14.72, F(1,1) = [(D(1,1) – D(2,1)]k = (0.024 – 0)(2)(106) = 48 × 103 lb/in. F(2,1) = F(3,1) = 0
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 FIGURE 14.81 Application of the wave equation.
 
 From Equation 14.73, V(1,1) = V(1,0) + (1/4000)(388.8)(0 – 48,000)/1000 = 91.93 in./sec V(2,1) = 0 + (1/4000)(388.8)[48,000 – 0 – R(1,1)]/400 = 11.664 in./sec V(3,1) = 0.0 After the Second Time Step. By repeating the above procedure, one obtains the following results: D(1, 2) = D(1,1) + V (1,1)∆t = 0.024 + 91.93(1 / 4000) = 0.047 in. D(2, 2) = D(2,1) + V (2,1)∆t = 0 + 11.664(1 / 4000) = 0.0029 in. D(3, 2) = 0 F (1, 2) = D(1, 2) − D(2, 2)(2)(106 ) = 88, 200 lb/in. F (2, 2) = D(2, 2) − D(3, 2)(2)(106 ) = 5900 lb/in. F (3, 2) = D(3, 2) − D(4, 2)(2)(106 ) = 0 V (1, 2) = V (1,1) + 9.72(10−5 ) F (0, 2) − F (1, 2) = 91.93 + 9.72(10−5 )(0 − 88, 200) = 83.35 in./sec V (2, 2) = V (2,1) + 24.3(10−5 )(88, 200 − 5900 − 1450) = 31.3 in./sec V (3, 2) = 0 + 9.72(10−5 )(5900 − 0 − 0) = 0.56 in./sec After the Third Time Step. By repeating the above steps, one obtains the following results: D(1, 3) = D(1, 2) + V (1, 2)∆t = 0.047 + 83.35(1 / 4000) = 0.0678 in. D(2, 3) = D(2, 2) + V (2, 2)∆t = 0.0029 + 31.3(1 / 4000) = 0.0078 in. D(3, 3) = 0 + 0.56(1 / 4000) = 0.00014 in. F (1,3)=  D(1,3)-D(2,3)(2)(106 ) = 120, 000 lb/in. F (2, 3) = D(2, 3) − D(3, 3)(2)(106 ) = 15, 320 lb/in. F (3, 3) = D(3, 3) − D(4, 3)(2)(106 ) = 280 lb/in. V (1, 3) = V (1, 2) + 9.72(10−5 ) F (0, 3) − F (1, 3) − R(1, 3) = 71.69 in./sec V (2, 3) = V (2, 2) + 24.3(10−5 )(210, 000 − 15, 320 − 3900) = 55.79 in./sec V (3, 3) = 0.56 + 9.72(10−5 )(15, 320 − 70 − 70) = 2.04 in./sec
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 FIGURE 14.82 Schematic of pile load test set-up.
 
 This computational procedure must be repeated on the computer until the bottom pile segment does not move during a given time step and the velocities of all of the pile segments become zero. 14.6.6.3 Pile Load Tests The most reliable method of verifying the capacity of a driven or a bored pile is a full-scale load test. In a load test, a prototype pile is driven at the construction site and gradually loaded while the load and the corresponding deﬂections up to failure are monitored. Because this is an expensive test, it is usually justiﬁed on a few test piles when a pile group is to be installed under similar soil conditions. The static pile load test is the most common method for testing the capacity of a pile, and it is also considered to be the best measure of foundation suitability to resist anticipated design loads. Procedures for conducting axial compressive load tests on piles are presented in ASTM D 1143 (Standard Test Method for Piles Under Axial Compressive Load). The most common tests are the maintained load test and the quick load test; a third test, the constant rate of penetration test, is generally performed only on friction piles. These tests involve the application of a load capable of displacing the foundation and determining its capacity from its response. Various approaches have been devised to obtain this information. When comparing these approaches, they can be sorted from simplest to most complex in the following order: static load test, rapid load test, and dynamic load test. These categories can be delineated by comparing the duration of the loading event with respect to the axial natural period of the foundation (2L/C), where L represents the foundation length and C represents the strain wave velocity. Tests with a duration between 10L/C and 1000L/C are denoted as rapid load tests. Although there are various set-ups for this test, the basic principle is the same, in that a pile is loaded beyond the desired strength of the pile (Figure 14.82). There must be an anchored reaction system of some sort that allows a hydraulic jack to apply a load to the pile to be tested. Ideally, a test pile should be loaded to failure, so the actual in situ load is known. The load is added to the pile incrementally over a long period of time (a few hours), and the deﬂection is measured using a laser sighting system. The pile can be instrumented with load cells at varied depths along the pile to evaluate the pile performance at a speciﬁc location. Instrumentation of the pile load cells, strain gauges, etc. can a provide a great deal of information. All of the data, including time, are collected by a data acquisition unit for processing with software. If a load test is performed on a pile immediately after installation, irrespective of the surrounding soil type, such a test would underestimate the long-term ultimate carrying capacity of the pile; therefore, a sufﬁcient time period should be allowed before a load test is performed on a pile. Moreover, the additional capacity due to the long-term strength gain allows the designer to use a factor of safety on the lower side of the normal range used. Establishing a trend in the strength gain of driven piles with time will boost
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 the conﬁdence of the designer to consider such an increase in the capacity during design and specifying the wait period required from the time the pile is installed before performing a pile load test. Although the above procedures are generally applicable for pile tension tests, additional loading procedures are found in ASTM Standard D 3689 (Standard Method of Testing Individual Piles Under Static Axial Tensile Load) for the pile tension test. Two methods of pile load test interpretation are discussed in this Handbook: (1) Davisson’s offset limit method, and (2) De Beer’s method. In Davisson’s method, the failure load is identiﬁed as corresponding to the movement that exceeds the elastic compression of the pile, when considered as a free column, by a value of 0.15 in. plus a factor depending in the diameter of the pile. This critical movement can be expressed as follows: For piles of 600 mm or less in diameter or width, Sf = S + (3.81 + 0.008D)
 
 (14.76)
 
 where: Sf = movement of pile head (in mm). S = elastic deformation of total pile length (in mm). D = pile diameter or width (in mm). For pile greater than 600 mm or less in diameter or width, Sf = S + (0.033D)
 
 (14.77)
 
 In De Beer’s method, the load and the movement are plotted on a double logarithmic scale, where the values can be shown to fall on two distinct straight lines. The intersection of the lines corresponds to the failure load. The elastic displacement of a pile can be expressed as: δ=
 
 1 EA p
 
 ∫
 
 L
 
 P (z )dz
 
 (14.78)
 
 0
 
 It is apparent that determination of elastic settlement can be cumbersome even if one has knowledge of the elastic properties of the subsurface soil. This is because the actual axial load distribution mechanism or the load transfer mechanism is difﬁcult to determine. Generally, one can instrument the pile with a number of strain gauges to observe the variation of the axial load along the pile length and hence determine the load transfer. If the reading on the ith strain gauge is εi, then the axial load at the strain gauge location can be expressed as: Pi = EAεi
 
 (14.79)
 
 where: E = elastic modulus of the pile material. Ap = cross-sectional area of the pile. Hence, the elastic displacement of the pile can be approximated by: s = ∑ εi ( ∆L )
 
 (14.80)
 
 where ∆L is the interval at which the strain gauges are installed. Example 14.18 A static compression load test was performed on a 450-mm-square prestressed concrete pile embedded 20 m below the ground surface in a sand deposit (Figure 14.83). The test pile was equipped with two telltales extending to 0.3 m from the pile tip. A summary of data from the load test is provided in Table
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 FIGURE 14.83 Pile load test results (Example 14.18). TABLE 14.16 Load Test Data for Example 14.18 Time (h:m)
 
 Load (MN)
 
 Top ∆ (mm)
 
 Telltales ∆ (mm)
 
 Tip ∆ (mm)
 
 12:55 13:00 13:05 13:10 13:15 13:19 13:24 13:29 13:33 13:38 13:43 13:48 13:53 13:57 14:02 14:07 14:11 14:16 14:21 14:26 14:31 14:36
 
 0.0 0.05798 0.082064 0.146288 0.22746 0.299712 0.379992 0.45938 0.543228 0.619048 0.698436 0.781392 0.86524 0.940168 1.015988 1.09716 1.184576 1.263964 1.340676 1.416496 1.491424 1.575272
 
 0.0 0.1016 0.2032 0.3048 0.4572 0.635 0.8636 1.0668 1.3462 1.651 2.0066 2.413 2.8448 3.4036 4.0132 4.8768 6.1214 7.8232 9.906 12.7254 16.6116 23.7236
 
 0.0 0.0508 0.1016 0.2032 0.3048 0.4064 0.5334 0.6604 0.762 0.9144 1.016 1.1684 1.3208 1.4478 1.5748 1.7272 1.8796 1.9558 2.0828 2.2352 2.3622 2.4892
 
 0.0 0.0508 0.1016 0.1016 0.1524 0.2286 0.3302 0.4064 0.5842 0.7366 0.9906 1.2446 1.524 1.9558 2.4384 3.1496 4.2418 5.8674 7.8232 10.4902 14.2494 21.2344
 
 14.16. Determine the failure load and the corresponding side friction and end-bearing. Based on Davisson’s method (Figure 14.84), the failure load can be determined as 1.3 MN. Based on De Beer’s method (Figure 14.85), the failure load can be determined as 1.1 MN. Another frequently used, nondestructive experimental method for estimating the capacity of a pile is the pile-driving analyzer (PDA) method. In this method, an accelerometer and a strain gauge are attached to the top of the driven pile to monitor the particle velocity and longitudinal stress during shock wave propagation following a hammer blow. By analyzing these records using the wave equation method (Section 14.6.6.2), one can closely predict the resistance mobilized during a given stage of driving. Details of this method can be found in Rausche et al. (1972).
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 FIGURE 14.85 Determination of pile capacity, De Beer’s method.
 
 14.7 Caissons and Drilled Piers Both caissons and drilled piers are very large-diameter concrete bored piles that can be used in lieu of pile groups to transmit structural loads to bedrock. The term caisson is reserved for drilled piers involving a waterway. Construction of caissons and drilled piers is more easily accomplished than driving a group of piles in stiff soils such as dense sands and stiff clays. An added advantage is that installation of drilled piers and caissons precludes disturbance to nearby structures and ground movement. On the other hand, construction of caissons and drilled piers may involve ground loss and consequent settlements that require careful monitoring and supervision.
 
 14.7.1 Estimation of Bearing Capacity In rare situations when drilled piers are founded on stiff sand or clay, the bearing capacity of the pier can be estimated based on the procedure outlined in Section 14.6.3; however, the bearing capacity factors for drilled piers should be somewhat lower than those for driven piles due to the fact that it is more difﬁcult for bored piles to mobilize the ultimate shear strength. This is especially the case for drilled piers
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 FIGURE 14.86 Vesic’s bearing capacity factor Nq′ for deep foundations. (From Das, B.M., Principles of Foundation Engineering, PWS Publishing, Boston, MA, 1995. With permission.)
 
 founded on sand where Equation 14.55 is applicable. Das (1995) suggested using Vesic’s Nq′ values, given in Figure 14.86, for computing the bearing capacity using Equation 14.55. In most cases however, drilled piers and caissons are embedded in sound bedrock, so the load bearing capacity criteria have to be adjusted accordingly. The following stepwise procedure can be utilized for drilled pier design in rock. 14.7.1.1 Selection of Diameter The pier diameter can be estimated using the compressive strength (fc′) of concrete as: βf c′ =
 
 Pω D2 π 4
 
 (14.81)
 
 where: β = strength reduction factor (code recommended value is 0.25). Pω = allowable (working) load. D = pier diameter. 14.7.1.2 Maximum Embedment Length The maximum length of embedment (Lmax) can be estimated by assuming that the overlying soil exerts negligible friction and the pile tip carries zero load. Thus, Lmax =
 
 Pω πD τ all
 
 (14.82)
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 FIGURE 14.87 Drilled pier/rock interface.
 
 where: Lmax = maximum required length of embedment. τall = allowable shear stress between pile and rock. The allowable shear stress on the concrete–rock interface can be expressed as (Goodman, 1980): τ all =
 
 qu 20F
 
 (14.83)
 
 where: qu = minimum of the unconﬁned compression strengths of rock and concrete. F = safety factor. Check for Rock-Bearing Capacity. The normal stress at a depth of z in a concrete pier embedded in rock (Figure 14.87) can be obtained from the following expression (Das, 1995):    Pw 2µc tan δ 2z   σz = exp  − ( π / 4 )D 2  1 − µc + (1 + µr ) Ec D    Er
 
 (14.84)
 
 where: δ = angle of friction between rock and concrete. µc and µr = Poisson’s ratios of concrete and rock. = moduli ratio of concrete to rock. Ec/Er For z, one can assume any design embedment depth L (4000 psi) in 24 hours to allow retensioning the next day.
 
 16.7 Construction Issues The disruption caused by repairs to an existing structure depends on the degree of deterioration, the type of the structure being repaired, time of day when the construction is being done, expertise of the selected contractor, and other factors. Disruption to the owners and users of the structure is virtually unavoidable. Disruption, however, can be minimized with a carefully thought out and detailed schedule that is issued by the contractor to the affected parties. Generally, by breaking the project into workable units that are taken out of service one at a time, completed, then brought back into service is preferable to taking all of the affected areas out of service. Repairs of this nature cost more but allow for continued use of at least a portion of the structure. Historically, the knowledge level of repair contractors was not what might have been expected, but today many more competent and knowledgeable contractors are available for conducting specialized concrete repairs. This has resulted in high-quality, cost-competitive structural concrete repairs.
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 16.8 Long-Term Repair Performance The question most often asked by owners relates to the anticipated long-term performance of repair alternatives. If this question can be answered with certainty and repair and maintenance costs are known, then it is a relatively simple matter to conduct a beneﬁt/cost analysis. Of course, how long something will last depends on numerous variables, such as quality of repair, exposure conditions, maintenance, and a host of other factors, most of which are difﬁcult to deﬁne. As part of a repair program, costs for a return after the ﬁrst year to conduct an engineering inspection of the repairs should be included. If the budget permits, embedded sensors, such as wires to measure half-cell potentials, and a corrosion-rate probe should be included to monitor the repairs. All structures require maintenance. This is even more true with a repaired structure. Depending on the nature of the effected repairs, annual maintenance costs on the order of 1 to 5% of the repair costs may be appropriate for maintaining the repaired structure.
 
 16.9 Case Study To illustrate some of the general principles involved in structural concrete repair, a detailed case study of a large infrastructure rehabilitation project is presented here. This case study of an existing seawall clearly shows the value of conducting an informed evaluation prior to undertaking the repair design. It demonstrates the necessity of determining the cause of deterioration and selecting a multifaceted repair approach to meet the expressed objective of extending the service life for 30 more years. Utilizing a comprehensive approach in this infrastructure repair project ultimately saved the funding public agencies $6 million on a $15 million project.
 
 16.9.1 Background The 7.5-mile Marina del Rey Seawall was constructed in western Los Angeles, California, during the late 1950s and early 1960s as a means of reclaiming a low-lying swamp area for dry-land uses. Over $5 billion of infrastructure has developed in and around this area. The original construction was high quality for the time. The vertical ﬂexural reinforcement in the cantilevered wall has been subjected to aggressive saltwater exposure, principally through a construction joint located near the base of the wall (see Figure 16.15). The long-term exposure to seawater has led to chloride-induced corrosion of the reinforcing steel crossing the construction joint and attendant concrete deterioration on the hidden (land) side of the wall. Because of the nonredundant nature of the cantilever wall system, loss of primary vertical reinforcement at the wall base by corrosion results in a loss of overall structural integrity. In February 1986, a failure mechanism (see Figure 16.16) that resulted from severe corrosion of the vertical reinforcement occurred when an isolated 60-ft wall panel collapsed. An engineering investigation into the collapse concluded that the failure was caused by corrosion of the reinforcing steel due to exposure to natural seawater. No other factors were identiﬁed as having contributed to the collapse. To address concerns about the integrity of the seawall panels, a restoration program with three distinct focuses was developed by various public agencies: • Utilize an impressed current cathodic protection system to mitigate active corrosion of the seawall reinforcing steel. • Utilize a drilled caisson strong-back system to reduce reliance on the vertical reinforcing steel that had been subjected to corrosion and to upgrade the seismic behavior of the system. The strongback concept was successfully installed during a trial repair in the marina. • Conduct nondestructive impact-echo testing to locate areas where corrosion damage had occurred. This would allow for categorization of repairs based on the extent of delamination and concerns for life safety in areas of high public exposure. The impact-echo technique had been proven to be successful in locating corrosion-deteriorated areas in the seawall. Figure 16.17 shows a schematic representation of the multifaceted seawall rehabilitation strategy. Each of the three distinct focuses of the restoration program is represented in this ﬁgure.
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 FIGURE 16.15 Typical reinforcing details of Marina del Rey Seawall. (From the original project drawings, October 1959.)
 
 FIGURE 16.16 Failure of an isolated 60-ft wall panel due to corrosion.
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 FIGURE 16.17 Schematic representation of proposed rehabilitation strategy for Marina del Rey Seawall.
 
 16.9.2 Repair Strategy Prior to development of the strong-back concept, several repair strategies were considered. The repair strategies included utilization of rip-rap ballast on the sea side of the wall, installation of precast panels anchored to caissons, and the use of soil tie backs. These preliminary designs were abandoned because they were cost prohibitive or failed to adequately address the seismic upgrading of the wall. As part of the strategic planning, it was decided that the rehabilitation must address the need to prevent additional corrosion damage along the base of the seawall, to upgrade the capacity of the seawall due to the loss of strength caused by the corrosion of the primary vertical reinforcing steel, and to provide seismic resistance that was not originally considered in the seawall design. 16.9.2.1 Full Damage along the Base of the Seawall On the basis of the results of preliminary impact-echo testing and select concrete coring, signiﬁcant reinforcing steel corrosion and attendant concrete deterioration were found to be present along the base of the seawall. Corrosion of reinforcing steel along the base of the seawall was determined to be the cause of the isolated seawall panel collapse in 1986. Because of these factors, all repair strategies had to assume that the vertical reinforcing steel at the vulnerable construction joint had lost capacity to carry tension if corrosion deterioration was found to be present; therefore, under a fully repaired condition, the connection between the wall and the footing was assumed to be hinged and only capable of transmitting shear across the joint. 16.9.2.2 Service Life of Repairs The Marina del Rey Seawall had been in service for over 30 years. This was consistent with the expected design life of concrete structures. Much of this nation’s concrete infrastructure is now routinely being rehabilitated because replacement is becoming more and more cost prohibitive. At the time of the evaluation, the seawall concrete was not showing any signiﬁcant signs of visible deterioration due to abrasion, sulfate attack, or other mechanisms. Previous testing had shown levels of chloride-ion penetration
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 sufﬁcient to cause chloride-induced corrosion; however, it was strongly believed that an effective rehabilitation strategy implemented in a timely fashion would extend the life of the seawall by another 30 years or more. To ensure a minimum 30-year life extension of the seawall, the repair strategy had to mitigate corrosion of the vertical reinforcing steel and provide a load path for forces originally carried by the deteriorated reinforcing steel. Corrosion engineers had indicated that the impressed current cathodic protection system would fully mitigate the corrosion of the vertical reinforcing steel. In essence, it was indicated that the corrosion would virtually stop and the corrosion rate would be essentially zero. The strong-back repair system had been shown to be effective in carrying loads in a panel with existing deterioration along the wall base. With the implementation of these rehabilitation measures, the service life of the seawall could clearly be extended by 30 years or more. 16.9.2.3 Strategic Ordering of Repairs Because of life safety concerns and budget constraints, a strategic ordering of repairs was developed. This logical ordering of repairs was developed to ensure that areas of high public access, such as parks, were given high priority in the ordering of repair to address life safety concerns. Because only a portion of the needed funding was in place at the time, the repairs were categorized to address budget constraints. Impact-echo test results were evaluated to locate wall panels with signiﬁcant deterioration that would be categorized as the highest priority.
 
 16.9.3 Life-Cycle Cost Analysis Because of the complex interaction of concrete corrosion and repair issues, life safety considerations in the marina area, and the budget constraints of the various municipal and state agencies involved, a lifecycle cost analysis of the marina seawall refurbishment project was requested. The principal objective of this analysis was to consider and prioritize various facets of the seawall refurbishment project so critical decisions could be made with due consideration of the concerns of all agencies and with respect to a logical and strategic ordering of the repairs. Figure 16.18 shows a schematic representation of the interaction of issues that were considered in the Marina del Rey Seawall rehabilitation project. 16.9.3.1 Life Safety Issues The Marina del Rey area serves as a mixed-use residential and recreational area. Present in the marina are boat yards, restaurants, parks, and residential areas. It was anticipated that the areas of public exposure would be of high priority in the seawall repairs. Use of impact-echo testing in these areas further prioritized the repair sequencing on the basis of the amount of damage detected in panels in public areas. Signiﬁcant damage detected in areas of high public exposure were naturally categorized as higher priority. 16.9.3.2 Seismic Upgrade In addition to considering the corrosion-induced deterioration, the engineering design for the Marina del Rey Seawall refurbishment project mandated upgrading the seismic capacity of the seawall. The original design did not consider seismic loading. Development of the seismic retroﬁt included consideration of the degree of corrosion-induced deterioration as determined by impact-echo testing. This deterioration was modeled as a loss of vertical reinforcing steel capacity at the base of the seawall. As the degree of deterioration increased, additional caissons (strong-backs) were required to upgrade the capacity of the seawall. The wall was upgraded to survive the maximum credible seismic event even though damage would be expected. The proposed strong-back repair strategy minimized the risk of wall collapse during the maximum credible earthquake. 16.9.3.3 Sequence and Ordering of Testing To provide information on the deterioration level at various locations in the marina, a sequence of impact-echo testing was developed. The sequence and ordering prescribed that a small number of panels should initially be tested in all basins. The preliminary testing provided an initial deterioration assessment for the various structural engineering tasks.
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 FIGURE 16.18 Interaction of issues being considered in the Marina del Rey Seawall refurbishment project.
 
 16.9.3.4 Deterioration Ratings Impact-echo testing was used to locate areas where physical manifestations of corrosion damage were present. This information was used to develop deterioration ratings that correlated to the number of caissons required. Both the effects of continuous damage and isolated damage were considered. Using corrosion damage models, ratings were developed to distinguish the number of caissons required at varying levels of deterioration. The models were based on estimated lengths of continuous or intermittent damage along the construction joint. As impact-echo testing results became available, modiﬁcations were made to the preliminary damage models. Using the corrosion-damage models previously discussed, caisson spacing parameters were developed. The parameters delineated when additional caissons were required due to the extent of corrosion damage and to minimize the risk of collapse during the maximum credible earthquake. 16.9.3.5 Design Guidelines The following criteria were agreed upon by the various public agencies involved for developing the lifecycle cost analysis: • Maximum credible seismic event—0.5-g lateral acceleration • Surcharge loading—2 ft of soil • Design life for all rehabilitation measures—30 years No guidelines were established for a serviceability-level seismic event. In essence, the seismic retroﬁt strategy was to minimize the risk of collapse during the maximum credible seismic event. Damage to the wall during the maximum credible earthquake would be expected and acceptable. After completion of the lifecycle analysis, the parameters were modiﬁed to reﬂect further reﬁnement and development of the analysis models based on the results obtained from the geotechnical investigation and impact-echo testing.
 
 16.9.4 Impact-Echo to Assess Deterioration Various studies were conducted as part of the strategic planning of the Marina del Rey Seawall refurbishment project. Numerous nondestructive test methods were reviewed as candidates for assessing deterioration of the seawall due to corrosion-induced delaminations. The majority of nondestructive
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 testing techniques for assessing reinforcing steel corrosion, such as measurement of half-cell corrosion potentials and chloride-ion content, provide only limited, indirect information about whether or not corrosion is occurring. These testing measures do not provide an assessment of the amount of corrosion damage or the degree of concrete deterioration present. Stress-wave propagation methods known as pulse-echo and pitch-catch were reviewed as candidates for detecting damage on the soil side of the wall in the vicinity of the construction joint. These methods had limitations that made them impractical for use on the seawall as constructed. During the project development, the transient stress-wave method known as impact-echo was examined as a possible candidate for nondestructively determining the location of corrosion-induced deterioration. This method was determined to be well suited for ﬁnding ﬂaws in concrete. The reader is referred to Section 16.3.3.1 for a description of the impact-echo method. It is important to note that, although impact-echo is effective for ﬁnding ﬂaws in concrete structures, such as the corrosion-induced delaminations on the soil side of the wall near the level of the construction joint at the base of the wall, it cannot assess the amount of deterioration in terms of degree of steelreinforcement corrosion. In this case, impact-echo was used to locate the manifestation of corrosion— that is, the attendant delamination of the concrete caused by reinforcing steel corrosion—but it was not used to assess the degree of corrosion. This implies that, when using the impact-echo method, if a delamination or defect is found it is assumed that the reinforcing steel at this location is in essence completely corroded. There could have been some measure of steel area that was still effective, but for condition-assessment purposes, the steel was assumed to be ineffective for developing a tension force and thus incapable of carrying moment at the base of the wall. This was a conservative assumption in the context of the rehabilitation design.
 
 16.9.5 Reliability in Assessing Deterioration 16.9.5.1 Previous Trial Studies on the Seawall It is generally beneﬁcial in larger projects to conduct trial testing and, in some cases, repairs to prove the veracity of the methods. This approach provides conﬁdence for all parties concerned prior to spending large sums of money. In the case of the seawall project, previous studies that assessed the efﬁciency of using impact-echo to detect corrosion-induced deterioration on the unobservable soil side of the seawall clearly indicated the veracity of the method. Concrete coring at select locations of delaminations located by the impact-echo method demonstrated the reliability of the procedure for detecting damage. 16.9.5.2 Test Locations A visual examination in a trial study that sliced a piece of the wall clearly showed that the damage caused by corrosion of the vertical reinforcing was in the range of about 10 to 20 cm (4 to 8 in.) above the construction joint. The average of this range was 6 in., which was used to deﬁne the height of impact-echo testing in the ﬁeld-test program. It is also important to note that a trial study indicated that the corrosion appeared isolated to the local region near the construction joint. All seawall panels were tested about 6 in. above the construction joint as part of the ﬁeld evaluation; however, select panels were tested on a two-way horizontal and vertical grid to conﬁrm that the damage was generally conﬁned to the region near the construction joint. Figure 16.19 presents a schematic representation of the approximate area of inﬂuence during impact-echo testing for the geometry of the wall and assumed type of corrosion-induced delamination. Note that the inﬂuence area is on the order of 27 in.; thus, testing on 25-in. centers provided for about a 2-in. overlap. Based on generalized stress-wave propagation principles, there was assurance that most delaminations were located and that ﬁnding the delaminations was independent of whether the test was conducted directly over a reinforcing bar. The 25-in. spacing used in the evaluation program was determined to be sufﬁcient to detect most of the damage that was present.
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 FIGURE 16.19 Inﬂuence area of impact-echo test on seawall for anticipated corrosion-induced break delamination.
 
 16.9.6 Cathodic Protection The galvanic corrosion of reinforcing steel in concrete is an electrochemical process in which the reinforcing steel reacts with water and oxygen to form iron-oxide products (rust). For galvanic corrosion to occur, four elements must be present. The elements are anodes (locations where corrosion activity occurs), cathodes (areas that are protected by the corrosion activity at anodes), a metallic path between the anodes and cathodes, and an electrolyte. The metallic path is provided by the horizontal and vertical reinforcing steel mat. Moisture in the soil backﬁll, seawater, and moist concrete all serve as the electrolyte. The corrosion cell is driven by the differences in electrical potential that exist between the anodic and cathodic areas. Figure 16.20 shows a schematic representation of the electrochemical process of corrosion of reinforcing steel. Cathodic protection (CP) is an electrochemical technique in which external anodes are added to the electrochemical cell present in the seawall. The addition of external anodes to the seawall structure resulted in the shift of electrical potentials at the reinforcing steel from anodic (actively corroding) to cathodic values (noncorroding). Figure 16.21 shows a schematic representation of both sacriﬁcial anode and impressed current cathodic protection systems. Two types of cathodic protection systems were considered for the Marina del Rey Seawall. A galvanic or sacriﬁcial anode system utilizes metal (typically zinc) anodes attached directly to the reinforcing steel grid. When connected to the reinforcing steel grid, the sacriﬁcial anodes corrode instead of the reinforcing steel. Corrosion of the sacriﬁcial anode results in electrons traveling to the reinforcing steel, which further prevents corrosion of the seawall reinforcing steel. Sacriﬁcial anode systems are best suited to areas of low electrical resistivity or to submerged areas. An impressed current cathodic protection system is similar to a sacriﬁcial anode system, except that an external power supply is used to provide the electrical potential that drives the corrosion cell. The seawall rehabilitation concept required that the horizontal (temperature and shrinkage) reinforcing steel carry the redistributed moments resulting from the caisson installation. This required protecting both the horizontal and vertical reinforcing steel from long-term corrosion. An impressed current cathodic protection system was determined to be better suited for long-term corrosion control. This was because of the location of the seawall above the mean low water level and the measured soil resistivities. A successful application of an impressed current cathodic protection system must ensure the electrical continuity of all protected areas. Reinforcing steel in both the horizontal and vertical directions was tested to ensure connectivity. After installation of an impressed current cathodic protection system, the rate of reinforcing steel corrosion is effectively reduced to zero. This has been proven time and again in actual ﬁeld applications. To mitigate corrosion, cathodic protection must have an electrolyte present. In the seawall, the seawater below the water table and the moist soil acted as the electrolyte. An electrolyte allows the ﬂow of the
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 FIGURE 16.20 Schematic of electrochemical corrosion of reinforcing steel in concrete.
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 FIGURE 16.21 Schematic representation of cathodic protection systems.
 
 impressed current from the sacriﬁcial anode to the reinforcing steel in the seawall. In areas where concrete delaminations have occurred due to corrosion, the cathodic protection system will protect the existing reinforcing steel if sufﬁcient electrolyte is present at these locations. The cathodic protection system cannot protect areas where an air gap is present between delaminated concrete and the reinforcing steel; however, this condition was not considered likely to be present to any signiﬁcant degree. The Marina del Rey Seawall refurbishment project was designed to provide a minimum 30-year life extension to the seawall. Accordingly, all facets of the rehabilitation strategy were designed for the ultimate serviceability and durability limit state to reﬂect a minimum 30-year life cycle. After installation of the cathodic protection system, no further reinforcing steel corrosion was expected to occur; thus, the 30-year service life was clearly attainable. The steel was, in essence, kept in its existing condition without further corrosion.
 
 16.9.7 Structural Analysis This section summarizes the results from various structural analyses that were conducted on a typical 60-ft wall panel. Analyses were conducted to assess the integrity of the existing wall without the strongback system in place for various postulated damage models. Parametric analyses were then conducted for a typical seawall panel that incorporated different combinations of strong-backs (caissons) for postulated damage models and included the loads resulting from the assumed maximum credible seismic event.
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 FIGURE 16.22 Representation of the nonlinear model used for analysis of a typical seawall panel.
 
 16.9.7.1 Integrity of the Typical Existing Panel Analyses were conducted to assess the integrity of a typical 60-ft wall panel in its current condition for various assumed damage models. The threshold damage in terms of the degree of corrosion necessary to cause collapse of a typical wall panel was then established by examining the results of these analyses: • Nonlinear analysis model. To assess the integrity of a typical 60-ft seawall panel, as constructed for various assessed-damage models, a nonlinear analysis of the typical wall section was undertaken. The analytical model used a tangent stiffness formulation. Incremental loads were applied to the structure, then the incremental displacements and forces were calculated and added to the previous displacements and forces to obtain the new displacements and forces. The stiffness method is used to calculate incremental displacements from applied loads, and incremental forces are then computed from the displacements. The model uses a linear formulation that has been modiﬁed to include various nonlinear effects. The nonlinearities include second-order deﬂection effects (P-delta), geometric nonlinearity, and material nonlinearity. Analytically, failure occurs when deﬁned material strength limits are exceeded or by the instability of the structure. Because the seawall was originally designed principally as a cantilever retaining wall, only a typical 1-ft width of wall was required to represent its behavior under lateral load. Figure 16.22 shows a schematic representation of the nonlinear model used for the wall. The reinforcing steel was terminated (cut off) at the appropriate wall height location as indicated in Figure 16.15. The wall taper was also duly accounted for in this analysis. The base of the wall was assumed to be ﬁxed. • Loading. Figure 16.23 summarizes the load conditions for which a typical seawall panel was analyzed under anticipated actual operating service load conditions. Note that these were not
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 FIGURE 16.23 Estimated operating service wall loads.
 
 design loads—they represented an assessment of the probable operating loads on the wall as might exist on a typical existing wall panel. For purposes of this analysis, no earthquake loading was considered. • Effect of reinforcing steel loss. Analyses were conducted for the typical seawall panel assuming an average net section loss of reinforcing steel at the construction joint due to corrosion. Incremental lateral loads were applied to the wall for various cases of assumed reinforcing steel loss until a failure occurred. The loads due to the surcharge and water table were applied ﬁrst, then the lateral earth pressure was incrementally applied until failure occurred. The parameters of interest in this type of analysis are the load necessary to cause failure compared to the probable in-service lateral earth pressure (see Figure 16.23) and the expected horizontal deﬂection at the tip of wall before collapse occurs (see Figure 16.24). Table 16.4 summarizes the results of the nonlinear analysis of the wall for various postulated scenarios of the degree of corrosion of the vertical steel at the construction joint. The results of the analysis of the wall as constructed (0% loss of the reinforcing steel) indicated that the wall had adequate integrity for the probable existing operating loads if seismic loads were not considered. This suggested that, for wall panels determined to have little or no damage as established by impact-echo testing, some measure of strengthening to upgrade the wall for seismic loading was still needed. The analyses clearly revealed that, as the percentage loss of reinforcing steel due to corrosion increases, the load to cause failure and the associated horizontal wall deﬂection at the top of the wall at failure decreases. Further, the analysis results indicated that an average of about 60% (actual value, 62%) of the reinforcing steel at the construction joint must be lost to corrosion for failure of the wall to occur under current probable operating-load conditions.
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 FIGURE 16.24 Horizontal deﬂection of wall just before failure.
 
 This model assumes that the corrosion damage is uniformly distributed along the wall, which may not be the case. Contiguous damage would be even more detrimental than the uniform damage implicit in this analysis. This suggests that if impact-echo testing revealed that the wall along the construction joint indicated evidence of randomly distributed corrosion-induced delaminations (say, to about the 40% level), then the panel could be approaching collapse conditions and would naturally be of the highest priority in terms of repair sequencing. The nonlinear analysis results also clearly indicated that there would be very little visual evidence of distress before failure occurred. Table 16.4 indicates that the horizontal deﬂection at the top of the wall is about 3/4 in. just before failure, assuming no corrosion damage; however, for the case of 62% average loss of reinforcement due to corrosion, the calculated horizontal movement at the top of the wall is only about 3/8 in. just before collapse occurs. This small amount of relative movement between adjacent wall panels over time would likely not be perceptible due to the observed construction tolerances and to wall rotations that may have occurred because of differential soil settlement. This analysis clearly indicated that there would be very little warning before failure.
 
 TABLE 16.4 Summary of Nonlinear Analysis of Typical Wall Panel in Service Assumed Percent Loss of Steel Reinforcement Due to Corrosion of Construction Joint
 
 Ratio of Failure Load to Probable In-Service Lateral Earth Pressure
 
 Horizontal Deﬂection at Top of Wall before Collapse (in.)
 
 0 20 50 62 80
 
 2.8 2.4 1.5 1.0 0.5a
 
 0.74 ≈ 3/4 0.74 ≈ 3/4 0.45 ≈ 1/2 0.41 ≈ 3/8 0.24 ≈ 1/4
 
 a
 
 Indicates section fails at about one half of the present estimated operating service loads.
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 FIGURE 16.25 Seawall with strong-back retroﬁt.
 
 FIGURE 16.26 Finite-element model of a typical wall panel for a case with six caissons.
 
 16.9.7.2 Finite-Element Analysis of the Wall With and Without a Strong-Back System To evaluate the capacity of a typical 60-ft seawall panel for various reinforcing steel corrosion damage models and to assess the effect of strong-back spacing, a parametric study was conducted using linear elastic ﬁnite-element analysis techniques. 16.9.7.2.1 Model A typical 60-ft seawall panel with the proposed strong-back retroﬁt is shown in Figure 16.25. To evaluate the effects of reinforcing steel corrosion and strong-back spacing on the seawall stem, a ﬁnite-element model was developed for the stem using four node isotropic plate elements. A ﬁnite-element model with six caissons installed is shown in Figure 16.26. It should be noted that the ﬁnite-element model took advantage of geometric symmetry about the centerline of the 60-ft seawall panel. For this analysis, it was assumed that loading, strong-back spacing, and reinforcing steel corrosion damage were symmetrical about the centerline of the seawall. For simplicity, only one half of the seawall was modeled for the parametric study using appropriate boundary conditions at the plane of symmetry. For comparison, a typical horizontal moment dithering for the half-model using symmetry and for a model of the full 60-ft seawall panel is shown in Figure 16.27. Note that the computed moments are identical, indicating the validity of the symmetry model. A 6 × 6-in. element grid was used for the model. Element thickness varies to correspond with the taper in the face of the seawall.
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 FIGURE 16.27 Horizontal moments from the full and symmetric models (ft-lb/ft).
 
 Because the capacity of a typical seawall panel is dependent on the strength of the stem, it was not necessary to model the seawall footing. Instead, boundary elements were used to model the interface between the seawall stem and footing. To model the condition of no loss of reinforcing steel at a particular node, a boundary condition constraining translation and rotation about the three axes was assumed. To model the condition of total loss of reinforcing steel at a particular node, a boundary condition constraining translation, but not rotation, about the three axes was assumed. Also, the interface between the seawall and the strong-back system was modeled using translational boundary elements with an assumed spring constant. For this analysis, explicit modeling of the caisson was not necessary. A tie-back spring constant was assumed to connect the wall to a rigid element (the caisson). A spring constant of 200 kips/ in. was assumed. Five tie backs were assumed for each caisson location, spaced 1 ft, 6 in. on-center starting 2 ft from the top of the wall.
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 Preliminary design earth-pressure loads.
 
 16.9.7.2.2 Loading The loads imposed on the stem of the seawall are primarily due to lateral earth pressure. Using Rankine theory, the active lateral earth pressure diagram shown in Figure 16.28 was developed, using the following parameters derived from a comprehensive geotechnical investigation: Soil friction angle (φ) = 32 Unit weight of soil (γ) = 125 pcf Unit weight of water (γw) = 62.4 pcf Active pressure coefﬁcient (KA) = 0.31 2-ft soil surcharge load To determine earthquake loads, a seismic analysis was performed using a procedure by Mononobe and Okabe, as described in the AASHTO Speciﬁcations (1992). This procedure, which uses an equivalent static loading, replaces the active soil coefﬁcient (KA) with a seismic active soil coefﬁcient (KAE). Using a horizontal acceleration of 0.5 g based on a geoseismic study of the area, KAE was calculated to be 0.62. The following design load combinations were calculated in accordance with Appendix C of the ACI Building Code (ACI Committee 318, 2005): U = 1.7H
 
 (16.2)
 
 U = 0.75(1.7H + 1.7(1.1E))
 
 (16.3)
 
 where: U = required strength to resist factored loads. H = earth pressure. E = lateral earth pressure due to earthquake loading.
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 Concrete Construction Engineering Handbook TABLE 16.5 Moment and Shear Capacities of a Typical Undamaged Wall Panel Vertical Moment
 
 Horizontal Moment
 
 Inches
 
 Negative (ft-lb/ft)
 
 Positive (ft-lb/ft)
 
 Negative (ft-lb/ft)
 
 Positive (ft-lb/ft)
 
 Shear (lb/ft)
 
 0 6 12 18 24 30 36 42 48 54 60 66 72 78 84 90 96 102 108
 
 –12,229 –11899 –11569 –7133 –6928 –6723 –6518 –6313 –2442 –2362 –2282 –2202 –2122 –2042 –1962 –1882 –1802 –1722 –1642
 
 6292 6292 6292 6292 6292 4058 4058 4058 4058 1642 1642 1642 1642 1642 1642 1642 1642 1642 1642
 
 –3636 –3531 –3426 –3321 –3216 –3111 –3006 –2901 –2796 –2691 –2586 –2481 –2376 –2271 –2166 –2061 –1956 –1851 –1746
 
 2534 2534 2534 2534 2534 2534 2534 2534 2534 2534 2534 2534 2534 2534 2534 2534 2534 2534 2534
 
 4190 3230 3980 3870 3760 3660 3550 3440 3330 3230 3120 3010 2900 2800 2690 2580 2470 2370 2260
 
 The seismic load combination in Equation 16.3 resulted in forces approximately 60% larger than the load combination in Equation 16.2, which considers only the static lateral earth pressure. Thus, the load combination in Equation 16.3 governed the analysis. The appropriate load combinations were used in conjunction with the lateral earth pressure diagram shown in Figure 16.28 to determine the pressure loads used in the ﬁnite-element analysis. 16.9.7.2.3 Wall Capacities Moment and shear capacities were calculated for the stem of the seawall in accordance with the ACI Building Code and are summarized in Table 16.5. These capacities were calculated using the reinforcing steel details shown on the original plans, and f′ = 4000 psi and fy = 40,000 psi. Review of the original construction records indicated a concrete strength of 3000 psi as used in the original seawall design. The results of compressive-strength tests conducted during the ﬁeld investigation indicated an average compressive strength of 4400 psi for the concrete at the time of the evaluation some 35 years later. These test results justiﬁed the use of 4000 psi as the in situ concrete compressive strength for the repair design. 16.9.7.2.4 Analysis Results Various combinations of reinforcing steel corrosion damage scenarios and strong-back spacing were analyzed using the ﬁnite-element model and load combinations previously discussed. A summary of the cases analyzed is presented in Table 16.6. The results of each analysis case were examined and compared with the moment and shear capacities listed in Table 16.5. Vertical and horizontal shears and moments were examined separately, similar to the ACI analysis procedures used for two-way slab design. Sample outputs of horizontal and vertical moments are shown in Figure 16.29 and Figure 16.30, respectively, for Case 8 (six strong-backs, 100% corrosion of vertical reinforcing steel, and load combination (Equation 16.2). Negative horizontal moments that occur at strong-back locations were redistributed, as allowed by Section 8.4 of the ACI Building Code. A maximum redistribution limit of 40% was also examined in lieu of the more restrictive 20% limit imposed by ACI. With the lower reinforcement ratio of the horizontal reinforcing steel, it was believed that the wall would exhibit adequate ductility to allow this larger redistribution limit with the caissons in place. For the ﬁnal design, a detailed moment-curvature analysis of the wall ductility generally conﬁrmed this assumption.
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 TABLE 16.6 Summary of Finite-Element Analysis Cases Case Number
 
 Corrosion of Vertical Steel at Construction Joint (%)
 
 Load Combination
 
 Number of Strong-Backs
 
 1 2 3 4 5 6 7 8 9 10
 
 0 0 0 0 0 100 100 100 100 8 (5 ft at one end) 17 (5 ft between strong-backs) 17 (10 ft at one end) 17 (8 ft at one end)
 
 1 2 2 2 2 2 2 2 2 2
 
 None None 2 3 4 4 5 6 7 4
 
 2
 
 4
 
 —a
 
 None
 
 —a
 
 None
 
 11 12 13 a
 
 Anticipated actual operating service-load conditions. Tensor
 
 2216 1551 886 220 –445 –1110 –1775 –2440 –3106 –3771 –4436 –5101 –5767
 
 Y
 
 Z
 
 X
 
 FIGURE 16.29 Horizontal moments for case 8 (ft-lb/ft).
 
 • Case 1. The Case 1 analysis examined a typical seawall panel with no corrosion of vertical reinforcing steel, no strong-backs, and no earthquake loading. The average vertical moments were typically slightly below the calculated capacities; however, an 8.5% overstress occurred at the interface with the footing, and a 17% overstress occurred 1 ft, 6 in. above the footing. Considering that a larger value of compressive strength was used for the analysis than was originally speciﬁed, the overstress indicated that either the load assumptions or the design procedures used for the analysis were more conservative than those used for the original design. Hand calculations were also done for this case and were used to verify the results of the ﬁniteelement analysis.
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 FIGURE 16.30 Vertical moments for case 8 (ft-lb/ft).
 
 • Case 2. The Case 2 analysis examined a typical seawall panel with no corrosion of vertical reinforcing steel and no strong-backs for earthquake loading. The average vertical moments were larger than the wall capacity from the intersection with the footing to a height of 5 ft, 6 in. above the footing. The overstress at the interface of the footing was 71%. The results of this analysis indicated the need for a retroﬁt to address earthquake loading even if there was no corrosion damage. Using the strong-back retroﬁt concept, the next three cases were used to determine the minimum number of strong-backs required for earthquake loading, assuming no corrosion of vertical reinforcing steel: • Case 3. The Case 3 analysis examined a typical seawall panel for earthquake loading assuming no corrosion of vertical reinforcing steel and strong-backs placed 15 ft from each end. By inspection of the horizontal and vertical moments, it was clear that two strong-backs would be ineffective for reducing the vertical movement to an acceptable level. • Case 4. The Case 4 analysis examined a typical seawall panel for earthquake loading assuming no corrosion of vertical reinforcing steel and three strong-backs placed at a spacing of 20 ft. The average vertical moment at the base of the seawall for a middle strip equal to half the distance between strong-backs was 13,840 ft-lb/ft, which was 13% larger than capacity. In addition, considering a 40% moment redistribution, the average positive and negative moments for the top 4.5 ft of the seawall were 2710 ft-lb/ft and –2460 ft-lb/ft, respectively, resulting in overstresses of 7% and 11%. A more detailed analysis of earthquake loading, soil properties, and surcharge loading provided justiﬁcation for reducing the load level, thus it was determined that three strong-backs would provide the required lateral-load resistance. • Case 5. The Case 5 analysis examined a typical seawall panel for earthquake loading assuming no corrosion of vertical reinforcing steel and four strong-backs placed at a spacing of 15 ft. The average vertical moment at the base of the seawall for a middle strip equal to half the distance between strong-backs was 13,220 ft-lb/ft, which was 8% larger than capacity. However, considering a 35% moment redistribution, the average positive and negative moments for the top 4 ft, 6 in. of the seawall were 2430 ft-lb/ft and –2250 ft-lb/ft, respectively, both less than the average capacities for
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 these regions. Although the vertical moment at the base is slightly overstressed, the horizontal moment capacity was considered adequate when considering a 35% moment redistribution. Based on analysis of the results for Case 5, the installation of a minimum of four strong-backs at each typical panel would be required for the assumed earthquake loading. The next four cases were used to determine the maximum number of strong-backs required for earthquake loading assuming 100% corrosion of the vertical reinforcing steel: • Case 6. The Case 6 analysis examined a typical seawall panel for earthquake loading assuming 100% corrosion of the vertical reinforcing steel and four strong-backs placed with a spacing of 15 ft. By inspection of the positive and negative horizontal moments, it was clear that both were signiﬁcantly overstressed. • Case 7. The Case 7 analysis examined a typical seawall panel for earthquake loading assuming 100% corrosion of the vertical reinforcing steel and ﬁve strong-backs placed at a spacing of 12 ft. As with Case 6, inspection of the positive and negative horizontal moments made it clear that both were signiﬁcantly overstressed. • Case 8. The Case 8 analysis examined a typical seawall panel for earthquake loading assuming 100% corrosion of the vertical reinforcing steel and six strong-backs placed at a spacing of 10 ft. The average positive and negative moments for the top 4 ft, 6 in. of the seawall assuming a 40% redistribution were 3500 ft-lb/ft and –2340 ft-lb/ft, respectively, resulting in overstresses of 38% and 6%. Considering the level of overstress of both the horizontal positive and negative moments, the installation of six strong-backs would not be sufﬁcient to resist the loadings assumed in the preliminary study. Again, it was later determined that six strong-backs was the maximum number required for a given 60-ft seawall panel when more reﬁned soil parameters became available. • Case 9. The Case 9 analysis examined a typical seawall for earthquake loading assuming 100% corrosion of the vertical reinforcing steel and seven strong-backs placed at a spacing of 8 ft, 6 in. The average positive and negative moments for the top 4 ft, 6 in. of the seawall using a 35% redistribution were 2480 ft-lb/ft and –2000 ft-lb/ft, respectively, both less than the average capacities for these regions. Based on analysis of the results for Case 9, a maximum number of seven strong-backs would be required for the assumed earthquake loading; therefore, it was determined that for the loading conditions each seawall panel required the installation of seven strong-backs, depending on the amount of vertical reinforcing steel corrosion. This requirement was relaxed to three to six caissons on the basis of the results from the soil investigation and reﬁnements in the seismic and surcharge loadings. Case 10 and Case 11 examined the effect of a continuous strip of reinforcing steel corrosion damage on strong-back spacing: • Case 10. The Case 10 analysis examined a typical seawall panel for earthquake loading assuming 5 ft of continuous (8%) corrosion of the vertical reinforcing steel at the end of a panel and four strong-backs placed at a spacing of 15 ft. Based on the analysis of this case, 5 ft of continuous corrosion of the vertical steel at the end of a panel required an additional strong-back. • Case 11. The Case 11 analysis examined a typical seawall panel for earthquake loading assuming 5 ft of continuous (8%) corrosion of the vertical reinforcing steel, centered between two strongbacks, assuming four strong-backs placed at a spacing of 15 ft. The average positive and negative moments for the top 4 ft, 6 in. of the seawall using a 40% redistribution were 3850 ft-lb/ft and –2380 ft-lb/ft, respectively, resulting in overstresses of 52% and 7%. Considering this level of overstress of both the horizontal positive and negative moments, it was determined that 5 ft of continuous damage between strong-backs required a strong-back spacing of less than 15 ft. The Case 12 and Case 13 analyses examined a typical seawall panel with no strong-backs using the anticipated actual operating service load conditions to determine the amount of continuous vertical
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 reinforcing steel damage at one end that would lead to a failure (“unzipping”) of the panel. In this case, failure would occur by progressive yielding of the noncorroded vertical reinforcing adjacent to the damaged area that continued to the opposite end of the panel. • Case 12. The Case 12 analysis examined 10 ft of continuous damage from one end. On the basis of the results of this analysis, it was determined that continuous damage of 10 ft or more was sufﬁcient to cause a progressive failure of the seawall panel. • Case 13. The Case 13 analysis used the same assumption as Case 12, except that continuous damage of 8 ft from one end was examined. On the basis of the results of this analysis, it was determined that continuous damage of less than 8 ft would not cause a progressive failure of the seawall panel.
 
 16.9.8 Life Safety Implications To address life safety concerns, a multifaceted restoration program was developed by various local and state agencies. The plan utilized an impressed current cathodic protection system to mitigate active corrosion of the reinforcing steel. A strong-back system was developed to upgrade the seismic behavior of the seawall and the integrity lost by corrosion of the reinforcing steel. A minimum of three caissons was determined to be necessary to upgrade the seismic capacity of the seawall to satisfy current buildingcode requirements. The number of additional caissons was directly proportional to the extent of corrosion damage along the base of the seawall. For the case of full damage along the seawall (worst-case scenario), analysis indicated that six caissons were required to provide satisfactory capacity. To determine the extent of the corrosion damage along the base of the seawall, a program of nondestructive impact-echo testing was conducted. Because of budget constraints of the various municipal and state agencies involved, guidelines for prioritization of the repairs were needed. These guidelines helped to ensure that life safety considerations were of paramount importance with respect to the prioritization of repairs. The budget constraints of the municipal and state agencies involved in the Marina del Rey Seawall restoration program required a prioritization of repairs based on two criteria: (1) the extent of damage along the base of the seawall panel, and (2) the degree of public exposure of an individual seawall panel. To simplify the categorization of public exposure, use of two categories was proposed. A public exposure categorized as high was limited to areas where a seawall panel collapse would result in a high probability of personal injury. All other areas were categorized as low exposures. Analysis indicated that a 60% loss of reinforcing steel might result in the collapse of the seawall panel at its actual operating service load levels. This was based on the assumption of uniformly distributed corrosion damage across the base of the seawall. Analysis also indicated that contiguous damage from the end of a seawall panel was more severe in nature than uniform damage. For the purposes of categorizing the extent of damage, the adoption of a dual-criteria classiﬁcation was proposed. The classiﬁcation assigned the panels to one of three categories, as described in Table 16.7. Wall panels were placed into the appropriate damage category if either criteria in Table 16.7 was satisﬁed. The use of 40% of total wall damage was recommended as the maximum allowable to provide some additional measure of conservatism. During the impact-echo testing, panels classiﬁed in the high-damage category were immediately brought to the attention of the public agencies involved. Due to the ﬁnancial considerations, a phased construction schedule was proposed. To minimize public exposure to the potential collapse of a seawall panel, repairs in areas of high public exposure with high priority and intermediate damage levels were classiﬁed as the highest priority. Other areas were categorized into two additional groups based on public exposure and degree of deterioration. Table 16.8 speciﬁes the repair prioritization groupings that were made.
 
 16.9.9 Cost Savings Structural analysis of the Marina del Rey Seawall indicated that the number of caissons required to upgrade the capacity of the seawall for seismic loads was directly related to the amount of corrosion
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 TABLE 16.7 Prioritization Based on Degree of Wall-Panel Damage Percent of Total Wall Damage
 
 Number of Feet of Continuous Damage
 
 Corrosion Damage Category
 
 >40 20–40 8 4–8 100 microstrain) over short periods of time under laboratory or otherwise controlled environments. The gauges do exhibit considerable drift and noise and are not suitable for long-term ﬁeld use.
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 FIGURE 27.7 Omega or clip gauge.
 
 27.6.2.2.5 Vibrating Wire Strain Gauges The vibrating wire strain gauge (VWG) is an excellent means of measuring strain in concrete under static or quasi-static conditions. The gauges are accurate to 1 microstrain and are not subject to drift, as are bonded gauges. This means that it is possible to come back to installed VWG years after installation and still obtain accurate strain values; thus, these gauges are well suited to long-term monitoring. VWGs consist of a steel wire, threaded through a tube and attached to two rigid end blocks. These blocks seal the tube but are free to move. The end blocks are either embedded into the concrete or are attached to the concrete surface. When installed, the wire is under an initial tension. An electromagnet is placed around the outside of the tube. On command from the data system, the electromagnet pulses, sweeping various frequencies. One of these frequencies will be the natural frequency of the wire. After sweeping the frequencies, the magnet remains on, and the vibrating wire cuts the magnetic ﬁeld, creating electrical pulses with the same frequency as the wire vibration. The data system measures these pulses and determines the frequency of vibration. From the frequency, the tension of the wire can be found. This in turn can be used to determine the elongation and the strain in the wire. Because the end blocks are attached to or embedded in the concrete, the change in strain in the wire is the change in strain in the concrete. Although calculation of the strain from the frequency is quite simple, it is also not necessary as most data systems will do the calculations and provide direct strain readings if the gauge calibration factor (supplied by the manufacturer) is input to the data system software. The main drawback to the VWG is that the process of reading the frequency can take a few seconds, so the gauges are not useful for dynamic situations. The module that excites and reads the wire vibration is expensive, so it is impractical to have a vibrating wire excitation module for each gauge. Normally, multiple gauges are read using a multiplexing unit that allows a single-channel data system to read multiple channels by reading one channel at a time. This allows a large number of VWGs to be read using a single excitation unit. Reading the gauges one at a time does take some time, given the slow response of individual gauges; for example, a 16-channel multiplexing unit reading all 16 gauges may take 15 to 20 seconds. Because the gauges are only used in static or quasi-static tests, this is not a limitation. VWGs also require temperature correction if the gauge is attached to or embedded in something with a coefﬁcient of thermal expansion different from steel. The problem here is that under a temperature change, the wire may expand or contract more than the material to which it is attached, giving a false strain reading. This temperature can be easily corrected with a simple calculation if the calibration temperature (provided by the manufacturer) and the actual temperature are known. Most VWGs have built-in temperature sensors that measure the gauge temperature so the correction can be made. This makes VWGs particularly useful when they are embedded in concrete, as the temperature sensors can measure the heat of hydration and internal curing temperatures. After initial curing, these sensors can measure temperature proﬁles through the concrete, allowing for calculation of temperature effects in the structure.
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 In cases where the gauge is used on a steel structure, the wire expands or contracts at approximately the same rate as the structure; thus, the gauge is self-correcting for temperature strains. If the gauge is attached to concrete, the output should be corrected for the difference in the coefﬁcient of thermal expansion between the two materials. Because the coefﬁcient of thermal expansion of concrete varies and is usually not known, the accuracy of any temperature correction is questionable. The coefﬁcient of thermal expansion for concrete is very close to that of steel, so any error in uncorrected data is likely to be small. The vibrating wire gauges are extremely stable and rugged, making them ideal for long-term ﬁeld measurements. 27.6.2.3 Optical Fiber Strain Gauges Fiberoptic sensors represent a different method of measuring strain in concrete structures. Unlike electrical sensors, strain is measured by changes in light waves transmitted through the ﬁbers. One such sensor is the Fabry–Perot (Measures, 1995), which consists of two mirrors, separated by a distance (gauge length) set perpendicular to the axis of the ﬁber. The mirrors can be internal to the ﬁber or at the ends of two ﬁbers, separated by a gap and joined in a coupler. This device works by sending a coherent (singlewavelength) light beam down the ﬁber. Some of the light is reﬂected off of the ﬁrst mirror, which is only partially reﬂective. This forms a reference wave. The remaining light passes through the partially reﬂective mirror, reﬂects off the second mirror, and passes back through the partially reﬂective mirror. This second wave is now out of phase with the reference wave because it has traveled a longer distance. When the two waves are combined, an interference pattern results. As the ﬁber is strained, the distance between the two mirrors changes. This changes the path length of the second wave and therefore the interference pattern. Because the interference fringe pattern is dependent on the wavelength of the light (constant) and the path length, strain can be measured by determining the change in the interference pattern and converting this to a change in path length. A second type of sensor uses a high birefringent optical ﬁber (Ansari et al., 1996). Here, a circularly polarized light wave is divided into two modes along the principal axes of the ﬁber. External deformation causes interference of the two modes, and the output has a sinusoidal variation, the period of which is a fringe. The change in length is related to the number of fringes formed. A third type of sensor uses a Bragg grating (Chen and Nawy, 1994; Nawy and Chen, 1996; Measures, 1995). The Bragg grating is imprinted on the ﬁber lead, making a longitudinal, periodic variation in the refractive index of the ﬁber core. As light passes through the grating, a portion of the light is reﬂected, but the reﬂected light has a spectral shift in wavelength. As the grating is strained, the reﬂected wavelength changes, and this change in wavelength can be directly related to strain (Figure 27.8). This sensor has the unique capability of pinpointing the strain at precise locations in the structure rather than detecting average strain in a stressed zone. It was originally developed and used in concrete structural research and proved to be effective for online remote-control sensing of the deformation and cracking of structural elements at their critical locations of high stress, using sensors mounted either internally on the reinforcement or externally on the concrete surface.
 
 27.7 Case Studies in Performance Evaluation of Concrete Structures In surveying the recent literature on performance evaluation, it was found that the great majority of studies concern bridges. This is not to imply that buildings are not evaluated, only that such evaluations are rarely reported. One reason for this may be that bridges are subjected to more severe loading and environmental conditions and are often required by law to have periodic inspections. As a result, performance evaluation of bridge structures may be more frequent. The more probable reason for the lack of published material on building structures, however, may be that buildings tend to be privately held structures whose owners may, for legal reasons, be hesitant to publish information on building deﬁciencies. Although the material presented here is heavily weighted toward bridge structures, the information is applicable to almost any type of concrete structure.
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 FIGURE 27.8 Fiberoptic Bragg grating (FOBG) sensor system. (From Nawy, E.G. and Chen, B., Fiberoptic Sensing the Behavior of Prestressed Prism-Reinforced Continuous Composite Concrete Beams for Bridge Deck Applications, Transportation Research Board, Washington, D.C., 1997.)
 
 27.7.1 Testing of a Three-Span Slab Bridge Extensive performance evaluations of a deteriorated, three-span concrete bridge were conducted by Aktan and his team at the University of Cincinnati (Aktan et al., 1992, 1993; Miller et al., 1994). The bridge, shown in Figure 27.9, had extensive deterioration along the shoulders and sides of the slab. The deterioration was so severe that the top mat rebar on the shoulders was completely exposed. The testing of this bridge had three main objectives: (1) to determine how severe deterioration affected the elastic response of the bridge, (2) to determine the effect of deterioration on the load capacity and failure mode of the bridge, and (3) to evaluate the effectiveness of nondestructive testing techniques in bridge evaluation. The ﬁrst step in the evaluation of this structure was to determine the cause and extent of the damage. Attempts were made to remove core samples from the shoulder area, but the deterioration was so severe that cores could not be removed intact and came out inlayers. Some of these samples were used for material evaluation. Petrographic examination showed that the aggregate had extensively D-cracked. This type of cracking occurs when large pieces of semiporous aggregate are saturated and then permitted to freeze. Some of the aggregate was also reactive, and signs of alkali–silica reaction were found. It is believed that the aggregate cracked and the expansion of the aggregate cracked the surrounding cement paste. This provided a path for water to enter the slab, which then drove the alkali–silica reaction. There were also signs of carbonation, which lowers the pH of the cement paste and creates an environment where corrosion can occur. Chloride testing revealed that the cracked shoulder areas had high chloride contents
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 FIGURE 27.9 Three-span concrete slab bridge.
 
 from road salt. The chloride, along with the air and water entering the slab through the cracks, caused the steel to corrode, further cracking and damaging the shoulder areas. It is believed that the deterioration was limited to the shoulder areas because chloride-laden ice and snow would have been pushed to the shoulders by trafﬁc and plows. Here, the snow melted and either ran over the slab edge (no other drainage was provided) or soaked into the porous asphalt layer and was trapped in between the asphalt and the slab. This would have saturated the shoulder area and provided an environment for the deterioration to occur. It is also of interest to note that chloride intrusion and milder signs of corrosion were found over the piers. It is probable that the chlorides entered through ﬂexural cracking. Due to the short span of the bridge (the end span was only 30 ft long), it was found that only one axle would actually be at a critical point in the span as a truck passed (Figure 27.10). This rear tandem axle was duplicated by the use of two loading blocks ﬁtted with hydraulic cylinders. The loading blocks were placed in one lane, as this provided a realistic loading pattern and the researchers felt this would also reveal any effect of nonsymmetrical loading on the slab. Estimates of bridge capacity and performance were obtained by running several ﬁnite-element analyses (Shahrooz et al., 1994a).
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 After the ﬁnite-element analyses were completed, an extensive instrumentation was instituted (Figure 27.11) for 38 grid points. Two types of instruments were available for measuring deﬂection: 2-in.-range DCDTs and 10-in.-range wire potentiometers. The points in the loaded span were instrumented with the 10-in.-range wire potentiometers because preliminary ﬁnite-element analysis indicated that deﬂections in excess of 2 in. would be expected. Strains in the reinforcing bars were measured at 11 points on the bottom steel (clustered around the loading blocks) and at 8 points in the top steel (4 over the piers near the loading blocks and 4 at midspan near the loading blocks). Bonded resistance gauges were used in these applications. Concrete strains were measured using DCDTs that were attached between two angles glued 6 in. apart on the slab. After the truck load tests, which measured deﬂections, the bridge was tested to failure. Using rock anchors (Figure 27.10), 7-in.-diameter holes were cored at four points in the deck. A 6-in. auger was then passed through the core hole and was used to drill a hole 45 ft into a rock layer beneath the bridge. A cable made of several seven-wire prestressing strands was then grouted into the rock. Two concrete loading blocks were then cast on the bridge deck over the core holes. Four 350-kip-capacity hydraulic cylinders were then placed into holes cast into the loading block. The shafts of cylinders were hollow and the rock anchor cables were passed through the shafts and tied off into button heads. The loading cylinders were controlled by an electronic controller. This controller was linked to one of the wire potentiometers monitoring deﬂection below the loading blocks. The bridge was initially loaded to 64 kips (16 kips/cylinder) and then unloaded. Additional load and unload cycles were made to 112 kips and 124 kips. In each case, the bridge remained linear, although some slight hysteresis was observed on unloading. The bridge was reloaded after several days to 700 kips and then unloaded. It showed some nonlinear behavior, and ﬂexural cracking was observed. The bridge failed at a load of 720 kips when it was reloaded the next day. Failure occurred as a circular arc around the loading blocks, resembling a punching-shear type of failure (Figure 27.12). Subsequent analysis of the data revealed several interesting conclusions for the destructive test (Miller et al., 1994). Initially, the bridge carried the load in a direction parallel to the trafﬁc lanes. When a rotational restraint at the abutment was overcome, the bridge began to carry load perpendicular to the skew. At about 700 kips of total load, the longitudinal reinforcing began to yield, and the load path again shifted to parallel to the trafﬁc lanes. This shifted load back to the damaged corner (as evidenced by a sudden increase in top rebar strain at this location). The load was apparently too much for the damaged shoulder, and it failed in shear with the failure propagating throughout the entire slab. It is also of interest to note that the top steel in the shoulder areas was completely exposed and corroded; however, it was still possible to yield these bars before the failure pulled them out.
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 A ﬁnal objective of this test was to determine the effectiveness of multireference modal testing for real structures. As noted in the Section 27.4.3 on modal testing, the test is performed by using an instrumented hammer to create impacts at various locations on the structure and reading the subsequent vibrations with accelerometers. The grid for the impacts was exactly the same as that used for the instrumentation (see Figure 27.11), except that all points shown on the grid were subject to impact, not just those points that were instrumented for the destructive test. A 12-lb sledgehammer, ﬁtted with a load cell, was used for impact. Accelerometers were placed at points B4, C9, D6, D8, H3, I6, J3, L6, L8, M3, and N7 (Figure 27.11). Modal testing successfully located both visible and hidden damage. The conclusion that can be drawn from the testing program is that concrete-slab bridges are extremely strong, even when damaged. This particular bridge held the equivalent of 22 HS20-44 trucks before failure. Although the damage did not prevent the bridge from safely holding normal trafﬁc loads, it did affect bridge performance, as the ﬁnal failure probably started in the damaged area.
 
 27.7.2 Truck Load Testing of Damaged Concrete Bridges: Testing for Continuity In the past, continuous concrete slab bridges were a popular choice for highway spans under100 ft. Although much of this market has now gone to prestressed concrete, many continuous concrete slab bridges still exist, and many are still being built, especially in rural areas where labor is less expensive and the cost of shipping precast members may be high. The top of the slab bridge tends to deteriorate due to a combination of trafﬁc and road salt. Often the deterioration partially or completely exposes the top reinforcing bars that provide the continuity over the pier supports. When this damage is repaired, deteriorated concrete is removed from the deck and the bars over the piers are further exposed. It is important to determine if the removal of the concrete from around the top bars over the piers could cause a loss of continuity, in effect causing the adjacent spans to behave as simple rather than continuous spans under dead load. In such a case, the dead-load stresses at the midspan of the slabs would increase, decreasing their usefulness. To test for loss of continuity, three slab bridges were tested before, during, and after repair (Shahrooz et al., 1994b). The bridges were selected so one had minor damage (Bridge 1), one had moderate damage (Bridge 2), and one had severe damage over the piers (Bridge 3). All of the bridges were three-span, continuous-slab bridges. Spans ranged between 20 and 40 ft. The bridges were repaired in the following manner, were tested prior to repair to establish a base, and were retested after repair with truck loading: • The asphalt layer was removed, along with 1/4 in. of the top of the concrete deck in two of the bridges. • Three feet of the deteriorated shoulder was removed and replaced. • All delaminated concrete from the deck was removed, and the deck was patched with microsilica concrete. • A 1.25-in.-thick microsilica concrete wearing surface was placed on the deck. To assess continuity, it was necessary to place the loads on the bridges in three load cases: maximum deﬂection in the middle span, maximum deﬂection in the end span, and maximum moment over the piers. Test results showed the following: • For Bridge 1, there was little change in deﬂection or strains during repair, but an increase in stiffness was found after repair. Due to the low level of damage, this result was expected. • For Bridge 2, there was little change in stiffness when the damaged shoulder was removed, indicating that the shoulder was so badly damaged that it did not participate in load resistance. After the shoulder was restored, the stiffness of the bridge increased. After the deck was repaired, a further increase in stiffness was noted, showing that the repair was very effective. • For Bridge 3, there was a large loss of stiffness when the shoulder was removed and a large redistribution of moment. The moment transfer was estimated to increase the dead load positive moment by as much as 50%. It was also found that the stiffness after repair was only slightly greater than the before-repair stiffness, indicating that the repair was only marginally effective.
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 FIGURE 27.13 Adjacent box-girder bridge.
 
 27.7.3 Testing of Shear-Key Cracking in Adjacent Box-Girder Bridges The adjacent, precast box-girder bridge is used in over 30 states for short-span bridges (under 100 ft). In this type of bridge, precast box girders are placed side by side to form both the superstructure and the deck of the bridge (Figure 27.13). Often, the boxes are held together by transverse post-tensioning, but the method of post-tensioning varies widely between states. At one extreme, some states use threaded rods, tightened by hand using a turn-of-the-nut method. The rods are often placed only at the quarter points and midspan. At the other extreme, some states use transverse post-tensioning strands that are placed only a few feet apart. Many other intermediate combinations of post-tensioning methods are also used. Load transfer between adjacent boxes is mostly accomplished through the use of a shear key (Figure 27.14). These keys run the length of the box beam and are usually grouted after the transverse posttensioning is applied. Many states use a nonshrink grout, but this material has often proved unsatisfactory. Some states have switched to magnesium phosphate cements or epoxies. Outside Lane Test
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 FIGURE 27.14 Relative displacement between adjacent box girders. (Figure courtesy of A. Hucklebridge, Case Western Reserve University.)
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 In this case study, deﬂectometers developed by El-Esnawi (Hucklebridge et al., 1995) were used to determine the extent of cracking and the load transfer in the shear keys. When one end of the deﬂectometer is displaced relative to the other, the thin element acts like a ﬁxed beam subject to support displacement. This displacement causes moments at the ends of the beam, and the resulting strain from these moments is measured by the strain gauges. Tests conducted in this case study showed that the shear keys had cracked extensively, allowing large relative displacements of the beams (Figure 27.14). This cracking was found even in relatively new or recently repaired bridges; however, measured strains in girders indicated that some load transfer still occurred.
 
 27.7.4 Testing of a High-Rise Building after Collapse One common reason for testing concrete structures is to ensure structural safety if the materials of construction or the construction techniques are suspected of being faulty. One such case involved the Skyline Plaza Project at Bailey’s Crossroads, Virginia (Dixon and Smith, 1980). The Skyline Plaza North Project consisted of an ofﬁce building, apartments, condominiums, and parking structures. In March 1973, a section of one structure, A-4, collapsed. This collapse occurred shortly after concrete had been placed on the 24th ﬂoor of what was to be a 26-story structure. The collapse of this ﬂoor started a progressive collapse of the lower ﬂoors, resulting in the deaths of 14 workers and injury to 30 more. A study was made of the material properties, slab cracking, and cause of the collapse (Schousboe, 1976), but of interest here is the load testing that was used to determine the safety and salvageability of the uncollapsed part of the structure. The A-4 structure was a ﬂat-plate structure, 76 ft wide and 389 ft long, with irregularly spaced columns. An expansion joint was located 171 ft from the west end of the building. The collapsed area was east of the expansion joint. The investigation of material strengths and slab cracking located 14 areas that were suspect. ACI 318, Chapter 20, was used to determine the test load. The slab self-weight was 77 psf, and an additional 19 psf was calculated as the remaining dead load that would be applied to the structure. The design live load was 40 psf; thus, the total load was TL = 0.85[1.4(77 + 19) + 1.7(40)] = 172 psf. One interesting aspect of this test was the method of load application. The uniform load was applied by ﬂooding the structure. It should be noted that ACI Committee 437 allows for the use of water as a loading method but recommends that the water be conﬁned to tanks or containers. The use of ﬂooding is discouraged, as the water height may vary due to variations in the level of the ﬂoor and an uncertain load distribution may be created; however, the ﬂooding method was chosen because a large number of areas had to be tested, and this method could be easily and quickly applied. Before testing began, all mechanical elements (pipes, ducts, etc.) that might interfere with the test were removed, and holes in slabs for these elements were sealed. A built-up rooﬁng material was placed over the slab to act as waterprooﬁng. This material was not actually attached to the concrete so it could be easily removed after the test to allow post-test inspection of the concrete. Bulkheads were built around the area to be tested. As required by the ACI 318, the acceptance criterion for the slabs was that deﬂections must be under allowable limits. Due to safety concerns, workers would not be allowed in the building during testing, so remote monitoring of deﬂections was needed. This was accomplished by using LVDTs mounted on wooden stands that measured the deﬂection of the slab from underneath. The ﬁrst load applied was 3.5 in. of water (approximately 19 psf), which represented the dead load not present on the slab. According to the version of ACI 318 in effect at the time of the test, this load had to be in place for 48 hr before any further testing was done. (A later version, ACI 318-95, did not have this requirement.) At the end of 48 hr, the deﬂection was measured. The remaining load was then added in three increments (so the total number of increments was 4, as required by the code), with 1 hr elapsing between increments. During the hour wait, deﬂections were monitored. The total load consisted of 18.5 in. of water: 3.5 in. for the dead load and 15 in. for the live load. This load was left for 24 hr, after which time deﬂections were measured. The water was then drained so only 3.5 in. of water, representing the increment of dead load, remained. This was left for 24 hr, and deﬂections were measured again.
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 Of the original 14 areas tested, 4 did not meet the requirements of ACI 318, which allows for retesting parts of a structure that do not pass a load test, and this was done. After retesting, two of the areas still failed and one showed an increase in slab cracking. The three areas that did not pass the test were strengthened, but the method of strengthening was not reported. Another interesting part of this evaluation concerned punching-shear tests around the columns. As previously noted, the Skyline Plaza North building was a ﬂat slab. Flat slabs are always at risk for punchingshear failures. Two columns on the tenth ﬂoor in an area of the building scheduled to be demolished were subjected to punching-shear tests. The slabs around the columns were shored from the bottom of the tenth ﬂoor to the sixth ﬂoor. A portion of the slab around the columns was then cut free. (Although the reference does not give the size of the cut-out portions, they appear from diagrams and pictures to be about 30 in. from each face of the column.) Eight holes were cored in the 10th- and 9th-ﬂoor slabs, two on each side of the column. A rectangular testing frame made of back-to-back channels was placed over the holes on the 10th ﬂoor. Threaded rods were passed between the channels, through the holes, and attached to post-tensioning jacks anchored to the column two ﬂoors below the testing frame. The loading sequence was as follows: • • • •
 
 Load all jacks to 3 kips (24 kips total load) and wait 10 minutes. Add 5 kips per jack (40 kips total) and wait 10 minutes. Add 5 more kips per jack (40 kips total) and wait 10 minutes. Add 3 kips per jack (24 kips total).
 
 One slab failed in shear before all the load was applied, at a total load of 120 kips. The other slab was loaded at 1.25 kips/jack/minute until it failed in shear at 128 kips total load. Inclined cracks developed from ﬂexural cracks at approximately 60% of the ultimate load. These cracks propagated upward until only a small compression area remained before failure. The shear loads were less than those anticipated, and shearheads were added at many column locations. As a result of the load-testing program, many parts of the existing structure were strengthened and the building was completed. The authors of the study noted that the completed building now performs well and shows no sign of the collapse.
 
 27.7.5 Testing of Concrete Panels on a Steel Stringer Bridge In an effort to increase the speed of bridge construction, the Ohio Department of Transportation (ODOT) used precast/prestressed concrete deck panels on a steel stringer bridge. Because this was the ﬁrst use of that type of panel in Ohio, ODOT had the panels monitored during the construction phase, and they load tested the bridge after construction was complete. Complete details can be found in Dimmerling et al., (2005). The bridge was a 170-ft-long, single-span, steel stringer bridge over I-75 in Findlay, Ohio. The 10-ft by 3-in.-wide deck panels were cast as reinforced elements and then longitudinally posttensioned prior to shipment (Figure 27.15 and Figure 27.16). The panels were placed with their longitudinal axis perpendicular to trafﬁc. After being shipped to the site, the panels were erected in one evening. Vibrating wire strain gauges were placed in the joints between the panels. After grouting the joints, the panels were laterally post-tensioned together (this post-tensioned the panels in the direction of trafﬁc). Post-tensioning was done before the panels were made composite with the girders. A total of 15 vibrating wire gauges were placed in 5 of 15 joints. The joints chosen were the ﬁrst joint on each end, the joints at the quarter point of the bridge, and the joint at midspan. Each joint was instrumented with 3 gauges (Figure 27.17 and Figure 27.18). One of reasons for installing the gauges was to determine if the post-tensioning forces were being equally distributed through the joints. There was some concern that, due to friction, the center joints might not receive the complete post-tensioning force. Another concern was how evenly the post-tensioning was applied along the joint. Table 27.1 shows the strain in the gauges after the post-tensioning was applied. Although there is some variation, the results show a reasonably even distribution of strain after post-tensioning. The posttensioning would have applied a stress of approximately 400 psi. Assuming a modulus for the grout of 3,000,000 psi, the predicted strain post-tensioning strain would be 137 microstrain, which was consistent
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 FIGURE 27.18 Vibrating wire gauge. TABLE 27.1 Total Strain Developed by Post-Tensioning (microstrain) Gauge
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 with the average measured strain of 134 microstrain. When the data from the vibrating wire gauges were analyzed, it was not consistent with the post-tensioning sequence shown on the plans. From the data, the research team was able to reconstruct a post-tensioning sequence, and it was later conﬁrmed that the reconstructed sequence was the one actually used. Grout pockets were left in the panels for the purpose of making the panels composite with the girders. After post-tensioning was complete, studs were welded to the girders in the grout pockets, and the pockets were grouted. Strains measured in the joints in subsequent truck load testing showed that the panels behaved as composite with the steel girders.
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 28.1 Introduction Masonry is our oldest permanent construction material. Its has been employed in the construction of castles, forts, majestic cathedrals reaching to the heavens, and simple home shelters for thousands of years. Historically, the design and construction of masonry structures evolved through trial-and-error methods whereby successful designs were repeated and expanded upon. Only during the past century have we begun *
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 to apply in earnest engineering design philosophies and concepts to provide a rational design approach rather than empirical assessment. Despite its long tradition and widespread use, however, masonry remains the least understood of our major construction materials. As with design practices, the physical properties and methods of manufacturing the constituent masonry materials continue to evolve to meet ever-expanding uses and aesthetic demands. The primary purpose of this chapter is to describe and clarify the use of masonry as a construction material in a way that is applicable to modern applications, in addition to, where appropriate, reviewing the historical context from which contemporary masonry design stems. The conventional subjects of constituent masonry materials and construction practices, their governing codes and standards, and the role each component ﬁlls in the ﬁnal masonry assembly are reviewed. As with any construction material, the practice of designing and constructing with masonry materials continuously revises and builds upon previous knowledge. When ﬁtting, design resources and tools will be cited to provide the reader with alternative means of meeting the evolving demands of today’s masonry projects.
 
 28.2 Masonry Design and Construction Codes and Standards By necessity, the long history of masonry construction is only brieﬂy reviewed. Ancient masonry began with sun-dried mud brick, followed by ﬁred clay units, which were used to create stone forts for security and stone cathedrals for spiritual inspiration. With the industrial revolution, many new materials and manufacturing methods were developed that facilitated the use of masonry construction for all types of uses and occupancies. As the use of masonry expanded, so did the need for establishing consistency in material properties, design methods, and construction procedures. Beginning in the early 20th century, the American Society for Testing and Materials (ASTM) published the ﬁrst standard speciﬁcations for masonry units and masonry mortar. These standards supplemented concurrent efforts to codify design and construction practices for masonry structures. Toward the latter half of the 20th century, the use of masonry in the United States was governed primarily by three different model building codes: the Uniform Building Code (UBC), the Standard Building Code (SBC), and the National Building Code (NBC), which in turn drew heavily upon the content of ACI 530/ASCE 5/TMS 402 (Building Code Requirements for Masonry Structures) and ACI 530.1/ASCE 6/TMS 602 (Specification for Masonry Structures) for masonry design and construction. Today, these three model building codes have merged together under the International Building Code (IBC). Within the context of the discussion presented in this chapter, the requirements of the 2006 IBC, and by reference within the IBC, the collective provisions of the 2005 ACI 530/ASCE 5/TMS 402 Building Code Requirements for Masonry Structures (MSJC Code) and 2005 ACI 530.1/ASCE 6/TMS 602 Specification for Masonry Structures (MSJC Speciﬁcation) form the basis for the design and construction requirements reviewed herein. The provisions of ACI 530/ASCE 5/TMS 402 and ACI 530.1/ASCE 6/TMS 602 are developed and maintained by the Masonry Standards Joint Committee (MSJC), a committee jointly sponsored by the American Concrete Institute (ACI), the Structural Engineering Institute of the American Society of Civil Engineers (SEI–ASCE), and The Masonry Society (TMS). These two documents are more commonly (and succinctly) referred to as the MSJC Code and MSJC Speciﬁcation, respectively. The MSJC Code addresses the minimum structural design requirements for concrete masonry, clay masonry, and aerated autoclaved concrete masonry construction. The MSJC Speciﬁcation compliments the MSJC Code by addressing the minimum requirements for materials, construction, and workmanship. Each document is under continuous review and revision, and a new edition is published every 3 years along with a companion commentary. Additional information on the activities of the MSJC can be found at www.masonrystandards.org.
 
 28.3 Definitions Many terms have developed over the ages of masonry use that have speciﬁc meanings and special connotations as applied to masonry construction. Many such terms and deﬁnitions have been formalized by various codes, standards, and industry publications (ACI Committee 530, 2005; ACI Committee
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 530.1, 2005; ASTM, 2003a,b,c, 2006b; BIA, 2005; NCMA, 2004b). Commonly used terms are provided in the following discussion for ease of reference: • Area—Mortar bedded area is the area of the surface of a masonry unit that is in contact with mortar; more commonly refers to a horizontal bed joint but may also apply to a vertical head joint. Gross area is the total cross-sectional area of a speciﬁed section delineated by the entire outto-out dimensions of the member. Net area is the gross cross-sectional area minus the area of ungrouted cores, notches, cells, and unbedded mortar areas; it is the actual surface area of a crosssection of masonry. Transformed area is the equivalent area of one material to a second, based on the ratio of the modulus of elasticity of the ﬁrst material to the second. • Backing—Backing is a wall or other approved surface to which a veneer assembly is attached. • Bond beam—A bond beam is a horizontal grouted element within an assembly of masonry that contains reinforcement. • Cavity—A cavity is a continuous space, with or without insulation, between wythes of masonry or between masonry and its backup system. A cavity is typically greater than 2 in. (51 mm) in thickness. Conversely, a collar joint is typically less than 2 in. (51 mm) in thickness. • Cell—A cell is a void space within a hollow masonry unit. Also called a core. • Cleanout—A cleanout is an opening to the bottom of a grout pour of sufﬁcient size and spacing to allow the removal of debris. Cleanouts are required for high-lift grouting unless it can be shown through the use of a grout demonstration panel that adequate placement and consolidation of grout can be achieved without the use of cleanouts. • Collar joint—The collar joint is a plane between wythes of masonry or between masonry wythe and backup construction, usually ﬁlled with mortar or grout. Collar joints are typically less than 2 in. (51 mm) in thickness, whereas a cavity generally refers to a void plane greater than 2 in. (51 mm) in thickness. • Column—For the purposes of masonry design, a column is a reinforced, isolated vertical member whose horizontal dimension measured at right angles to the thickness does not exceed 3 times its thickness and whose height is greater than 4 times it thickness. Columns support loads that act primarily in the direction of the longitudinal axis. • Dimensions—Actual dimension is the measured size of a masonry unit or assembly. Nominal dimension is the speciﬁed dimension plus an allowance for mortar joints, typically 3/8 in. (9.5 mm). Nominal dimensions are usually stated in whole numbers. Width (thickness) is given ﬁrst, followed by height and then length. Specified dimensions are the dimensions speciﬁed for the manufacture or construction of a unit, joint, member, or element. Unless otherwise stated, all calculations are based on speciﬁed dimensions. Actual dimensions may vary from speciﬁed dimensions by permissible variations deﬁned either by the MSJC Speciﬁcation or the project documents. • Grout lift—Grout lift is an increment of grout placed at one time within the total grout pour. • Grout pour—Grout pour is the total height of a masonry wall to be grouted prior to the erection of additional masonry, generally in a continuous sequence. A grout pour consists of one or more grout lifts. • Joints—A bed joint is the horizontal mortar joint within a masonry assembly. A head joint is the vertical mortar joint within a masonry assembly. • Masonry unit—A masonry unit is clay brick, tile, stone, glass block, or concrete block or brick conforming to the requirements speciﬁed in the applicable standards. A hollow masonry unit is a masonry unit whose net cross-sectional area in every plane parallel to the bearing surface is less than 75% of the gross cross-sectional area in the same plane. A solid masonry unit is a masonry unit whose net cross-sectional area in every plane parallel to the bearing surface is 75% or more of the gross cross-sectional area in the same plane. • Pier—A pier is an isolated vertical member whose horizontal dimension measured at right angles to its thickness is not less than 3 times its thickness nor greater than 6 times its thickness and whose height is less than 5 times its length.
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 • Prism—A prism is an assemblage of masonry units and mortar, with or without grout, that is used as a test specimen for determining or verifying the compressive strength of a masonry assemblage. • Reinforced masonry—Reinforced masonry is a form of masonry construction in which reinforcement is embedded in the mortar joints or grouted cells to resist applied loads. For the determination of design strength, the tensile resistance of the masonry is neglected. • Unreinforced masonry—Unreinforced masonry is masonry in which the tensile resistance of the masonry is taken into consideration during design and the resistance of reinforcement, if present, is neglected; also referred to as plain masonry. • Veneer—Veneer is a nonstructural facing of brick, concrete, stone, tile, or other approved material attached to a backing for the purpose of ornamentation, protection, or insulation. For design, veneer is assumed to add no strength the structure or element to which it is applied. Adhered veneer is a veneer secured and supported through adhesion of an approved bonding material applied over an approved backing. Anchored veneer is veneer applied to and supported by approved connectors to an approved backing. • Wall—A wall is a vertical element with a horizontal length-to-thickness ratio greater than 3. • Wall tie—A wall tie is a mechanical metal fastener that connects wythes of masonry to each other or to other materials; also referred to as an anchor. • Wythe—A wythe is the portion of a masonry element that is one masonry unit in thickness. Collar joints and cavities are not considered wythes.
 
 28.4 Materials The quality of materials used in masonry is speciﬁed within applicable ASTM standards and the MSJC Speciﬁcation. When a given material is not covered by speciﬁc ASTM or building code requirements, quality shall be based on generally accepted good practice, subject to the approval of the building ofﬁcial. Reclaimed or previously used units shall meet the same applicable requirements for the intended use as for new units of the same material. An overview of masonry materials and their constituent components is provided below. Subsequent sections provide a more detailed review of the primary construction materials, their properties, and methods of evaluation. • Aggregate ASTM C 144, Aggregates for Masonry Mortar ASTM C 404, Aggregates for Grout • Cementitious materials ASTM C 5, Quicklime ASTM C 91, Masonry Cement ASTM C 150, Portland Cement ASTM C 207, Hydrated Lime ASTM C 595, Blended Hydraulic Cements and Slag Cements ASTM C 618, Fly Ash and Raw or Calcined Natural Pozzolans ASTM C 989, Ground Granulated Blast-Furnace Slag ASTM C 1157, Hydraulic Cement ASTM C 1329, Mortar Cement ASTM C 1489, Lime Putty • Masonry units of clay or shale ASTM C 34, Structural Clay Loadbearing Wall Tile ASTM C 56, Structural Clay Nonloadbearing Wall Tile ASTM C 62, Solid Clay or Shale Building Brick ASTM C 126, Ceramic Glazed Structural Clay Facing Tile and Brick ASTM C 212, Structural Clay Facing Tile
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 ASTM C 216, Solid Clay or Shale Facing Brick ASTM C 652, Hollow Clay or Shale Brick ASTM C 1088, Thin Clay or Shale Veneer Brick ANSI A 137.1, Ceramic Tile Masonry units of concrete ASTM C 55, Concrete Brick ASTM C 73, Calcium Silicate (Sand-Lime) Brick ASTM C 90, Loadbearing Concrete Masonry Units ASTM C 129, Nonloadbearing Concrete Masonry Units ASTM C 744, Prefaced Concrete and Calcium Silicate Units ASTM C 1386, Autoclaved Aerated Concrete Masonry Units Masonry units of stone ASTM C 503, Marble Dimension Stone ASTM C 568, Limestone Dimension Stone ASTM C 615, Granite Dimension Stone ASTM C 616, Quartz-Based Dimension Stone ASTM C 629, Slate Dimension Stone Masonry units of glass—Minimum physical properties of glass unit masonry are not covered by ASTM speciﬁcations but instead are detailed within Specification for Masonry Structures (ACI Committee 530.1, 2005). Anchors, ties, and connectors ASTM A 36/A 36M, Plate and Bent-Bar Anchors ASTM A 82, Wire Ties and Anchors ASTM A 185, Wire Mesh Ties ASTM A 307, Grade A, Anchor Bolts ASTM A 480 and A 666, Stainless Steel Plate and Bent-Bar Anchors ASTM A 480 and A 240, Stainless Steel Sheet-Metal Anchors and Ties ASTM A 580, Stainless Steel Wire Ties and Anchors ASTM A 1008/A 1008M, Sheet-Metal Anchors and Ties Panel anchors for glass unit masonry are not covered by ASTM speciﬁcations, but instead are covered within Specification for Masonry Structures (ACI Committee 530.1, 2005). Mortar ASTM C 270, Mortar for Unit Masonry Grout ASTM C 476, Grout for Masonry Reinforcement ASTM A 185, Plain Welded Wire Fabric ASTM A 416/A 416M, Strand Prestressing Tendons ASTM A 421, Wire Prestressing Tendons ASTM A 496, Deformed Reinforcing Wire ASTM A 497, Deformed Welded Wire Fabric ASTM A 580, Stainless Steel Joint Reinforcement ASTM A 615/A 615M, A 706/A 706M, A 767/A 767M, A 775/A 775M, and A 996/A 996M, Reinforcing Steel ASTM A 722/A 722M, Bar Prestressing Tendons ASTM A 951, Joint Reinforcement
 
 28.4.1 Mortar Mortar has evolved dramatically since its ﬁrst introduction. The original purpose of mortar was to ﬁll in the spaces between irregular rock or cut stones, but it subsequently evolved into a productivity-
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 enhancing tool by providing a way to lay masonry units more rapidly and accurately with better stress distribution and alignment. Some of the early exotic mortar mixtures included egg whites, clay, urine, and ox blood. The initial breakthrough in the evolution of masonry mortars was the addition of lime to sand to produce a product that was both workable in the plastic state and durable once cured. Later, Portland cement was added to sand–lime mortars for greater plasticity, higher early strength, and increased bond strength. The result is the cement–lime masonry mortar in use today. The primary purposes of mortar are to enhance the strength and the homogeneous character of the masonry, to facilitate the workability and laying of units, to improve resistance to moisture penetration, and to provide desired unit alignment. In unreinforced masonry, mortar plays an important structural role by bonding units together and providing ﬂexural tensile resistance. Reinforced masonry, conversely, relies upon the reinforcement to resist tension stresses, thus neglecting any contribution from the mortar–unit bond strength. Although the design of reinforced masonry does not take into account the mortar bond strength, this property is still present in the ﬁnal assembly and may have to be considered when determining the stiffness and deﬂection of a masonry member. 28.4.1.1 Mortar Materials Masonry mortars are a simple mixture of cementitious materials, aggregate, water, and possibly one or more admixtures discreetly combined to achieve a complex set of physical mortar properties. The relative proportions of each of these constituent materials are selected to ensure that both the plastic and hardened mortar properties meet the desired goal. In the plastic state, mortar must have: • Good workability to facilitate construction and the complete ﬁlling of all mortar head and bed joints • Long board life and water retention to allow the mason sufﬁcient time to spread the mortar before initial set occurs • Sufﬁcient stiffness to prevent the mortar from squeezing out from the bed joints as subsequent courses of units are laid Conversely, the hardened mortar must have: • Good bond strength to the masonry units to prevent the penetration of water or air and, in the case of unreinforced masonry, to provide a minimum level structural bond strength • Sufﬁcient compressive strength to resist the applied loads • Long-term durability to meet the exposure conditions in which it will be used Masonry mortar is speciﬁed to meet the requirements of ASTM C 270, Specification for Mortar for Unit Masonry (ASTM, 2005d) using either the proportion requirements or property requirements of that standard. When using the proportion requirements of ASTM C 270, the relative quantities of each constituent material are batched to meet the speciﬁed mortar type in accordance with Table 28.1. When specifying masonry mortar by property, the physical properties of a laboratory-prepared mortar must meet the properties summarized in Table 28.2. When neither method is speciﬁed, the proportion requirements govern. Despite its long history and worldwide use, mortar remains today one of the less understood and most commonly misapplied construction materials. The largest confusion stems around the minimum compressive strength requirements for ﬁeld- vs. laboratory-prepared mortars—speciﬁcally, the incorrect application of the minimum compressive strength requirements shown in Table 28.2 to mortar prepared in the ﬁeld. Note 4 of ASTM C 270 includes an extensive discussion detailing the reasons why the mortar properties in Table 28.2 should not be applied to mortar prepared in the ﬁeld: The required properties of the mortar in Table [28.2] are for laboratory-prepared mortar mixed with a quantity of water to produce a ﬂow of 110 ± 5%. This quantity of water is not sufﬁcient to produce a mortar with a workable consistency suitable for laying masonry units in the ﬁeld. Mortar for use in the ﬁeld must be mixed with the maximum amount of water, consistent with workability,
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 TABLE 28.1 Masonry Mortar Proportion Requirements Proportions by Volume (Cementitious Materials)
 
 Mortar
 
 Cement–lime
 
 Mortar cement
 
 Masonry cement
 
 Type
 
 Portland Cement or Blended Cement
 
 M
 
 S
 
 N
 
 M
 
 S
 
 N
 
 M S N
 
 1 1 1
 
 — — —
 
 — — —
 
 — — —
 
 — — —
 
 — — —
 
 — — —
 
 O
 
 1
 
 —
 
 —
 
 —
 
 —
 
 —
 
 —
 
 M M S S N O M M S S N O
 
 1 — 1/2 — — — 1 — 1/2 — — —
 
 — 1 — — — — — — — — — —
 
 — — — 1 — — — — — — — —
 
 1 — 1 — 1 1 — — — — — —
 
 — — — — — — — 1 — — — —
 
 — — — — — — — — — 1 — —
 
 — — — — — — 1 — 1 — 1 1
 
 Mortar Cement
 
 Masonry Cement
 
 Hydrated Lime or Lime Putty 1/4 Over 1/4 to 1/2 Over 1/2 to 1-1/4 Over 1-1/4 to 2-1/2 — — — — — — — — — — — —
 
 Aggregate Ratio (Measured in Damp, Loose Conditions)
 
 Not less than 2-1/4 and not more than 3 times the sum of the separate volumes of cementitious materials
 
 TABLE 28.2 Property Requirements of Laboratory-Prepared Mortar
 
 Mortar Cement–lime
 
 Mortar cement
 
 Masonry cement
 
 Type
 
 Average Compressive Strength at 28 Days (min.), psi (MPa)
 
 Water Retention (min.) (%)
 
 Air Content (max.) (%)
 
 M S N O M S N O M S N O
 
 2500 (17.2) 1800 (12.4) 750 (5.2) 350 ((2.4) 2500 (17.2) 1800 (12.4) 750 (5.2) 350 (2.4) 2500 (17.2) 1800 (12.4) 750 (5.2) 350 (2.4)
 
 75 75 75 75 75 75 75 75 75 75 75 75
 
 12 12 14a 14a 12 12 14a 14a 18 18 20b 20b
 
 Aggregate Ratio (Measured in Damp, Loose Conditions)
 
 Not less than 2-1/4 and not more than 3-1/2 the sum of the separate volumes of cementitious materials
 
 a
 
 When structural reinforcement is incorporated in cement–lime or mortar cement mortar, the maximum air content shall be 12%. b When structural reinforcement is incorporated in masonry cement mortar, the maximum air content shall be 18%.
 
 in order to provide sufﬁcient water to satisfy the initial rate of absorption (suction) of the masonry units. The properties of laboratory-prepared mortar at a ﬂow of 110 ± 5, as required by this speciﬁcation, are intended to approximate the ﬂow and properties of ﬁeld-prepared mortar after it has been placed in use and the suction of the masonry units has been satisﬁed. The properties of ﬁeld-prepared mortar mixed with the greater quantity of water, prior to being placed in contact with the masonry units, will differ from the property requirements in Table [28.2]. Therefore, the property requirements in Table [28.2] cannot be used as requirements for quality control of ﬁeldprepared mortar. Test Method C 780 may be used for this purpose.
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 The question naturally arises that, if the property requirements (including compressive strength) of ASTM C 270 are not to be used to verify compliance with a ﬁeld-prepared mortar, which properties should be used when, for example, mortar compression cube samples are obtained in the ﬁeld? While it may defy initial logic, ASTM does not stipulate minimum requirements for the physical properties of ﬁeld-prepared mortars. In effect, the net resulting compressive strength of a masonry mortar properly batched using quality materials inherently complies with the necessary physical properties. As stated within ASTM C 270, the default method of complying with the requirements of a given project’s speciﬁcation is through proportioning the constituent mortar materials consistent with the requirements of ASTM C 270 as shown in Table 28.1. When the individual constituent materials (cement, lime, and sand) comply with their respective standards and are batched together in accordance with the proportioning requirements of C 270, the resulting mortar will exhibit the necessary properties for satisfactory, long-term performance. Alternatively, when one of the constituent materials does not comply with the respective standardized requirements (for example, the gradation of a masonry sand, as the properties of sand can have considerable impact on the workability as well as the strength of a mortar) or when a nonstandard material is added to the mortar (such as an admixture used to enhance one or more properties of the mortar), the resulting physical properties of the mortar must be documented. When nonstandardized materials are used within a mortar, each of the constituent materials is batched together in a laboratory in accordance with ASTM C 270. The physical properties of this mortar are then compared to the minimum requirements stipulated by ASTM C 270 as shown in Table 28.2. If it is desirable to monitor the physical properties of the mortar in the ﬁeld, then a second batch of mortar is mixed using the same materials, means, and methods to be employed in the ﬁeld. The evaluated properties of the ﬁeld mortar are in turn compared to the laboratory mortar. The properties of these two sets of mortar are not expected to be consistent, as discussed in Note 4 of ASTM C 270, above, but this procedures does allow for a direct comparison between the two sets of mortar for future reference. By establishing a correlation between the ﬁeld and laboratory mortars, samples (often compression cubes) can be obtained during construction and the properties of the sampled mortar compared back to the ﬁeld mortar prepared in the laboratory. This concept is reviewed in more detail in Section 28.6. In addition to the base materials of cement, sand, and water, admixtures are also used in masonry mortars to enhance one or more of the characteristics of the material. In accordance with ASTM C 270, admixtures should not be used without the explicit speciﬁcation and consent of the designer, as some admixtures are not appropriate in some applications or compatible with other admixtures or materials. Admixtures that are commonly used in masonry mortars include coloring pigments, bond strength enhancers, workability enhancers, set retarders or accelerators, water-repellent agents, or any number of other admixtures targeted at altering either the plastic or hardened property of the mortar. Although not required by ASTM C 270, when admixtures are used in masonry mortars it is good practice to ensure that their intended application complies with the requirements of ASTM C 1384, Standard Specification for Admixtures for Masonry Mortars (ASTM, 2006a). ASTM C 1384 outlines speciﬁc requirements that the physical properties of modiﬁed mortar must meet for use in general masonry construction. Unlike conventional masonry construction, autoclaved aerated concrete (AAC) masonry uses a specially manufactured thin-bed mortar for construction of AAC masonry assemblies. This proprietary mortar is speciﬁcally manufactured for use in AAC masonry construction. Because it is preblended, onsite proportioning of thin-bed AAC masonry mortar does not apply. Likewise, testing of thin-bed AAC masonry mortar typically employs third-party manufacturing veriﬁcation as opposed to jobsite quality control. 28.4.1.2 Selecting a Mortar Type Masonry mortars are classiﬁed by cement—Portland cement, masonry cement, or mortar cement—and further designated by type: Type M, S, N, or O mortar. With one exception, the choice of mortar type is left to the discretion of the designer or speciﬁer. In accordance with the requirements of the MSJC
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 Code, the single exception applies to the design of elements that are part of the seismic-force-resisting system in Seismic Design Categories D, E, and F, when the mortar must be a Type M or S mortar cement or Portland cement mortar. Because of the vast number of mortar combinations available, the appropriate pairing of a mortar type to a speciﬁc application may not always be obvious. As a general rule of thumb, Type N mortars are appropriate in the majority of applications. Exceptions to this guide include highstrength masonry, masonry exposed to severe weathering environments, or where building codes specifically prohibit the use of Type N mortar. In such cases, a Type S or possibly Type M mortar may be warranted or required. The key concept to remember when specifying a mortar type is that overspecifying will likely result in reduced performance and aesthetics; that is, a mortar with an unnecessarily high compressive strength (as indicated by the relative proportion of cement content) in general will not perform as well as its lower strength counterpart. This is due, in part, to the plastic properties of the higher cement content mortar, which tends to be less workable than the same mortar with less cement. This reduction in workability can potentially lead to more voids in the mortar joint, which in turn allows more water to penetrate the assembly; likewise, higher cement content mortars tend to shrink more as they cure. When excessive shrinkage persists, cracking can develop in the mortar joints. In extreme cases, the shrinking mortar may also cause the masonry units to crack as well. Whereas cracking of this nature is typically more aesthetic than structural, it could potentially degrade the strength of a masonry system by allowing water to penetrate the assembly and corrode reinforcement, if present. In addition to the mortar type designations, three basic cements are used in mortar, each with inherent advantages and limitations: • Portland cement–lime mortar is generally characterized as the mortar with the highest compressive strength, bond strength, and durability but the lowest workability. • Masonry cement mortar has excellent workability but relatively lower compressive strength and bond strength compared to Portland cement–lime mortars. • Mortar cement mortar exhibits good workability analogous to masonry cement mortars, but it is distinguished by retaining the hardened physical properties similar to Portland cement–lime mortars. Regional practices and preferences, in combination with the local availability of speciﬁc masonry cement mortar types, may drive to a large extent the use of each cement type on speciﬁc projects. Local suppliers should be consulted when a speciﬁc cement type is desired. As reviewed earlier, both the plastic and hardened properties of a masonry mortar must be taken into consideration when specifying a mortar for a particular project. The appendix to ASTM C 270 contains a comprehensive discussion on the selection and use of various masonry mortars for speciﬁc applications. Table 28.3 provides a summary list of recommended mortar types for a wide variety of common masonry applications.
 
 28.4.2 Grout Masonry grout serves several basic functions in masonry construction: (1) it bonds the wythes of multiwythe construction together into a composite element, (2) it bonds the reinforcement to the masonry so the two materials will act as a homogeneous material in resisting loads, and (3) it increases the masonry volume for bearing, sound abatement, and ﬁre resistance. Despite the widespread belief that masonry grout is concrete, it is not. Grout is produced using the same basic materials as concrete but with a few key differences. Compared to concrete, masonry grout is much more ﬂuid so the grout can ﬂow into and ﬁll all intended cells, cores, and voids within the masonry assembly without segregation. Grout is also intentionally produced with a higher water-to-cement ratio than concrete. The excess water is absorbed by the masonry units as the plastic grout is placed in the masonry assembly. Further, to facilitate its consolidation and minimize the potential for voids to form within the grout, the aggregate size or gradation used in grout production is smaller than that commonly used for concrete. Likewise, grout is not mortar. While both are cementitious materials, grout and mortar exhibit very different physical properties and attributes necessary for their intended application.
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 TABLE 28.3 Guide for the Selection of Masonry Mortarsa Mortar Type Location or Application Exterior, above grade Exterior, at or below grade Interior
 
 Building Component
 
 Recommended
 
 Alternative
 
 Loadbearing wall Nonloadbearing wall Parapet wall Foundation wall, retaining wall, manholes, sewers, pavements, walks, and patios Loadbearing wall Nonloadbearing partitions
 
 N Ob N
 
 S or M N or S S
 
 Sc
 
 M or Nc
 
 N O
 
 S or M N
 
 a
 
 This table does not provide for many specialized mortar uses, such as chimney, reinforced masonry, restoration, and acid-resistance mortars. b Type O mortar is recommended for use where the masonry is unlikely to be frozen when saturated or is unlikely to be subjected to high winds or other signiﬁcant lateral loads. Type N or S mortar should be used in other cases. c Masonry exposed to weather in a normally horizontal surface is extremely vulnerable to weathering. Mortar for such masonry should be selected with due caution.
 
 28.4.2.1 Grout Materials In accordance with ASTM C 476, Standard Specification for Grout for Masonry (ASTM, 2002), the two types of masonry grout are: • Fine grout is characterized by the use of a very ﬁne-grained aggregate similar to that used for masonry mortar. • Coarse grout uses a coarser aggregate with a maximum particle size of just under 0.5 in. (12.7 mm); it is often referred to as pea gravel. The vast majority of grout used today is coarse grout, due in part to its common availability as well as its slightly reduced cost relative to ﬁne grouts. Fine grout is primarily used in clay masonry construction (when grouted) or when cell size or other congestion requires the use of a smaller aggregate to ensure adequate placement and consolidation of the grout. As with masonry mortar, masonry grout is speciﬁed by either proportion or property. When the proportion requirements of ASTM C 476 are used, the individual constitute materials are batched together in accordance with Table 28.4. Although permitted by ASTM C 476, lime is rarely used in masonry grout. Alternatively, any proportion of materials can be used when a minimum grout compressive strength is speciﬁed. In accordance with ASTM C 476, the minimum compressive strength of such grouts is 2000 psi (14 MPa) when tested in accordance with ASTM C 1019 (ASTM, 2005f) at a slump of 8 to 11 in. (200 to 280 mm). For ease, as well as having the ability to establish and verify minimum grout compressive strengths in the ﬁeld, masonry grouts are typically speciﬁed by compressive strength instead of proportion. In addition to conventional masonry grout, self-consolidating grout (SCG) is beginning to see more application throughout the country. One of the primary advantages of SCG is that it is not necessary to mechanically consolidate and reconsolidate after initial water loss, which can translate to signiﬁcant labor savings. SCG, however, is still in its infancy, and standardized testing, evaluation, and quality control measures are still under development. It is anticipated that the 2008 edition of the MSJC Speciﬁcation will likely include SCG as an alternative to conventional masonry grout. To ensure that a quality SCG is being used, the following minimum criteria for SCG should be met: • The visual stability index (VSI), as deﬁned in ASTM C 1611 (ASTM, 2005g), should be less than or equal to 1. • The slump ﬂow, as determined in accordance with ASTM C 1611, should be 24 to 30 in. (610 to 762 mm). • Unlike conventional masonry grout, SCG should not be mixed in the ﬁeld due in part to the difﬁcultly in ensuring consistent and uniform quality.
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 TABLE 28.4 Masonry Grout Proportion Requirements
 
 Type
 
 Parts by Volume of Portland Cement or Blended Cement
 
 Parts by Volume of Hydrated Lime or Lime Putty
 
 Fine
 
 1
 
 0–0.1
 
 Coarse
 
 1
 
 0–0.1
 
 Aggregate (Measured in a Damp, Loose Condition) Fine
 
 Coarse
 
 2.25–3 times the sum of the volumes of the cementitious materials 2.25–3 times the sum of the volumes of the cementitious materials
 
 —
 
 1–2 times the sum of the volumes of the cementitious materials
 
 • The masonry should be allowed to cure to at least 4 hours prior to placing SCG to minimize blowout potential. • The minimum compressive strength of SCG should be 2000 psi (13.79 MPa) when tested in accordance with ASTM C 1019.
 
 28.4.3 Concrete Masonry Units Concrete masonry units come in a nearly inﬁnite array of shapes, sizes, densities, colors, and textures to meet the demands of ever-expanding applications. Due to the wide variation in available products, local availability should be veriﬁed prior to specifying a speciﬁc product. The most commonly speciﬁed and used concrete masonry unit is a hollow, loadbearing concrete masonry unit complying with the requirements of ASTM C 90 (ASTM, 2006c). The types of concrete masonry units permitted by the MSJC Speciﬁcation include: • • • • • •
 
 ASTM C 55, Concrete Brick ASTM C 73, Calcium Silicate (Sand-Lime) Brick ASTM C 90, Loadbearing Concrete Masonry Units ASTM C 129, Nonloadbearing Concrete Masonry Units ASTM C 744, Prefaced Concrete and Calcium Silicate Units ASTM C 1386, Autoclaved Aerated Concrete Masonry Units
 
 Several common concrete masonry unit shapes and sizes are illustrated in Figure 28.1. A comprehensive review of the available options and physical properties of concrete masonry units (see Table 28.5) is provided in ASTM Specifications for Concrete Masonry Units (NCMA, 2006a), Typical Sizes and Shapes of Concrete Masonry Units (NCMA, 2002b), Architectural Concrete Masonry Units (NCMA, 2001a), and the Concrete Masonry Shapes and Sizes Manual (NCMA, 2000a).
 
 28.4.4 Clay Masonry Units The majority of clay masonry units manufactured today are used in nonstructural veneer assemblies; however, many loadbearing, hollow clay tile and brick units options are also available. Hollow brick offers the same advantages as hollow concrete masonry units by allowing the assemblies to be reinforced and grouted. Specialty clay masonry units can also be manufactured, but local availability should be veriﬁed prior to specifying. The types of clay masonry units permitted by the MSJC Speciﬁcation include: • • • • • •
 
 ASTM C 34, Structural Clay Loadbearing Wall Tile ASTM C 56, Structural Clay Nonloadbearing Wall Tile ASTM C 62, Solid Clay or Shale Building Brick ASTM C 126, Ceramic Glazed Structural Clay Facing Tile and Brick ASTM C 212, Structural Clay Facing Tile ASTM C 216, Solid Clay or Shale Facing Brick
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 FIGURE 28.1 Shapes and sizes of concrete masonry units.
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 TABLE 28.5 Concrete Masonry Unit Physical Properties Maximum Water Absorption, lb/ft3 (kg/m3) Weight Classiﬁcation
 
 Unit Type C 55 Grade Na Grade Sb C 73 Grade SWd Grade MWe C 90 C 129 C 744 C 1386 Class 2 Class 4 Class 6
 
 Minimum Average Compressive Strength, lb/in.2 (MPa)
 
 Maximum Linear Drying Shrinkage (%)
 
 Lightweight, Less than 105 lb/ft3 (1680 kg/m3)
 
 Medium Weight, Less than 105 to 125 lb/ft3 (1680 to 2000 kg/m3)
 
 Normal Weight, 125 lb/ft3 (2000 kg/m3) or More
 
 3500 (24.1)c 2500 (17.3)c
 
 0.065 0.065
 
 15 (240) 18 (288)
 
 13 (208) 15 (240)
 
 10 (160) 13 (208)
 
 5500 (37.9)c 3500 (34.1)c 1900 (13.1) 600 (4.1) —f
 
 — — 0.065 0.065 —f
 
 18(288) — —f
 
 15 (240) 18 (288) 15 (240) — —f
 
 13 (240) — —f
 
 360 (2.5) 725 (5.0) 1090 (7.5)
 
 0.02 0.02 0.02
 
 —g
 
 —g
 
 —g
 
 a
 
 For use where high strength and resistance to moisture penetration and severe frost action are desired. For general use where moderate strength and resistance to frost action and moisture penetration are required. c The compressive strength of C 55 concrete brick and C 73 calcium silicate brick are based on the gross cross-sectional area of the unit. d Brick intended for use where exposed to temperatures below freezing in the presence of moisture. e Brick intended for use where exposed to temperature below freezing but unlikely to be saturated with water. f The concrete masonry units on which the prefaced surface is molded are required to meet the minimum physical properties of C 55, C 73, C 90, or C 129 as speciﬁed. g Aerated autoclaved concrete masonry units do not limit the maximum water absorption or designate density classes; instead, each unit strength class contains an array of nominal densities ranging from 25 to 50 lb/ft 3 (400 to 800 kg/m3). b
 
 • ASTM C 652, Hollow Clay or Shale Brick • ASTM C 1088, Thin Clay or Shale Veneer Brick • ANSI A 137.1, Ceramic Tile Several common clay masonry unit shapes and sizes are shown in Figure 28.2.
 
 28.4.5 Reinforcement To increase the structural resistance to applied loads or to decrease the potential for shrinkage cracks, reinforcement is added to masonry assemblies. Although not immediately apparent, the terms reinforced and unreinforced masonry refer to the method used to design the masonry structure as opposed to the presence of reinforcing steel; hence, it is possible to have a masonry assembly that contains reinforcement but is designed as unreinforced masonry. In such cases, the masonry is assumed to carry all the applied loads. Conversely, it is not possible to design a masonry structure as reinforced without the inclusion of reinforcement. The majority of reinforcement used in masonry construction falls into one of three categories: (1) conventional mild reinforcement placed in the cells of hollow unit masonry and then grouted, (2) cold-drawn wire reinforcement placed within the horizontal mortar bed joints at the time the units are laid, or (3) prestressing rods or tendons placed within the cells of hollow units, which may then be grouted or ungrouted. A typical reinforced masonry cross-section is shown in Figure 28.3. For design, the MSJC Code limits the speciﬁed yield strength of mild reinforcement at 60,000 psi (414 MPa). Material limits for bed joint reinforcement and prestressing reinforcement is limited only by their respective material standards. A comprehensive review of reinforcement options for masonry construction is provided in Joint Reinforcement for Concrete Masonry (NCMA, 2005c) and Steel Reinforcement for Concrete Masonry (NCMA, 2006b).
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 FIGURE 28.2 Shapes and sizes of clay masonry units.
 
 28.4.6 Admixtures Admixtures are available for use in masonry units, mortar, and grout to enhance one or more of the properties or characteristics of the material. In general, admixtures should not be used without the explicit speciﬁcation and consent of the designer, as some admixtures are not appropriate in some applications or compatible with other admixtures or materials. The most commonly used admixtures are integral water repellents used in the manufacturing of concrete masonry units to increase their resistance to water penetration or to reduce the potential for the formation of efﬂorescence on the surface of the units. Admixtures are also commonly used in masonry mortars to increase bond strength, enhance workability,
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 Roof sheathing Exterior sheathing/ soffit vent Bond beam/lintel Roof anchor Window Window framing Sill Solid backing unit Window flashing with drip edge
 
 Bed joint reinforcement, as required
 
 Exterior finish Rigid insulation
 
 Vertical reinforcement, as required
 
 Drainage layer Interior finish (varies) Moisture barrier
 
 Finish system flashing
 
 Isolation joint Concrete slab Vapor retarder, as required Granular base
 
 Footing Perimeter insulation, as required
 
 Reinforcement, as required
 
 FIGURE 28.3 Reinforced masonry construction. (Courtesy of the National Concrete Masonry Association, Herndon, VA.)
 
 retard or accelerate set times, or alter any number of other plastic or hardened mortar property. When admixtures are used in masonry mortars, they should comply with the requirements of ASTM C 1384, Standard Specification for Admixtures for Masonry Mortars (ASTM, 2006a). Although ASTM C 270 (ASTM, 2005d) does not currently require compliance with ASTM C 1384, separately specifying compliance to this standard helps to ensure that the admixtures used in the masonry mortar are not detrimental to the overall performance of the material or system.
 
 28.5 Construction The limitless combinations of masonry unit shapes, sizes, and physical properties; mortar types and mortar joint proﬁles; grout placement options; reinforcement details and schedules; and structural conﬁgurations permit boundless versatility in masonry construction, but this design ﬂexibility can also
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 result in confusion during implementation, particularly among design personnel not familiar with the details of masonry construction. Although some construction practices are mandated by the MSJC Speciﬁcation, many are simply standards of care that have developed over the long history of masonry construction. Where not covered by national codes or standards, regional differences in construction practices and preferences do surface and should be accounted for during the initial design phase.
 
 28.5.1 Modular Layout Masonry structures can be constructed using virtually any layout dimension. For maximum construction efﬁciency and economy, however, masonry elements should be designed and constructed using a modular layout of the structure and its openings. Modular coordination is the practice of laying out and dimensioning structures and elements to standard lengths and heights to accommodate modular-sized building materials. On occasion, modular coordination issues are not considered during the design phase. As a result, jobsite decisions must be made—often in haste and at a cost. When a project does require a nonmodular layout, further design and construction considerations must be addressed, including: • Placement of vertical reinforcement—In construction containing vertical reinforcing steel, the laying of units in other than running (half) bond or stack bond interrupts the vertical alignment of individual conﬁned cells. As a result, the placement of reinforcement and adequate consolidation of grout becomes difﬁcult, if not impossible. • Interruption of bond pattern—In addition to the aesthetic impact that a change in the bond pattern can create, building codes often contain different design assumptions for masonry constructed in running bond vs. other bond patterns. Walls incorporating more than a single bond pattern may present a unique design situation. • Locating control joints—In running bond construction, the incorporation of control joints can be accomplished using only full- and half-size units. Similarly, stack bond construction only requires full-size units when control joints are properly spaced and detailed. With other bond patterns, however, the cutting of units may become necessary if specially dimensioned units are not used or are not available. Standard concrete masonry modules are typically 8 in. (203 mm) vertically and horizontally, but may also include 4-in. (102-mm) modules for some applications. These modules provide overall design ﬂexibility and coordination with other building products such as windows, doors, and other similar elements. The impact of non-modular openings is illustrated in Figure 28.4. In addition to wall elevations, sections, and openings, the overall plan dimensions of a structure must also be considered, especially when using units having nominal widths other than 8 in. (203 mm). Consider, for example, a square building with outside nominal dimensions of 360 in. (30 feet) (9144 mm), which is evenly divisible by 8 and therefore modular. Using 8-in. (203-mm) units and a running bond pattern, the walls can be constructed without cutting the units. If units 12-in. (305-mm) wide were used instead of the 8-in. (203-mm) units, however, at least one block must be cut shorter to accommodate the increased thickness of the end unit oriented perpendicular to the length of the wall, as shown in Figure 28.5. To minimize the need for cutting units, building plan dimensions should be evenly divisible by 8 in. (203 mm) plus the nominal thickness of the units used in construction. As an alternative to cutting, specially conﬁgured corner units may be available in some regions for turning corners. 28.5.1.1 Masonry Bond Patterns The term bond can generally refer to two different topics within masonry design and construction; the adhesive or mechanical interlock between mortar and units or the arrangement of units to achieve a desired pattern. This section addresses the latter. Figure 28.6 illustrates a few of the many different masonry bond pattern options available. Masonry bond patterns can be created by varying the unit heights or lengths, varying the length the units overlap from one course to the next, varying the orientation of the units, or by using units of different conﬁgurations in the same wall. Implementing one or
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 Not recommended construction: Utilizing nonmodular layouts or openings results in unnecessary cutting of the masonry units (shown here as shaded). The end product is more difficult to construct, produces more waste, and is more costly compared to a similar structure employing a modular layout. Additionally, placing and consolidating grout in the reduced-size cores of the saw-cut units may prove difficult.
 
 52 in. (1321 mm)
 
 116 in. (2946 mm) 84 in. (2134 mm)
 
 = Nonstandard or 44 in. field-cut units (1118 mm)
 
 36 in. (914 mm)
 
 40 in. (1016 mm)
 
 24 in. (610 mm)
 
 40 in. (1016 mm)
 
 In this example, it is obvious the aesthetic impact that nonmodular layouts have on the final appearance of a structure. Not so obvious is the additional cost of construction. To further illustrate this concept, consider the following comparison of the modular and nonmodular layouts shown here: Total area of nonmodular layout = 122.4 ft2 (11.38 m2) Total area of modular layout = 126.7 ft2 (11.77 m2) Number of units used in nonmodular layout = 112 Number of units used in modular layout = 106
 
 Recommended construction: The wall elevation shown here reduces cutting of units by utilizing modular openings and opening locations. (That is, each dimension shown is evenly divisible by 8 inches [203 mm].) Through the coordination of opening sizes and locations, the cells of hollow masonry units align (which facilitates the placement of vertical reinforcement and consolidation of grout), labor time is reduced, and materials are not wasted.
 
 48 in. (1219 mm)
 
 120 in. (3048 mm) 88 in. (2235 mm)
 
 48 in. (1219 mm)
 
 24 in. (610 mm)
 
 48 in. (1219 mm)
 
 24 in. (610 mm)
 
 40 in. (1016 mm)
 
 ¢ FIGURE 28.4 Modular masonry layout. (Courtesy of the National Concrete Masonry Association, Herndon, VA.)
 
 more of these alternatives can subtly or dramatically alter the appearance of a ﬁnished masonry assembly. The aesthetic impact created by a speciﬁc bond pattern can be even more dramatic when combined with units of varying color, texture, or material. The evolution of various masonry bond patterns has continued for centuries. As such, regional differences in terminology or construction practices have developed. The designer should be cautioned against specifying unique or complex bond patterns without thoroughly communicating the intent to the mason contractor. When specifying a unique bond pattern, elevation drawings for a particular project should clearly illustrate the intended ﬁnal appearance of the structure. Also, when specifying a bond pattern that incorporates unique or nonstandard unit sizes, the availability of such units should ﬁrst be veriﬁed with local manufacturers.
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 Full-sized unit cut to 12 in. (305 mm) length
 
 360 in. (9144 mm) Alternating courses 12 in. (305 mm)
 
 12 in. (305 mm)
 
 FIGURE 28.5 Nonmodular layout of masonry corners. (Courtesy of the National Concrete Masonry Association, Herndon, VA.)
 
 The most common bond pattern in masonry construction is running bond, typically where vertical head joints of successive courses are offset by one-half the unit length. Building code design provisions (ACI Committee 530, 2005) are based primarily on structural research of wall panels laid in running bond construction. As such, the MSJC Speciﬁcation (ACI Committee 530.1, 2005) requires the use of running bond unless otherwise speciﬁed. When a different bond pattern is used, the designer should consider its impact on the performance and structural capacity of the masonry element. 28.5.1.2 Metric Coordination One additional consideration for some projects is the incorporation of standard-sized (inch-pound) units in a metric project. Similar to inch-pound units, masonry units produced to metric dimensions are 10 mm (0.39 in.) less than the nominal dimensions to accommodate the thickness of the mortar joints. Thus, the nominal metric equivalent of an 8 × 8 × 16-in. unit is 200 × 200 × 400 mm (190 × 190 × 390 mm speciﬁed dimensions for a 10-mm mortar joint thickness). Because inch-pound dimensioned concrete masonry units are approximately 2% larger than hard metric units, complications can arise if they are incorporated into a structure designed according to the 100-mm (3.9-in.) metric module or vice versa. Additional recommendations are provided in Metric Design Guidelines for Concrete Masonry Construction (NCMA, 2000b) for the incorporation of soft metric units (standard inch-pound units) into a hard metric design project.
 
 28.5.2 Mortar Although mortar comprises only approximately 7% of the wall surface in typical concrete masonry construction, it can have a signiﬁcant impact on the aesthetics and performance of the constructed masonry assembly. Head and bed joints are typically 3/8 in. (9.5 mm) thick, except for the initial bed joint at foundations, which can range from 1/4 to 3/4 in. (6.4 to 19 mm) to accommodate surface irregularities in the foundation. Mortar should extend fully across the thickness of the face shells of hollow units so both head and bed joints will be completely ﬁlled. Solid units are required to be fully bedded in mortar. To perform properly, all voids in mortar joints (except weep holes) should be ﬁlled with mortar. Although it is important to provide sufﬁcient mortar to properly bed masonry units, mortar should not extend excessively into drainage cavities or into cores to be grouted. For grouted masonry,
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 Running (Half) Bond Standard unless otherwise specified (8×16-in. (203×406-mm) units shown)
 
 Common (American) Bond 6th-Course Headers (brick units shown)
 
 Stack Bond (8×16-in. (203×406-mm) units shown)
 
 Flemish Bond (brick units shown)
 
 FIGURE 28.6 Masonry bond patterns. (Courtesy of the National Concrete Masonry Association, Herndon, VA.)
 
 mortar protruding more than 1/2 in. (13 mm) into the cells or cavities to be grouted is not permitted (ACI Committee 530.1, 2005). Mortar joints should be tooled when thumbprint hard. For walls exposed to weather, concave or V-shaped joints improve water penetration resistance by directing water away from the wall surface and by compacting the mortar against the masonry unit to seal the joint. Tooling mortar joints also helps to seal the outer surface of the joint. Raked, ﬂush, struck, beaded, or extruded joints are not recommended for exterior construction as they generally do not provide as tight a seal and may create ledges that can hold water near the wall face. For walls not exposed to weather, the selection of the joint proﬁle can be based on aesthetics rather than functionality. Several different mortar joint proﬁles are illustrated in Figure 28.7.
 
 28.5.3 Grout Placement The versatility of grout allows it to be either mixed in the ﬁeld or transported to the jobsite in a readymixed condition. Once mixed, grout is placed by hand or, on larger projects, is placed by pump or other mechanical delivery method. Over time, an empirical set of guidelines has been established for the
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 Concave Joint (standard unless otherwise specified)
 
 “V” Joint
 
 Grapevine Joint
 
 Weather Joint
 
 Beaded Joint*
 
 Flush Joint*
 
 Squeezed Joint*
 
 Struck Joint*
 
 Raked Joint*
 
 *Potentially poor weathering joints, not recommended for exterior construction.
 
 FIGURE 28.7 Mortar joint proﬁles. (Courtesy of the National Concrete Masonry Association, Herndon, VA.)
 
 successful placement and consolidation of masonry grout based on the size of opening to be grouted and the type of grout used. These practices for the placement of grout have been standardized by the MSJC Speciﬁcation as detailed in Table 28.6. At the time of placement, grout is required to have a slump of 8 to 11 in. (203 to 279 mm) for grout lifts up to 5 ft (1.52 m). For grout lifts between 5 and 12.67 ft (1.52 and 3.86 m), the grout slump is limited to 10 to 11 in. (254 to 279 mm). The high water content of masonry grout is necessary to ensure that the cells and cavities intended to be grouted are completely ﬁlled and void free while maintaining a sufﬁcient amount of water in the plastic grout mix for hydration of the cement following the absorption of the free water of the grout by the masonry units. AAC masonry assemblies, however, unlike clay and concrete masonry assemblies, are required to be thoroughly wetted prior to placement of the grout due to the relatively high absorptive nature of AAC masonry units. Because of the relatively high water content of masonry grout, care is required when handling, placing, and consolidating grout, as too much water or excessive consolidation can result in segregation and voids in the ﬁnal product. In addition to the grout pour height limits of Table 28.6, grout must be placed in lifts not exceeding 5 ft (1.52 m), regardless of the total grout pour height. The MSJC Speciﬁcation offers an exception to this requirement in that it allows grout lifts up to 12.67 ft (3.86 m) when the following conditions are met: • The masonry has cured for at least 4 hours. • The grout slump is maintained between 10 and 11 in. (254 and 279 mm). • No intermediate reinforced bond beams are placed between the top and bottom of the pour height. If any of these conditions is not met, the maximum grout lift height defaults to 5 ft (1.52 m). After each grout lift is placed, the grout is consolidated by mechanical vibration and then reconsolidated a short time later after the excess water in the grout is absorbed by the masonry units. Consolidation of
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 TABLE 28.6 Grout Placement Requirements
 
 Grout Type
 
 Maximum Grout Pour Height, ft (m)
 
 Fine Fine Fine Fine Coarse Coarse Coarse Coarse
 
 1 (0.30) 5 (1.52) 12 (3.66) 24 (7.32) 1 (0.30) 5 (1.52) 12 (3.66) 24 (7.32)
 
 Minimum Width of Grout Space,a,b in. (mm) 0.75 (19) 2 (51) 2.5 (64) 3 (76) 1.5 (38) 2 (51) 2.5 (64) 3 (76)
 
 Minimum Grout Space Dimensions for Grouting Cells of Hollow Units,b– d in. × in. (mm × mm) 1.5 × 2 (38 × 51) 2 × 3 (51 × 76) 2.5 × 3 (64 × 76) 3 × 3 (76 × 76) 1.5 × 3 (38 × 76) 2.5 × 3 (64 × 76) 3 × 3 (76 × 76) 3 × 4 (76 × 102)
 
 a
 
 For grouting between masonry wythes. Grout space dimension is the clear dimension between any masonry protrusion and shall be increased by the diameters of the horizontal bars within the cross-section of the grout space. c Area of vertical reinforcement shall not exceed 6% of the area of the grout space. d Minimum grout space dimension for AAC masonry units shall be 3 × 3 in. (76 × 76 mm) or a 3-in. (76-mm)-diameter cell. b
 
 the grout by puddling using either the vertical reinforcing bars or by other means is permitted only when the total grout pour height is 12 in. (305 mm) or less (ACI Committee 530.1, 2005). When the grout pour height exceeds 5 ft (1.52 m), cleanouts are required at the base of the cells or cavities to be grouted to remove mortar droppings and other debris as shown in Figure 28.8. For solid grouted masonry construction, the
 
 FIGURE 28.8 Cleanouts. (Courtesy of the National Concrete Masonry Association, Herndon, VA.)
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 maximum spacing between cleanouts is 32 in. (813 mm). Cleanouts are required to be of sufﬁcient size to permit the removal of mortar droppings but not less than 3 in. (76 mm) in any dimension. To preclude the need for constructing and subsequently sealing cleanouts, some masons opt to employ low-lift grouting techniques whereby no more than 5 ft (1.52 m) of masonry is constructed at one time before the grout is placed. When the grout has been placed, construction of the masonry assembly and placement of the grout continues in increments not exceeding 5 ft (1.52 m) until the full assembly height is achieved. Alternatively, the entire height of the masonry assembly permitted by Table 28.6 is constructed in a single stage prior to grout placement. This construction technique is generally referred to as high-lift grouting. A detailed review of grouting of masonry is provided in Grouting Concrete Masonry Walls (NCMA, 2005b). 28.5.3.1 Alternative Grouting Techniques Adherence to the above requirements for the placement of grout ensures that the masonry assembly will be free of unintended grout voids and that the structure will perform as designed. In some circumstances, however, deviating from these practices may be warranted or alternative grout placement techniques may be desired. Such instances may include higher grout lifts or pours, smaller cavity widths or cells sizes, unique consolidation methods, or altered grout slumps or materials. In recognition of the need to deviate from these standardized grout placement procedures, the MSJC Code and MSJC Speciﬁcation include an option for the construction of a grout demonstration panel to verify that the alternative grout materials or grouting techniques results in the adequate placement and consolidation of the grout. Although the MSJC is silent on recommended procedures for ensuring the successful placement and consolidation of the grout, common veriﬁcation methods include both nondestructive evaluation, such as infrared photography, and destructive evaluation, such as the removal of samples from the masonry assembly for testing or visual inspection. If the alternative grouting techniques are shown to be successful, those procedures then become the minimum acceptable standard of care for the project. Although not commonly employed, it is permitted to use a portion of the actual construction as the grout demonstration panel, recognizing that an unsuccessful grout placement alternative may require the removal of the affected portion of construction.
 
 28.5.4 Bracing of Masonry In accordance with the MSJC Speciﬁcation, the need to provide, design, and install bracing to ensure the stability of the masonry assembly during construction is left to the mason contractor to implement unless unique construction loads are expected, in which case the designer may opt to provide bracing requirements. Placing this responsibility on the mason contractor recognizes both the need to remain ﬂexible in the ﬁeld when constructing masonry as well as the variable construction schedule and sequence that may not be anticipated by the designer, thus inhibiting the effective implementation of a bracing strategy. To aid the mason contractor in providing a safe and economical bracing procedure, the MSJC Speciﬁcation recommends following the guidelines established in Standard Practice for Bracing Masonry Walls Under Construction (NCMA, 2001b). This guide contains a series of bracing triggers based on wall age, thickness, height, and weight over a range of wind speeds. As an alternative to providing bracing, which may be impractical in certain instances and loading conditions, procedures are also outlined whereby the assembly and the area around it are evacuated at prescribed wind speeds. Under this alternative, the assembly is considered sacriﬁcial, and the protection of life is the primary concern.
 
 28.5.5 Environmental Construction Factors In some regions, construction of masonry structures during cold, hot, or wet weather is unavoidable. The ability to continue masonry construction in adverse weather conditions requires consideration of how environmental conditions may affect the quality of the ﬁnished masonry. When cold or hot weather is anticipated, the MSJC Speciﬁcation includes a set of required construction procedures to ensure that the masonry work is not adversely affected. One of the prerequisites of successful all-weather construction is an advance knowledge of local weather conditions. Work stoppage may be justiﬁed for a short period
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 TABLE 28.7 Cold-Weather Construction Ambient Temperature
 
 Construction Requirements
 
 32 to 40°F (0 to 4.4°C)
 
 Do not lay units having a temperature below 20°F (–6.7°C). Remove visible ice and snow from units, foundation, and masonry to receive new construction. Heat foundation and existing masonry construction to receive new units above freezing. Heat sand or mixing water to produce a mortar temperature of 40–120°F (4.4–48.9°C) at the time of mixing. Heat grout materials to a minimum of 32°F (0°C). Do not heat mixing water or aggregates above 140°F (60°C). In addition to above, maintain mortar temperature above freezing until used. Heat materials for grout to produce a temperature from 70–120°F (21.1–48.9°C). Maintain grout temperature above 70°F (21.1°C) when placed. Heat AAC unit to a minimum temperature of 40°F (4.4°C) before applying mortar. In addition to above, heat masonry under construction to 40°F (4.4°C) and use wind breaks or enclosures when the wind velocity exceeds 15 mph (24 kph). In addition to above, provide an enclosure and auxiliary heat to maintain air temperature above 32°F (0°C) within the enclosure.
 
 25 to 32°F (–3.9 to 0°C)
 
 20 to 25°F (–6.7 to –3.9°C)
 
 20°F (–6.7°C) and below Mean/Minimum Daily Temperature for Ungrouted/Grouted Masonry 25 to 40°F (–3.9 to 4.4°C) 20 to 25°F (–6.7 to -3.9°C) 20°F (–6.7°C) and below
 
 Protection Requirements Cover newly constructed masonry with weather-resistive membrane for 24 hours after completion. Extend above time period to 48 hours for grouted masonry, unless the only cement in the grout is Type III Portland cement. In addition to above, maintain newly construction masonry temperature above 32°F (0°C) for at least 24 hours after completion. Extend to 48 hours for grouted masonry unless the only cement in the grout is Type III Portland cement.
 
 if very cold, very hot, or extreme weather is anticipated. Several sources for this type of information are available, including the National Weather Service of the U.S. Environmental Science Services Administration (ESSA), which can be accessed at their website (http://www.ncdc.noaa.gov). In the following discussion, ambient temperature refers to the surrounding jobsite temperature when construction is in progress. The mean daily temperature is the average of the hourly temperatures forecast by the local weather bureau over a 24-hour period following the onset of construction. Likewise, the minimum daily temperature is the lowest temperature forecast over this 24-hour period. Temperatures between 40 and 90°F (4.4 and 32.2°C) are considered normal temperatures for masonry construction and therefore do not require special procedures or protection protocols. 28.5.5.1 Cold-Weather Construction Hydration and strength development in mortar and grout generally occur at temperatures above 40°F (4.4°C) and only when sufﬁcient water is available. Masonry construction may proceed, however, when temperatures are below 40°F (4.4°C), provided cold-weather construction and protection requirements of the MSJC Speciﬁcation are followed as summarized in Table 28.7. The initial water content of mortar can be a signiﬁcant contributing factor to the resulting properties and performance of mortar, affecting workability, bond, compressive strength, and susceptibility to freezing. Research has demonstrated a detrimental expansion effect on the cement–aggregate matrix when fresh mortars with water contents in excess of 8% mortar are frozen (Korhonen et al., 1997). This disruptive effect increases as the water content increases; therefore, mortar should not be allowed to freeze until the mortar water content is reduced from the initial range of 11 to 16% to a value below 6%. Dry masonry units have a demonstrated capacity to achieve this moisture reduction in a relatively short time. It is for this reason that the MSJC
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 TABLE 28.8 Hot-Weather Construction Ambient Temperature Above 100°F (37.8°C), or above 90°F (32.2°C) with a wind speed greater than 8 mph (12.9 kph)
 
 Above 115°F (46.1°C), or above 105°F (40.6°C) with a wind speed greater than 8 mph (12.9 kph)
 
 Construction Requirements Maintain sand piles in a damp, loose condition. Maintain mortar and grout temperature below 120°F (48.9°C). Flush tools and equipment with cool water before they come into contact with mortar. Maintain mortar consistency by retempering with cool water. Use mortar within 2 hours of initial mixing. Spread thin-bed mortar for AAC masonry no more than 4 ft (1.22 m) at a time, and place AAC masonry units within 1 minute after placing thin-bed mortar. In addition to above, shade materials and mixing equipment from direct sunlight. Use cool mixing water for mortar and grout. Ice is permitted in mixing water as long as it is completely melted when added to the other mortar or grout materials.
 
 Mean Daily Temperature Above 100°F (37.8°C), or above 90°F (32.2°C) with a wind speed greater than 8 mph (12.9 kph)
 
 Protection Requirements Fog spray newly constructed masonry until damp, at least 3 times per day until the masonry is 3 days old.
 
 Speciﬁcation requires protection from freezing of mortar for only the ﬁrst 24 hours. Like mortar, the freezing of a plastic grout can reduce bond and strength development, reducing overall performance of the structure. During cold weather, however, more attention must be directed toward the protection of grout because of the higher water content and resulting expansion that can occur from freezing of that water. Grouted masonry, therefore, generally must be protected for longer periods to allow the water content to be dissipated and the grout to cure. 28.5.5.2 Hot-Weather Construction High temperatures, solar radiation, and ambient relative humidity inﬂuence the absorption characteristics of the masonry units and the setting time and drying rate for mortar. When mortar or grout gets too hot or when mortar or grout is placed in contact with excessively hot masonry units, they may lose water so rapidly that the cement does not fully hydrate. Early surface drying of the mortar results in decreased bond strength and less durable mortar. The hot-weather construction procedures of the MSJC Speciﬁcation as summarized in Table 28.8 involve keeping masonry materials as cool as possible and preventing excessive water loss. 28.5.5.3 Wet-Weather Construction When the moisture content of a masonry unit is elevated to excessive levels due to wetting by rain or other sources, several deleterious consequences can result, including decreased mason productivity, decreased mortar–unit bond strength, and, in the case of concrete masonry, increased shrinkage potential and possible cracking. Although reinforced masonry construction does not rely on mortar–unit bond for structural capacity, this is a design consideration with unreinforced masonry. As a means of determining if a concrete masonry unit has acceptable moisture content at the time of installation, the following industry guidance is recommended (NCMA, 2002a). This simple ﬁeld procedure can quickly ascertain whether a concrete masonry unit has acceptable moisture content at the time of installation. A concrete masonry unit for which 50% or more of the surface area is observed to be wet is considered to have an unacceptable moisture content for placement. If less than 50% of the surface area is wet, the unit is acceptable for placement. Damp surfaces are not considered wet surfaces. For this application, a surface would be considered damp if some moisture is observed, but the surface darkens when additional free water is applied. Conversely, a surface would be considered wet if moisture is observed and the surface does not darken when free water is applied. These limitations on maximum permissible moisture content are not intended to apply to intermittent masonry units that are wet cut as needed for special ﬁt.
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 The relative moisture content of clay masonry units at the time of installation is evaluated through the initial rate of absorption (IRA), which is a measure of how much water the brick absorbs during the ﬁrst 60 seconds after contact with fresh mortar. The value of the initial rate of absorption can inﬂuence the bond that can develop between the unit and mortar. When the IRA exceeds 30 g/min/30 in. (30 g/min/194 cm2), the unit may be too dry and a solid, watertight joint may not be achieved (ACI Committee 530.1, 2005). High IRA brick should be wetted 3 to 24 hr prior to laying to reduce the suction and to allow the surface of the brick to dry. Conversely, very low IRA brick should be covered and kept dry on the jobsite prior to use. Guidelines do not exist for the moisture content of AAC masonry units at the time of installation, due in part to the unique properties of the thin-bed mortar used in AAC masonry construction. AAC masonry is required to be thoroughly wetted, however, prior to the placement of grout.
 
 28.5.6 Cleaning During construction, it is often difﬁcult to prevent the accumulation of mortar and grout smears on the surface of the masonry assembly. Recognizing this, many masonry project speciﬁcations include provisions for cleaning the completed masonry assembly following construction. Several commercially available products are available for cleaning the surface of newly constructed masonry. Cleaning products and procedures should be selected with due care, as overly aggressive techniques can damage the masonry units or mortar. Cleaning should begin in a small, nondescript location of the structure to verify that the proposed procedures and solutions are not detrimental to the masonry substrate. For years, acids were used to clean masonry following construction, occasionally with detrimental results. Today, acids and other aggressive chemical are only recommended as a last option for cleaning, and even then should be used with caution. Before applying an acid, the masonry should be thoroughly wetted to prevent the acid from being absorbed into the masonry substrate. Failure to do so can cause acid burn when the cementitious paste between the aggregates is washed away, thus altering the appearance of the surface ﬁnish.
 
 28.5.7 Construction Tolerances and Workmanship Although the manufacturing of masonry units has evolved considerably over the past 100 years, the construction of masonry assemblies remains today a hand-crafted art that has been practiced over centuries. The charm and beauty inherent to masonry construction are its primary aesthetic draws. To ensure that the masonry performs as intended, the MSJC Speciﬁcation has established tolerance and placement requirements. Workmanship, however, can be a much more subjective value to quantify. For this reason, when aesthetics are a primary concern, the construction of a sample panel is recommended for all projects. 28.5.7.1 Construction Sample Panels When masonry construction is governed by either quality assurance Level B (see Table 28.10) or Level C (see Table 28.11) as required by the MSJC Speciﬁcation, a sample panel measuring a minimum of 4 × 4 ft (1.22 × 1.22 m) is required to be constructed, although sample panels can also be used on projects incorporating unique or complicated details or procedures. The purpose of a masonry sample panel is to help ensure that the ﬁnal envisioned product is directly communicated to all affected parties, particularly in the case of aesthetics and minimum quality of workmanship, which can be difﬁcult to stipulate in contract documents. The sample panel should incorporate all possible products, materials, and procedures speciﬁed to be part of the ﬁnal construction, including the full range of masonry unit color and texture; mortar color and joint proﬁle; ﬂashing details; tie, anchor, and reinforcement placement; cleaning procedures; and coating application, as applicable. The sample panel should be retained on the project site until all masonry work has received ﬁnal acceptance. If appropriate and acceptable to all parties, a portion of the masonry structure can be used as the sample panel for the project.
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 28.5.7.2 Construction Tolerances Virtually all construction materials are manufactured to a speciﬁed tolerance; likewise, nearly all structures incorporating such building components are required to be constructed to a speciﬁed tolerance. Masonry structures and the materials used in their construction are no different. Because masonry is often used as an exposed construction material, it can be subjected to tighter tolerances than typically associated with other structural systems that are normally hidden when construction is complete. Unless otherwise speciﬁed in the contract documents, the tolerances for the placement of masonry elements are outlined in the MSJC Speciﬁcation. Although the intent of the construction and placement tolerances contained within the MSJC Speciﬁcation is to safeguard structural performance and not achieve any aesthetic criterion, the stipulated values are often regarded as more than adequate for common aesthetic purposes. Tighter tolerances may be required in the project documents to ensure that the ﬁnal overall appearance of the masonry is acceptable. It should be cautioned, however, that using more stringent construction tolerances could signiﬁcantly complicate the job and increase the cost of construction. Maintaining tight construction tolerances may be aesthetically desirable, but it must be recognized that factors such as the condition of previous construction and modular coordination of the project may require the mason to vary the masonry construction slightly from the intended plans or speciﬁcations. The details of this section outline the tolerance requirements contained within the MSJC Speciﬁcation for mortar joints, alignment, location of elements, and placement of reinforcement. Further information on construction tolerances can be found in Testing and Inspection of Concrete Masonry Construction (NCMA, 2006c). 28.5.7.2.1 Mortar Joint Tolerances Although primarily an aesthetic issue, signiﬁcant variations in mortar joint thicknesses can result in poor structural performance. The following tolerances imposed by the MSJC Speciﬁcation are intended, in part, to ensure structural performance is not compromised. These tolerances are illustrated in Figure 28.9. Mortar bed joints, typically 3/8 in. (9.5 mm) thick for most masonry construction, are permitted to vary by ±1/8 in. (3.2 mm) in thickness. The exception to this is with the initial bed joint between the top of the footing and the ﬁrst course of masonry, which may vary in thickness from 1/4 to 3/4 in. (6.4 to 19 mm) to accommodate variations in the top of the footing. Head joint thickness may vary by –1/4 in. (6.4 mm) to +3/8 in. (9.5 mm); thus, for a speciﬁed joint thickness of 3/8 in. (9.5 mm), the head joint thickness may vary from a minimum thickness of 1/8 in. (3.2 mm) to a maximum thickness of 3/ 4 in. (19 mm). Although bed joints should be constructed level, they are permitted to vary by ±1/2 in. (13 mm) maximum from level, provided the joint does not slope more than ±1/4 in. (6.4 mm) in 10 ft (3048 mm). This requirement also applies to the top surface of bearing walls. 28.5.7.2.2 Plumb and Alignment Tolerances The alignment and out-of-plumb tolerances required by the MSJC Speciﬁcation are intended to ensure structural performance. In these cases, the intention is to limit the eccentricity of applied loads and thereby not reduce the load-carrying capacity of a given element. These tolerances are shown in Figure 28.10. Walls, columns, and other masonry building elements are required to be constructed to within –1/4 in. (6.4 mm) or +1/2 in. (13 mm) from the speciﬁed dimensions in cross-section and elevation. Masonry walls, columns, and other building elements may not vary from plumb by more than ±1/2 in. (13 mm) maximum while maintaining a slope of less than ±1/4 in. (6.4 mm) in 10 ft (3048 mm) and ±3/8 in. (9.5 mm) in 20 ft (6096 mm). Masonry building elements should also stay true to a line within these same tolerances. Columns and walls continuing from one story to another may vary in alignment by ±3/4 in. (19 mm) for nonloadbearing walls or columns and by ±1/2 in. (13 mm) for bearing walls or columns. 28.5.7.2.3 Location of Elements For continuity of construction and to facilitate the connection of discrete elements, the MSJC Speciﬁcation requires masonry members to be located within a maximum distance of ±3/4 in. (19 mm), not exceeding ±1/2 in. (13 mm) in 20 feet (6096 mm), from their intended location in plan as shown in
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 Masonry Design and Construction ±1/4 in. (6.2 mm) in 10 feet (3048 mm) ±1/2 in. (13 mm) maximum
 
 Desired bed joint location
 
 Head joint tolerance from specified thickness = –1/4 in. (6.4 mm) + 3/8 in. (9.5 mm) Bed joint tolerance from specified thickness = ±1/8 in. (3.2 mm)
 
 Initial bed joint thickness = 1/4 in. (6.4 mm) min. 3/4 in. (19 mm) max.
 
 FIGURE 28.9 Mortar joint tolerances. (Courtesy of the National Concrete Masonry Association, Herndon, VA.)
 
 Figure 28.11. Such tolerances also minimize unanticipated eccentricity of axial loads. Masonry building elements must also be located within ±1/4 in. (6.4 mm) per story height without exceeding the ±3/4-in. (19-mm) maximum. This requirement would apply not only to the top of walls or other vertical assemblies but also to discrete elements within an assembly, such as lintels and bond beams. 28.5.7.2.4 Placement Tolerances for Reinforcement In accordance with the MSJC Speciﬁcation, the tolerance for the placement of reinforcement in walls and other ﬂexural elements is ±1/2 in. (13 mm) when the speciﬁed effective depth (d), measured from the centerline of the reinforcement to the opposite compression face of the masonry, is 8 in. (203 mm) or less. The tolerance increases to ±1 in. (25 mm) for d equal to 24 in. (610 mm) or less but greater than 8 in. (203 mm). For d greater than 24 in. (610 mm), the tolerance for the placement of reinforcement is ±1-1/4 in. (32 mm), as shown in Figure 28.12. Vertical bars must be placed within 2 in. (51 mm) of their speciﬁed location measured parallel to the length of the wall for all applications. The placement tolerances for such reinforcement are larger because slight deviations from speciﬁed locations have a negligible impact on the out-of-plane structural performance of an assemblage. Although not required by the MSJC Speciﬁcation, to facilitate the placement of reinforcement and achieve the required placement tolerances reinforcing bar positioners may be used for both horizontal and vertical reinforcement, although bar positioners may hinder high-lift grouting procedures.
 
 28.6 Testing and Inspection Design of masonry, as with other construction materials, does not warrant great precision in its analysis and application. A thorough understanding of the materials, their compatibility, and proper detailing is just as important as design precision for the successful performance of the masonry system. The various
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 Concrete Construction Engineering Handbook Specified Cross-Section Specified Elevation
 
 –1/4 in. (6.4 mm) +1/2 in. (13 mm)
 
 –1/4 in. (6.4 mm) +1/2 in. (13 mm)
 
 Alignment Tolerances: ±1/2 in. (13 mm) for loadbearing walls ±3/4 in. (19 mm) for nonloadbearing walls
 
 Floor slab
 
 Upper wall
 
 Lower wall
 
 Out of Plumb: ±1/4 in. (6.4 mm) in 10 ft (3048 mm) ±3/8 in. (13 mm) in 20 ft (6096 mm) ±1/2 in. (13 mm) max.
 
 FIGURE 28.10 Alignment tolerances. (Courtesy of the National Concrete Masonry Association, Herndon, VA.)
 
 combination of units, mortar, grout, and reinforcement, environmental conditions at the project site, and variations in workmanship are factors that will inﬂuence the end result in sometimes unpredictable and uncontrollable ways. To account for the multiple combinations of these variables and the effects they can have on the resulting construction, the design factors of safety in the past were more conservative than permitted for other construction materials. More recently, however, quality control and quality assurance programs have been established by codes and standards to provide a minimum level of conﬁdence in the properties of the ﬁnal construction. Correspondingly, when such testing and inspection programs are put into use the design of masonry structures becomes more economical. The evaluation of masonry materials generally falls into one of two categories: • In-plant quality control as required by product standards and individual manufacturer’s procedures • Testing and inspection in the ﬁeld as governed by building codes and standards The following discussion focuses on the latter of these evaluation programs as related to verifying material properties, inspecting the masonry system, and implementing a construction quality assurance program in the ﬁeld. In the past, masonry testing and inspection could be waived at the option of the designer when the allowable design stresses were reduced by a factor of two, commonly referred to as half-stress design or
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 Masonry Design and Construction Location in plan ±1/2 in. (13 mm) in 20 ft (6096 mm) ±3/4 in. (19 mm) maximum
 
 True to a line ±1/4 in. (6.4 mm) in 10 ft (3048 mm) ±3/8 in. (9.5 mm) in 20 ft (6096 mm) ±1/2 in. (13 mm) maximum
 
 Planned location
 
 Actual location Specified location
 
 ±1/4 in. (6.4 mm) in story height ±3/4 in. (19 mm) maximum
 
 FIGURE 28.11 Tolerances for locating elements. (Courtesy of the National Concrete Masonry Association, Herndon, VA.)
 
 un-inspected design. Within contemporary design standards for masonry this option is no longer available. As a minimum, the MSJC Code and MSJC Speciﬁcation require certiﬁcates of compliance for the materials used in construction. Further, for engineered masonry structures, the MSJC requires as a minimum periodic ﬁeld inspection to verify that the materials and construction are in compliance with the project speciﬁcations. Evaluation of individual masonry materials is covered by applicable ASTM standards, while acceptable workmanship and construction tolerances are addressed by the MSJC Speciﬁcation. The following sections provide a general overview of the procedures used for testing various materials used in masonry construction and the required inspection procedures to verify acceptable workmanship. Further discussion related to the quality assurance and inspection of masonry is offered in Testing and Inspection of Concrete Masonry Construction (NCMA, 2006c).
 
 28.6.1 Quality Assurance Levels The MSJC Speciﬁcation outlines three levels of quality assurance, each triggered by the design method used and importance of the structure, to ensure a minimum level of quality and safety. These inspection and testing programs are in turn incorporated into the IBC, although they are designated differently. The three levels of quality assurance include: • Level A (IBC Basic)—These requirements are composed of the minimum quality assurance provisions as summarized in Table 28.9 and are only applicable to empirically design masonry, glass unit masonry, and masonry veneer used in the construction of structures designated as nonessential by the building code.
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 Masonry lintel Horizontal reinforcement Specified distance d
 
 Lintel crosssection
 
 Tolerance per table
 
 Specified distance d Vertical wall reinforcement
 
 Specified distance d
 
 Vertical wall reinforcement
 
 Tolerance per table Specified Distance d from Face of Wall to Center of Reinforcement
 
 Allowable Tolerance
 
 d < 8 in. (203 mm) 8 in. (203 mm) < d ≤ 24 in. (607 mm) d > 24 in. (607 mm)
 
 ±1/2 in. (13 mm) ±1 in. (25 mm) ±1/4 in. (32 mm)
 
 Tolerance ±2 in. (51 mm)
 
 FIGURE 28.12 Placement tolerances for reinforcement. (Courtesy of the National Concrete Masonry Association, Herndon, VA.)
 
 • Level B (IBC Level 1)—These requirements provide a periodic-type inspection for engineered masonry used in nonessential facilities (as deﬁned in the building code) and for empirically designed masonry, glass unit masonry, and masonry veneer used in essential facilities as summarized in Table 28.10. • Level C (IBC Level 2)—These comprehensive inspection procedures are required for essential facilities (as deﬁned in the building code) that are designed by engineered design methods (allowable stress or strength design) as summarized in Table 28.11. Items inspected under a Level C quality assurance program are similar to those of Level B, with the added requirement that inspection must be continuous during all phases of masonry construction. These inspection levels are minimum criteria and may be increased when deemed necessary by the owner or designer due to the relative importance or potential hazard of unique structures. In this case, the contract documents must indicate the inspection level and tests that are required to ensure that the masonry work conforms with the project requirements. In the context of the MSJC requirements, inspection, in combination with material testing, comprises the quality assurance program as established by the administrative and procedural requirements of the contract documents. Current code provisions, however, are vague regarding the minimum qualiﬁcations for masonry inspectors conducting routine inspection tasks. Some equate qualiﬁcation with a nationally recognized certiﬁcation, while others have allowed a noncertiﬁed individual with sufﬁcient experience
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 TABLE 28.9 Level A Quality Assurance Minimum Tests and Submittals Certiﬁcates for materials used in masonry construction indicating compliance with the contract documents.
 
 Minimum Inspection Verify compliance with the approved submittals.
 
 TABLE 28.10 Level B Quality Assurance Minimum Tests and Submittals Certiﬁcates for materials used in masonry construction indicating compliance with the contract documents Veriﬁcation of fm′ or fAAC ′ prior to construction, except when speciﬁcally excepted by the MSJC (including masonry veneer and glass block construction)
 
 Minimum Inspection As masonry construction begins, verify that the following are in compliance: Proportions of site-prepared mortar Construction of mortar joints Location of reinforcement, connectors, and prestressing tendons and anchorages Prestressing technique Prior to grouting, verify that the following are in compliance: Grout space Grade and size of reinforcement; prestressing tendons and anchorages Placement of reinforcement, connectors, and prestressing tendons and anchorages Proportions of site-prepared grout and prestressing grout for bonded tendons Construction of mortar joints Verify that the placement of grout and prestressing grout for bonded tendons is in compliance. Observe preparation of grout specimens, mortar specimens, and prisms. Verify compliance with the required inspection provisions of the contract documents and the approved submittals.
 
 TABLE 28.11 Level C Quality Assurance Minimum Tests and Submittals Certiﬁcates for materials used in masonry construction indicating compliance with the contract documents Veriﬁcation of fm′ or f AAC ′ prior to construction and every 5000 ft2 (464.5 m2) during construction Veriﬁcation of proportions of materials in premixed or preblended mortar, grout, and prestressing grout as delivered to the site
 
 Minimum Inspection From the beginning of masonry construction and continuously during construction of masonry: Verify that the following are in compliance: Proportions of site-mixed mortar, grout, and prestressing grout for bonded tendons Grade and size of reinforcement; prestressing tendons and anchorages Placement of masonry units and construction of mortar joints Placement of reinforcement, connectors, and prestressing tendons and anchorages Grout space prior to grouting Placement of grout and prestressing grout for bonded tendons Observe preparation of grout specimens, mortar specimens, and/or prisms. Verify compliance with the required inspection provisions of the contract documents and the approved submittals.
 
 to serve as an inspector. As a minimum, however, a masonry inspector must be familiar with masonry materials and construction and be able to read plans and speciﬁcations effectively to judge whether or not the construction is in conformance with the contract documents. The following sections provide a brief review of the basic masonry knowledge necessary to effectively implement a testing and inspection program.
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 28.6.2 Mortar Testing Reviewed earlier in this chapter were the requirements for mortar materials and their properties, as well as guidelines for selecting mortar types for speciﬁc projects. The following discussion addresses the physical testing and assessment of masonry mortars based on standardized tests as outlined in ASTM C 780, Standard Test Method for Preconstruction and Construction Evaluation of Mortars for Plain and Reinforced Unit Masonry (ASTM, 2006e). The quality assurance testing of masonry mortars remains one of the most commonly misinterpreted construction procedures. When mortar testing is required for a speciﬁc project, it is essential that all parties involved possess a thorough knowledge of the mortar speciﬁcations, test methods, and standard practices prior to the start of construction. Misinterpretations of these standards can result in improper testing and confusion regarding compliance with speciﬁcations. The two methods of specifying masonry mortars in accordance with ASTM C 270, Standard Specification for Mortar for Unit Masonry (ASTM, 2005d), are the proportion specification and the property specification. These two compliance options are completely independent and cannot be used in conjunction with one another. Due to its ease of implementation, and because it is the default compliance method in ASTM C 270, the proportion speciﬁcation is much more commonplace. Although ﬁeld testing of the mortar is not required to demonstrate compliance with the proportion speciﬁcation, proportion-batched mortar may be visually documented in the ﬁeld or sampled and physically evaluated to verify its consistency throughout the job. Although compressive strength testing is the most common physical evaluation technique, several other testing options exist. The most important aspect of mortar quality control, however, is ensuring its consistency throughout the construction project, not the absolute value of a particular property. The test methods outlined in ASTM C 780 are solely intended to evaluate mortar consistency, which in turn may be compared to baseline preconstruction physical properties of laboratory-prepared mortars but cannot be compared to the values required by the ASTM C 270 property speciﬁcation. Further, without preconstruction baseline evaluation of mortar properties comparing laboratory-prepared mortar to ﬁeld-prepared mortar, quantitative acceptance criteria for ﬁeld mortars cannot be established, as ASTM does not publish minimum physical properties for ﬁeld-prepared mortar. ASTM C 780 outlines several tests for the ﬁeld evaluation of masonry mortars, including consistency by cone penetration, consistency retention by cone penetration, consistency by modiﬁed concrete penetrometer, aggregate ratio, water content, air content, compressive strength, and splitting tensile strength (see Figure 28.13). Due to its
 
 FIGURE 28.13 Masonry mortar cubes. (Courtesy of the National Concrete Masonry Association, Herndon, VA.)
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 common use, however, the compressive strength evaluation of masonry mortars is reviewed in detail here. Additional guidance on the evaluation of ﬁeld mortars is provided in ASTM C 1586, Standard Guide for Quality Assurance of Mortars (ASTM, 2005a), for those interested in applying alternative quality control techniques. One of the most universally recognized properties of masonry is compressive strength. Although this property may not be the most important property for masonry mortar, it is often perceived as such in part because compressive strength values are generally understood and are relatively easy to determine. Confusion and misinterpretation sometimes exist, however, when interpreting project speciﬁcation requirements and ﬁeld testing results for mortar strength because ASTM standards do not include minimum requirements for ﬁeld-prepared mortars. One primary reason for the necessary absence of minimum properties of ﬁeld mortars is that, when fresh mortar is placed on masonry units during construction, its characteristics immediately begin to change due to water absorption by the masonry unit which lowers its water-to-cement ratio and increases its net compressive strength. Because ASTM C 780 tests are performed on mortars that have not been exposed to such absorption conditions, the resulting tested properties are expected to differ signiﬁcantly from mortar in contact with masonry units. Conversely, ASTM C 270 test methods attempt to simulate this reduced water-to-cement ratio by reducing the amount of water added to the laboratory-prepared mix. The resulting laboratory-prepared mortar would be virtually unusable from a mason’s perspective due to its lack of workability. Because conditions of the units and environment can vary greatly from job to job, the properties of the plastic mortar may have to vary as well to ensure quality construction. It is for this reason that no standardized pass/fail criteria exist for ﬁeld tests of mortar as well as no standardized correlation between ﬁeld- and laboratory-prepared mortars. Thus, the mortar compressive strength determined in a laboratory is not directly indicative of the strength of the mortar in the wall, the mortar strength evaluated in accordance with ASTM C 780, or of the masonry assembly strength. Instead, compressive strength sampling of ﬁeld mortars for quality control is a quantitative measurement of the consistency of the mortar on a project. Although the physical process of sampling and testing masonry mortar compression specimens is understood well enough, the discussion above highlights some of the common interpretations with their use. As an alternative to mortar compression testing, the mortar aggregate ratio test of ASTM C 780, which determines the approximate relative amounts of cementitious materials to aggregate in the mortar mix, can be a very effective tool for determining the batch-to-batch mortar consistency throughout a project. The added beneﬁt of the aggregate ratio test is that results can be obtained the same day, instead of the days or weeks that may be necessary for compression testing, thus allowing for potential problems to be identiﬁed early.
 
 28.6.3 Grout Testing Quality control of masonry grout typically involves: • Conducting slump tests on the plastic grout prior to placement to ensure proper consistency and ﬂowability • Collecting samples to mold specimens for compression testing The slump test can be used to give an indication of the consistency, water-to-cement ratio, and ﬂuidity of the grout batch. As with concrete, slump testing of masonry grout is conducted in accordance with ASTM C 143, Standard Test Method for Slump of Hydraulic-Cement Concrete (ASTM, 2005h). When the grout lift height exceeds 5 ft (1.52 m), but is not greater than 12.67 ft (3.9 m), the grout slump must be maintained between 10 and 11 in. (254 and 279 mm). For grout lift heights of 5 ft (1.52 m) or less, the slump is permitted to vary between 8 and 11 in. (203 and 279 mm). The MSJC recognizes the need to vary grout slump from one project to another based on speciﬁc circumstances and as such permits this relatively wide range of grout slumps.
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 FIGURE 28.14 Molding of grout compression specimen. (Courtesy of the National Concrete Masonry Association, Herndon, VA.)
 
 Selecting an appropriate slump for the placement of grout is more art than science. In general, when the rate of water loss from the grout is high, such as when temperatures are elevated or when the masonry units are highly absorptive, slumps in the upper part of the range (i.e., more ﬂuid) may be desirable, although care should be taken that the grout does not segregate because it contains too much water. High-slump grouts are also advantageous when grout spaces are small or highly congested; conversely, when placing grout during relatively cold or wet weather, grouts in the lower slump range are a good choice, as excessive free water is not lost to the masonry units. When grout compressive strength testing is required, the procedures of ASTM C 1019, Standard Test Method for Sampling and Testing Grout (ASTM, 2005f), are used. ASTM C 1019 contains procedures for both ﬁeld and laboratory grout compression testing and can be used either to help select grout proportions during preconstruction or as a quality control test for grout compressive strength during construction. When used as part of a quality assurance program, the frequency of sampling grout specimens should be speciﬁed before the start of construction. Grout specimens are formed in molds made from masonry units with the same absorption and moisture content characteristics as those being used on the job, as shown in Figure 28.14. The purpose of the absorptive mold is to subject the plastic grout to water-loss conditions similar to those in the masonry assembly. Using plastic cylinders or other nonabsorbent means of molding grout compression specimens keeps the water-to-cement ratio in the grout artiﬁcially high, resulting in reduced compressive strength measurements. Per ASTM C 476, Standard Specification for Grout for Masonry (ASTM, 2002), the minimum compressive strength of masonry grout is 2000 psi (13.79 MPa); however, project requirements may require higher strengths. For example, when the unit strength method is used to determine the speciﬁed compressive strength of the masonry (fm′ ), the MSJC Speciﬁcation requires the compressive strength of the grout to equal or exceed fm′ but not be less than 2000 psi (13.79 MPa). As an economic rule of thumb, unless structural criteria dictate otherwise, it is best to balance the speciﬁed grout strength with the speciﬁed concrete masonry assembly strength so one element of the system is not considerably stronger than the other, resulting in material overstrength and design conservatism. As a ﬁnal note, when using the strength design provisions of the MSJC Code (not the allowable stress design provisions), a maximum speciﬁed grout compressive strength of 5000 psi (34.47 MPa) for concrete masonry construction is applied. This limitation is based solely on the speciﬁed compressive strength of grout and does not limit the actual ﬁeld-tested grout compressive strength. Additional discussion on the sampling and testing of masonry grouts is provided in Testing and Inspection of Concrete Masonry Construction (NCMA, 2006c).
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 28.6.4 Masonry Unit Testing The physical properties of concrete, clay, and autoclaved aerated concrete masonry units are each evaluated under their own unique standards; ASTM C 140 (ASTM, 2006f), ASTM C 67 (ASTM, 2007b), and ASTM C 1386 (ASTM, 1998), respectively. In addition to these testing standards, some masonry units may require additional evaluation as required by ASTM C 476 (ASTM, 2002) for linear drying shrinkage potential or ASTM C 744 (ASTM, 2005e) for prefaced concrete masonry units. Each standard contains procedures speciﬁc to the type of masonry unit being evaluated. Tests addressed by the standards include frequency and methods of sampling, measurement of dimensions, absorption and density calculations, and determination of compressive strength. Each physical property, in turn, must comply with the associated ASTM speciﬁcation for the unit being evaluated; for example, conventional loadbearing concrete masonry units tested in accordance with ASTM C 140 must meet the minimum speciﬁed requirements of ASTM C 90 (ASTM, 2006c). These requirements may be in addition to project-speciﬁc requirements. As shown in the three quality assurance programs outlined in Table 28.9, Table 28.10, and Table 28.11, jobsite sampling of masonry units for physical evaluation is not a default requirement unless the unit strength method of verifying the speciﬁed compressive strength of masonry as outlined in Section 28.6.5 is used.
 
 28.6.5 Verifying Compliance with fm′ Structural performance of masonry is largely dependent upon three key criteria: • The engineering rationale incorporated into the design of the structure • The physical characteristics of the materials used in the construction of the structure (i.e., the masonry units, grout, mortar, and reinforcement) • The quality of the construction used in assembling these components In proportioning, conﬁguring, and reinforcing a masonry element for a prescribed set of loads, a designer bases these parameters on the minimum speciﬁed compressive strength of masonry (fm′ ). This minimum value is used throughout the design in accordance with the appropriate masonry code to establish allowable stresses and design strengths for masonry elements. It should be stressed that the speciﬁed compressive strength of the masonry is related to but not equal to the tested compressive strength of the masonry, which conversely must equal or exceed the speciﬁed compressive strength of the masonry. Because masonry construction is a composite assemblage of mortar, units, and grout, testing these materials independently does not provide a direct indication of the compressive strength of the ﬁnal construction. Instead, quality assurance efforts to document the compressive strength of an assembly are based on representative samples combining each individual material either through direct evaluation or through an established correlation. As such, compliance with the speciﬁed compressive strength is veriﬁed by one of two methods, the unit strength method or the prism test method, as required by the MSJC Speciﬁcation. 28.6.5.1 Unit Strength Method The unit strength method is often considered to be less expensive and more convenient than constructing and testing masonry prisms; however, the unit strength method also yields more conservative results when compared to the prism test method, especially at the higher range of masonry unit strengths. Further, the unit strength method cannot be used for verifying the compressive strength of AAC masonry assemblies, which is based on the strength of the AAC masonry unit alone. Compliance with fm′ by the unit strength method is based on the net area compressive strength of the concrete or clay masonry units and the type of mortar used. The compressive strength of the masonry assemblage is then established in accordance with Table 28.12 and Table 28.13 for concrete and clay masonry, respectively. Each of these tables is based on established correlations from the MSJC Speciﬁcation. To use the unit strength method, the following conditions must be met:
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 Concrete Construction Engineering Handbook TABLE 28.12 Compressive Strength of Concrete Masonry Based on the Compressive Strength of Concrete Masonry Units and Type of Mortar Used in Construction Net Area Compressive Strength of Concrete Masonry Units, psi (MPa)
 
 a
 
 Type M or S Mortar
 
 Type N Mortar
 
 Net Area Compressive Strength of Masonry, psi (MPa)a
 
 1250 (8.62) 1900 (13.10) 2800 (19.31) 3750 (25.86) 4800 (33.10)
 
 1300 (8.96) 2150 (14.82) 3050 (21.03) 4050 (27.92) 5250 (36.20)
 
 1000 (6.90) 1500 (10.34) 2000 (13.79) 2500 (17.24) 3000 (20.69)
 
 For units of less than 4 in. (102 mm) in height, use 85% of the values listed.
 
 TABLE 28.13 Compressive Strength of Clay Masonry Based on the Compressive Strength of Clay Masonry Units and Type of Mortar Used in Construction Net Area Compressive Strength of Clay Masonry Units, psi (MPa)
 
 a b
 
 Type M or S Mortar
 
 Type N Mortar
 
 Net Area Compressive Strength of Masonry, psi (MPa)a
 
 1700 (11.72) 3350 (23.10) 4950 (34.13) 6600 (45.51) 8250 (56.88) 9900 (68.26) 13,200 (91.01)
 
 2100 (14.48) 4150 (28.61) 6200 (42.75) 8250 (56.88) 10,300 (71.02) NPb NPb
 
 1000 (6.90) 1500 (10.34) 2000 (13.79) 2500 (17.24) 3000 (20.69) 3500 (24.13) 4000 (27.58)
 
 For units of less than 4 in. (102 mm) in height, use 85% of the values listed. NP, not permitted.
 
 • Masonry units must comply with ASTM C 55 or ASTM C 90 for concrete masonry or ASTM C 62, ASTM C 216, or ASTM C 652 for clay masonry. • The thickness of the mortar bed joints cannot exceed 5/8 in. (15.9 mm). • Mortar must comply with the requirements of ASTM C 270. • For grouted masonry construction, the grout must meet either the requirements of ASTM C 476 or have a compressive strength equal to or greater than fm′ but not less than 2000 psi (13.79 MPa). Although the unit strength method offers an easy-to-implement alternative to prism construction, as noted earlier, it can be conservative, particularly for higher material strengths. Table 28.12, for example, would permit an fm′ value of 3000 psi (20.69 MPa) for a 4800-psi (33.10-MPa) concrete masonry unit laid in Type S mortar. If this combination of unit compressive strength and mortar were to be used to construct and test a masonry prism, the actual measured compressive strength would be expected to be in the range of 3800 to 4000 psi (26.20 to 27.58 MPa), considerably higher than the permitted 3000 psi (20.69 MPa). 28.6.5.2 Prism Test Method The second method for verifying the compressive strength of masonry per the MSJC Speciﬁcation is the prism test method, which directly measures the compressive strength of a masonry prism constructed using the actual materials used in construction. Masonry prisms are constructed and tested in accordance with ASTM C 1314, Standard Test Method for Compressive Strength of Masonry Prisms (ASTM, 2003b), which outlines standardized procedures to construct, cure, transport, and test masonry prisms in compression. At the prescribed frequency as dictated by the MSJC Speciﬁcation or the project speciﬁcations, one set of prisms (each set contains three individual prisms) is constructed for each combination of materials and each testing age for which the compressive strength is to be determined. Units are laid in
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 FIGURE 28.15 Masonry prism construction. (Courtesy of the National Concrete Masonry Association, Herndon, VA.)
 
 stack bond (even if the corresponding construction is in running bond) on a full mortar bed using mortar representative of that used in the corresponding construction. All units used in the prisms must be of the same conﬁguration and oriented in the same manner so webs and face shells are properly aligned. Mortar joints are cut ﬂush regardless of the type of tooling used in construction. These speciﬁc construction techniques help to standardize the resulting compressive strength measurements. Once constructed, the prisms are cured in sealed plastic bags to ensure uniform hydration of the mortar and, if used, the grout. Under actual ﬁeld conditions, longer periods may be required for hydration and the corresponding strengths to be achieved; however, curing prisms in sealed plastic bags results in measured strengths that are representative of those exhibited by the masonry throughout the life of the structure. As with the standardized construction procedures, bag curing also provides uniform and repeatable results. Where the corresponding construction is to be grouted solid, grout solid each prism using grout and consolidation techniques representative of that being used in the corresponding construction. Conversely, if the corresponding construction is to be partially grouted, two sets of prisms are constructed; one set is grouted, and the other is left ungrouted. The average measured compressive strengths of both the ungrouted and grouted prisms are required to meet the speciﬁed compressive strength of masonry fm′ per the MSJC Speciﬁcation. As an alternative to constructing prisms using full-size units, ASTM C 1314 permits reduced-size units to be used in prism construction, as shown in Figure 28.15. The only criteria for constructing prisms out of reduced-sized units is that hollow units must contain fully closed cells, the cross-section should be as symmetrical as possible, and the ﬁnal length of the prism should not be less than 4 in. (102 mm). The use of reduced-size prisms, particularly in grouted masonry construction, can signiﬁcantly reduce the weight of the specimens, which in turn facilitates transporting, handling, and testing the prisms accurately and without damage. When documenting compliance with fm′ , prisms are typically tested at an age of 28 days, but a different testing age may be designated depending on the requirements of each project. When earlier compressive strength results are desired, a correlation between the 28-day compressive strength and earlier compressive
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 Concrete Construction Engineering Handbook TABLE 28.14 Masonry Prism Correction Factors Height/thickness Correction factor
 
 1.3 0.75
 
 1.5 0.86
 
 2.0 1.0
 
 2.5 1.04
 
 3.0 1.07
 
 4.0 1.15
 
 5.0 1.22
 
 strengths can be established for each project, provided the materials and construction techniques do not change. Because masonry units are available in a wide array of shapes and sizes, the resulting size and conﬁguration of the masonry prism also changes. To provide a standardized means of accounting for the inﬂuence that varying prism conﬁgurations can have on measured compressive strengths, ASTM C 1314 requires that the measured compressive strength be multiplied by a correction factor as shown in Table 28.14. These correction factors are applied to the measured prism compressive strength prior to reporting. Unlike clay and concrete masonry, AAC masonry does not employ prism testing. Because the compressive strength of the AAC masonry unit is the lowest compressive strength material in the masonry ′ ) is simply taken as being equal to or less assemblage, the speciﬁed compressive strength of masonry (fAAC than the compressive strength of the AAC masonry unit.
 
 28.7 General Detailing The proper function of a masonry structure resides in the practice and implementation of good detailing and construction. This topic in and of itself can ﬁll volumes; however, a few key detailing considerations are covered here. For a full review of proper detailing of masonry structures, see NCMA (2003a).
 
 28.7.1 Movement Control and Control/Expansion Joints Cracking in masonry construction can result from many sources. Effective abatement of cracking, from both structural and nonstructural causes, requires a comprehensive understanding of the materials, how they age, and how they respond to movement. The primary sources of cracking in masonry construction include: • • • • • • • •
 
 Drying shrinkage of concrete masonry Fluctuations in temperature Carbonation of cementitious materials Differential movement between materials Excessive deﬂection Structural overload Settlement Expansion of clay masonry units
 
 To accommodate small amounts of anticipated movement, control joints or expansion joints are incorporated into masonry construction to relieve built-up stresses (Figure 28.16). For concrete masonry construction, which over an extended period of time will have a net reduction in volume as it shrinks, control joints are placed at regular intervals and at locations of stress concentration to allow the assembly to move without cracking. Clay masonry, conversely, will slowly expand over time as the units absorb water from the environment. As such, clay masonry assemblies incorporate expansion joints to allow the masonry to expand freely without cracking. A comprehensive review of expansion and control joints is provided in BIA (2005) and NCMA (2005a).
 
 28.7.2 Moisture Migration and Detailing Either as a result of improper detailing or poor construction quality, the water-penetration resistance of masonry structures continues to concern far too many building occupants, despite long-standing recommendations for the proper design, construction, and care of masonry assemblies. Moisture most often
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 Joint reinforcement, as required
 
 Vertical reinforcement, as required
 
 Stop joint reinforcement at control joint
 
 Backer rod
 
 Backer rod Sealant
 
 Sealant
 
 FIGURE 28.16 Concrete masonry control joint. (Courtesy of the National Concrete Masonry Association, Herndon, VA.)
 
 enters into a masonry assembly via wind-driven rain or improperly detailed joints and connections, but it can also present itself through capillary suction and water vapor transmission. To ensure proper performance and comfort for the occupants, masonry walls must be detailed to allow water that does enter into the assembly to exit again in a controlled manner. For hollow unit construction and cavity wall construction, this means incorporating ﬂashing at each horizontal discontinuity to collect the water and drain it to the exterior of the wall, as shown in Figure 28.17. In addition to ﬂashing strategies, the use of surface coatings or sealants on the exterior of a masonry assembly offers a second line of defense against water migrating through the surface of the masonry. Sealants, however, do not protect against water entering through improperly designed or built joints or connections and therefore should not be solely relied upon for water penetration resistance. A comprehensive review of effective water mitigation techniques is offered in NCMA (2004a, 2006d) and BIA (2005).
 
 28.8 Project Specifications Speciﬁcations for masonry have the same requirement for clarity and speciﬁcs as other construction materials. Standard speciﬁcations, such as those published by ASTM, may be used for materials, but the speciﬁcation for masonry construction must be addressed through project-speciﬁc requirements uniquely
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 Concrete Construction Engineering Handbook Typical detail at inside of faceshell Edge of flashing sealed by mortar from joint
 
 Stop flashing at inside of faceshell
 
 Cavity filter Solid unit or filled hollow unit to support flashing
 
 Flashing
 
 Architectural unit with inside faceshell and part of webs cut off to fit (typ. A and C)
 
 Cavity filter (typ. B and C)
 
 No. 5 (M #16) min. at 48 in. (1219 mm) o.c.
 
 Weeps at 32 in. (813 mm) o.c.
 
 3-in. (76-mm) unit for 8-in. (203-mm) wall, 4-in. (102-mm) unit for > 8-in. (203-mm) wall
 
 Partially open L-shaped head joints
 
 4-in. (102-mm) unit Drip edge
 
 1 in. (25 mm)
 
 (a) Reinforced Cell
 
 (b) Unreinforced Cell
 
 Bond beam, lintel, or foundation (typical)
 
 (c) Optional Unreinforced Masonry
 
 FIGURE 28.17 Flashing strategies for masonry. (Courtesy of the National Concrete Masonry Association, Herndon, VA.)
 
 adapted to each project. Speciﬁcations must be thorough and at a minimum cover the materials, work, testing and inspection, coordination, and methods selected for each project. One of the most comprehensive generic masonry speciﬁcations is the Annotated Guide to Masonry Specification (TMS, 2000). This document provides a comprehensive, generic speciﬁcation for masonry construction along with additional discussion and commentary to guide the user in the selection of project-speciﬁc requirements.
 
 28.9 Structural Design 28.9.1 Design Methodologies The structural design of masonry structures in the United States is governed by the provisions of Building Code Requirements for Masonry Structures (ACI Committee 530, 2005) in combination with the requirements of the locally adopted building code. The MSJC Code further stipulates that when the locally adopted building code does not contain the appropriate loading criteria for design the provisions of ASCE 7, Minimum Design Loads for Buildings and Other Structures (ASCE, 2005), should be used. In the context of today’s structural design environment, in which the majority of the United States has adopted and enforced the International Building Code (ICC, 2006a), the structural design of masonry is governed by the MSJC Code as augmented by the IBC and ASCE 7. The following summary focuses on the requirements of the 2005 MSJC Code. The user is cautioned to review the provisions of the locally adopted building code for any applicable modiﬁcations to these provisions.
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 The structural design methods address by the MSJC Code include: • Empirical design is also referred to as non-engineered design because it does not explicitly take into account applied design loads on the structure. The roots of empirical design extend back several centuries, when successful forms of construction were used as a model for subsequent projects. The contemporary practice of empirical design limits, design spans, and member sizes is based in large part on the successful use of these rules-of-thumb guidelines developed over several centuries. Because the empirical design method does not explicitly take into consideration modern design loads, its use is not permitted in areas of anticipated high wind or seismic events. Further, because of its historical basis, empirical design is limited to only conventional concrete and clay masonry materials. • Allowable stress design is also referred to as working stress design because the stresses in the masonry are limited to the allowable, or working, level of serviceability stresses by code-imposed factors of safety. Allowable stress design is the most commonly used engineered design method for masonry today due in part to its relative ease in application and also because, although the design provisions are under constant maintenance to reﬂect the latest state-of-the-art design, the basic methodology has remained unchanged for many decades. As of the 2005 edition of the MSJC Code, the allowable stress design provisions applied only to conventional concrete and clay masonry construction. • Strength design is very similar in concept and application to the strength design method used for reinforced concrete. Although various strength design provisions for masonry have been in existence for several decades, it was ﬁrst introduced into the MSJC Code in 2002. The 2005 MSJC strength design provisions apply to conventional concrete and clay masonry, prestressed masonry, and AAC masonry materials. • Prescriptive detailing (or deemed-to-comply design), in addition to the empirical and engineered design methods outlined in the MSJC Code, is addressed in the MSJC. As of the 2005 edition of the MSJC Code, the prescriptive design requirements are predominately limited only to masonry veneers, although several prescriptive good practices are still included in each of the engineered design methods. Several prescriptive design requirements for the structural design of residential masonry construction are contained in the International Residential Code (ICC, 2006b). Where appropriate, the code-required prescriptive design and detailing requirements are reviewed. Both the allowable stress and strength design provisions address unreinforced and reinforced masonry construction. The distinction between unreinforced and reinforced masonry design is not the presence of reinforcement, as unreinforced masonry may actually have reinforcement present; instead, the design model for unreinforced masonry takes into consideration the ﬂexural resistance of the masonry, neglecting the presence of any reinforcement present. Conversely, reinforced masonry design assumes that the reinforcement carries all tension stresses and assumes that the masonry is cracked. Each of these design methodologies is brieﬂy reviewed in this section. Several comprehensive design guides are available covering the allowable stress and strength design provisions of the MSJC Code, including Masonry Structures, Behavior and Design (Drysdale et al., 1999) and the Masonry Designer’s Guide (TMS, 2007), which reviews each section of the MSJC Code in detail while providing design examples and interpretation guidance. As such, the information presented here only brieﬂy reviews these structural design provisions as they apply to masonry.
 
 28.9.2 Prescriptive Seismic Detailing Unlike other common design loads, including wind, soil, and live and dead loads, the design of masonry for earthquake loads assumes an inelastic response of the masonry structure during the seismic event. The one exception to this is for unreinforced masonry, which must remain uncracked for all loading conditions. To provide a minimum level of performance during an earthquake, the MSJC Code outlines minimum prescriptive design and detailing requirements for masonry as a function of the assumed seismic risk and expected level of structural ductility assumed during design. The minimum design and
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 TABLE 28.15 Seismic Detailing Requirements for Masonry Shear Wall Systems Shear Wall Designation Empirical masonry shear walls Ordinary plain (unreinforced) masonry shear walls Detailed plain (unreinforced) masonry shear walls Ordinary reinforced masonry shear walls Intermediate reinforced masonry shear walls Special reinforced masonry shear walls Ordinary plain (unreinforced) AAC masonry shear walls Detailed plain (unreinforced) AAC masonry shear walls Ordinary reinforced AAC masonry shear walls
 
 MSJC Section Reference Design Method
 
 Reinforcement Requirements
 
 Use Permitted in Seismic Design Category
 
 Section 5.3 Section 2.2, Section 3.2, or Chapter 4 Section 2.2 or Section 3.2
 
 None None
 
 A A and B
 
 Section 1.14.2.2.2
 
 A and B
 
 Section 2.3 or Section 3.3 Section 2.3 or Section 3.3
 
 Section 1.14.2.2.3 Section 1.14.2.2.4
 
 A, B, and C A, B, and C
 
 Section 2.3 or Section 3.3 Section A.2
 
 Section 1.14.2.2.5 Section 1.14.2.2.6
 
 A, B, C, D, E, and F A and B
 
 Section A.2
 
 Section 1.14.2.2.7
 
 A and B
 
 Section A.3
 
 Section 1.14.2.2.8
 
 A, B, C, D, E, and F
 
 detailing requirements for masonry in low- to high-seismic-risk areas are triggered based on the assigned Seismic Design Category of the project. Likewise, some design methods or systems of limited ductility are restricted to projects of lower seismic risk, as shown in Table 28.15. The use of empirical design for sizing members of the lateral-force-resisting system is limited to Seismic Design Category A because the seismic loads are not directly accounted for in the design. Empirical design, however, can be used for designing nonloadbearing partitions up to and including Seismic Design Category C. Likewise, because of the limited ductility offered by unreinforced masonry members, the MSJC Code limits its use in the design of shear walls to Seismic Design Categories A and B only; hence, for projects of moderate to high seismic hazard, reinforced masonry is required for the design of elements that are part of the lateralforce-resisting system. The follow sections provide a general overview of the prescriptive seismic detailing requirements of the MSJC Code for both loadbearing and nonloadbearing masonry elements. It should be stressed that the prescriptive seismic reinforcement are minimums and may be less than that required to resist earthquake-induced loads. 28.9.2.1 Seismic Detailing Requirements for Nonloadbearing Elements When incorporated into structures assigned to Seismic Design Category C, D, E, or F, masonry partition walls and other nonloadbearing masonry elements that are not designed to resist loads (other than those induced by their own mass) are required to be isolated from the lateral-force-resisting system. This helps to ensure that forces are not inadvertently transferred between the structural system and the nonstructural system. In addition, the nonstructural elements such as partition walls assigned to Seismic Design Category C and above must be reinforced in either the horizontal or vertical direction in accordance with the following and as illustrated in Figure 28.18: • Horizontal reinforcement—Horizontal joint reinforcement is required to consist of at least two longitudinal W1.7 (MW 11) wires for walls having a thickness greater than 4 in. (102 mm). For walls 4 in. (102 mm) thick and less, only one W1.7 (MW 11) wire is required. The spacing of the joint reinforcement is not to exceed 16 in. (406 mm) for either case. Alternatively, bond beams incorporating at least one No. 4 bar (M #13) and spaced no farther apart than 48 in. (1219 mm) may be used instead of bed joint reinforcement. When used, the horizontal reinforcement is to be located within 16 in. (406 mm) of the top and bottom of these masonry walls. • Vertical reinforcement—Vertical reinforcement is required to consist of at least one No. 4 (M #13) bar spaced no more than 48 in. (1219 mm) on-center. Vertical reinforcement must be located within 16 in. (406 mm) of the ends of the masonry wall.
 
 28-43
 
 Masonry Design and Construction Isolation joint 16 in. (406 mm) maximum 48 in. (1219 mm) maximum*
 
 As an alternative to bond beams, bed joint reinforcement may be incorporated at a maximum spacing of 16 in. (406 mm) (see Section 2F). 16 in. (406 mm) maximum Isolation joint 16 in. (406 mm) maximum *Note: For stack bond construction of masonry partition walls in Seismic Design Category E or F, the maximum spacing of horizontal reinforcement is 24 in. (610 mm). The horizontal cross-sectional area of reinforcement is required to be at least 0.0015 times the gross cross-sectional area of the masonry. Stack bond partition walls are also required to be constructed of solidly grouted hollow open-end units or two wythes of solid units.
 
 48 in. (1219 mm) maximum
 
 Isolation joint Isolation joint
 
 FIGURE 28.18 Minimum prescriptive seismic reinforcement for nonloadbearing masonry elements. (Courtesy of the National Concrete Masonry Association, Herndon, VA.)
 
 28.9.2.2 Seismic Detailing Requirements for Detailed Plain (Unreinforced) and Ordinary Reinforced Masonry Shear Walls Despite their two different names and underlying design methodology, detailed plain (unreinforced) and ordinary reinforced masonry shear walls share the same minimum prescriptive seismic detailing requirements. Detailed plain (unreinforced) masonry shear walls, which are designed as unreinforced elements of a structure, rely entirely upon the masonry to carry and distribute anticipated loads. To ensure a minimum level of performance during a design level earthquake, however, some prescriptive reinforcement is mandated by the MSJC Code for these shear wall types. Similarly, ordinary reinforced masonry shear walls, which are designed in accordance with reinforced masonry procedures, rely upon the reinforcement to carry and distribute anticipated tensile stresses while the masonry carries the compressive stresses. Although ordinary reinforced masonry shear walls contain some reinforcement, to ensure a minimum level of performance during a design-level earthquake, a minimum amount of prescriptive reinforcement is also mandated by the MSJC Code. With very few exceptions, the amount of reinforcement prescriptively required is less than that required by design. Because the reinforcement required by design may also serve as the minimum prescriptive reinforcement, compliance with the minimum prescriptive reinforcement requirements is relatively easy to achieve. The minimum prescriptive seismic reinforcement for detailed plain (unreinforced) and ordinary reinforced masonry shear walls is summarized in the following and illustrated in Figure 28.19; neither horizontal nor vertical prescriptive reinforcement is required for openings smaller than 16 in. (406
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 8 in. (203 mm) maximum
 
 16 in. (406 mm) maximum
 
 Continue horizontal reinforcement through control joint as required at diaphragms
 
 Reinforcement within 16 in. (406 mm) of openings larger than 16 in. (406 mm)
 
 120 in. (3048 mm) maximum*
 
 24 in. (610 mm) or 40db
 
 16 in. (406 mm) maximum
 
 Minimum No. 4 (M #13) prescriptive reinforcement 120 in. (3048 mm) maximum
 
 Control joint
 
 8 in. (203 mm) maximum
 
 *In lieu of bond beams with No. 4 bars (M #13) at 120 in. (3048 mm) on-center, provide two wires of wire size W1.7 (MW 11) joint reinforcement at 16 in. (406 mm) on-center.
 
 FIGURE 28.19 Minimum prescriptive seismic reinforcement for detailed plain (unreinforced.) and ordinary reinforced masonry shear walls. (Courtesy of the National Concrete Masonry Association, Herndon, VA.)
 
 mm) in either the horizontal or vertical direction, unless the required prescriptive reinforcement is interrupted by such openings: • Vertical reinforcement—The prescriptive vertical reinforcement is required to consist of at least one No. 4 bar (M #13) at each corner, within 16 in. (406 mm) of each side of openings, within 8 in. (203 mm) of each side of control joints, within 8 in. (203 mm) of the ends of walls, and at a maximum spacing of 120 in. (3048 mm). • Horizontal reinforcement—The minimum prescriptive horizontal reinforcement consists of at least two wires of wire size W1.7 (MW 11), with joint reinforcement spaced not more than 16 in. (406 mm) on-center or bond beams containing no less than one No. 4 (M #13) bar spaced not more than 120 in. (3048 mm) apart. Horizontal reinforcement is also required at the bottom and top of wall openings. Such reinforcement must extend at least 24 in. (610 mm) or 40 bar diameters, whichever is greater, past the opening. Structural reinforcement located at roof and ﬂoor levels is required to be continuous. The horizontal reinforcing bar located closest to the top of the wall must be placed within 16 in. (406 mm) of the top of the wall. 28.9.2.3 Seismic Detailing Requirements for Intermediate Reinforced Masonry Shear Walls Like ordinary reinforced masonry shear walls, intermediate reinforced masonry shear walls are designed in accordance with the reinforced masonry design procedures and contain a minimum amount of reinforcement to ensure a minimum level of performance and ductility during a design-level earthquake. As shown in Figure 28.20, the prescriptive reinforcement for intermediate reinforced masonry shear walls is the same as for ordinary reinforced masonry shear walls, except that the maximum spacing of the vertical reinforcement is reduced to 48 in. (1219 mm).
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 8 in. (203 mm) maximum
 
 16 in. (406 mm) maximum
 
 Reinforcement within 16 in. (406 mm) of openings larger than 16 in. (406 mm)
 
 Continue horizontal reinforcement through control joint as required at diaphragms
 
 48 in. (1219 mm) maximum
 
 120 in. (3048 mm) maximum*
 
 16 in. (406 mm) maximum
 
 Minimum No. 4 (M #13) prescriptive reinforcement
 
 24 in. (610 mm) or 40 db
 
 Control joint
 
 8 in. (203 mm) maximum
 
 *In lieu of bond beams with No. 4 bars (M #13) at 120 in. (3048 mm) on-center, provide two wires of wire size W1.7 (MW 11) joint reinforcement at 16 in. (406 mm) on-center.
 
 FIGURE 28.20 Minimum prescriptive seismic reinforcement for intermediate reinforced masonry shear walls. (Courtesy of the National Concrete Masonry Association, Herndon, VA.)
 
 28.9.2.4 Seismic Detailing Requirements for Special Reinforced Masonry Shear Walls Special reinforced masonry shear walls provide the most assumed ductility of all the various shear wall types and concurrently contain the most prescriptive reinforcement of all the various masonry shearwall types. As such, special reinforced masonry shear walls are permitted in any seismic design category. Due to the large quantities of prescriptive horizontal reinforcement, control joints are typically not necessary for special reinforced masonry shear walls. As shown in Figure 28.21, the prescriptive reinforcement for special reinforced masonry shear walls is required to comply with the requirements for intermediate reinforced masonry shear walls and the following: • The sum of the cross-sectional area of horizontal and vertical reinforcement shall be at least 0.002 times the gross cross-sectional area of the wall, and the minimum cross-sectional area in each direction shall be not less than 0.0007 times the gross cross-sectional area of the wall. The maximum spacing of vertical and horizontal reinforcement shall be the smallest of one third the length of the shear wall, one third the height of the shear wall, or 48 in. (1219 mm) and shall be uniformly distributed. The minimum cross-sectional area of vertical reinforcement shall be one third of the required horizontal reinforcement. All horizontal reinforcement shall be anchored around the vertical reinforcement with a standard hook. • Stack bond masonry shear walls assigned to Seismic Design Category D, E, or F are required to be constructed of fully grouted open-end units, fully grouted hollow units laid with full head joints, or solid units. The maximum spacing of reinforcement for stack bond masonry shear walls assigned to Seismic Design Category D is 24 in. (610 mm). Stack bond masonry shear walls assigned to Seismic Design Category E or F are required to have a horizontal cross-sectional area of reinforcement of at least 0.0025 times the gross cross-sectional area of the masonry at a maximum spacing of 16 in. (406 mm).
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 8 in. (203 mm) maximum
 
 Reinforcement within 16 in. (406 mm) of openings larger than 16 in. (406 mm) 16 in. (406 mm) maximum
 
 Maximum 1/3 height 1/3 length, or 48 in. (1219 mm)
 
 Minimum No. 4 (M #13) prescriptive reinforcement
 
 16 in. (406 mm) maximum
 
 16 in. (406 mm) maximum
 
 FIGURE 28.21 Minimum prescriptive seismic reinforcement for special reinforced masonry shear walls. (Courtesy of the National Concrete Masonry Association, Herndon, VA.)
 
 28.9.3 Empirical Design of Masonry 28.9.3.1 Limitations As previously reviewed, the use of empirical design for sizing and proportioning structural members is limited to regions of relatively low seismic risk and design wind speeds because the procedures do not directly account for design loads. Instead, the provisions are based on successful construction practices developed over a long period of time in various applications. For seismic design, the empirical requirements are not permitted to be used to design any portion of a structure assigned to Seismic Design Category D or higher. The procedure can be used to design nonloadbearing members that are not part of the lateral-force-resisting structure in Seismic Design Categories B and C. Only in Seismic Design Category A can empirical design be used to design members that are part of the lateral-force-resisting structure. The limits on the use of the empirical design procedures for resisting wind loads is slightly more complex, as it is a function of the building height, exposure conditions, type of masonry element, and basic design wind speed, as shown in Table 28.16. 28.9.3.2 Empirically Designed Shear Walls The minimum nominal thickness of empirically designed masonry shear walls is required to be no less than 8 in. (203 mm). Shear walls must be provided in two separate planes in each principle axis of the building. The minimum cumulative length of the shear walls in each principle direction must be at least 40% of the longest building dimension in plan. Portions of a masonry wall containing openings or members whose length is less than one half its height are not permitted to be included in the cumulative shear-wall length. As an example, a building measuring 80 × 60 ft (24 × 18 m) in plan must provide 32 ft (9.8 m) of cumulative shear-wall length in each principle direction. The maximum spacing between shear walls is determined based on the type of diaphragm system used in the structure. Shear walls
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 TABLE 28.16 Wind Speed Limits for Empirical Design Basic Wind Speed, mph (kph)
 
 Building Height, ft (m)
 
 ≤90 (145)
 
 90–100 (145–161)
 
 100–110 (161–177)
 
 >110 (177)
 
 All masonry elements that are part of the lateral-force-resisting system and other exterior masonry elements located 35 ft (11 m) or less above ground
 
 ≤35 (11)
 
 Permitted
 
 Permitted
 
 Permitted
 
 Not permitted
 
 Interior masonry elements that are not part of the lateral-force-resisting system in buildings other than enclosed as deﬁned by ASCE 7
 
 >180 (55)
 
 Not permitted
 
 Not permitted
 
 Not permitted
 
 Not permitted
 
 60–180 (18–55)
 
 Permitted
 
 Permitted
 
 Not permitted
 
 Not permitted
 
 35–60 (11–18)
 
 Permitted
 
 Permitted
 
 Not permitted
 
 Not permitted
 
 ≤35 (11)
 
 Permitted
 
 Permitted
 
 Permitted
 
 Not permitted
 
 Exterior masonry elements that are not part of the lateral-force-resisting system that are more than 35 ft (11 m) above ground
 
 >180 (55)
 
 Not permitted
 
 Not permitted
 
 Not permitted
 
 Not permitted
 
 60–180 (18–55)
 
 Permitted
 
 Not permitted
 
 Not permitted
 
 Not permitted
 
 35–60 (11–18)
 
 Permitted
 
 Permitted
 
 Not permitted
 
 Not permitted
 
 Elements
 
 TABLE 28.17 Empirically Designed Shear Wall Spacing Limits Diaphragm Construction Cast-in-place concrete Precast concrete Metal deck with concrete ﬁll Metal deck with no ﬁll Wood
 
 Maximum Length-to-Width Ratio of Diaphragm 5:1 4:1 3:1 2:1 2:1
 
 supporting more rigid diaphragms are permitted to be spaced farther apart than shear walls supporting relatively less rigid diaphragms, as shown in Table 28.17. When the diaphragm is part of a roof supported by empirically designed shear walls, the roof construction is required to be provided with ties or other means so out-of-plane thrust is not imparted to the walls under roof gravity loads. 28.9.3.3 Axial Compression Contrary to the engineered design procedures for masonry, axial compressive stresses in empirical design are based on the speciﬁed gross cross-sectional area of masonry instead of the net cross-sectional area. Further, because of the inherent limits imposed on the use of empirically designed masonry in regions of moderate to high wind and seismic risk, the axial compressive loads are calculated based solely on dead and live loads. The MSJC Code provides allowable compressive stresses for empirically designed masonry based on masonry unit type (concrete, clay, or stone), mortar type, and construction type (single- or multiple-wythe construction). Table 28.18 outlines the allowable gross area compressive stresses for solid and hollow concrete masonry units. For values of masonry strengths between those listed, the MSJC Code does permit linear interpolation of allowable compressive stresses. In addition to the allowable compressive stresses, the empirical design procedures also require that bearing walls of one-story buildings have a minimum nominal thickness of 6 in. (152 mm), whereas bearing walls supporting more than one story have a nominal thickness of not less than 8 in. (203 mm). Because the empirical design provisions for masonry assume that no reinforcement is present, axial tension is not permitted to be carried by empirically
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 Concrete Construction Engineering Handbook TABLE 28.18 Allowable Compressive Stresses for Empirical Design of Single Wythe Concrete Masonry Construction and Compressive Strength of Masonry Unit (Gross Area), psi (MPa) Solid masonry of solid concrete masonry unit: 3000 (20.69) or greater 2000 (13.79) 1200 (8.27) Masonry of hollow loadbearing units: 2000 (13.79) or greater 1500 (10.34) 1000 (6.90) 700 (4.83)
 
 Allowable Compressive Stresses Based on Gross Cross-Sectional Area, psi (MPa) Type M or S Mortar
 
 Type N Mortar
 
 225 (1.55) 160 (1.10) 115 (0.79)
 
 200 (1.38) 140 (0.97) 100 (0.69)
 
 140 (0.97) 115 (0.79) 75 (0.52) 60 (0.41)
 
 120 (0.83) 100 (0.69) 70 (0.48) 55 (0.38)
 
 TABLE 28.19 Lateral Support Requirements for Empirically Designed Masonry Construction Bearing walls Solid units or fully grouted All other Nonbearing walls Exterior Interior
 
 Maximum Length-to-Thickness or Height-to-Thickness 20 18 18 36
 
 designed masonry elements. (The MSJC Code does not permit unreinforced masonry elements to carry axial tension but does permit unreinforced masonry elements to carry ﬂexural tension.) When axial tension exists in the masonry, alternative means must be provided to carry these loads. 28.9.3.4 Lateral Support The lateral support of simply-supported masonry walls in either the horizontal or vertical direction is limited to the ratios summarized in Table 28.19. When the masonry is assumed to be spanning horizontally, the lateral support is required to be provided by cross walls, pilasters, buttresses, or structural framing members. When the masonry is spanning vertically, the lateral support is to be provided by ﬂoors, diaphragm roofs, or structural framing members. When computing the ratio for multi-wythe walls, the following thicknesses are used: • The nominal wall thickness for solid and hollow walls meeting the bonding requirements of the MSJC Code for composite action • The sum of the nominal thicknesses of each wythe meeting the tie requirements of the MSJC Code for noncomposite action 28.9.3.5 Foundation Walls The design of foundation walls in accordance with the empirical design procedures are based on the unbalanced backﬁll height, nominal wall thickness, and construction type as shown in Table 28.20. The use of the empirical design procedures for foundation walls is dependent on the following: • • • •
 
 The wall height does not exceed 8 ft (2.44 m) between lateral supports. The terrain around the foundation wall is graded to drain surface water away from the foundation. A granular, free-draining backﬁll is used to prevent hydrostatic pressures. The top of the foundation wall is laterally supported prior to backﬁlling.
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 TABLE 28.20 Empirically Designed Foundation Walls
 
 Wall Construction Hollow unit masonry
 
 Solid unit masonry
 
 Fully grouted masonry
 
 Nominal Wall Thickness, in. (mm)
 
 Maximum Depth of Unbalanced Backﬁll, ft (m)
 
 8 (203) 10 (254) 12 (305) 8 (203) 10 (254) 12 (305) 8 (203) 10 (254) 12 (305)
 
 5 (1.52) 6 (1.83) 7 (2.13) 5 (1.52) 7 (2.13) 7 (2.13) 7 (2.13) 8 (2.44) 8 (2.44)
 
 • The length of the foundation wall between supporting cross walls or pilasters is not greater than 3 times the wall height. • The masonry is laid in running bond using Type M or S mortar. 28.9.3.6 Miscellaneous Empirical Design Requirements In addition to the design requirements for shear walls, axial compression, lateral support, and foundation walls, the empirical design requirements address several other topics, including cantilevered and parapet walls, multi-wythe construction, bonding of intersecting walls, anchorage requirements for ﬂoors and roofs, and chases and recesses. The reader to referred to the MSJC Code (ACI Committee 530, 2005) for information on these other design topics using the empirical design provisions.
 
 28.9.4 Allowable Stress Design of Masonry The most widely used structural design method for masonry structures is the allowable stress design procedure, also historically referred to as the working stress design method. The following discussion highlights several common aspects of allowable stress design as required by the MSJC Code. The basic premise of the allowable stress design method is that code-prescribed design loads cannot exceed codeprescribed allowable loads. The procedure itself is based on the following assumptions and compliance with standard structural engineering mechanics: • Within the range of allowable stresses, masonry elements satisfy applicable conditions of equilibrium and compatibility of strains. • Plane sections before bending remain plane after bending; therefore, masonry strain is directly proportional to the distance from the neutral axis. • Stress is linearly proportional to strain within the allowable stress range. • For reinforced masonry design, all tensile stresses are resisted by the steel reinforcement; the contribution of the masonry to the tensile strength of the element is ignored. • The units, mortar, grout, and reinforcement, if present, act compositely to resist applied loads. Using allowable stress design, masonry elements are sized and proportioned such that the anticipated service level loads can be safely and economically resisted using the speciﬁed material strengths. The speciﬁed strength of masonry and reinforcement are in turn reduced by appropriate safety factors to allowable stress levels. For load combinations that include wind or seismic loads, the MSJC Code permits these allowable stresses to be increased by one third. 28.9.4.1 Anchorage The allowable stress design procedures in the MSJC Code contain design provisions for plate, headed, and bent-bar anchor bolts embedded in masonry. When alternative anchor types are used, or when
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 higher design values are desired, testing in accordance with ASTM E 488 (ASTM, 1996) is required. The design equations for the allowable stress design of anchor bolts embedded in masonry are based on standard breakout models assuming a 45° failure plane. All masonry materials (units, mortar, and grout) are considered effective in resisting the applied loads. For these design equations to provide a reasonable prediction of anchor performance, the MSJC Code requires that all bolts be embedded at least 4 bolt diameters but not less than 2 in. (51 mm). For headed and plate anchors, the embedment length is measured from the surface of the masonry (which includes the thickness of the masonry unit, if applicable) to the bearing surface of the plate or head of the anchor bolt. Similarly, the effective embedment length of bent-bar anchors is measured from the surface of the masonry to the bearing surface of the bent end minus one anchor bolt diameter. The allowable tension load on masonry anchors is taken as the lesser of Equation 28.1 (masonrycontrolled breakout failure) and Equation 28.2 (anchor-controlled failure).
 
 where: Ba = Ap = fm′ = Ab = fy =
 
 Ba = 0.5A p f m′
 
 (28.1)
 
 Ba = 0.2Ab f y
 
 (28.2)
 
 allowable axial force on a headed, plate, or bent-bar anchor (lb, N). projected area of failure surface (in.2, mm2). speciﬁed compressive strength of masonry (psi, MPa). cross-sectional area of the anchor bolt (in.2, mm2). speciﬁed yield strength of the anchor bolt (psi, MPa).
 
 For use in Equation 28.1, the projected area on the masonry surface (Ap) is calculated by the lesser of Equation 28.3 or Equation 28.4. In cases when the projected surfaces of adjacent anchor bolts overlap, the MSJC Code requires that the projected area of each bolt be reduced by one half of the overlapping area. This requirement, however, assumes that the projected area of no more than two anchor bolts would intersect. Although rare in masonry construction, where the projected areas of more than two anchor bolts overlap the overlapping areas should be reduced in linear proportion to the number of anchors overlapping a common surface. In all cases, the portion of the projected area falling within an open cell, hollow cavity, or outside of the masonry element should be deducted from Ap: A p = πlb2
 
 (28.3)
 
 A p = πlbe2
 
 (28.4)
 
 where: lb = effective embedment length of the anchor bolt (in., mm). lbe = anchor bolt edge distance, measured in the direction of load, from the edge of the masonry to the center of the cross-section of the anchor bolt (in., mm). For headed, plate, or bent-bar anchors having an edge distance greater than or equal to 12 bolt diameters, the allowable shear strength (Bv) is governed by the lesser of Equation 24.5 (masonry-controlled failure) or Equation 24.6 (anchor-controlled failure). Where the anchor bolt edge distance is less than 12 bolt diameters, the allowable shear load is required to be reduced by linear interpolation to a value of zero at an edge distance of 1 in. (25 mm): Bv = 350 4 f m′ Ab
 
 (28.5)
 
 Bv = 0.12Ab f y
 
 (28.6)
 
 28-51
 
 Masonry Design and Construction
 
 Where anchor bolts are subjected to combined tension and shear, the MSJC Code requires the such anchors also be designed to satisfy Equation 28.7. This linear interaction model is recognized as being relatively conservative for anchor bolt design: ba bv + ≤1 Ba Bv
 
 (28.7)
 
 where: ba/Ba = ratio of applied to allowable axial force on the anchor bolt. bv/Bv = ratio of applied to allowable shear force on the anchor bolt. 28.9.4.2 Development and Splicing The minimum development lengths for wires and reinforcing bars embedded in masonry are calculated by Equation 28.8 and Equation 28.9, respectively. Equation 28.8 applies to wires in tension only, whereas Equation 28.9 applies to reinforcing bars in tension or compression. In no case is the minimum development length to be less than 6 in. (152 mm) for wires and 12 in. (305 mm) for reinforcing bars: ld = 0.0015db Fs ld =
 
 0.13db2 f y γ K f m′
 
 (28.8) (28.9)
 
 where: development length or lap length of reinforcing bar or wire (in., mm). diameter of reinforcing bar or wire (in., mm). allowable tensile or compressive stress in reinforcement (psi, MPa). speciﬁed yield strength of reinforcing bar or wire (psi, MPa). lesser of the masonry clear cover to the reinforcement, the clear spacing between adjacent reinforcement (not spliced reinforcing bars), or 5db. γ = 1.0 for No. 3 (M #10) through No. 5 (M #16) reinforcing bars; 1.3 for No. 6 (M #19) and No. 7 (M #22) reinforcing bars; and 1.5 for No. 8 (M #25) through No. 11 (M #36) reinforcing bars. ld db Fs fy K
 
 = = = = =
 
 Where epoxy-coated wire or reinforcing bars are used, the development length calculated by Equation 28.8 or Equation 28.9 is increased by 50%. Splicing of reinforcing bars is accomplished by lapping, welding, or mechanically connecting reinforcement. The minimum length for lap-spliced reinforcement is calculated in accordance with Equation 28.9. When welding or providing mechanical couplers, the splice is required to develop no less than 125% of the nominal yield strength of the spliced reinforcement. Although not overtly apparent upon initial inspection, lap splice lengths detailed to comply with Equation 28.9 also meet this minimum yield strength requirement. 28.9.4.3 Unreinforced Masonry Design For unreinforced masonry, the masonry assembly (units, mortar, and grout if used) is designed to carry all applied stresses. The additional capacity from the inclusion of reinforcing steel, such as reinforcement added for the control of shrinkage cracking or prescriptively required by the code, is neglected. Because the masonry is intended to resist both tension and compression stresses resulting from applied loads, the masonry must be designed to remain uncracked. 28.9.4.3.1 Axial Compression and Flexure Although unreinforced masonry can be designed to resist ﬂexural tension stresses due to applied loads, unreinforced masonry may not be subjected to net axial tension, such as that due to wind uplift on a roof connected to a masonry wall or due to the overturning effects of lateral loads. Compressive stresses
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 from dead loads can be used to offset tensile stresses, but where the wall is subject to a net axial tension reinforcement must be incorporated to resist the resulting tensile forces. When masonry walls are subjected to compressive axial loads only, the calculated compressive stress due to the applied load (fa) must not exceed the allowable compressive stress (Fa) as given by Equation 28.10 or Equation 28.11, as appropriate. For masonry elements with h/r not greater than 99: f a ≤ Fa =
 
 2 1   h    f m′ 1 −  4   140r    
 
 (28.10)
 
 For masonry elements with h/r greater than 99: f a ≤ Fa =
 
 1  70r  f m′ 4  h 
 
 2
 
 (28.11)
 
 where: fa Fa fm′ h r
 
 = = = = =
 
 applied compressive stress in masonry due to axial load only (psi, MPa). allowable compressive stress in masonry due to axial load only (psi, MPa). speciﬁed compressive strength of masonry (psi, MPa). effective height of masonry element (in., mm). radius of gyration of masonry element (in., mm).
 
 Average and net cross-sectional properties such as radius of gyration, moment of inertia, section modulus, and area are available through various industry publications, including Section Properties of Concrete Masonry Walls (NCMA, 2003b). A further check for stability is also required per Equation 28.12, whereby the axial compressive load (P) is limited to one fourth the buckling load (Pe). The eccentricity of the applied load (e) used to determine Pe in Equation 28.12 is the actual eccentricity of the applied axial load, not an equivalent eccentricity due to an applied bending moment: 3 e  1 1  π 2E m I n  P ≤ Pe =  1 − 0.577    2  r  4 4 h  
 
 (28.12)
 
 where: P = Pe = Em = In = h = e = r =
 
 applied axial load (lb, N). Euler buckling load (lb, N). modulus of elasticity of masonry (psi, MPa). moment of inertia of net cross-sectional area of masonry (in.4, mm4). effective height of masonry element (in., mm). eccentricity of applied axial load (in., mm). radius of gyration of masonry element (in., mm).
 
 For unreinforced masonry elements subjected to ﬂexural tension, the allowable ﬂexural tension values are prescribed by the MSJC Code, and vary with the direction of span, mortar type, bond pattern, and percentage of grouting, as shown in Table 28.21. For walls spanning horizontally between supports, the code conservatively assumes that masonry constructed in stack bond cannot reliably transfer ﬂexural tension stresses across the head joints. As such, the allowable ﬂexural tension values parallel to the bed joints (perpendicular to the head joints) for stack bond construction are assumed to be zero for design purposes.
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 TABLE 28.21 Allowable Flexure Tension Stresses, psi (kPa) Mortar Types Direction of Flexural Tensile Stress and Masonry Type Normal to bed joints Solid units Hollow units:a Ungrouted Fully grouted Parallel to bed joints in running bond Solid units Hollow units: Ungrouted and partially grouted Fully grouted Parallel to bed joints in stack bond
 
 Portland Cement–Lime or Mortar Cement
 
 Masonry Cement of Air-Entrained Portland Cement–Lime
 
 M or S
 
 N
 
 M or S
 
 N
 
 40 (276)
 
 30 (207)
 
 24 (166)
 
 15 (103)
 
 25 (172) 65 (448)
 
 19 (131) 63 (434)
 
 15 (103) 61 (420)
 
 9 (62) 58 (400)
 
 80 (552)
 
 60 (414)
 
 48 (331)
 
 30 (207)
 
 50 (345) 80 (552) 0 (0)
 
 38 (262) 60 (414) 0 (0)
 
 30 (207) 48 (331) 0 (0)
 
 19 (131) 30 (207) 0 (0)
 
 a
 
 For partially grouted masonry, allowable stresses shall be determined on the basis of linear interpolation between fully grouted hollow units and ungrouted hollow units based on amount (percentage) of grouting.
 
 Because the compressive strength of masonry is much larger than its tensile strength (or mortar–unit bond strength), the strength of unreinforced masonry subjected to net ﬂexural stresses is almost always controlled by the ﬂexural tension values of Table 28.21. For masonry elements subjected to a bending moment (M) and a compressive axial force (P), the resulting ﬂexural bending stress is determined using Equation 28.13: fb =
 
 Mt P − 2I n An
 
 (28.13)
 
 where: fb M t In P An
 
 = = = = = =
 
 applied stresses due to bending (psi, MPa). applied bending moment (in.-lb, N-mm). speciﬁed thickness of masonry element (in., mm). moment of inertia of net cross-sectional area of masonry (in.4, mm4). applied compressive axial load (lb, N). net cross-sectional area of masonry element (in.2, mm2).
 
 If the value of the bending stress (fb) given by Equation 28.13 is positive, then the masonry section is controlled by tension and the limiting values of Table 28.21 must be satisﬁed. Conversely, if fb as given by Equation 28.13 is negative, the masonry section is in compression and the compressive stress limitation of Equation 28.14 must be met: f b ≤ Fb =
 
 1 f m′ 3
 
 (28.14)
 
 When unreinforced masonry elements are subjected to a combination of axial load and ﬂexural bending, a unity equation is used to proportion the available allowable stresses to the applied loads per Equation 28.15: fa fb + ≤1 Fa Fb
 
 (28.15)
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 28.9.4.3.2 Shear Shear stresses on unreinforced masonry elements are calculated based on the net cross-sectional properties of the masonry in the direction of the applied shear force using Equation 28.16: fv =
 
 VQ I nb
 
 (28.16)
 
 where: fv V Q In b
 
 = = = = =
 
 applied shear stress in masonry element (psi, MPa). applied shear force (lb, N). ﬁrst moment of inertia (in.3, mm3). moment of inertia of net cross-sectional area of masonry (in.4, mm4). width of masonry section (in., mm).
 
 Equation 28.16 is applicable to the determination of both in-plane and out-of-plane shear stresses. Because unreinforced masonry is designed to remain uncracked, it is not necessary to perform a cracked section analysis to determine the net cross-sectional area of the masonry. The calculated shear stress due to applied loads (fv) as given by Equation 28.16 is taken as the smaller of the following code-prescribed allowable shear stress values (Fv), as applicable: 1.5(fm′ ) 0.5 120 psi (827 kPa) For running bond masonry not grouted solid, 37 + 0.45Nv /An For stack bond masonry with open end units and grouted solid, 37 + 0.45Nv /An For running bond masonry grouted solid, 60 + 0.45Nv /An For stack bond masonry other than open end units grouted solid, 15 psi (103 kPa) where: Nv = compressive force acting normal to the shear plane (lb, N). An = net cross-sectional area of masonry element (in.2, mm2). Although the MSJC Code designates these allowable shear stress values as being applicable to in-plane shear stresses only, no allowable shear stresses are provided for out-of-plane loads. In light of the absence of out-of-plane allowable shear stress values, the MSJC Code Commentary recommends using the inplane allowable shear stress values for out-of-plane shear design. 28.9.4.4 Reinforced Masonry Design The design of reinforced masonry in accordance with the MSJC Code neglects the tensile resistance provided by the masonry units, mortar, and grout in determining the strength of the masonry assemblage and assumes that all tension stresses are resisted by the reinforcement. Thus, for design purposes, the portion of masonry subjected to net tensile stresses is assumed to have cracked. Although the determination of the strength of a reinforced masonry element conservatively assumes the portion of the masonry subjected to net tensile stresses has cracked, this should be veriﬁed when establishing the stiffness and deﬂection of a reinforced masonry element. 28.9.4.4.1 Reinforcement The tensile stress in the reinforcement due to the applied load (fs) is calculated as the product of the strain in the steel (which increases linearly in proportion to the distance from the neutral axis) multiplied by its modulus of elasticity (Es). The modulus of elasticity of mild steel reinforcement (Es) is assumed to be 29,000,000 psi (200 GPa). The code-prescribed allowable steel stresses are as follows: • For Grade 60 reinforcement in tension, Fs = 24,000 psi (165.5 MPa). • For Grade 40 and 50 reinforcement in tension, Fs = 20,000 psi (137.9 MPa).
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 FIGURE 28.22 Allowable stress design model for reinforced masonry.
 
 • For wire reinforcement in tension, Fs = 30,000 psi (206.9 MPa). • For all reinforcement in compression, Fs = 24,000 psi (165.5 MPa) or 0.4fy , whichever is less. Unless ties or stirrups laterally conﬁne the reinforcement as prescribed by the MSJC Code, the reinforcement is assumed to contribute no compressive resistance to axially loaded elements. For design purposes, the effective width of the compression zone per bar is limited to the smallest of: • Six times the wall thickness • The center-to-center spacing of the reinforcement • 72 in. (1829 mm) This requirement applies to masonry constructed in running bond and to masonry constructed in stack bond containing bond beams spaced no farther than 48 in. (1219 mm) on-center. Where the center-tocenter spacing of the reinforcement does not control the effective width of the compression zone, the resulting resisting moment or resisting shear is proportioned over the width corresponding to the actual reinforcement spacing. 28.9.4.4.2 Axial Compression and Flexure As with unreinforced masonry, the allowable compressive stress in masonry (Fb) due to ﬂexure or due to a combination of ﬂexure and axial load is limited by Equation 28.14. When axial loads are not present or are conservatively neglected, as may be appropriate in some cases, several circumstances must be considered when determining the ﬂexural capacity of reinforced masonry walls. For a fully grouted element, a cracked transformed section approach is used wherein the reinforcement area is transformed to an equivalent area of masonry using the modular ratio. Partially grouted walls are analyzed in the same way but with the additional consideration of the ungrouted cores. For partially grouted masonry, two types of behavior to consider are: • When the neutral axis (the location of zero stress) lies within the compression face shell, as shown in Figure 28.22a, the wall is analyzed and designed as if the element were fully grouted. • When the neutral axis lies within the core area, rather than the compression face shell, as shown in Figure 28.22b, the portion of the ungrouted cells (in partially grouted masonry) must be deducted from the area of masonry capable of carrying compression stresses.
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 The location of the neutral axis depends on the relative moduli of elasticity of the masonry and steel (n), as well as the reinforcement ratio (ρ) and the distance between the reinforcement and the extreme compression ﬁber (d). When analyzing partially grouted walls, it is typically assumed that the neutral axis lies within the compression face shell, as the analysis is more straightforward. Based on this assumption, the resulting value of k and the location of the neutral axis (kd) is calculated. If it is determined that the neutral axis lies outside the compression face shell, the more rigorous tee beam analysis is performed; otherwise, the rectangular beam analysis is carried out. For fully grouted masonry elements and for partially grouted masonry elements with the neutral axis in the compression face shell, the resisting ﬂexural capacity (Mr) is taken as the lesser of Mm (masonry controlled ﬂexural strength) and Ms (reinforcing-steel-controlled ﬂexural strength) calculated as follows: n=
 
 Es Em
 
 (28.17)
 
 ρ=
 
 As bd
 
 (28.18)
 
 k = 2ρn + (ρn)2 − ρn j = 1−
 
 k 3
 
 (28.19) (28.20)
 
 1 M m = Fbkjbd 2 2
 
 (28.21)
 
 M s = As Fs jd
 
 (28.22)
 
 where: n Es Em ρ As b d k
 
 = = = = = = = =
 
 modular ratio. modulus of elasticity of reinforcing steel (psi, MPa). modulus of elasticity of masonry (psi, MPa). reinforcement ratio. cross-sectional area of reinforcement (in.2, mm2). width of masonry element (in., mm). effective depth to center of reinforcement (in., mm). ratio of distance between compression face of masonry element and neutral axis to the effective depth (d). j = ratio of distance between centroid of ﬂexural compressive forces and centroid of tensile forces to depth (d). Mm = ﬂexural strength (resisting moment) when masonry controls (in.-lb, N-m). Ms = ﬂexural strength (resisting moment) when reinforcement controls (in.-lb, N-m).
 
 For partially grouted masonry walls where the neutral axis is located within the cores, the resisting ﬂexural capacity (Mr) is calculated using the neutral axis coefﬁcient (k) given by Equation 28.23 and either Case A or Case B as follows: k=
 
 − Asn − t fs (b − bw ) dbw
 
 (28.23)
 
 where: tfs = thickness of face shell of masonry unit (in., mm). bw = for partially grouted walls, width of grouted cell plus each web thickness within the compression zone (in., mm).
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 Case A. For cases where the masonry strength controls the design:  1−k  f s = nFb   k 
 
 (28.24)
 
 where fs is the calculated stress in reinforcement (psi, MPa). If fs as determined using Equation 28.24 is greater than the allowable steel stress (Fs), then the strength of the section is controlled by the reinforcement and the masonry element is designed using the procedures outlined for Case B, below. Otherwise, the internal compression force (C) and tension force (T) are computed as follows: 1 C = Fbbkd 2
 
 (28.25)
 
  1−k  T = As f s = AsnFb   k 
 
 (28.26)
 
 Case B. For cases where the reinforcement strength controls the design: Fs  k  n  1 − k 
 
 (28.27)
 
  F  k  1 1 f bbkd = bkd  s   2 2  n  1 − k  
 
 (28.28)
 
 fb = C=
 
 T = As Fs
 
 (28.29)
 
 The resisting bending moment is then calculated by Equation 28.30 as follows:  2t fs   kd 2t fs  Mr = C  −T  d − −  3 3 3    
 
 (28.30)
 
 Axial compressive loads acting through the axis of a member are distributed over the net cross-sectional area of masonry supporting the load. The allowable axial compressive force is based on the compressive strength of masonry and the slenderness ratio of the element in accordance with Equation 28.31 or Equation 28.32, as appropriate. Axial tensile loads, conversely, are carried entirely by the reinforcement. For elements with h/r not greater than 99, the allowable compressive force (Pa) is:   h 2 Pa = ( 0.25 f m′ An + 0.65Ast Fs ) 1 −      140r  
 
 (28.31)
 
 For elements with h/r greater than 99, the allowable compressive force (Pa) is:  70r  Pa = ( 0.25 f m′ An + 0.65Ast Fs )  h  where: Pa = allowable axial compressive force (lb, N). Ast = total area of laterally tied reinforcement (in.2, mm2).
 
 2
 
 (28.32)
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 Often, loading conditions result in both axial load and ﬂexure on a wall. Superimposing the stresses resulting from axial compression and ﬂexural compression produces the combined stress. Members are proportioned so this maximum combined stress does not exceed the allowable stress limitations outlined above. 28.9.4.4.3 Shear Shear acting on masonry ﬂexural members and shear walls is resisted entirely either by the masonry (units, mortar and grout) or by shear reinforcement. This design approach is contrasted by that used for the strength design of reinforcement masonry, which allows the masonry and shear reinforcement to act together in resisting applied shear forces. For masonry members that are not subjected to ﬂexural tension, the allowable shear stresses for unreinforced masonry apply. For masonry elements that are subjected to ﬂexural tension, the applied shear stress is calculated as follows: fv =
 
 V bd
 
 (28.33)
 
 Where reinforcement is not provided to resist the entire calculated shear stress, fv, the allowable shear stress, Fv, is determined in accordance with the following: For ﬂexural members, Fv = f m′ ≤ 50 psi (345 kPa) 1 For shear walls where M/Vd < 1, Fv =  4 − (M /Vd ) f m′ ≤ 80 − 45(M /Vd ) 3 For shear walls where M/Vd ≥ 1, Fv = f m′ ≤ 35 psi (241 kPa) When shear reinforcement is provided to resist the entire shear force, the minimum amount of shear reinforcement is determined by Equation 28.34. Shear reinforcement provided in accordance with Equation 28.34 must also comply with the following: • Shear reinforcement is oriented parallel to the direction of the shear force. • Shear reinforcement spacing must not exceed the lesser of d/2 or 48 in. (1219 mm). Reinforcement must also be provided perpendicular to the shear reinforcement. This prescriptive reinforcement must have an area of at least one third Av as given by Equation 28.34 and may not be spaced farther apart than 8 ft (2438 mm): Av =
 
 Vs Fsd
 
 (28.34)
 
 where: Av = cross-sectional area of shear reinforcement (in.2, mm2). s = spacing of shear reinforcement (in., mm). Where reinforcement is provided to resist the entire calculated shear stress, fv, the allowable shear stress, Fv, is determined in accordance with the following: For ﬂexural members, Fv = 3.0 f m′ ≤ 150 psi (1034 kPa) 1 For shear walls where M/Vd < 1, Fv =  4 − (M /Vd ) f m′ ≤ 120 − 45(M /Vd ) 2 For shear walls where M/Vd ≥ 1, Fv = 1.5 f m′ ≤ 75 psi (517 kPa) In each of the above equations, the ratio of M/Vd must be taken as a positive value.
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 FIGURE 28.23 Strength design model for reinforced masonry.
 
 28.9.5 Strength Design of Masonry The following discussion provides a basic overview of design criteria and requirements for masonry structures designed using the strength design provisions contained in Chapter 3 of the MSJC Code. Strength design is based on the following design assumptions in conjunction with basic principles of engineering mechanics: • Plane sections before bending remain plane after bending; therefore, strain in the masonry and in reinforcement, if present, is directly proportional to the distance from the neutral axis. • For unreinforced masonry, the ﬂexural stresses in the masonry are assumed to be directly proportional to strain. For reinforced masonry, the tensile strength of the masonry is neglected when calculating ﬂexural strength but considered when calculating deﬂection. • The units, mortar, grout, and reinforcement for reinforced masonry act compositely to resist applied loads. • The nominal strength of masonry cross-sections for combined ﬂexure and axial load is based on applicable conditions of equilibrium. • The maximum masonry compressive stress is 0.8fm′ for both reinforced and unreinforced masonry. • The maximum usable strain (εmu) at the extreme compression ﬁber is 0.002 for concrete masonry and 0.0035 for clay masonry. • For reinforced masonry, reinforcement stresses below the speciﬁed yield strength (fy) are taken equal to the modulus of elasticity of the reinforcement (Es) times the steel strain (εs). For strains greater than that corresponding to fy , stress in the reinforcement is taken equal to fy. • For reinforced masonry, the compressive stress is rectangular and uniformly distributed over an equivalent compression zone, bounded by the compression face of the masonry with a depth of a = 0.80c. Based on the assumed design model outlined above, the internal distribution of stresses and strains is illustrated in Figure 28.23 for a reinforced masonry element. Using strength design, the design strength of an element is compared to the factored strength, which includes code-prescribed load factors. The design strength of masonry is the nominal strength multiplied by an appropriate strength reduction factor (φ). The design is acceptable when the design strength equals or exceeds the factored strength (i.e., when φMn ≥ Mu).
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 28.9.5.1 Strength Reduction Factors To account for uncertainties in construction, material properties, calculated vs. actual strength and anticipated failure modes, the nominal strength of a masonry element is multiplied by an appropriate strength reduction factor (φ). The strength reduction factors are used in conjunction with the load factors applied to the design loads. The values of the strength reduction factors for various types of loading conditions are as follows: • • • • •
 
 For reinforced masonry elements subjected to ﬂexure or axial loads, φ = 0.90. For unreinforced masonry elements subjected to ﬂexure or axial compressive loads, φ = 0.60. For masonry elements subjected to shear loads, φ = 0.80. For bearing on masonry elements, φ = 0.60. For anchor bolts: Where the nominal strength of the anchor bolt is governed by masonry breakout, φ = 0.50. Where the nominal strength of the anchor bolt is governed by the anchor steel, φ = 0.90. Where the nominal strength of the anchor bolt is governed by anchor pullout, φ = 0.65.
 
 28.9.5.2 Anchorage The strength design of anchors embedded in masonry is similar in concept to that for allowable stress design, with several key differences in the prescriptive detailing and nominal strengths. Unlike allowable stress design, the MSJC strength design provisions require embedded anchor bolts to have at least 1/2 in. (13 mm) of grout between the bolt and the masonry, except that 1/4-in. (6.4-mm)-diameter anchor bolts are permitted to be placed in mortared bed joints at least 1/2 in. (13 mm) thick. Nominal strengths of headed and bent-bar anchor bolts are determined using the equations outlined in this section. The strength design provisions do not explicitly address plate anchors embedded in masonry construction. Further, when anchor bolts penetrate the face shell of a masonry unit and are designed by the strength design method, the opening in the face shell is required to provide at least 1/2 in. (13 mm) of grout cover around the perimeter of the bolt. This prescriptive detailing requirement is intended to provide a means of inspection to ensure the adequate placement of grout around the anchor bolt and does not inﬂuence the design strength of the connection. The nominal axial tensile strength of headed anchor bolts embedded in masonry (Ban) is taken as the smaller of Equation 28.35 (masonry-controlled breakout failure) and Equation 28.36 (anchor- controlled failure). The nominal axial tensile strength of bent-bar anchor bolts embedded in masonry, (Ban) is taken as the smallest value of Equation 28.35, Equation 28.36, and Equation 28.37 (anchor pullout failure). The second term in Equation 28.37, which accounts for frictional resistance along the shank of the anchor, is only included in the nominal axial strength calculation if jobsite inspection veriﬁes that the shanks of the bent-bar anchors are free of oil, grease, or other debris that would decrease the bond between the anchor bolt and grout. Ban = 4 A pt f m′
 
 (28.35)
 
 Ban = Ab f y
 
 (28.36)
 
 Ban 1.5 f m′ebdb + 300π (lb + eb + db )db 
 
 (28.37)
 
 where: Ban = Apt = fm′ = Ab = fy = eb =
 
 nominal axial strength of anchor bolt (lb, N). projected area of failure surface (in.2, mm2). speciﬁed compressive strength of masonry (psi, MPa). cross-sectional area of the anchor bolt (in.2, mm2). speciﬁed yield strength of the anchor bolt (psi, MPa). projected leg extension of the bent-bar anchor, measured from the inside edge of the anchor at bend to farthest point of anchor in the plane of the hook (in., mm).
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 db = diameter of the anchor bolt (in., mm). lb = effective embedment length of the anchor bolt, not to be less than 4 bolt diameters or 2 in. (51 mm), whichever is less (in., mm). For use in Equation 28.35, the projected area on the masonry surface of a right circular breakout cone (Apt) is calculated using Equation 28.38. In cases when the projected surfaces of adjacent anchor bolts overlap, the MSJC Code requires that the projected area of each bolt be reduced by one half of the overlapping area. This requirement, however, assumes that the projected areas of no more than two anchor bolts would intersect. Although rare in masonry construction, where the projected areas of more than two anchor bolts overlap, the overlapping areas should be reduced in linear proportion to the number of anchors overlapping a common surface. In all cases, the portion of the projected area falling within an open cell, hollow cavity, or outside of the masonry element should be deducted from Apt: A pt = πlb2
 
 (28.38)
 
 The nominal shear strength of headed and bent-bar anchor bolts (Bvn) is governed by the smaller of Equation 28.39 (masonry-controlled breakout failure) or Equation 28.40 (anchor-controlled failure): Bvn = 4 A pv f m′
 
 (28.39)
 
 Bvn 0.6Ab f y
 
 (28.40)
 
 Where the projected area on a masonry surface of one half of a right circular cone, Apv is calculated in accordance with Equation 28.41 as follows: A pv =
 
 πlbe2 2
 
 (28.41)
 
 Where anchor bolts are subjected to combined tension and shear, the MSJC Code requires that such anchors also be designed to satisfy Equation 28.42; this linear interaction model is recognized as being relatively conservative for anchor bolt design: baf bvf + ≤1 φBan φBvn
 
 (28.42)
 
 where: baf bvf φBan φBav
 
 = = = =
 
 factored axial force in anchor bolt (lb, N). factored shear force in anchor bolt (lb, N). governing design axial strength of anchor bolt (lb, N). governing design shear strength of anchor bolt (lb, N).
 
 28.9.5.3 Development and Splicing Minimum development and lap splice lengths for strength design are nearly identical to those outlined in Section 28.9.4.2 for allowable stress design, with a couple of notable exceptions. The strength design provisions do not explicitly address requirements for the development or splicing of wire reinforcement. Further, the strength design provisions limits the maximum size of reinforcement to No. 9 (M #29) reinforcing bars. With these exceptions, minimum lap splice and development length are calculated in accordance with Equation 28.9. 28.9.5.4 Unreinforced Masonry Design For unreinforced masonry, the masonry assembly (units, mortar, and grout, if used) is designed to carry all applied stresses. The additional capacity from the inclusion of reinforcing steel, such as reinforcement
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 added for the control of shrinkage cracking or prescriptively required by the code, is neglected. Because the masonry is intended to resist both tension and compression stresses resulting from applied loads, the masonry must be designed to remain uncracked. 28.9.5.4.1 Axial Compression and Flexure As with the allowable stress design of masonry, unreinforced masonry designed by the strength design procedures can be used to resist ﬂexural tension stresses due to applied loads; however, unreinforced masonry may not be subjected to net axial tension, such as that due to wind uplift on a roof connected to a masonry wall or due to the overturning effects of lateral loads. Although compressive stresses from dead loads can be used to offset tensile stresses, where the wall is subject to a net axial tension reinforcement must be incorporated to resist the resulting tensile forces. When masonry walls are subjected to compressive axial loads only, the nominal axial strength (Pa) is calculated in accordance with Equation 28.43 or Equation 28.44, as appropriate. For masonry elements with h/r not greater than 99:    h  2    Pa = 0.8 0.8 An f m′ 1 −      140r     
 
 (28.43)
 
 For masonry elements with h/r greater than 99: 2   70r   Pa = 0.8 0.84 An f m′    h    
 
 (28.44)
 
 where: Pa An fm′ h r
 
 = = = = =
 
 nominal axial strength of the masonry element (lb, N). net cross-sectional area of the masonry element (in.2, mm2). speciﬁed compressive strength of the masonry (psi, MPa). effective height of the masonry element (in., mm). radius of gyration of the masonry element (in., mm).
 
 For unreinforced masonry elements subjected to ﬂexural tension, the modulus of rupture values are prescribed by the MSJC Code and vary with the direction of span, mortar type, bond pattern, and percentage of grouting, as shown in Table 28.22. For walls spanning horizontally between supports, the code conservatively assumes that masonry constructed in stack bond cannot reliably transfer ﬂexural tension stresses across the head joints. As such, the allowable ﬂexural tension values parallel to the bed joints (perpendicular to the head joints) for stack bond construction are assumed to be zero for design purposes. For masonry elements subjected to a factored bending moment (Mu) and a factored axial force (Pu), the resulting ﬂexural bending stress is determined using Equation 28.45. If the value of the bending stress (Fu) given by Equation 28.45 is positive, then the masonry section is controlled by tension, and the modulus of rupture values of Table 28.22, reduced by the appropriate strength reduction factor, must be satisﬁed. Conversely, if Fu as given by Equation 28.45 is negative, then the masonry section is in compression and the design compressive stress of 0.80fm′ applies. When using axial compressive loads to offset ﬂexural bending stresses, only dead loads or other permanent loads should be included in Pu: Fu =
 
 M ut Pu − 2I n An
 
 where: Fu = factored ﬂexural stresses due to bending (psi, MPa). Mu = factored bending moment (in.-lb, N-mm). t = speciﬁed thickness of masonry element (in., mm).
 
 (28.45)
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 TABLE 28.22 Modulus of Rupture Values, psi (kPa) Mortar Types Direction of Flexural Tensile Stress and Masonry Type Normal to bed joints Solid units Hollow units:a Ungrouted Fully grouted Parallel to bed joints in running bond Solid units Hollow units: Ungrouted and partially grouted Fully grouted Parallel to bed joints in stack bond
 
 Portland Cement–Lime or Mortar Cement
 
 Masonry Cement of Air-Entrained Portland Cement–Lime
 
 M or S
 
 N
 
 M or S
 
 N
 
 100 (689)
 
 75 (517)
 
 60 (413)
 
 38 (262)
 
 63 (431) 163 (1124)
 
 48 (331) 158 (1089)
 
 38 (262) 153 (1055)
 
 23 (158) 145 (1000)
 
 200 (1379)
 
 150 (1033)
 
 120 (827)
 
 75 (517)
 
 125 (862) 200 (1379) 0 (0)
 
 95 (655) 150 (1033) 0 (0)
 
 75 (517) 120 (827) 0 (0)
 
 48 (331) 75 (517) 0 (0)
 
 a
 
 For partially grouted masonry, allowable stresses shall be determined on the basis of linear interpolation between fully grouted hollow units and ungrouted hollow units based on amount (percentage) of grouting.
 
 In = moment of inertia of net cross-sectional area of masonry (in.4, mm4). Pu = factored axial load (lb, N). An = net cross-sectional area of masonry element (in.2, mm2). 28.9.5.4.2 Shear In-plane and out-of-plane shear stresses on unreinforced masonry elements are calculated based on the net cross-sectional properties of the masonry in the direction of the applied shear force. Because unreinforced masonry is designed to remain uncracked, it is not necessary to perform a cracked section analysis to determine the net cross-sectional area of the masonry. The nominal shear strength is taken as the smallest of the following conditions, as applicable: 3.8An(fm′ ) 0.5 300An For running bond masonry not grouted solid, 56An + 0.45Nu For stack bond masonry with open end units and grouted solid, 56An + 0.45Nu For running bond masonry grouted solid, 90An + 0.45Nu For stack bond masonry other than open end units grouted solid, 23An where: Nu = factored compressive force acting normal to the shear plane that is associated with the Vu loading combination under consideration (lb, N). An = net cross-sectional area of masonry element (in.2, mm2). 28.9.5.5 Reinforced Masonry Design The design of reinforced masonry in accordance with the strength design procedures of the MSJC Code neglects the tensile resistance provided by the masonry units, mortar, and grout in determining the strength of the masonry assemblage. Thus, for design purposes, the portion of masonry subject to net tensile stress is assumed to have cracked, transferring all tensile forces to the reinforcement. Strength design of reinforced masonry is based on the speciﬁed yield strength of reinforcement (fy), which is limited to 60,000 psi (413.7 MPa). The actual yield strength of the reinforcement is limited to 1.3 times the speciﬁed yield strength. The compressive resistance of steel reinforcement is not permitted to be used unless lateral reinforcement is provided. Using strength design, reinforcing bars used in masonry are not permitted to be larger than No. 9 (M #29). Further, the nominal bar diameter is not permitted to exceed
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 one eighth of the nominal member thickness or one quarter of the least clear dimension of the cell, course, or collar joint in which it is placed. The area of reinforcing bars placed in a cell or in a course of hollow unit construction is not permitted to exceed 4% of the cell area. 28.9.5.5.1 Maximum Reinforcement Ratio To provide for a prescribed level of ductility in the event of failure, the amount of reinforcement permitted in reinforced masonry construction is limited. The maximum reinforcement ratio (ρmax) is limited in accordance with Equation 28.46 or Equation 28.47, as appropriate. Equation 28.46 applies to masonry cross-sections that are fully grouted or where the neutral axis falls within the face shell of the masonry units in partially grouted construction. When the neutral axis falls within the cores of partially grouted construction, Equation 28.47 is used:  εmu  P ′ 0.64 f m′  −  εmu + αε y  bd =   d′ f y − min εmu − εmu + αε y , ε y  E s d  
 
 (28.46)
 
  εmu   bw   b − bw  P ′ 0.64 f m′     + 0.8 f m′t fs  bd  − bd  εmu + αε y   b  = fy
 
 (28.47)
 
 ρmax
 
 ρmax
 
 (
 
 )
 
 where: ρmax = εmu = α = εy = P′ = b = bw = d = d′ = fy Es fm′ tfs
 
 = = = =
 
 maximum tensile reinforcement ratio. maximum usable masonry compressive strain. tension reinforcement yield strain coefﬁcient. reinforcement strain at yield stress. axial force corresponding to load combination D + 0.75L +0.525QE. width of masonry section (in., mm). width of the compression section minus the sum of the length of ungrouted cells (in., mm). effective depth to tension reinforcement (in., mm). distance from the extreme compression ﬁber to the centroid of the compression reinforcement (in., mm). nominal yield strength of reinforcement (psi, MPa). modulus of elasticity of reinforcement (psi, MPa). speciﬁed compressive strength of masonry (psi, MPa). thickness of masonry face shells (in., mm).
 
 The tension reinforcement yield strain coefﬁcient (α) is taken as equal to 1.5 except for the following conditions: For intermediate reinforced shear walls, α = 3.0. For special reinforced shear walls, α = 4.0. The bracketed portion of the denominator of Equation 28.46 applies when compression reinforcement is present; otherwise, this part of the expression is zero, and the denominator simply reduces to fy . Unlike calculating nominal strengths, the compression reinforcement does not have to be laterally tied for use in Equation 28.46. This is permitted because the masonry compressive strain will always be less than the maximum permitted value. For conditions where Mu/Vud ≤ 1 and the masonry element is designed using a seismic response factor (R) less than or equal to 1.5, the MSJC Code does not impose an upper limit on the maximum reinforcement ratio. Similarly, when masonry shear walls are checked against the boundary element design provisions of the MSJC Code, the maximum reinforcement requirements may not apply.
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 28.9.5.5.2 Axial Compression and Flexure The nominal axial strength (Pn) of masonry elements, modiﬁed to account for the effects of slenderness, is determined using Equation 28.48 or Equation 28.49, as appropriate. For masonry elements with h/r not greater than 99:    h  2    Pa = 0.8  0.8 f m′ ( An − As ) + f y As  1 −      140r     
 
 (28.48)
 
 For masonry elements with h/r greater than 99: 2   70r   Pa = 0.8  0.8 f m′ ( An − As ) + f y As      h    
 
 (28.49)
 
 where: Pa An fm′ As fy h r
 
 = = = = = = =
 
 nominal axial strength of the masonry element (lb, N). net cross-sectional area of the masonry element (in.2, mm2). speciﬁed compressive strength of the masonry (psi, MPa). cross-sectional area of laterally tied reinforcement (in.2, mm2). nominal yield strength of reinforcement (psi, MPa). effective height of the masonry element (in., mm). radius of gyration of the masonry element (in., mm).
 
 The strength design method places a prescriptive cap on the axial load in accordance with Equation 28.50. Further, when the slenderness ratio (h/t) exceeds 30, the factored axial stress is limited to 5% of the speciﬁed compressive strength of the masonry (0.05fm′ ) : Pu ≤ 0.20 f m′ Ag
 
 (28.50)
 
 where: Pu = factored axial load on the masonry element (lb, N). Ag = gross cross-sectional area of masonry element (in.2, mm2). The nominal ﬂexural strength (Mn) of a masonry element is determined in accordance with the following requirements. In addition, the nominal ﬂexural strength at any section along a member shall not be less than one fourth of the maximum nominal ﬂexural strength at the critical section. When axial loads are not present or are conservatively neglected, as may be appropriate in some cases, several circumstances must be considered when determining the nominal ﬂexural strength of reinforced masonry walls. For a fully grouted element, the internal moment arm between the resulting compressive and tensile forces is resolved to determine the resisting capacity of the section. Partially grouted walls are analyzed in the same way but with the additional consideration of the ungrouted cores. For partially grouted masonry, two types of behavior should be considered: • When the neutral axis (the location of zero stress) lies within the compression face shell, the wall is analyzed and designed using the procedures for a fully grouted wall. • When the neutral axis lies within the core area, rather than the compression face shell, the portion of the ungrouted cells must be deducted from the area of masonry capable of carrying compression stresses. The location of the neutral axis depends on the spacing of the reinforcing steel as well as the reinforcement ratio (ρ) and the distance between the reinforcement and the extreme compression ﬁber (d). When analyzing partially grouted walls, it is typically assumed that the neutral axis lies within the compression
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 face shell, as the analysis is more straightforward. Based on this assumption, the neutral axis depth (c) is calculated, where c = 1.25a as determined by Equation 28.52. If it is determined that the neutral axis lies outside the compression face shell, then the more rigorous tee beam analysis is performed; otherwise, the rectangular beam analysis is carried out. For fully grouted masonry elements and for partially grouted masonry elements with the neutral axis in the compression face shell, the nominal ﬂexural strength (Mn) is calculated using Equation 28.51 and Equation 28.52 as follows:  a M n = As f y + Pu  d −   2
 
 (
 
 )
 
 a= where: Mn = As = fy = Pu = d = a = fm′ = b =
 
 Pu + As f y 0.8 f m′b
 
 (28.51)
 
 (28.52)
 
 nominal moment strength of the masonry element (in.-lb, N-mm). cross-sectional area of tension reinforcement (in.2, mm2). nominal yield strength of tension reinforcement (psi, MPa). factored axial load on the masonry element (lb, N). effective depth to tension reinforcement (in., mm). depth of equivalent compression zone (in., mm). speciﬁed compressive strength of the masonry (psi, MPa). width of the masonry section under consideration (in., mm).
 
 Conversely, for partially grouted masonry walls where the neutral axis is located within the cores, the nominal ﬂexural strength (Mn) is calculated using Equation 28.53, Equation 28.54, and Equation 28.55 as follows:
 
 (
 
 )
 
 M n = As f y + Pu (d − X )
 
 (28.53)
 
 ( ) + b (a − t )  t  2
 
 (28.54)
 
 b t fs2
 
 w
 
 X=
 
 fs
 
 (
 
 fs
 
 +
 
 bt fs + bw a − t fs a=
 
 )
 
 a − t fs  2 
 
 Pu + As f y   b − t fs  − 1 0.8 f m′bw  bw 
 
 (28.55)
 
 where: bw = width of the compression section minus the sum of the length of ungrouted cells (in., mm). tfs = thickness of the masonry face shells (in., mm). To account for deﬂection resulting from the application of out-of-plane loads and the additional bending moment due to eccentrically applied axial loads, the factored bending moment at the mid-height of a simply supported wall under uniform loading is required to be determined by Equation 28.56. When other support or loading conditions exist, appropriate design models should be used instead of Equation 28.56. The deﬂection due to factored loads (δu) is determined using Equation 28.58 or Equation 28.59 by replacing Mser with Mu: Mu =
 
 wuh 2 e + Puf u + Pu δu 8 2
 
 where: Mu = factored bending moment (in.-lb, N-mm). wu = factored out-of-plane uniformly distributed load (lb/in., N/mm).
 
 (28.56)
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 h = eu = δu = Pu = Puf = Puw =
 
 effective height of the masonry element (in., mm). eccentricity of Puf (in., mm). deﬂection due to factored loads (in., mm). Puw + Puf. factored load from tributary ﬂoor or roof areas (lb, N). factored weight of masonry element area tributary to section under consideration (lb, N).
 
 The strength design method also includes a deﬂection check using unfactored service loads to satisfy Equation 28.57: δ s = 0.007h
 
 (28.57)
 
 The mid-height deﬂection of a simply supported masonry element can be calculated using either Equation 28.58 or Equation 28.59, as appropriate. P-delta effects should be included in the deﬂection calculation. The cracking moment strength of the element (Mcr) is determined using the modulus of rupture values in Table 28.22: Where Mser < Mcr: 5M ser h 2 48Em I g
 
 (28.58)
 
 2 5M cr h 2 5( M ser − M cr )h + 48Em I g 48Em I cr
 
 (28.59)
 
 δs = Where Mcr < Mser < Mn: δs = where: δs = h = Mser = Mcr = Em = Ig = Icr =
 
 deﬂection at mid-height under service level loads (in., mm). effective height of the masonry element (in., mm). mid-height bending moment including P-delta effects under service level loads (in.-lb, N-mm). nominal cracking moment strength (in.-lb, N-mm). modulus of elasticity of masonry (psi, MPa). moment of inertia of gross cross-sectional area of masonry element (in.4, mm4). moment of inertia of cracked cross-sectional area of masonry element (in.4, mm4).
 
 28.9.5.5.3 Shear Unlike allowable stress design, shear acting on reinforced masonry members design by the strength design method is resisted by the masonry and shear reinforcement, if provided, in accordance with Equation 28.60: Vn = Vm + Vs
 
 (28.60)
 
 where Vn is not permitted to exceed the value calculated using either Equation 28.61 or Equation 28.62, as appropriate. For values of Mu/Vudv between 0.25 and 1.0, the maximum value of Vn is permitted to be linearly interpolated. Where Mu/Vudv ≤ 0.25: Vn ≤ 6An f m′
 
 (28.61)
 
 Vn ≤ 4 An f m′
 
 (28.62)
 
 Where Mu/Vudv ≥ 1.0:
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 The nominal shear strength provided by the masonry (Vm) in Equation 28.63 is determined in accordance with Equation 28.62:   M  Vm =  4.0 − 1.75  u   AN f m′ + 0.25Pu  Vudv   
 
 (28.63)
 
 The value of Mu/Vudv in Equation 28.63 need not be taken greater than 1.0 but is required be taken as a positive number. The nominal shear strength provided by the shear reinforcement (Vs) is determined by Equation 28.64: A  Vs = 0.5  v  f y dv  s  where: Vn = Vm = Vs = An = fm′ = Mu = Vu = dv = Pu = Av = s = fy =
 
 (28.64)
 
 nominal shear strength (lb, N). nominal shear strength provided by the masonry (lb, N). nominal shear strength provided by shear reinforcement (lb, N). net cross-sectional area of the shear plane (in.2, mm2). speciﬁed compressive strength of the masonry (psi, MPa). factored bending moment (in.-lb, N-mm). factored shear force (lb, N). depth of masonry in the direction of the shear force (in., mm). factored axial load on the masonry element (lb, N). cross-sectional area of shear reinforcement (in.2, mm2). spacing of shear reinforcement (in., mm). nominal yield strength of shear reinforcement (psi, MPa).
 
 28.10 Summary Although versatile in its application, the limitless array of possibilities offered by masonry construction also presents unique challenges that, when not properly accounted for in design and construction, can lead to problematic circumstances in the future. Throughout this chapter, emphasis has been given to some of the aspects not usually covered in conventional design and construction handbooks. When these practices and recommendations are combined with standardized design and construction provisions for masonry, however, the successful use of masonry in future projects is ensured. The discussion presented in this chapter is intended to provide the user with a general overview of the basic considerations related to masonry materials, their construction, and their governing design requirements. The references listed at the end of the chapter provide a more detailed discussion and review of this topic and should be referred to as necessary.
 
 Acknowledgment The author would like to acknowledge with thanks the extensive contributions of the late Walter L. Dickey for his groundbreaking advances in the art and science of masonry design and construction as well as his admirable work in writing with M. J. Dickey the earlier edition of this chapter.
 
 References ACI Committee 530. 2005. MSJC Code: Building Code Requirements for Masonry Structures, ACI 530-05/ ASCE 5-05/TMS 402-05. Reported by the Masonry Standards Joint Committee, Boulder, CO. ACI Committee 530.1. 2005. MSJC Specification: Specification for Masonry Structures, ACI 530.1-05/ASCE 6-05/TMS 602-05. Reported by the Masonry Standards Joint Committee, Boulder, CO.
 
 Masonry Design and Construction
 
 28-69
 
 ASCE. 2005. Minimum Design Loads for Buildings and Other Structures, ASCE 7-05. American Society of Civil Engineers, Reston, VA, 2005. ASTM. 1996. Standard Test Methods for Strength of Anchors in Concrete and Masonry Elements, ASTM E 488. ASTM International, West Conshohocken, PA. ASTM. 1998. Standard Specification for Precast Autoclaved Aerated Concrete (PAAC) Wall Construction Units, ASTM C 1386. ASTM International, West Conshohocken, PA. ASTM. 2002. Standard Specification for Grout for Masonry, ASTM C 476. ASTM International, West Conshohocken, PA. ASTM. 2003a. ASTM Standard Terminology of Mortar and Grout for Unit Masonry, ASTM C 1180. ASTM International, West Conshohocken, PA. ASTM. 2003b. Standard Test Method for Compressive Strength of Masonry Prisms, ASTM C 1314. ASTM International, West Conshohocken, PA. ASTM. 2005a. Standard Guide for Quality Assurance of Mortars, ASTM C 1586. ASTM International, West Conshohocken, PA. ASTM. 2005b. Standard Specification for Building Brick (Solid Masonry Units Made from Clay or Shale), ASTM C 62. ASTM International, West Conshohocken, PA. ASTM. 2005c. Standard Specification for Hollow Brick (Solid Masonry Units Made from Clay or Shale), ASTM C 652. ASTM International, West Conshohocken, PA. ASTM. 2005d. Standard Specification for Mortar for Unit Masonry. ASTM C 270, ASTM International, West Conshohocken, PA. ASTM. 2005e. Standard Specification for Prefaced Concrete and Calcium Silicate Masonry Units, ASTM C 744. ASTM International, West Conshohocken, PA. ASTM. 2005f. Standard Test Method for Sampling and Testing Grout, ASTM C 1019. ASTM International, West Conshohocken, PA. ASTM. 2005g. Standard Test Method for Slump Flow of Self-Consolidating Concrete, ASTM C 1611/C 1611M. ASTM International, West Conshohocken, PA. ASTM. 2005h. Standard Test Method for Slump of Hydraulic-Cement Concrete, ASTM C 143/C 143M. ASTM International, West Conshohocken, PA. ASTM. 2005i. Standard Terminology of Concrete Masonry Units and Related Units, ASTM C 1209. ASTM International, West Conshohocken, PA. ASTM. 2005j. Standard Terminology of Masonry, ASTM C 1232. ASTM International, West Conshohocken, PA. ASTM. 2006a. Standard Specification for Admixtures for Masonry Mortars, ASTM C 1384. ASTM International, West Conshohocken, PA. ASTM. 2006b. Standard Specification for Concrete Building Brick, ASTM C 55. ASTM International, West Conshohocken, PA. ASTM. 2006c. Standard Specification for Loadbearing Concrete Masonry Units. ASTM C 90, ASTM International, West Conshohocken, PA. ASTM. 2006d. Standard Test Method for Linear Drying Shrinkage of Concrete Masonry Units, ASTM C 426. ASTM International, West Conshohocken, PA. ASTM. 2006e. Standard Test Method for Preconstruction and Construction Evaluation of Mortars for Plain and Reinforced Unit Masonry, ASTM C 780. ASTM International, West Conshohocken, PA. ASTM. 2006f. Standard Test Methods for Sampling and Testing Concrete Masonry Units and Related Units, ASTM C 140. ASTM International, West Conshohocken, PA. ASTM. 2007a. Standard Specification for Facing Brick (Solid Masonry Units Made from Clay or Shale), ASTM C 216. ASTM International, West Conshohocken, PA. ASTM. 2007b. Standard Test Methods for Sampling and Testing Brick and Structural Clay Tile. ASTM C 67, ASTM International, West Conshohocken, PA. ASTM. 2007c. Standard Terminology of Structural Clay Products, ASTM C 43. ASTM International, West Conshohocken, PA. Beall, C. 2004. Masonry Design and Detailing, 5th ed. McGraw-Hill, New York.
 
 28-70
 
 Concrete Construction Engineering Handbook
 
 BIA. 1999. Glossary of Terms Relating to Brick Masonry, Technical Notes 2. Brick Industry Association, Reston, VA. BIA. 2005. Water Penetration Resistance: Design and Detailing, Technical Notes 7. Brick Industry Association, Reston, VA. BIA. 2006. Volume Changes: Analysis and Effects of Movement, Technical Notes 18. Brick Industry Association, Reston, VA. Drysdale, R.G., Hamid, A.A., and Baker, L.R. 1999. Masonry Structures, Behavior and Design. The Masonry Society, Boulder, CO. ICC. 2006a. International Building Code. International Code Council, Falls Church, VA. ICC. 2006b. International Residential Code. International Code Council, Falls Church, VA. Korhonen, C., Thomas, R., and Edel, C., 1997. Increasing Cold-Weather Masonry Construction Productivity, Construction Productivity Advancement Research (CPAR) Program, U.S. Army Corps of Engineers, Washington, D.C. NCMA. 2000a. Concrete Masonry Shapes and Sizes Manual. National Concrete Masonry Association, Herndon, VA. NCMA. 2000b. Metric Design Guidelines for Concrete Masonry Construction, TR-172. National Concrete Masonry Association, Herndon, VA, 2000. NCMA. 2001a. Architectural Concrete Masonry Units, TEK 2-3A. National Concrete Masonry Association, Herndon, VA. NCMA. 2001b. Standard Practice for Bracing Masonry Walls Under Construction, National Concrete Masonry Association, Herndon, VA. NCMA. 2002a. All-Weather Concrete Masonry Construction, TEK 3-1C. National Concrete Masonry Association, Herndon, VA. NCMA. 2002b. Typical Sizes and Shapes of Concrete Masonry Units, TEK 2-1A. National Concrete Masonry Association, Herndon, VA. NCMA. 2003a. Annotated Design and Construction Details for Concrete Masonry, TR-90. National Concrete Masonry Association, Herndon, VA. NCMA. 2003b. Section Properties of Concrete Masonry Walls, TEK 14-1A. National Concrete Masonry Association, Herndon, VA. NCMA. 2004a. Design for Dry Single-Wythe Concrete Masonry Walls, TEK 19-2A. National Concrete Masonry Association, Herndon, VA. NCMA. 2004b. Glossary of Concrete Masonry Terms, TEK 1-4. National Concrete Masonry Association, Herndon, VA. NCMA. 2005a. Control Joints for Concrete Masonry Walls: Empirical Method, TEK 10-2B. National Concrete Masonry Association, Herndon, VA. NCMA. 2005b. Grouting Concrete Masonry Walls, TEK 3-2A. National Concrete Masonry Association, Herndon, VA. NCMA. 2005c. Joint Reinforcement for Concrete Masonry, TEK 12-2B. National Concrete Masonry Association, Herndon, VA. NCMA. 2006a. ASTM Specifications for Concrete Masonry Units, TEK 1-1D. National Concrete Masonry Association, Herndon, VA. NCMA. 2006b. Steel Reinforcement for Concrete Masonry, TEK 12-4D. National Concrete Masonry Association, Herndon, VA. NCMA. 2006c. Testing and Inspection of Concrete Masonry Construction, TR-156A. National Concrete Masonry Association, Herndon, VA, 2006. NCMA. 2006d. Water Repellents for Concrete Masonry Walls, TEK 19-1. National Concrete Masonry Association, Herndon, VA. TMS. 2000. Annotated Guide to Masonry Specification. The Masonry Society, Boulder, CO. TMS. 2007. Masonry Designer’s Guide, 5th ed. The Masonry Society, Boulder, CO.
 
 I-280 Veterans’ Glass City Skyway Bridge in Toledo, Ohio. Designed by FIGG for the Ohio Department of Transportation. This signature cable-stayed bridge features a pylon with four sides of glass and LED lighting.
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 29.1 Aesthetics in Concrete Bridges 29.1.1 Introduction Many important factors collectively contribute to the aesthetic appeal of a bridge. Both the design and construction play key roles in achieving aesthetic qualities. This chapter explores various topics regarding the development of aesthetically pleasing, long-span prestressed concrete bridges. The focus for long * President/Director of Bridge Art, FIGG, Tallahassee, Florida; expert in aesthetic design and construction of concrete segmental bridges.
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 spans is on the use of concrete segmental box girders to achieve sizeable spans and versatility of form. Bridge design and construction represent more than simply providing a transportation link between two points. Communities want bridges that are visually pleasing, reﬂective of their place, and sensitive to the environment. Additionally, the public wants construction projects to be completed quickly and to minimize disturbance to the already congested trafﬁc. These increased expectations are combined with public agencies’ need for economical construction due to limited funding. Designers and builders are responding to these needs and desires by becoming more innovative in their approach to bridge design and construction. Aesthetics, economy, environmental sensitivity, and sustainability are being combined with function and constructability to provide new bridges that satisfy these expectations.
 
 29.1.2 Bridge Aesthetics Bridge aesthetics are born out of design efﬁciency and sensitivity to visually pleasing details. Bridges are created with a sizeable investment of funds with the idea that a new landmark bridge will stand the test of time physically as well as visually. The bridge leaves an impression, and that impression remains for as long as the bridge remains, so bridge designers owe it to the community to create something that is beautiful. The ﬁrst step is to solve the technical challenges. Many important decisions are involved in creating an economical solution, and the initial decisions form the framework of structural efﬁciency that ultimately leads to the ﬁnal aesthetic opportunity, with the remainder of the details building upon the initial functional solution. With a concentrated effort on efﬁcient design and construction, the bridge aesthetics can be achieved within the context of the expected construction costs and often at a cost savings.
 
 29.1.3 Signature Design By approaching bridge design as creating a work of art, a signature design is born. The value of bridge aesthetics is found in the iconographic power that translates into economic development and sustainability within the landscape and context of the site. Each bridge site is unique. Similar design approaches may be utilized, but to create a landmark everything unique to that location must be explored and embraced to create a one-of-a kind signature design that becomes a community landmark.
 
 29.1.4 Definition of Design Principles Aesthetically pleasing bridge design has four basic requirements: • • • •
 
 It must be functional. It must be economical. It must be culturally satisfying to the community. It must exist in harmony with the environment.
 
 Design principles that guide a designer’s attempts to satisfy these requirements include establishing a theme, blending shapes, creating shadows, using appropriate textures and colors, and incorporating native materials and feature lighting. Establishing a theme reﬂective of the local community is a unifying element for all bridge components. The bridge alignment and shapes combine to form the overall aesthetic appeal of a bridge. The shape and contours of the bridge create shadows that provide depth and varying expressions as the natural light evolves throughout the day. Color, texture, and the use of native materials further enhance the visual interest of the bridge structure. A nighttime signature may be created through the use of aesthetic lighting. Other design details, such as appropriate landscaping, can create a seamless connection between the bridge and the site. Examples of bridges that have achieved exceptional aesthetics, as judged by numerous award juries, are the I-275 Bob Graham Sunshine Skyway Bridge in Tampa, Florida (Figure 29.1); the Natchez Trace Parkway Arches near Nashville, Tennessee (Figure 29.2); and the Blue Ridge Parkway Viaduct around Grandfather Mountain, North Carolina (Figure 29.3). All three were selected by the National Endowment for the Arts to receive the coveted Presidential Design Award.
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 FIGURE 29.1 Bob Graham Sunshine Skyway Bridge has a 1200-ft main span and carries I-275 across Tampa Bay, Florida; the bridge was the recipient of the 1988 Presidential Design Award.
 
 FIGURE 29.2 Natchez Trace Parkway Arches has a 582-ft main span and is located outside of Nashville near Franklin, Tennessee; the bridge was awarded the 1995 Presidential Design Award.
 
 FIGURE 29.3 The Blue Ridge Parkway Viaduct has 180-ft spans and wraps around Grandfather Mountain in North Carolina; the viaduct was the recipient of the 1984 Presidential Design Award.
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 FIGURE 29.4 The Natchez Trace Parkway Arches bridge demonstrates efﬁcient design resulting in economical construction.
 
 29.2 Conceptual Design The conceptual design phase of a bridge project provides the necessary groundwork for the best aesthetic opportunity. The overall alignment and geometry are established at this time, in addition to determining span lengths and the structural depth and dimensioning of superstructure and substructure elements. These project elements are determined based on an analysis of the site and determination of the most appropriate bridge type to create both a functional and a visually pleasing bridge. The conceptual design must call on engineering judgment and an understanding of how to best optimize construction to properly balance economy, functionality, and lasting visual quality. Experience has shown that superior bridge aesthetics can be achieved at reasonable construction costs, and, in fact, efﬁcient designs can result in costs savings. Aesthetic form follows well-designed function. An example of this is the Natchez Trace Parkway Arches project (Figure 29.4), which was completed for $11.3 million in 1993. The functional requirement of spanning the valley resulted in a long-span arch structure with a 582-ft span. To develop a modern and open design, the vertical spandrels typically seen in traditional arches were removed, resulting in the superstructure load being translated to the arch at one expanded platform at the top. Traditional methods of precast balanced cantilever construction were used for the superstructure. The arch itself was comprised of precast segments built in a cantilever fashion from the foundations using cable supporting technology until the arch was connected in the center. By addressing components of the bridge separately and yet together, a total system can be developed founded on known methods of construction and creating a unique design (Figure 29.5). Efﬁciency, as well as pleasing aesthetics, may be achieved through consistency in design elements and shapes. A uniform appearance among the bridge elements is important and may be accomplished through consistency in form, line, and pattern. The lines of a structure draw a viewer’s eye from one form to another which, when done well, creates visual continuity. One way to achieve this is by using the same superstructure cross-section for the full length of the bridge. Two primary beneﬁts emerge: a more aesthetically pleasing appearance and increased efﬁciency during construction due to the repetition of form. An example of this approach is the Chesapeake and Delaware Canal Bridge near St. Georges, Delaware (Figure 29.6). The superstructure was designed such that the same cross-section shape could
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 FIGURE 29.5 During construction, proven construction techniques combine to create a unique design.
 
 be used for the 150-ft approach spans as well as the 750-ft cable-stayed main span. To create the cablestayed main span, a precast delta frame was introduced to tie the two superstructure box girders together and house the cable stay anchorages below the deck level. The economical beneﬁts were demonstrated by the low bid of $59 million that was within budget and $6 million less than the alternative design.
 
 29.2.1 Alignment Generally, bridge alignments are inﬂuenced by existing roadway networks, although some opportunities arise when new transportation corridors are created. Whether the bridge is a replacement structure, parallel structure, or new structure, it must ﬁt within the roadway system. The speciﬁc alignment
 
 FIGURE 29.6 The Chesapeake and Delaware Canal Bridge in Delaware uses repetition of form and construction.
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 determined for the bridge will consider grades and elevations of existing and proposed roads, the terrain it will traverse, and what features the structure crosses, such as bodies of water, roadways, railroads, or other existing and proposed site constraints. Bridge alignment has the ﬁrst and most profound effect on the overall approach to the bridge design and aesthetics. The length of the structure, especially the length of the visually dominant main span, will dictate the type of structure and method of construction that are most suitable. Alignment and location of the bridge will affect many aspects of construction such as how materials are delivered, whether erection will take place over trafﬁc or over an active navigational channel, or if environmentally sensitive areas will require another level of special care. These and all aspects of construction must be considered during alignment determination.
 
 29.2.2 Span Length In addition to the overall bridge length, the individual span lengths of a bridge are based on the alignment, existing site constraints, and potential construction methods. Span lengths are determined after the overall length and alignment have been established and existing site constraints identiﬁed. Unit conﬁgurations are also established to create a continuous structure of several spans to reduce the number of expansion joints. The various combinations of construction methods, span lengths, and unit conﬁgurations are evaluated to determine the most feasible alternative; for example, when establishing span lengths for concrete balanced-cantilever construction, side span lengths should be set at 60% of the main span length. The Smart Road Bridge (Figure 29.7) near Blacksburg, Virginia, is a 1984-ft-long bridge of one continuous unit that consists of three interior spans of 472 ft each with side spans of 284 ft. The goal in establishing the span length is to determine the optimal span length and consistently utilize this length throughout the project, as much as possible. This will increase the efﬁciency of the project by introducing repetition into the construction operations, resulting in economical construction costs. The balanced and repetitive span lengths also provide continuity in appearance, resulting in visually appealing structures. Span length, in concert with structure depth, is the single most important aspect of establishing the aesthetic quality of a bridge; it sets the stage for the overall appearance of the structure and how it ﬂows into its visual environment.
 
 FIGURE 29.7 The long spans of Virginia’s Smart Road Bridge provide for open views of the valley; the bridge was built via balanced cantilever construction.
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 FIGURE 29.8 Four Bears Bridge in rural North Dakota has a variable depth superstructure for 316-ft spans following a uniform pattern for construction efﬁciency.
 
 29.2.3 Structural Depth Many variables go into determining structural depth. Typically, maintaining a constant box girder depth, as well as a constant cross-section, will greatly simplify casting and erection operations, thus reducing construction costs. To determine the appropriate structure depth, the bridge engineer must evaluate all spans and units to determine the governing conditions and minimum structural depth required. This is accomplished in combination with addressing the required vertical clearances. For longer span bridges, however, it is often more economical to vary the depth of the superstructure instead of maintaining a constant depth. A deeper box girder section is required to resist the higher forces closer to the piers, while at midspan a shallower section is adequate to resist the lower forces. The structural depth, therefore, is often gradually decreased over the length of the span to minimize quantities and to reduce the weight of the structure. This can be achieved with graceful, sweeping curves that will enhance the visual appeal of the structure by making it appear more slender and elegant. An example of this is the Four Bears Bridge (Figure 29.8) near New Town, North Dakota, which has 316-ft spans and a variable superstructure depth ranging from 16 ft, 7 in. at the piers to 7 ft, 7 in. at midspan.
 
 29.2.4 Span-to-Depth Ratio Determining an ideal span-to-depth ratio is an essential factor in the overall aesthetic appearance of the structure. It inﬂuences the visual impact of the structure within the surrounding landscape. Many options exist that can optimize the structural efﬁciency of the superstructure box girder cross-section while creating an elegant structure. Creating the most aesthetically pleasing combination of span length and superstructure depth is often an iterative process. Based on experience, span-to-depth ratios ranging from 20 to 30 will result in superior aesthetics. A span-to-depth ratio of 15 on uniform spans is also considered visually appealing, but less than 15 is not preferable. The Victory Bridge (Figure 29.9) in New Jersey incorporates a 440-ft precast segmental main span with a variable-depth superstructure. The span depth varies from 21 ft at the main piers to 10 ft at the center span, resulting in a span-to-depth ratio of 22. The 150-ft
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 FIGURE 29.9 A high span-to-depth ratio results in structures that have elegant proportions. The Victory Bridge (440-ft main span) over the Raritan River in New Jersey serves as an excellent example.
 
 approach spans have a constant depth of 9 ft, resulting in a span-to-depth ratio of 15. Long-span girder bridges present interesting opportunities. As noted in Section 29.2.3, as the span increases, the magnitude of the forces near the piers normally requires variation in structural height. When clearance requirements allow, a circular variation in structure depth is more aesthetically pleasing than a linearly varying structure depth. An example of such an approach is the Wabasha Freedom Bridge (Figure 29.10) in St. Paul, Minnesota. This bridge has a 400-ft span with a 20-ft-deep section at the pier and an 8-ft-deep section at midspan, resulting in a span-to-depth ration of 20 and a gradually varying, long sweeping curve.
 
 FIGURE 29.10 The Wabasha Freedom Bridge in St. Paul, Minnesota, achieves a span-to-depth ratio of 20 and demonstrates that varying the depth of the superstructure creates pleasing shapes.
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 FIGURE 29.11 North Carolina’s Blue Ridge Parkway Viaduct was built from the top to protect the sensitive environment so the mountain’s owner would allow construction of this important link.
 
 29.3 Environmental Sensitivity 29.3.1 Protecting the Natural Environment Innovative methods of construction have been developed to protect the natural environment while providing necessary transportation infrastructure. A section of the Blue Ridge Parkway around Grandfather Mountain in North Carolina (Figure 29.11) challenged engineers for years due to the environmentally sensitive ecology of the area. This obstacle was overcome by erecting a precast concrete segmental bridge utilizing top-down construction. Starting at the abutment, the eight-span continuous viaduct was built in a unidirectional progressive cantilever (Figure 29.12). The segments were delivered by truck over
 
 FIGURE 29.12 A progressive unidirectional cantilever, from above, protected the mountain during construction.
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 FIGURE 29.13 Protecting Glenwood Canyon in Colorado was a top priority during the design and construction of its ﬁrst ﬁve bridges.
 
 the completed structure as it advanced and was progressively post-tensioned in place. Other challenges that had to be overcome included the rugged terrain, being 4400 ft above sea level, and the unusually complex alignment geometry with tight horizontal curves that reverse direction. The piers were also constructed from the top down by constructing the cantilever toward the next pier and then reaching out and down to construct the pier with precast segments. The precast pier segments were then delivered across the completed deck to the edge of the cantilever span, lowered into position, and vertically posttensioned in place. The Glenwood Canyon Bridges (Figure 29.13) along Interstate 70 west of Denver, Colorado, are other examples of structures built in an environmentally sensitive area. Five bridges demanded an innovative approach in design and construction to meet the environmental restrictions in the terrain of the canyon. With the Colorado River on one side and mountain cliffs on the other, the construction was conﬁned. A precast concrete segmental bridge was designed for the location, with the precast box girders being trucked to the erection site and delivered over the completed bridge deck. Temporary erection trusses were used to support the segments in each span during construction until the longitudinal post-tensioning could be stressed to make the spans self-supporting. The trusses were temporarily supported from the permanent piers, thus eliminating the need for falsework, which would have damaged the existing landscape. Once a span was completed, the trusses were launched forward to the next span location from above, avoiding impact to the sensitive ground below. These two projects are examples of what may be accomplished with existing, proven construction techniques. Preserving the environment and enhancing the natural landscape are outcomes of thoughtfully evaluating the bridge design and construction methods during the conceptual design stage.
 
 29.3.2 Context-Sensitive Design Construction of a bridge should preserve and protect the existing environment and visually complement the site. Designing bridges that reﬂect the environment and the spirit of the communities they serve generates community pride and results in a bridge that becomes a timeless landmark and a legacy left to future generations. The Four Bears Bridge near New Town, North Dakota, spans Lake Sakakawea on the Fort Berthold Indian Reservation. This award-winning bridge was designed using the Federal Highway Administration’s (FHWA) Context-Sensitive Design (CSD) process, deﬁned as “a collaborative, interdisciplinary approach that involves all stakeholders to develop a transportation facility that ﬁts its physical setting and preserves scenic, aesthetic, historic, and environmental resources, while maintaining safety and mobility. CSD is an approach that considers the total context within which a transportation improvement
 
 Aesthetics in the Construction and Design of Long-Span Prestressed Concrete Bridges
 
 29-11
 
 project will exist.” For the Four Bears Bridge, CSD was accomplished through regular meetings between the North Dakota Department of Transportation (NDDOT), the design team, the Three Afﬁliated Tribes (TAT), and the six communities that comprise the Fort Berthold Indian Reservation. Details of the project were presented to members of the TAT, and volunteers were solicited to form a Cultural Advisory Committee (CAC) to bring Native American guidance to the CSD process. The initial purpose of the CAC was to develop a project theme. Other project components were determined through a 2-day FIGG Bridge Design Charette™ (public workshop) to further implement CSD. The design charette provided stakeholders with a formal decision-making process that considered their preferences and allowed prioritization of the following bridge elements: roadway lighting, aesthetic lighting, pier shapes, trafﬁc railing, pedestrian railing, bridge proﬁles, sidewalk linear library, bridge end treatments, and bridge color and textures. The result is a celebrated, aesthetically pleasing structure that is in context with its environment and a source of pride for the surrounding communities.
 
 29.4 Construction Methods Concrete segmental bridges for long spans are typically erected using the span-by-span or balanced cantilever construction methods. Determining the method of construction and bridge type requires taking into consideration the required span length and the existing site constraints, such as environmental restrictions, existing trafﬁc, bodies of water, or limited right of way. The owner’s required schedule may also dictate one method over the other, while the contractor’s equipment or the size of project may also be determining factors. The advantages and disadvantages of various approaches must be analyzed early in the conceptual design phase to determine the best one. For particularly large or complex projects, both span-by-span and balanced cantilever methods may be utilized. This may speed construction by allowing the simultaneous erection of spans at different locations of the project. Construction of the Victory Bridge in northern New Jersey, for example, was accomplished by erecting the approach spans with span-by-span construction while simultaneously erecting the main span using balanced cantilever construction (Figure 29.14). This expedited the construction schedule, which was a major goal of the
 
 FIGURE 29.14 Span-by-span erection of the approach spans expedited completion of New Jersey’s Victory Bridge.
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 FIGURE 29.15 AirTrain JFK, the light rail system around New York’s JFK Airport, was erected utilizing both spanby-span and balanced cantilever construction methods to achieve an aggressive schedule.
 
 New Jersey Department of Transportation. For the superstructure of AirTrain JFK (Figure 29.15), both methods were employed. Span-by-span was used primarily to speed up the process, and balanced cantilever construction was applied to a small number of longer spans and spans with tight horizontal curvature. Both the span-by-span and balanced cantilever construction methods have been used successfully in the industry and are customary; however, advances in technology and equipment continue to be made. For all projects, a contractor may opt to use unique means and methods that may differ from the assumptions made by the design engineer during the design phase. In these circumstances, further construction analysis is required to verify the design under the revised construction loadings. A description of span-by-span construction follows. A detailed description of balanced cantilever construction, for both cast-in-place and precast concrete, can be found elsewhere in this book.
 
 29.4.1 Span-by-Span The span-by-span method of construction was developed to construct long bridges with repetitive span lengths, with construction taking place at deck level without the use of extensive falsework. It is typically accomplished using a truss or pair of trusses supported by the bridge piers. Segments are delivered to the site and placed on the erection truss. A winch brings the segments to their ﬁnal location. When all segments are in place, temporary blocking is placed across the closure joints, and a nominal prestress force is applied to ensure tight ﬁt of all the precast segments. Closure joint concrete is poured, longitudinal duct work secured, and post-tensioning tendons threaded and stressed. The construction cycle is completed when the assembly trusses are advanced to the next span. This is a quick and efﬁcient method of construction for precast concrete segmental bridges and is ideal for straight or curved bridges. It requires less prestressing steel than balanced cantilever construction because no cantilever stresses occur during construction. Precasting offers the advantage of the simultaneous casting of segments off-site, while the foundations and piers are constructed on-site. A casting yard may be established in close proximity or where land and easy access for segment delivery are available. Segments are cast in controlled, factory-like conditions that produce high-quality products and consistent results for material strength, geometry control, and rebar placement. When the concrete has been satisfactorily cured and ready for erection, segments may
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 be delivered from the casting yard to the project site by barge, truck, or segment haulers, depending on the contractor’s equipment and the proximity of the casting yard to the project site. Pier segments can also be precast and delivered in the same manner. Depending on site constraints (limited right of way, trafﬁc maintenance, or environmental restrictions) and contractor equipment, segment delivery and placement on the truss may be accomplished in several different ways. If construction is limited to top down, trucks can deliver segments over the newly completed structure that are then placed on the truss with a crane that moves along the progressively completed superstructure. Where at-grade access is permitted, a ground-based crane can pick segments from delivery at-grade and place them on the truss. Barge-mounted cranes may be utilized if the bridge is over navigable water.
 
 29.4.2 Cable-Stayed Bridges Long spans may be accomplished economically with a cable-stayed bridge design and may be either precast or cast in place. The length and depth of the span determine the number and size of pylons and cables, as well as the geometric conﬁguration of the cables and segment lengths. In this type of construction, the preferred length of the back spans is half the length of the main span. In some situations, however, this is not possible due to existing conditions, geometry, or other site constraints. This results in asymmetrical designs that require compensation for the unequal span lengths by providing additional superstructure weight to balance the spans or by using other creative engineering solutions. Precast segmental cable-stayed construction is a special subset of precast cantilever construction. The Chesapeake and Delaware Canal Bridge in Delaware has a 750-ft main span that was built via unidirectional cantilever using permanent cable stays and precast delta frames (Figure 29.16). The single plane
 
 FIGURE 29.16 Precast delta frames between the parallel box girders transfer forces from the superstructure to the cable stays.
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 of 16 cable stays at each pylon supports the main span, creating a graceful appearance that blends the structure into the landscape. The pylons were cast in place in 10-ft lifts with cable stays initiating at the third lift above the roadway. The saddle cable stay pipe that runs through the pylon transfers the forces from the stays down through the pylon and into the main pier foundation. The cable stays anchor in the precast delta frames at the deck level spaced at 20-ft intervals. The delta frames transfer loads from the roadway segments to the cable stay system, allowing the same cross-sectional shape of the box girders to be used in both the approach spans and the main span. The delta frames also connect the twin parallel trapezoidal box girders of the main span into a single rigid cross-section. The approach spans were built using span-by-span construction prior to erection of the main span which allowed the delivery of mainspan segments over the newly constructed back spans. This, in conjunction with the use of crawler cranes on both sides of the canal, allowed erection of the center span from above, with minimal disruption to the navigational trafﬁc in the canal. The main span was erected in cycles: erection of four precast segments, erection of a precast delta frame, installation and stressing of a cable stay. The Penobscot Narrows Bridge and Observatory (Figure 29.17) is the ﬁrst cable-stayed bridge in Maine and was built using the balanced cantilever method with cast-in-place form travelers. Form travelers are forms that advance by a rail assembly that is afﬁxed to the deck during construction. In this case, from
 
 FIGURE 29.17 Form travelers on the cantilever tips were used to cast the superstructure in place for Maine’s Penobscot Narrows Bridge and Observatory.
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 each of the pylons a back-span segment was cast, then a main-span segment, following a typical construction cycle of launching the traveler into position; prealigning the formwork; placing post-tensioning hardware, reinforcement, and precast struts; performing ﬁnal alignment of formwork; casting the segment; performing a morning as-cast survey to verify geometry; stressing applicable post-tensioning; stripping formwork; and launching the traveler into position to cast the next segment. Traditionally, cable-stay strands have been stressed with large jacks that tension all strands simultaneously. On this bridge a different approach was used to stress the cable stays. To work within the interior of the cast-inplace box, monostrand stressing was used, where the strands were stressed one at a time. This requires a signiﬁcantly smaller and more portable jack and an analysis of the different strand patterns to determine the appropriate sequence for strand stressing.
 
 29.4.3 Urban Environments Meeting the transportation demands of providing greater roadway capacities within restricted urban corridors requires specially tailored solutions. Some of the most challenging expansion situations may be solved by building up within the existing right of way, instead of out with more lanes at-grade. Building within the existing medians and shoulders eliminates the high expense and difﬁcult task of obtaining new right of ways from major commercial and residential properties to expand facilities at-grade. The use of concrete segmental box girders allows for slender pier shapes and a small groundline footprint, thus maximizing the available space within the existing corridor. Another beneﬁt of this solution is that when additional capacity is added over existing at-grade trafﬁc signalized intersections are maintained and trafﬁc above moves uninterrupted. This removes through trafﬁc from the at-grade facility, reducing congestion and allowing the local at-grade trafﬁc to reach their destinations more easily. One example of this approach is the elevated toll road that was constructed within the median of the existing Lee Roy Selmon Crosstown Expressway (also known as State Road 618) in Tampa, Florida (Figure 29.18). To add the necessary capacity to the existing four-lane, divided, limited-access toll road without expanding the footprint of the highway, the Tampa–Hillsborough Expressway Authority developed an
 
 FIGURE 29.18 Utilizing the existing median for an elevated structure solved commuter congestion in Tampa, Florida. Piers use 6 ft of space in the median to carry three lanes of trafﬁc above.
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 FIGURE 29.19 Span-by-span erection was completed in the median of the Van Wyck Expressway, where over 160,000 vehicles pass each day.
 
 innovative vision of an elevated structure to carry reversible express lanes. Trafﬁc congestion is highly directional, as 80% of the morning trafﬁc is westbound into Tampa, and 75% of the evening trafﬁc is eastbound, headed out of the city. Reversible lanes were seen as an efﬁcient means of providing the additional capacity when and where it was needed most. This innovative structure provides the capacity of six vehicle lanes within the 6-ft footprint of the piers. This structure was constructed while existing trafﬁc remained in operation and was accomplished within the existing right of way. A 2.3-mile section of the AirTrain JFK, the light-rail system for the JFK Airport, was built in the existing median of New York City’s Van Wyck Expressway, an extremely congested six-lane highway closely bordered by residential and commercial properties (Figure 29.19). The erection methods and four erection trusses allowed construction to proceed with minimal disruption to trafﬁc. An average of 2.5 spans 125 ft long were completed weekly within the median. At 7 ft, 8 in., the bases of the piers creatively utilize the space provided by the 10-ft median. Interstate 110 in Biloxi, Mississippi, incorporated both span-by-span and balanced cantilever construction for its bridges so it could thread its way through the urban environment and over trafﬁc (Figure 29.20). The interstate runs through a developed urban area, wraps around existing buildings, and maintains the integrity of established neighborhoods. This was accomplished by utilizing construction
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 FIGURE 29.20 Interstate 110 runs through downtown Biloxi, Mississippi, on an elevated structure.
 
 systems that did not interfere with day-to-day trafﬁc ﬂow to provide aesthetically pleasing bridges. Using precast concrete segmental construction and slim piers, the bridges were built in existing or limited rights of way and over U.S. 90, a major tourist route that follows the Gulf Coast shoreline.
 
 29.5 Concrete Bridge Shapes for Construction When designed appropriately, the overall bridge form, superstructure, and substructure shapes connect seamlessly. They are in harmony with each other, and the eye ﬂows naturally across the structure and its landscape. When forming the ﬁnal sculptured shapes of bridge elements, it is important to fully consider how the shapes will integrate into the overall visual experience by taking into account the following: how light will interact with the structure, whether or not aesthetic lighting is going to be included in the project, the appropriate use of color and texture for the location, who will view the bridge, and from what vantage points the bridge be seen. Determining the ﬁnal aesthetic details in the shaping of the superstructure and piers will create lines, patterns, and shadowing effects that can more completely convey the theme of the structure and be a sustainable design for the context of the site.
 
 29.5.1 Superstructure Shape The basic overall dimensions of the superstructure are based on structural requirements. For the 17th Street Bridge in Fort Lauderdale, Florida (Figure 29.21), the precast concrete segmental approaches to the bascule main span consist of a closed box shape with sloping vertical webs. The shaping of a closed box girder was selected for its inherent visual appeal, derived from the smooth surfaces of continuous ﬂat planes, while the cantilever wings at the top of the box section provide openness underneath and pleasing shadow effects. There are long spans over land on both sides of the river connecting to the main span crossing the Intracoastal Waterway. Additional landscaping, aesthetic lighting, and hardscape elements beneath these land spans have created new public gathering places. The sculptural shapes of the bridge and the smooth underside enhance these new parks and green spaces. Angular lines comprise the superstructure cross-section of the Interstate 76 Susquehanna River Bridge near Harrisburg, Pennsylvania (see Figure 29.25). The simple, crisp lines add to the overall aesthetic appeal of the structure. At night, web-wall wash lighting, seemingly hidden within the lobe beneath the barrier rail, enhances the smooth web walls. The superstructure cross-section of the Lee Roy Selmon Crosstown Expressway Expansion in Tampa, Florida (Figure 29.22), contains curves in the webs and on the bottom sofﬁt of the box that contribute to its distinctive appearance. The curves and long cantilever wings in combination with the height of the piers give the superstructure a slender appearance with shadowing. The curved lobes at the
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 FIGURE 29.21 Clean lines and smooth undersides of the box girder superstructure enhance Fort Lauderdale’s 17th Street Bridge approaches, which largely cross over land.
 
 FIGURE 29.22 The unique box shape of Tampa’s Lee Roy Selmon Crosstown Expressway Expansion was an economical answer to achieving aesthetic goals.
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 FIGURE 29.23 Subtly shaped piers carry Interstates 10 and 35 in San Antonio, Texas.
 
 corners of the sofﬁt hide the bearings so the superstructure appears to have a seamless connection with the piers. This unique shaping creates an elegant, sculpted structure. From a constructability perspective, the overall cross-section shape remains the same throughout the bridge length to maximize the repetition of casting and to allow the casting cells to be constant. Variable bridge deck widths were accommodated by lengthening the cantilever wings as the bridge deck widens. This focus on constructability allowed the bridge to be economically constructed with a special one-of-a-kind superstructure shape.
 
 29.5.2 Pier Shape The pier shape is another opportunity for a designer to distinguish the aesthetics and visual appeal of the structure. The shape of the piers and their transition into the superstructure are key design features that create interesting lines and shadows. Slender piers that have a relatively high height-to-width ratio and taper at the top provide a graceful connection with the superstructure. An example is the pier shape used on the San Antonio “Y” bridges that carry Interstates 10 and 35 in downtown San Antonio, Texas (Figure 29.23). In addition to satisfying the project design criteria, the overall cross-sectional shape of the pier should be considered in light of how the pier relates to the superstructure shape and size, the context of its environment, and the theme of the project. Simple shapes, such as an elliptical shape (Figure 29.24), can provide a classic look. An elliptical shape, while visually pleasing, also provides the beneﬁt of reducing the drag coefﬁcient of hurricane wind conditions such as in the case of the Bob Graham Sunshine Skyway Bridge that carries Interstate 275 across Tampa Bay, Florida (see Figure 29.1). The twin elliptically shaped piers used for the main span contribute to the overall aesthetic appeal of the bridge, but the shape was primarily chosen because it best fulﬁlls the design requirements for the bridge to be able to sustain hurricane-force winds. Main piers for long-span designs built in balanced cantilever are designed to provide structural stability of the cantilevers during construction, as well as providing structural capacity under ﬁnal service loads. Often, unbalanced construction loads and wind loads, including hurricane winds, can require sizable main piers; however, a functional and aesthetic solution can be developed with the use of twin walls. Twin-wall, cast-in-place piers on the Wabasha Freedom Bridge in St. Paul, Minnesota (see Figure 29.10), not only provide visual appeal but also were designed to help counter the unbalanced loads on the foundations during balanced cantilever construction. The piers provided longitudinal ﬂexibility combined with stability for cantilever erection. The piers are integrated into the superstructure with reliefs that reﬂect an Art Deco architectural style. The reliefs cast into the pier and the detailing at the super-
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 FIGURE 29.24 Elliptical pier shapes add aesthetics while reducing wind drag, an important consideration in hurricane-prone areas (I-275 Bob Graham Sunshine Skyway Bridge).
 
 structure hide the bearings at the interface. This style was also adopted for the details of stairways, overlooks, walls, paths, and other features in the landscaped park areas to tie the entire project together. In those situations where it is possible to eliminate bearings, a monolithic connection between the pier and the superstructure may add to the aesthetics of the bridge. At the Smart Road Bridge near Blacksburg, Virginia (see Figure 29.7), the pier faces continue vertically to intersect with the superstructure web wall, creating a ﬁxed or monolithic connection between the piers and the superstructure. This approach eliminated the need for bearings at the piers and adds an aesthetic feature to the elevation of the bridge. In rugged environments, angular shapes blend in naturally with the mountainous terrain. An octagonal-shaped pier was used to blend the Blue Ridge Parkway Viaduct into the rocky outcroppings of Grandfather Mountain, North Carolina (see Figure 29.3 and Figure 29.11). Visual interest may be created by the use of simple-cross sectional shapes in a cost-efﬁcient manner. Vertical articulations may be cast into a pier recess, producing a slender appearance through shadows. Vertical lines created by casting a pier inset or by the cross-sectional shape itself may visually add to the height of a shorter pier and create visual interest for those viewing the piers from below. At the Interstate 76 Susquehanna River Bridge (Figure 29.25), a stone pattern provides texture on the piers, reﬂecting the stone on the nearby Pennsylvania Turnpike Commission building.
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 FIGURE 29.25 A stone pattern texture was used on the piers of Pennsylvania’s Susquehanna River Bridge to create a linear accent.
 
 29.5.3 Underside Appearance When designing a structure, it is important to consider all visual vantage points: pedestrians, passengers in a boat passing beneath the structure, and passengers in vehicles driving underneath or beside the bridge. All have unique views of the bridge and can appreciate different aesthetic features. One example of speciﬁc aesthetic treatments that were used to enhance the visual appeal of the underside of a bridge is for the piers of the Broadway Bridge (Figure 29.26), which crosses the Intracoastal Waterway in the heart of downtown Daytona Beach, Florida. The bridge is viewed by boaters and pedestrians in the park along the water, so particular attention was paid to the vantage point from these perspectives. Building on the “Timeless Ecology” theme selected by the community, the elliptical piers are wrapped with a 10ft-tall glass mosaic tile mural of manatees and dolphins. The mural is rotated by 10° on each subsequent pier, imparting a sense of movement to those who view the piers. Properly executed aesthetic lighting enhances the pier shape and lights the murals in the evenings.
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 FIGURE 29.26 Mosaic tile patterns on the piers provide visual interest for boaters under Florida’s Broadway Bridge.
 
 29.5.4 Creating Shadows Shadows created by light interacting with the bridge features will vary with changing lighting conditions. Unique effects will be experienced as the light source moves and the shadows it casts change; therefore, features exposed to natural light will appear different at various times of the day as the sun moves across the bridge site. When evaluating shadowing effects due to the contour and shape of the bridge components, artiﬁcial nighttime lighting should also be evaluated, including both aesthetic lighting and roadway safety lighting. Elements should not be considered independently, as the overall bridge shape and individual superstructure and substructure shapes interact with each other to create ever-changing shadows. The prominent component of shadowing for a bridge is the superstructure. Minimizing shadows for elevated roadways may be accomplished with tall, slim piers to create a more open space for travelers underneath and beside it. The view from underneath may be enhanced with longitudinal lines or patterns cast into the superstructure that will produce an appealing shadowing effect. Changes in the superstructure cross-section through changes in the slope of the vertical web walls will also affect how shadows
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 FIGURE 29.27 Octagonal-shaped piers with concave surfaces help the piers of the Blue Ridge Parkway Viaduct blend with the mountain.
 
 create the illusion of depth. Piers provide a great canvas for the creation of shadows. The use of vertical lines on piers through recesses or curved or chamfered edges will make the pier appear slimmer and more graceful or help the pier blend in with its environment. The pier cross-section of the Blue Ridge Parkway Viaduct (Figure 29.27) around Grandfather Mountain has an octagonal shape, which was enhanced with concave faces to create an effect of shadows, regardless of the direction of the sun.
 
 29.6 Concrete Aesthetic Features When the primary structural form has been determined for a bridge, speciﬁc details can be considered to further enhance the aesthetics and develop the overall theme. The use of color, texture, native materials, and other details of the aesthetic design can add greatly to the beauty of the structure, make it unique to its community, and provide continuity between bridge elements. In some cases, it is these details that deﬁne the structure.
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 FIGURE 29.28 Consistent concrete color was achieved on New York’s AirTrain JFK, despite three mixing locations.
 
 29.6.1 Introduction to Color and Texture Advancements have been made in the aesthetic surface treatment of concrete in the last 10 to 15 years. Today, enhancing the appearance of concrete with color and texture is more economical and feasible from a constructability perspective than ever before. With foresight, strong speciﬁcations, and attention to construction operations, the color and texture of concrete can be lasting, lowmaintenance features that contribute to the aesthetics of a bridge. Color and texture can be achieved in several different ways. The size and scale of the bridge or project area receiving color and texture may dictate which method or product is best suited for that application based on location, access, intricacy of the details, colors selected, availability of materials, and level of maintenance. It is important to note that when color and texture are added to the design careful consideration should be made as to how they will complement the overall shape of the bridge and bridge elements, lighting, shadowing effects, and patterns.
 
 29.6.2 Overall Bridge Color and Texture A seamless and uniﬁed look may be achieved through application of a uniform color or colorization of an entire bridge. How color is applied is based largely on the desired color, cost of labor and materials, and access. Each method has advantages and disadvantages, and each should be explored in light of the owner’s project goals. The natural gray color of concrete can be visually appealing. This color is most attractive if consistency is maintained throughout via the use of single-source suppliers for aggregates, sand, and cement. An example of where this was achieved is the elevated structures of the AirTrain JFK in and around JFK Airport in New York (Figure 29.28). Speciﬁcations were developed to achieve a uniform concrete color, despite three concrete mixing locations. The superstructure segments were precast offsite in Virginia, the substructure elements were cast in place using concrete mixed off-site, and the superstructure closure joints were cast in place using concrete mixed by hand on the bridge deck. All of these elements have the same uniform color because speciﬁed materials and sources were used. If a lighter shade of gray or white is desired, white cement may be used. The use of single-source materials and white cement can potentially increase costs; however, it is a lifelong, maintenance-free method to achieve consistency in color and enhance the visual appeal of the structure.
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 FIGURE 29.29 Patterns and colors important to the local Native American culture were used on the pedestrian walkway of North Dakota’s Four Bears Bridge.
 
 Bridge coatings have been used extensively in the United States and can be manufactured in a wide variety of custom colors. They are favored by some bridge owners not only for the aesthetic value in achieving a uniform color and texture but also for their potential protective properties, as the coating serves as a sealant in addition to providing a uniform color. The colored coating is applied when the structure is nearly complete, much like paint. Using colors similar to the surroundings of a bridge will help it blend in with the natural landscape. A natural color and slight roughened texture were achieved by using black iron oxide in the concrete mix which created a marbled appearance and helped the Blue Ridge Parkway Viaduct blend in with the rocky terrain of Grandfather Mountain in North Carolina (see Figure 29.27). Color achieved through the application of a coating can also be used to convey the theme of a project or help link the structure visually with local architecture. The Wabasha Freedom Bridge located in downtown St. Paul, Minnesota, was coated to blend with the cliff sides of the Mississippi River, adjacent to the bridge (see Figure 29.10). Another example of the use of color is the pedestrian walkway of the Four Bears Bridge in North Dakota (Figure 29.29). This primary transportation link to the Fort Berthold Indian Reservation has a wide pedestrian walkway that showcases images important to each of the tribes in the Three Afﬁliated Tribes who live on the reservation. Color patterns unique to each of the tribes are used in separate sections of the walkway surface, and a unifying pattern was added between these unique sections. Where vertical recesses are cast into the pier, the use of color, especially a contrasting color, can highlight this area. The Lee Roy Selmon Crosstown Expressway Expansion in Tampa, Florida (Figure 29.30), has a smooth sculptured superstructure complemented by slim, tapering piers that have a vertical recess that follows the curved shape of the pier. Contrasting colors, achieved with a bridge coat, were selected for the pier inset and for the exterior of the pier and superstructure. The project consists of two separate structures: one in the more urban downtown Tampa area, surrounded by existing commercial properties, and the suburban end of the project, which traverses water features and vegetation. For the urban area, a light blue hue was selected for the exterior of the pier and superstructure and a contrasting off-white color for the pier recess. In the suburban section, a bolder, metallic blue was selected for the pier recess and the same off-white color was applied to the exterior of the pier and superstructure. The bolder, metallic hue of blue was customized by the manufacturer to achieve a mirrored or glassy look. Natural sunlight enhances this effect from different angles at various times of the day.
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 FIGURE 29.30 Contrasting blue inserts in the center of the piers for the suburban section of the Lee Roy Selmon Crosstown Expressway Expansion are appropriate in this Tampa neighborhood.
 
 Another method to consider in achieving overall color is concrete stain. If a soft tone is desired and an irregular but overall color is ideal, then this is a viable method. Color achieved with this method penetrates the concrete to a depth of approximately 1/8 to 1/4 in. The stain does not conceal surface imperfections in the concrete; instead, it provides an overall tint to the surface. An example is the Interstate 70 Hanging Lake Viaduct (Figure 29.31), west of Denver, Colorado, where a light brown stain was used to blend the structure with the canyon walls.
 
 29.6.3 Opportunities for Aesthetic Treatments When the structural form and overall bridge color and texture have been deﬁned, opportunities for localized aesthetic color and texture treatments can be explored. Some common areas for these types of local applications include piers, pylons, and pedestrian walkways. These surfaces provide a canvas for artistic expression and further development of the aesthetic theme of the bridge project. The Penobscot Narrows Bridge and Observatory (Figure 29.32) has a theme of “Granite—Simple & Elegant,” which is reﬂected in its obelisk-shaped pylons. Aesthetic details of the pylons include a 4-in. horizontal recess or articulation at alternating 5- and 10-ft spacing. The pylons were cast in place with 15-ft lifts; thus, the concrete was formed with articulations at construction lift lines that replicate the size of large blocks. These recesses were also used to hide the construction joints, and they blend well with the actual granite placed at the pylon base and observatory entrance, where the bridge is experienced on a human scale. The corners of the obelisk are chamfered to create simple, clean lines. Below the deck, the chamfer is 12 in. and above the deck, the chamfer is 8 in., thus maintaining the scale of the pylon dimensions.
 
 29.6.4 Use of Native Materials The use of native materials can be explored as an opportunity to blend a structure with its natural environment, convey an environmental or earthen theme, or develop community pride. An example of this is the Smart Road Bridge in Blacksburg, Virginia (Figure 29.33), which contains Hokie Stone in the pier recesses. Hokie Stone is acquired from a quarry owned by nearby Virginia Tech and is a stone that
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 FIGURE 29.31 A stain was used to blend the Hanging Lake Viaduct into Glenwood Canyon, Colorado.
 
 FIGURE 29.32 The pylons of Maine’s Penobscot Narrows Bridge and Observatory are obelisk shaped and include articulations that replicate large blocks of granite.
 
 29-28
 
 Concrete Construction Engineering Handbook
 
 FIGURE 29.33 The pier recesses of the Smart Road Bridge are faced with Hokie Stone.
 
 is prominently used throughout the Virginia Tech campus. Use of the stone on the bridge provides a visual link among the Virginia Tech Transportation Institute, the operators of Smart Road, and the Virginia Tech campus, while adding visual interest by utilizing materials in the bridge that are consistent with the mountainous environment.
 
 29.7 Design Details Bridge barrier rails, aesthetic lighting, landscaping, and other artistic details can increase the visual appeal of a bridge. Additionally, functional project components such as the location of drainage appurtenances and utilities should be considered for their visual impact.
 
 29.7.1 Concrete Barriers/New Vistas Crash-tested trafﬁc barriers are required on bridges, and 32-ft-tall standard concrete barriers are typically installed. Bridges frequently offer unique vantage points for the driver, opening new vistas when a new crossing is higher than any existing site or offers a unique view. In situations such as these, where drivers might appreciate a better view from the bridge, open railings that meet the required safety standards as well as the typical solid concrete barrier have been utilized. As an example, the open railing on the Blue Ridge Parkway Viaduct provides uninterrupted views of the surroundings.
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 29.7.2 Drainage When bridge deck drainage must be captured and not allowed to freefall onto the ground below, the water is collected at deck level and piped to an appropriate discharge location. These piping systems, although functional, often signiﬁcantly detract from the appearance of a bridge; however, some inherent aesthetic beneﬁts may be derived from a closed box girder with regard to drainage. Stormwater runoff may be collected on the bridge deck with curb inlets. Drainage piping from these inlets can be cast into the wings of the box girder, concealing the piping within the concrete, to convey the water to an internal stormwater piping system. This piping system can be designed integral to the pier and linked to an underground drainage system, at-grade swale, or other stormwater treatment facility. Unsightly drainage piping attached to the outside of the bridge structure can then be completely avoided. Pretreatment of the stormwater by oil/water separators in the inlets and outfall into a natural ﬁltration system, such as a grassed swale, should be given great consideration not only to meet local, state, and federal requirements but also to develop a project that is environmentally sensitive. The Lee Roy Selmon Crosstown Expressway Expansion in Tampa, Florida, incorporated this type of a closed drainage system, eliminating unsightly exterior pipes while efﬁciently draining the roadway.
 
 29.7.3 Utilities Utilities are often carried along bridges. A closed box girder offers advantages by allowing the utility conduits to be carried within the internal core, hidden from view. Another beneﬁt is that the utilities are protected from the elements and easily accessible if repair or modiﬁcations are required. The primary utility for any bridge project is electricity, which may be required for roadway lighting, interior box lighting, or exterior aesthetic lighting. Electric conduits can be placed inside the box, either cast into the concrete itself or attached to the underside of the top slab with utility hangers. Other utilities may also be installed inside the box girders. This can be an advantageous approach to crossing a body of water for a utility company vs. installing utility poles to cross overhead or tunneling underneath the body of water. When incorporating utilities into the bridge design, loading and attachment to the inside of the box must be considered, in addition to the pipe material, curvature of the pipe as it follows the geometry of the bridge, potential high voltage (heat), and installation of ﬁber telecommunication lines. When determining the feasibility of carrying a utility inside a bridge, the bridge engineer must determine what might happen if the utility fails, such as the rupture of a high-pressure water line. In this case, the bridge engineer must address how this water can be removed quickly and safely. The following should be required if utilities are installed within the box girder: regular inspection of the utility pipelines and appurtenances, installation of devices that will alert the appropriate utility company of leaks or other failures, and establishment of emergency response plans. Installing utilities inside a bridge requires a great deal of communication with the utility companies and their engineers, and the design of the bridge must accommodate these utilities. Concealing these utilities rather than attaching them to the outside of the structure or having them cross overhead adjacent to the structure will greatly enhance the visual aesthetics.
 
 29.7.4 Aesthetic Lighting Lighting can set a bridge apart from other structures in a city’s skyline by creating a unique nighttime signature. Lighting can greatly enhance the beauty of a bridge and improve vehicular safety. A good example of aesthetic lighting is the Chesapeake and Delaware Canal Bridge near St. Georges, Delaware (Figure 29.34). Subtle lighting on the pylons and cable stays illuminates the bridge shapes, making the pylons quite distinct at night. Blue uplighting on the angularly shaped pylons of the Leonard P. Zakim Bunker Hill Bridge in Boston, Massachusetts, enhances the beauty of this structure and highlights the various planes of the cable stays at night. Property values near the bridge have increased since construction was completed, and the skyline is enhanced by this signature bridge. Decorative roadway lighting ﬁxtures can also be used to enhance the experience of pedestrians and passengers using a bridge; for example, poles on the Broadway Bridge in Daytona Beach, Florida, display banners promoting city events.
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 FIGURE 29.34 The Chesapeake and Delaware Canal Bridge has aesthetic lighting suitable to its less populated location.
 
 29.7.5 Landscaping When a bridge is designed with minimal disturbance to its surroundings, the natural landscape is preserved. When a structure is constructed in an area without landscaping, adding green spaces can greatly enhance the areas surrounding the bridge. Landscaping and a gazebo ﬁll the spaces beneath the 17th Street Bridge in Ft. Lauderdale, Florida. These new spaces invite the public to the riverfront and provide a connection among the surrounding venues. Consideration of the landscape and creating greater green space is important to sustainable design.
 
 29.7.6 Innovative Technologies New technologies have arisen out of the desire for economy, aesthetics, and efﬁciency. An example is the Veterans’ Glass City Skyway Bridge in Toledo, Ohio, where the community wanted to showcase their glass industry heritage. This state-of-the-art, cable-stayed bridge has a single, slender pylon, the top portion of which features four sides of glass. To achieve the desired slender pylon shape and to simplify the construction and maintenance of the cable-stay system, a new cradle system was developed that allows the cable stays to pass continuously through the top of the pylon, eliminating the need for anchorages (Figure 29.35). This system reduced the size of the pylon, resulting in lower costs and an ability to accommodate the glass aesthetic feature. The cradle system also facilitates inspection and maintenance by permitting removal and replacement of the strands to monitor their condition throughout the life of the bridge. This new development resulted in a low-maintenance, efﬁcient solution while addressing the community’s aesthetic desires.
 
 29.7.7 Artistic Details The artistic expressions in a bridge can celebrate its sense of place. Broadway Bridge in Daytona Beach, Florida (Figure 29.36), conveys the theme of “Timeless Ecology” throughout the project, but perhaps the most enjoyed element of the design is a permanent art gallery on display along the bridge sidewalks.
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 FIGURE 29.35 The new cradle system simpliﬁes design and long-term maintenance while allowing for greater ﬂexibility in pylon shape (shown is a cradle pipe that runs through the pylon).
 
 FIGURE 29.36 Broadway Bridge in Daytona Beach provides pedestrians with an art gallery of glass tile mosaics along the walkways.
 
 Both sidewalks showcase 18 precast concrete panels containing glass mosaic tile murals of various species indigenous to the Atlantic coast. The murals may be seen by pedestrians and motorists using the bridge. The back of the panels, as seen from the water, contain identical cast relief shells on a sea blue background of glass mosaic tile. The connection of ﬁner details can create the uniformity of artistic expression of the form of the bridge and the message the bridge conveys.
 
 29.8 Summary Bridges are both structure and symbol. Their functionality serves the public good by connecting people and places to enhance the quality of life. As important infrastructures on the landscape, they should merge sustainable design and aesthetic beauty. Proper alignment, geometry, span arrangements, superstructure, and substructure shapes and the application of aesthetic design principles must be considered from the viewpoint of both good design and efﬁcient construction. The future of modern concrete bridges recognizes the inherent qualities of redundancy and the advanced knowledge that can be gained from “smart bridge” technology. Sensors and high-tech monitoring devices can smartly guide future opportunities to streamline the ﬁnal designs of bridges. Advanced concrete materials with improved strengths,
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 FIGURE 29.37 A functional sculptural bridge (I-35W, St. Anthony Falls Bridge in Minnesota) reﬂects a series of modern arch forms softly set in the context of the site to maximize openness, light, green space, and a focus on the river.
 
 FIGURE 29.38 The pier shape creates a reﬂection of curved forms with continuous movement into the bridge superstructure (I-35W, St. Anthony Falls Bridge in Minnesota). Two main piers feature observation platforms along the edge of the river. The appearance underneath creates a visually clean and quiet space.
 
 density, and placement ﬂexibility are being used today to the beneﬁt of functional, yet sculptural bridges. The St. Anthony Falls Bridge (I-35W) in Minneapolis, Minnesota, utilizes long, variable-depth, concrete box girder prestressed spans (504 ft over the Mississippi River), as well as sculptural curved pier shapes (70 ft tall), an open greenscape, lighting, and aesthetic features that highlight a modern concrete bridge focused on simple elegance (Figure 29.37 and Figure 29.38). Future bridges will blend shapes and maximize the repetition of form for redundancy of strength and efﬁciency of construction. Designers of concrete bridges should remain ever mindful of their responsibility to current and future generations to create bridges that celebrate the technology of the time and the community’s sense of place.
 
 “Reﬂections”—precast, high-strength polymer concrete artwork by the Civil Engineering Class of 1982 with Profs. R.H. Karol and E.G. Nawy, Rutgers University. Each slice was cast separately; the slices were assembled and epoxied together to form the thinking lady statue. (Photograph courtesy of Edward G. Nawy.)
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 30.1 History of Architectural Cast-in-Place Concrete 30.1.1 The Beginning (Prior to 1965) Le Corbusier’s Carpenter Center at Harvard University is one of the ﬁrst recognized uses of architectural concrete in the United States. This daring project, along with several others in Europe, triggered a marked interest and excitement among designers in the United States. As using concrete as an architectural medium became an identiﬁable trend, the architectural concrete industry evolved with the speed of a fad and left an enduring impression on the construction industry. If there was a speciﬁc turning point in the acceptance and use of architectural concrete in the United States, it seems to have come with I.M. Pei’s Kips Bay apartment complex in New York City, although a number of other projects were in the planning and building stages at about the same time. Outstanding achievements can be attributed to I.M. Pei; Eero Saarinen; Minoru Yamasaki; Sert, Jackson, and Gourley; Paul Rudolph; Skidmore, Owings, and Merrill (SOM); Pier Luigi Nervi; Phillip Johnson; The Architects Collaborative (TAC); and many others. Of special importance is the fact that the designs created by the architects listed have no common approach. Each is distinctive. Most of our ﬁnest examples of architectural concrete take advantage of the free-form plasticity of the material but show complete recognition of the intense discipline it requires. Where this discipline and attention to detail have not been given proper consideration in other projects, the results have been disappointing. Unfortunately, the designers frequently attribute this deﬁciency to the contractor’s lack of knowledge. Although this may be part of the problem, it cannot account for some of the early failures.
 
 30.1.2 Prime Years (1965–1990) From 1965 to 1990, the use of architectural concrete bloomed. Sculpturing of the forms, better quality form liners, innovative concrete mix designs, and improved placement and consolidation procedures dramatically improved color uniformity and texture. During this period, architects such as I.M. Pei and Partners; SOM; Hellmuth, Obata, and Kassabaum (HOK); Roy P. Harrover; Greiner Engineering; Sikes, Jennings, and Kelly (Figure 30.1); Newhouse and Taylor; Rex Whittiker and Allen; Welton Becket; and others led the way.
 
 30.1.3 Current and Future Architectural design has gone through cycles, but architectural concrete began making a comeback in the late 1990s, when Polsheck and Partners completed the Inventors Hall of Fame in Akron, Ohio, using architectural cast-in-place concrete. I.M. Pei and Partners completed the Rock and Roll Hall of Fame in Cleveland, Ohio; the National Airlines Terminal at JFK International Airport in New York; and the U.S. Holocaust Memorial Museum in Washington, D.C. Tadao Ando and Santiago Calatrava are the new stars of architectural concrete design. Ando’s Pulitzer Art Museum in St. Louis and his Museum of Modern Art in Fort Worth (Figure 30.2) reﬂect the ruggedness and versatility that are inherent in architectural concrete. Calatrava’s almost miraculous displays of concrete demonstrate a grace seldom seen in earlier concrete projects. Projects in Mexico, Europe, and Southeast Asia, where concrete is a widely available material, have eclipsed those in the United States. In spite of the many successes in both commercial and monumental types of construction, architectural concrete has experienced periods of very ﬂat or declining growth, perhaps due to marginal aesthetic results caused by a lack of understanding by designers and contractors regarding the architectural concrete process. High labor costs, difﬁculties in obtaining a reliable ﬁnished product, and possible delays in project completion all work against selection of architectural cast-in-place concrete. Early construction planning can reduce all of these negative factors. Contractors have stated that every dollar spent in planning has saved $4 to $6 in construction costs. Early planning or a prebid conference that includes the approved contractors, ready-mix suppliers, architect, and owner is essential to familiarize everyone with the drawing details, speciﬁcations, sample mock-ups, and quality of concrete work anticipated for the project. Proper budget estimates must be prepared. Architects and contractors must be willing to produce the structure with a minimum amount of mistakes
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 FIGURE 30.1 First United Tower, Fort Worth, Texas; architect, Sikes, Jennings & Kelly, Houston; medium, sandblast texture.
 
 FIGURE 30.2 Museum of Modern Art, Fort Worth, Texas; architect, Tadao Ando, Osaka, Japan. (Photograph courtesy of David Woo Photography, Dallas, TX.)
 
 and surface blemishes. No matter how good the conceptual design, a building can be ruined by dark lines, pour lines, blotchiness, discoloration, or variations in texture. Architects in recent years have taken a cautious approach to the use of architectural cast-in-place concrete due to the potential pitfalls that can result in owner dissatisfaction.
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 30.2 History of Architectural Precast Concrete 30.2.1 The Beginning The ﬁrst documented modern use of architectural precast concrete was by Auguste Perret in 1923 for the Cathedral Notre Dame Du Haut in Raincy, France, although it was used only as screen walls and inﬁll in an otherwise cast-in-place concrete structure. The depression years followed soon after and then the cataclysm of World War II. Not until World War II ended did the architectural use of precast concrete begin to ﬂourish. Surface ﬁnishing techniques for architectural precast concrete, such as water washing and brushing, bushhammering, sandblasting, and acid etching, were initially developed for cast-in-place concrete, as was obtaining colored surfaces by means of pigments and special colored aggregates. These techniques were also well established within the cast stone industry by the 1930s. In 1932, John J. Earley and his associates at Earley Studio in Rosslyn, Virginia, began work on producing exposed-aggregate ornamental elements for the Baha’i Temple in Wilmette, Illinois (1920–1953), one of the most beautiful and delicately detailed architectural precast concrete projects in the United States. The panels are white concrete with exposed quartz aggregate. Lack of funds postponed completion of the exterior precast concrete until 11 years after the building was begun. Another early notable use of large precast panels was for the White Horse Barn (1937), constructed for the Minnesota State Fair. This structure had panels 15 ft long, 7 ft high, and 6 in. thick. Cast with a smooth ﬁnish and cured for 7 days in steam-ﬁlled rooms, these panels were attached by the structural concrete around the edges of the panels. A pivotal development occurred in 1938, when administration buildings at the David W. Taylor Model Testing Basin were built near Washington, D.C. Panels 2-1/2 in. thick and up to 10 ft by 8 ft were used as permanent forms for cast-in-place walls. The project was signiﬁcant as the ﬁrst use of the Mo-Sai manufacturing technique, with units produced by John Earley in collaboration with the Dextone Company of New Haven, Connecticut. It was also the ﬁrst project in which large-area exposed-aggregate panels were adapted to serve as both the exterior form and preinspected facing for reinforced concrete building construction. Earley had patented the idea of using step (gap)-graded aggregate to achieve uniformity and color control for exposed-aggregate work. Working from this background, the Dextone Company reﬁned and obtained patents and copyrights in 1940 for the methods under which Mo-Sai Associates (later Mo-Sai Institute, Inc.) operated. The Mo-Sai Institute grew to include a number of licensed manufacturing ﬁrms in various parts of the United States. Its public relations and advertising activities, highlighting technical achievements, were a major factor underlying general acceptance of architectural precast concrete. The surface ﬁnishes produced by the Mo-Sai process were dense, closely packed mineral aggregate with a minimum of cement/ﬁnes matrices that resembled mosaic, from which the name Mo-Sai was derived. In 1958, a new panel-casting method was introduced in the United States under the name of Schokbeton (shocked concrete), and a number of franchised plants were established. The machinery used in this method was patented in Holland in 1932. The process is primarily a means of consolidating a noslump concrete mixture by raising and dropping the form about 5/16 in. some 250 times per minute. This contrasts with conventional methods of consolidation using high-frequency and low-amplitude vibration. Although the production of large precast panels by this method was relatively new, small concrete units had been produced in the past on so-called drop tables, which followed the same technique without the reﬁnement of modern machinery. Depending on the cement content, the shocking technique produces compressive strengths of 3000 to 4000 psi after 24 hours and up to 10,000 psi at 28 days. Architectural precast concrete usage initially was complicated by the lack of mobile cranes and other efﬁcient material-handling equipment. Because of this lack of equipment and because of competition from metal and glass curtain-walling, precast concrete was comparatively slow to develop, and the record of its eventual rise to parity, even its dominance in places, is properly that of the 1960s. Reasons for this expanding usage were improved methods of production, better handling and erecting equipment, and the realization that precast panels provided a pleasing variety of surface textures, patterns, and exterior designs that generally could not be accomplished as economically in other materials. A number of
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 pioneering early postwar uses of precast concrete in architecture were otherwise of limited signiﬁcance. These included dormitory units at the University of Connecticut (1948) based on load-bearing wall panels; an eight-story ofﬁce building in Columbia, South Carolina (1949), with window-wall cladding panels (erected by hand winch); and a six-story ofﬁce building in Miami (1951) where 4-in.-thick precast panels were suspended from the sofﬁt of a cantilevered cast-in-place ﬂoor slab. The Hilton Hotel in Denver was completed in 1958/59 and was one of the early signiﬁcant uses of window-wall panels ﬁxed to a structural frame. The Police Administration Building in Philadelphia, completed in 1962, made history as one of the ﬁrst major buildings to utilize the inherent structural characteristics of architectural precast concrete. Its exterior panels, 5 ft wide by 35 ft high (three stories), carry two upper ﬂoors and a roof. This structure was an early model for the blending of multiple systems (precasting and post-tensioning) for one building.
 
 30.2.2 Current Practice Architectural precast concrete can be provided in almost any color, form, or texture, making it an eminently practical and aesthetically pleasing building material. It is difﬁcult to imagine an architectural style that cannot be expressed with precast concrete. By providing the designer complete control of the ultimate form of the facade, the precast concrete industry has experienced steady growth since the explosive 1960s, particularly in the ever-widening range of precast concrete applications. The widespread availability of architectural precast concrete, the nearly universal geographic distribution of the necessary raw materials, and the high construction efﬁciency of prefabricated components all add to the appeal of architectural precast concrete construction. Established precasters have a high level of craftsmanship and ingenuity along with a thorough knowledge of the material and its potential for converting the designer’s vision into a ﬁnished structure.
 
 30.3 Applications 30.3.1 Cast-in-Place Architectural cast-in-place concrete has been used in many colleges; libraries; airport terminals; ofﬁce buildings; museums; public buildings for city, state, and federal government; hospitals; sound-barrier walls; industrial warehouses; and all types of landscaping products.
 
 30.3.2 Precast The use of nonload-bearing precast concrete cladding has been the most common application of architectural precast concrete. Cladding panels are those precast elements that resist and transfer negligible load from other elements in the structure. Generally, they are normally used only to enclose space and are designed to resist wind, seismic forces generated from their self-weight, and forces required to transfer the weight of the panel to the support. Cladding units include wall panels, window-wall units, spandrels, mullions, and column covers. Their larger dimension may be vertical or horizontal. Often the most economical application of precast concrete is as a loadbearing element, which resists and transfers loads applied from other elements. With very few modiﬁcations, many cladding panels may function as loadbearing members. The steel reinforcement required to physically handle and erect a unit is often more than that necessary for in-place loads. The slight increase in the load-bearing wall-panel costs (due to erection and connection requirements) can be offset by the elimination of separate structural framing (beams and columns) from exterior walls or the reduction of interior shearwalls. This savings is most apparent in buildings with a large ratio of wall to ﬂoor area. In many structures, it is economical to take advantage of the inherent strength and rigidity of exterior precast concrete wall panels and design them to serve as the lateral-load-resisting system (shearwalls) when combined with the diaphragm action of the ﬂoor construction. A current trend is toward the use of precast concrete units as forms for cast-in-place concrete. This system is especially suitable for
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 combining architectural (surface aesthetics) and structural functions in load-bearing facades or for improving ductility in locations of high seismic risk. Because the cost of formwork is a signiﬁcant part of the overall concrete cost in a structure, substantial savings can usually be achieved by using precast concrete units as formwork. In addition to functioning as exterior and interior wall units, precast concrete ﬁnds expression in a wide variety of aesthetic and functional uses, including: (1) art and sculpture; (2) lighting standards and fountains; (3) planters, curbs, and paving slabs; (4) balconies; (5) screen sound barriers and retaining walls; (6) screens, fences, and handrails; (7) street furniture; and (8) ornamental work.
 
 30.3.3 Decorative Floors Concrete ﬂoors have not traditionally fallen into the category of architectural concrete; however, since 1990, there has been a dramatic rise in the artistry and variety of decorative concrete ﬂoors. Concrete ﬂoors embossed with stamped patterns, pigmented with integral pigments, or treated with applied stains have become extremely popular. Polished concrete ﬂoors have become common in big-box retail stores, which have discovered that exposed concrete ﬂoors are a lower cost alternative to resilient ﬂooring or carpet. Although decorative ﬂoors can be considered as architectural concrete, they require a different scope of expertise than formed concrete and are not addressed in this chapter.
 
 30.4 Planning 30.4.1 Budget Regardless of the type of building or its intended use, the architect and owner must begin with a budget estimate. Although forming, placement, concrete, and ﬁnishing costs will undoubtedly be more for an architectural concrete job, the end cost of the completed building might well be less than the total cost of a structural concrete job when rental income, maintenance costs, additional ﬁnishes, architectural treatments, and repair costs are factored into the equation. Life-cycle costs are what interest the owner. Architectural concrete projects must have an adequate budget to achieve the desired visual impact while maintaining the integrity of the structure. When the design architect has determined the image and scope of the project, an initial meeting should be held that includes the architect, architectural concrete consultant, structural engineer, and landscape architect, if one is associated with the project. At this time, shape vs. structural requirements and precast vs. cast-in-place are evaluated. The capability of local precast facilities and availability of knowledgeable concrete contractors often determine the most economical approach to achieve the ﬁnish appearance required. The designer must decide at this time whether to follow the possibility of form and continuity inherent in cast-in-place concrete or the buildingblock logic, time savings, and precise quality control of precast. Relative costs can vary with time and place. Repetition is essential to maximize economy for precast concrete components. Careful planning is necessary to achieve good repetition without sacriﬁcing design freedom. The type of ﬁnish selected can have a large impact on budget. The architect must provide sufﬁcient funds in the budget to allow the special ﬁnish and quality workmanship required for the method selected and must determine whether specialized construction techniques are routinely accepted and executed by local contractors. Casting structural concrete against a form liner or sandblasting the surface does not necessarily produce acceptable architectural concrete. A contractor that assumes this is about to learn an expensive, time-consuming lesson and will probably have an unhappy client who is not receptive to scheduling future projects with the ﬁrm. The secret to successful architectural concrete is early and detailed planning. Final costs and execution do not end with the building designer, but with the contractor. The general contractor must know how to carry out the designer’s intentions without increasing the contractor’s or owner’s costs. The contractor must have knowledgeable workmen, especially for the forming and concrete superintendents. Current bidding practices often result in late award of the precast subcontract. In practice, this means that additional molds must be built to meet the project deadline. The necessity for extra molds increases costs and partially offsets the use of high repetition.
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 FIGURE 30.3 Waviness in the concrete surface due to lack of form rigidity during concrete consolidation.
 
 The secret to good architectural concrete is in the forming. Forms must be strong enough to accomplish concrete placement within speciﬁed form joints and rustications without honeycomb, cold joints, or pour lines. A superintendent who has placed many thousands of yards of structural concrete where strength and a lack of honeycomb have been the criteria could be in trouble when visual excellence is required if strict attention is not paid to details.
 
 30.4.2 Drawings Eventually, the conceptual design must be detailed and working drawings completed. Construction elements such as control joints, construction joints, form-tie locations, concrete shrinkage, reinforcement location, reinforcement coverage, special form requirements, mix design, concrete access points, and type of ﬁnish must be considered. The contractor should pay special attention to closure technique or concealed joints in formwork. Articulated lines or rustications should be drawn at the control and construction joints. The closer the architectural concrete construction follows the natural construction sequence, the more economical the costs. In addition to the formwork items discussed below in Section 30.7.1, the contractor must consider form rigidity. Architectural concrete often includes high columns and walls. Forms must be sufﬁciently reinforced to eliminate wave action or pulsating action as well as form movement during the use of high-frequency vibrators (Figure 30.3). Form height is a function of drawing details involving rustication details and form-tie locations. Repetitive items in design will increase form usage and allow higher quality forms (such as steel or ﬁberglass) to be used economically. The contractor needs to ensure that the drawing details work. Although the architectural concept of the drawings may be excellent, if the details do not work then the building has the potential to be a failure. Good design considers the construction needs as well as the architectural and structural criteria. The drawings set the conditions under which the contractor must work. A wall designed to be 8 in. thick, including a double curtain of reinforcing, will not allow proper concrete placement and consolidation because the space is simply too tight. If the wall has rustications and minimum cover requirements on the outside face, space requirements for vibrator placement get even tighter. Allowing for acceptable tolerances on the placement of reinforcing steel will place even tighter access for the vibrator. Cast-in-place architectural concrete and precast elements may be successfully combined but require detailed effort on the part of the architect and an understanding of the construction process for each system on the part of the contractor. More time will be required for the selection of materials, mix
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 FIGURE 30.4 Matching architectural cast-in-place and precast concrete at King Saud University in Riyadh, Saudi Arabia; architects, HOK, St. Louis, MO.
 
 designs, and ﬁnishes than if only one system were used. Realistically, large mock-ups and knowledgeable workmen must be part of the contractor’s production process. The architect has a great deal of freedom of expression in working with architectural concrete. An architect may select thin members or sculptured shapes in precast concrete and combine them with the massiveness and structural strength of cast-in-place concrete to create the curtain wall (Figure 30.4). Today, when costs for different types of facades are compared, precast or cast-in-place concrete can be competitive and compare very favorably with glass and metal facades. Design can provide either matching or contrasting colors between architectural precast and cast-in-place concrete. The precaster’s shop drawings (erection and production drawings) should be prepared in general conformance to the PCI Drafting Handbook (PCI, 1990). Generally shop (erection) drawings are submitted to the general contractor who, after checking them and making notations, submits them to the architect/engineer for checking and review. Timely review and approval of shop drawings and other pertinent information submitted by the precaster are essential, as fabrication should not commence until ﬁnal approval or an approved-as-noted has been received. The architect reviews the precaster’s erection drawings primarily for conformance to the speciﬁcations, then passes them along to the structural engineer so he can check for conformance to the speciﬁed loads and connection locations. This allows the engineer to conﬁrm his own understanding of the forces for the structure at the connection points and the precaster’s understanding of the project requirements. Design details, connection locations, and speciﬁed loads should not be left to the discretion of the precaster. This is especially important in cladding panels, where the weight of the unit and its torsion and shear must be supported by the frame. Steel frames are more sensitive to the eccentricity of a panel unit causing deformation of the structure and may require bracing.
 
 30.4.3 Specifications Speciﬁcations can be a trap for the unwary contractor. Reference may be made to architectural concrete requirements in the general concrete speciﬁcations. When projects, including several monumental buildings, have had high budget estimates, the separate section for architectural cast-in-place concrete has sometimes been removed from the speciﬁcation. All concrete has been covered under the general concrete section. A short added paragraph may read something like this: “The ﬁnal ﬁnish surface should be a
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 uniform light sandblast and match the approved sample panel in Architect’s ofﬁce.” A short paragraph near the end of the concrete section may state: “No patching or repairs will be permitted without the express permission of the Architect. Only patching of minor blemishes will be permitted.” These short paragraphs added to a general concrete speciﬁcation can be deadly to the contractor. No mention is made of special mix requirements, mock-ups, form or form-tie locations, placing consolidation, and ﬁnish requirements. Architectural cast-in-place concrete speciﬁcations should be used and clearly separated from those for general concrete, and the contractor should always prepare a mock-up for approval whether or not one is speciﬁcally called for in the speciﬁcation. The mock-up can consist of a segment that will be incorporated in the ﬁnished structure. Speciﬁcations can be both the friend and ally of the owner, architect, and contractor. Architectural concrete is not structural concrete with only a surface ﬁnish applied. It is a material that requires a special process leading to the ﬁnal ﬁnish required. Both architectural cast-in-place and precast concrete must be clearly speciﬁed, closely supervised, and produced throughout the full construction process by knowledgeable workers who care. Architectural precast should always have a separate section in the contract speciﬁcations, as should architectural cast-in-place concrete. The two basic types of speciﬁcations are performance and prescriptive. A pure performance speciﬁcation is one that references a physical sample of concrete. It essentially says: “Produce concrete that looks like the referenced sample and meets all other concrete requirements as contained in the general concrete section.” Such a speciﬁcation assumes that this type of concrete ﬁnish is not new and has been satisfactorily produced before by all parties concerned. On the other hand, a prescriptive speciﬁcation is necessary when the bidding list must be left open or when the ﬁnish is a new type developed by the designer. This type of speciﬁcation relies on the detailed investigation of materials, mix designs, formwork, concrete placement procedures, and methods of ﬁnishing. It then gives explicit instructions on what procedures to follow. Even though instructions may be clear, a prescriptive speciﬁcation requires constant supervision to keep everything rolling smoothly (Bell, 1996). The performance type of speciﬁcation is the most practical. It can be used when (1) a physical example of the concrete ﬁnish is available, (2) the contract is negotiated or only prequaliﬁed bidders are selected, or (3) craftsmen are available to produce the required performance (Bainbridge and Abberger, 1994). Too often a contractor is asked to comply not only with standards from the American Society for Testing and Materials (ASTM), American Concrete Institute (ACI), Precast/Prestressed Concrete Institute (PCI), and others, but also with references, guides, or practices published by the above because they are incorporated by reference in other documents mentioned in the contract even though no copies or details are furnished. To clarify this issue, in 1978 the American Concrete Institute published the following policy that is used today on all appropriate documents: “ACI Committee Reports, Guides, Standard Practices, and Commentaries are intended for designing, planning, executing, or inspecting construction and in preparing speciﬁcations. Reference to these documents shall not be made in the Project Documents. If items found in these documents are desired to be part of the project documents, they should be incorporated directly into the project documents.”
 
 30.4.4 Quality Control and Quality Assurance In theory, for commercial-grade concrete construction, the contractor simply hires a testing laboratory approved by the owner or architect and sees that the reports are distributed to the responsible parties. The contractor should review ready-mix concrete facilities and local precast manufacturers for service history; reserve capacity; availability of modern trucks; plant silo, bin, and storage capacity; and availability of knowledgeable and cooperative personnel. Owners are looking for contractors to spend more time and money in construction reviews and in planning to develop more innovative ways to meet schedules and improve quality. More monumental work is being negotiated or has a very limited bid list. Contractors with prior experience in architectural concrete who can meet budget performance, maintain good safety records, and control the project processes will be in high demand (Bainbridge and Abberger, 1994).
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 The basic purpose of quality-control programs is to ensure that the requirements of the contract documents are met in every step of the process, from selection of materials to curing of the concrete. Written records are required to substantiate that fact. Top management personnel in construction companies need to educate their talented ﬁeld people with regard to the beneﬁts of quality control (QC) and quality assurance (QA). The contractor works for the owner and is responsible for constructing the project as designed and speciﬁed. He must ensure that the quality of construction measures up to or exceeds the standards of material and workmanship required by the contract documents. This is the contractor’s primary responsibility, but the contractor must also emphasize to employees, material suppliers, and subcontractors the importance of searching for errors in design or speciﬁcation and selection of inappropriate materials. Although design review is not part of the contractor’s responsibility, it may be good insurance to seek a second opinion on soils engineering, structural engineering, exterior-facade details, etc. Replacing or redoing problem construction is time consuming, frustrating, and always expensive. The contractor cannot cite lack of skilled workers, irresponsible subcontractors, or rushed or incomplete drawings as an excuse for poor quality. In today’s construction environment, the contractor must live with tight budgets, low construction time, drawings that are completed as construction progresses, and lack of skilled workers. What better reason could there be to cry for improved quality control and quality assurance programs? Quality control is directed toward after-the-fact inspection and testing. Quality assurance is a broader concept that involves planning and a program that incorporates feedback from site problems, inspection, and testing. Quality assurance programs incorporate both feed-forward and feedback controls for each segment of the construction process. Quality assurance is when the contractor: • Makes sure the ﬁeld supervisors and subcontractors recognize the obligations of the contract documents • Thinks quality in every decision made • Identiﬁes project risks and relates them to quality factors as well as time and costs • Coordinates and communicates with the architect/engineer and owner with overall quality in mind • Encourages all of the workers to concern themselves with the quality of construction • Uses knowledgeable consultants to assist in planning and on-site review • Anticipates problems and tries to alleviate them early • Learns to listen • Minimizes reworking or rebuilding The most proﬁtable projects are those that prevent defects in the ﬁrst place through planning, communication, and ongoing QA programs. An architectural precast concrete manufacturing plant should be certiﬁed by the PCI Plant Certiﬁcation Program at the time of bidding. Certiﬁcation should be in product group A1 (architectural concrete). The certiﬁcation of a producing plant by PCI indicates that the plant has in place a system of quality, starting with management. Further, the quality system extends to all areas of plant operations including a thorough and well-documented quality control program. Certiﬁcation indicates that plant practices are in conformance with time-tested industry standards. It means that the plant regularly demonstrates its ability to produce quality products. All plants are audited at least twice each year. Audits are unannounced and are usually of 2 days’ duration. Audits and grading are based on the PCI Manual for Quality Control for Plants and Production of Architectural Precast Concrete Products (PCI, 1996). The audit covers all aspects of production and quality control as well as engineering and general plant practices. The product evaluations performed by in-house quality control personnel are also reviewed to determine if routine monitoring is correct and accurate.
 
 30.4.5 Prebid Conference A prebid conference should be held at least 3 weeks prior to bid. This conference should involve all of the professionals in the design team, preselected general contractors, and anticipated precast manufacturers. In addition it may include interested formwork, reinforcing steel, and concrete producer subcontractors.
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 Precast manufacturers should have submitted their samples, company brochures, technical literature, and proposed materials prior to the meeting. Plans for how the work is to be accomplished in accordance with the requirements of the contract documents would be available at this meeting. The architect should have the building model and any samples showing anticipated color and texture. On exceptionally large projects, an extra mock-up may be constructed, under a special contract, to be available at the prebid conference. This mock-up would help determine the feasibility of various materials, treatments, and construction procedures prior to writing the particular architectural speciﬁcations for bid. Contractors would be told what is expected in the way of workmanship, timing, and results. Samples would be discussed and material sources and adequacy of reserves reviewed. Precast production schedules, plant facilities, and personnel would also be discussed. At this meeting, potential problems would be addressed and the ﬁnal architectural ﬁnishes clearly spelled out. Generally, one prebid conference is held for all anticipated contractors, subcontractors, and precast manufacturers.
 
 30.4.6 Preconstruction Conference Following award of the contract, the architect should schedule a preconstruction conference with the contractor at a time and place that are mutually agreeable to discuss the architectural concrete system. This allows the design team to meet with the contractor, the contractor’s key personnel, the ready-mix concrete supplier, the form supplier, reinforcing and placement subcontractors, the testing laboratory, and the precast supplier (if applicable). Brochures or literature should accompany any alternative construction proposals. Patented form systems may be suggested at this conference. The contractor should be sure such systems not only meet structural needs but are also appropriate for architectural purposes. Butt joints or form-tie locations may be a problem with certain form systems. When precast and castin-place construction are to match, the precast manufacturer should match the cast-in-place construction. The precaster has more ﬂexibility in matching color and texture than the cast-in-place contractor, who does not have as many options and specialty techniques available. The preconstruction conference is a good place to set ground rules and begin planning quality assurance programs. At this meeting, the design team should be responsive to suggestions and requests for approvals and additional information by the contractor. The architect should be responsive to alternative plans submitted by the contractor and make recommendations for the contractor’s consideration. The contractor must be ready with a plan of construction, timing, and schedule of items that involve the design team such as mock-up timing, shop-drawing approvals, and any remaining questions as to color or texture.
 
 30.4.7 Mock-Up Construction Mock-up construction is where the contractor demonstrates the intended results. Materials, equipment, and construction methods used are those intended for the actual work. The mock-up should be a fullscale mock-up and contain a full complement of reinforcing steel and blockouts. The mock-up is a proving ground to test the design details, shape, construction-joint locations, gasket procedures, and ﬁnishes required under the contract documents. In the case of alternative proposals, the mock-up helps ensure that the intent of the designer is understood. For the contractor’s own protection, every architectural concrete project should include a mock-up or mock-ups. This is true whether or not one is speciﬁed. A cast-in-place concrete project may have only one large mock-up showing a column, beam, or wall section that is full scale in size and uses the design reinforcing, forming system, concrete mix, placement procedures, and consolidation methods to be used in the actual work. After completion and approval of the construction, the mock-up is used to demonstrate cleaning, repair techniques, sealers (if speciﬁed), and protection. An architectural precast project might require three mock-up samples of a size sufﬁcient to demonstrate actual planned production conditions. Any mock-up or combination of mock-ups must be able to establish the range of acceptability with respect to color and texture variations, surface blemishes, uniformity of corners or returns, frequency and size of air-void distribution, and overall appearance. Mock-ups also test the planning and training abilities of the contractor. Mock-up usage should shorten the learning process and set the standards necessary to achieve the designer’s objective.
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 The mock-up should be prepared or erected at the job site and be approved before the majority of the formwork for the architectural concrete construction is built or purchased. When forms are to be site made, the mock-up must be ﬁnished at least 45 days before the architectural concrete is scheduled to be cast. On larger cast-in-place projects where custom-built forms are to be used, the mock-up should be ﬁnished 90 to 120 days before forms are needed for construction. This will allow time to revise the forms or the construction methods used in the construction of the mock-up. This long lead time can be necessary. Do not let the project be delayed by inadequate planning and lead times. Construct as many full-size mock-ups as necessary to meet the approval of the architect. When a mock-up is not called for in the speciﬁcations and the concrete called for appears to be structural concrete with only a light texture ﬁnish, a contractor would be wise to go through a sample and mock-up procedure at his own expense prior to ﬁnal decisions on mix design and formwork purchase. The samples and mock-up for cast-inplace concrete may have to be scaled down due to the cost factor but should not be eliminated from the early phase of the construction process. Sometimes future architectural cast-in-place concrete may use part of the early structural concrete as a testing ground for forming and concrete placement. Areas hidden from view such as basement walls or elevator shafts could be used. Some type of mock-up construction will minimize any confusion on the part of all parties involved in the project design and construction. Approval of any mock-up should be based on the full mock-up or, in the case of precast, of at least three precast full-scale (not necessarily full size) samples. Realistically, all architectural concrete surfaces will have blemishes, irregular surfaces, and differences in color and texture. Samples and mock-ups should be used to establish the range of acceptability prior to the beginning of actual construction. Mock-ups should remain on the job site or at the plant where they are readily available for inspection and comparisons until completion of the work (Figure 30.5). Mock-ups can be most effectively assessed when presented in their ﬁnal orientation: horizontal, vertical, or sloping. Details should be viewed from a distance typical for viewing the architectural concrete on the building but that is not less than 20 ft. Reference to another project or an adjacent building should never be the basis of the architectural color and texture demanded for a project. Mock-ups should be required for each project. A different building facade may have been produced under special conditions involving different speciﬁcations, use of materials no longer available, or more stringent supervision requirements.
 
 30.5 Materials–Mixture Design Certain variations, mix proportions, and procedures are speciﬁc to architectural concrete. A change in aggregate proportions, color, or gradation will affect the uniformity of the ﬁnish, particularly where the aggregate is exposed. In smooth concrete, the color of the cement (plus pigment) is dominant. A matte ﬁnish will result in a different color than a smooth ﬁnish. If the concrete surface is progressively removed by sandblasting, acid, tooling, retarders, or other means, the color becomes increasingly dependent on the ﬁne and coarse aggregate. Darker and more colorful ﬁne aggregates have more inﬂuence when used with lighter colored cements and especially with white cement. When there is a signiﬁcant difference in contrast between the paste color and the aggregate color, variations in ﬁnishing will be more apparent. When the paste color is similar to the aggregate color, variations in ﬁnishing will be less apparent.
 
 30.5.1 Cement White Portland cement is made of selected raw materials containing negligible amounts of iron and manganese oxides, as these materials project a gray color. White cements have inherent color and strengthdevelopment characteristics depending on their source; some have a buff or cream undertone, and others have a blue or green undertone. Cement of the same type and brand and from the same mill should be used throughout the entire job to minimize color variations. Color variations in a gray cement matrix are generally greater than those in matrices made with white cement. A gray color may be projected by using white cement with a black pigment or a blend of white and gray cement. Uniformity normally increases with increased percentages of white cement. Gray cement is dominant and will have much
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 FIGURE 30.5 Mock-up panels for USAA regional ofﬁce in Tampa, Florida; architect, Spillis Candela & Partners, Inc., Coral Gables, Florida.
 
 greater color variation than white cement with an added black pigment. Plastic or stainless steel trowels should be used for ﬁnishing architectural concrete to minimize the danger of staining or darkening the concrete. Trowel marks or surface burns can be minimized by troweling while the concrete surface is moist or by keeping the trowel wet during ﬁnish operations (Freedman, 1968, 1969).
 
 30.5.2 Aggregates The choice of aggregates can have a considerable effect on the ﬁnish color of white, buff, or light-toned concrete. The choice of ﬁne and coarse aggregate should be based on a visual inspection of the samples and the mock-up. These samples would have the proper matrix and be ﬁnished in the same manner as planned for construction. The method used to expose the aggregate in the ﬁnal product inﬂuences the ﬁnal appearance. Sandblast textures will generally dull the appearance of the coarse aggregate. All coarse and ﬁne aggregates should be from the same source for the entire project. Normally, aggregates will be selected for exposed architectural purposes and speciﬁed in the contract documents as to source, size, and color. Aggregates should have proper durability and be free of staining or deleterious materials. They should be nonreactive with cement, have a proven service record or satisfactory results from laboratory testing, and have the particle shapes (rounded rather than slivers) required for good concrete and appearance. When angular aggregates, such as small-size granites, are speciﬁed, the contractor should inform the architect and owner that they will produce greater color variations, some pour lines, and increased surface blemishes such as bug holes.
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 Where the color depends primarily on the ﬁne aggregates, gradation control is required. For ﬁne aggregates purchased in bulk, the percentage of ﬁne particles passing the No. 100 sieve should be limited to no more than 5%. This may require double washing and a secondary screening, but the premium for this can be justiﬁed by the increased uniformity of color. With a light to medium exposure, a uniform color appearance may be obtained by using crushed sand of the same material as the coarse aggregate; however, for reasons of workability, a percentage of natural sand is always desired in a concrete mix. When maximum whiteness is desired, a natural or manufactured opaque white or light yellow sand should be used. Most naturally occurring sands lack the required whiteness, and the contractor or precaster must look to the various manufactured aggregates for the white base desired. Generally, these consist of crushed limestone (dolomite, calcite) or quartz and quartzite sands. Coarse aggregates are selected on the basis of color, hardness, size, shape, gradation, method of surface exposure, durability, cost, and availability. Colors of natural coarse aggregate vary considerably according to location and geological classiﬁcations. Coarse aggregates should be reasonably uniform in color. Light and dark coarse aggregates require caution in blending for good distribution and color uniformity in adjacent concrete. Extreme color differences between ﬁne and coarse aggregate or between the aggregates and matrix should be avoided. Often a pigment can be added to the matrix to more closely match the color of the aggregates. Extreme color differences between the aggregates and matrix will create uniformity problems and possibly lead to aggregate transparency. The use of closely graded ﬁne and coarse aggregate in a gap-graded combination often results in less segregation and produces a more uniform ﬁnish. While gap grading is an established and well-proven practice, it should not be carried to extremes. Extreme gap grading may lead to separation of the paste and aggregates and thus create uniformity problems. This can be particularly true when dense, hard surface forms are used in combination with high-frequency
 
 FIGURE 30.6 Separation of the paste and aggregates when using high-density forms and high-frequency vibrators. Dark paste lines are evident after sandblasting.
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 FIGURE 30.7 Pour lines on interior beams where the concrete was placed during hot weather. Higher dosages of admixtures could have been used to minimize the possibility of early set leading to pour lines.
 
 vibration (Figure 30.6). The amount of ﬁnes, cement, and water should be minimized to ensure that shrinkage remains within acceptable limits and that surface absorption will be low enough to maintain good weathering qualities. The durability of the concrete would normally not be affected by any degree of gap grading as long as proper concrete cover is maintained over the reinforcement.
 
 30.5.3 Water Mixing water should be clean and free from oil, acid, iron or rust (which may cause staining), and injurious amounts of vegetable matter, alkalis, or other salts. Almost any natural water that is drinkable and has no pronounced taste or odor is satisfactory. Warm water may tend to cause false set or shorten the working time of the mix. Chilled water or use of ice may retard the set or make mixing more difﬁcult.
 
 30.5.4 Admixtures Water-reducing and set-controlling admixtures have been found to be effective with respect to water reduction and strength increases when used with Portland cements of low tricalcium aluminate (C3A) and alkali content. Architectural concrete dosages are in excess of those generally used for structural concrete and may require up to 50% more than the usual recommended minimum. Admixtures are important in architectural concrete for workability, to assist in placement, and to minimize the possibility of pour lines occurring in warm weather due to early set (Figure 30.7). An increase in cement ﬁneness or a decrease in cement alkali content generally increases the amount of air-entraining admixture required for a given air content. High-range water-reducing admixtures (HRWRAs) may alter the air-void system of air-entrained concrete. Typically, the void-spacing factors are higher than in normal air-entrained concrete. This void spacing is caused by an increase in the average bubble size and a decrease in the speciﬁc surface compared to an air-entrained concrete without an HRWRA. In such cases, the dosage of the air-entraining agent would be adjusted to compensate for this effect. In some cases, a complete loss of air may occur when using HRWRA. It may be necessary to change to another HRWRA or use a different air-entraining agent. Certain air-entrained admixtures may be more effective with certain HRWRAs, in the production of adequate air entertainment. When HRWRA are used, there can be an increased tendency for segregation in the concrete mix, particularly when gap-graded aggregates are used. All admixtures should be tested to ensure their compatibility. The use of calcium chloride as an admixture may contribute to the corrosion of metals and darkening, mottling, and discoloration of the concrete surface. Its use is not recommended for architectural concrete. In spite of the use of such terms as “chloride
 
 30-16
 
 Concrete Construction Engineering Handbook
 
 free,” no truly chloride-free admixture exists, as admixtures often are made with water that contains small but measurable amounts of chloride ions. If, when using the available information on the admixture and the proposed dosage rate, it is calculated that the chloride ion limitation will be exceeded, alternative admixtures or procedures should be considered. When coloring pigments are added to the concrete mixture, the amount should be less than 5% of the weight of the cement. Amounts in excess of 5% seldom produce further color intensity, while amounts greater than 10% may be harmful to the concrete quality. For any coloring agent, it is important to have tests or performance records that indicate color stability in concrete.
 
 30.5.5 Mixture Design Architectural concrete should provide both proper workability required for consolidation and adequate strength for the given type of concrete. The architect should specify the parameters of concrete performance requirements. A design strength for concrete should be determined by the engineer, based on inservice requirements, while not forgetting construction and, in the case of precast, handling and erection considerations. A concrete mix designed for purely structural reasons or for light acid-etched or very light sandblast texture is normally fully (continuously) graded, which means that it contains all the sizes of aggregates (below a given maximum) in amounts that ensure an optimum density of the mix. Gradation standards for gap-graded mixes vary widely. The use of one sieve size or narrow size range for coarse aggregate, with a small percentage of concrete or masonry sand for workability, results in a more uniform distribution of exposed aggregate when texture is desirable. Gap-graded aggregates in which the coarser particles of sand and ﬁner particles of coarse aggregate are omitted can produce a surface with greatly reduced bug holes provided proper consolidation is used. Lower sand content can result in greater color variations and aggregate transparency when dark-colored coarse aggregates are used. Good concrete mix design aims to produce uniformity of color, avoid segregation, and minimize other surface blemishes. This type of mix is not necessarily the same as that used in standard structural concrete. When a contractor accepts the concrete mix design for architectural concrete, whether it be from the architect or a local laboratory, the contractor implies that he is capable of using that mix proportion of speciﬁc materials to produce concrete with good workability and of adequate strength that will also produce concrete surfaces with an absolute minimum of surface blemishes. This is a big responsibility and should not be assumed by the contractor until after mock-ups are completed and approved. The ratio of ﬁne aggregate to coarse aggregate by weight should be 1:2:5 to 1:3:5 in gap-graded mixes. The ﬁne aggregate is usually masonry sand. With high cement content concretes, coarsely graded sands may be satisfactory because the cement helps provide the needed ﬁnes for workability. With low cement contents (under 564 lb/yd3), the ﬁne aggregate particles are necessary for good workable mixtures. Mixtures with higher cement contents can generate substantial heat. It is sometimes necessary to place thermal curing blankets around the forms to prevent rapid cooling of the exterior of the concrete and induce thermal cracks in the concrete due to temperature differentials. Self-consolidating concrete (SCC) is becoming increasingly viable in the concrete market, particularly in precast plants. Although SCC requires increased emphasis on quality control and improved materials, the beneﬁts derived from a reduction in air bubbles, decreased need for skilled placing labor, and improved product consistency can more than outweigh the increased cost of the mix and process. Not all locations can successfully produce SCC on a consistent basis, however. Selection of SCC as part of the process must be based on locally available materials, quality control capabilities, environmental constraints, and a proven track record on the part of the concrete producer. 30.5.5.1 Smooth Texture For adequate consolidation of continuously graded concrete, the desirable amount of air, water, cement, and ﬁne aggregate (i.e., the mortar faction) is about 50 to 65% by absolute volume (45 to 60% by weight). Rounded aggregates, such as gravel, require slightly lower values, and crushed aggregate requires slightly
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 higher values. Fine aggregate content is usually 35 to 45% by weight or volume of the total aggregate content. Aggregate ﬁnes below a No. 50 (3-mm) screen should not be in excess of 5%. If suitable form materials, release agents, and placing techniques are used, air voids on a surface can be reduced in size and number to an acceptable level. 30.5.5.2 Very Light to Light Texture An acid wash or very light sandblast texture often uses a maximum coarse aggregate size of 3/8 in. (9.5 mm). The very light texture is sometimes referred to as an Indiana limestone finish. Aggregates may be continuous or gap graded. 30.5.5.3 Medium Texture During the process of removing the cement/sand matrix from the exposed surfaces, coarse aggregate in the middle size range may not be able to adhere to the remaining concrete surface, particularly if the particle shape is elongated, sharp, or ﬂat. If these sizes are not eliminated from the mix, the percentage of the surface covered by the matrix (sand and cement) may be too large and the aggregate distribution too uneven to provide a good surface appearance. The maximum size aggregate in gap-graded mixes should be 1 in. (25 mm), as mixes with larger sizes of aggregate are extremely difﬁcult to place. This is because the larger particles seldom move from their original position even with heavy vibrator effort, and they are more prone to segregation. 30.5.5.4 Heavy Texture For a heavy exposed-aggregate ﬁnish using an aggregate of 3/4-in. (19-mm) maximum size, the No. 4 to 3/8-in. (4.75- to 9.5-mm) particles could be omitted without making the concrete unduly harsh or liable to segregation. To achieve a gap between the 1/3-in. (8-mm) size and the No. 8 (2.36-mm) size, it is advisable to limit the amount of material passing the 3/8-in. (9.5-mm) sieve to between 0 and 10%. A typical ﬁne aggregate should have 100% passing the No. 8 (2.36-mm) sieve and from 0 to 10% passing the No. 100 (150-mm) sieve. Although a sand gradation typical for concrete can usually be used, in heavy exposed-aggregate mixes, it is advantageous in some cases to use a masonry or industrial sand for the ﬁne aggregate where most of the particles pass a No. 8 (2.36-mm) sieve. The sand should have a ﬁneness modulus of 2.4 or less. A greater explanation of mix requirements for different textures may be found in reference material, such as the PCI Manual for Quality Control for Plants and Production of Architectural Precast Concrete Products (PCI, 1996). Concrete mixtures for heavy exposed-aggregate ﬁnishes usually contain more coarse aggregate than typical concrete mixtures. These mixes must usually be placed at under a 5-in. (125-mm) slump.
 
 30.5.6 Wood Sealers With wood forms, release agents should generally be used over a sealed form surface. Sealers can minimize nonuniformity in surface ﬁnishes and extend the number of uses of the wood forms. Types of wood sealers are lacquer, epoxy, polyester, and polyurethane. Wood sealers help maintain a uniform color in the concrete. The lower the water/cement ratio, the darker the concrete surface, so if the absorption of the form is not uniform the concrete will vary in color uniformity. Sealed, nonabsorbent forms prevent moisture loss and result in ﬁnishes that are uniform in color but lighter than those cast in absorbent forms. Formwork surfaces must be dry and free from dirt, grease, or other impurities before form sealers are applied. The sealers should be applied to wood when it is new and unoiled. Before it can be sealed, the surface must be sanded to remove all raised grain and rough areas, and all holes or imperfections must be ﬁlled with a waterproof ﬁller. For some sealers, minimum temperatures are stated below which they must not be applied. An appropriate drying or curing time should be allowed. The manufacturer’s instructions regarding application of the sealer must be followed, and the work should be done by a skilled worker.
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 30.5.7 Release Agents Release agent selection should include investigation of the following factors (ACI Committee 303, 1974): • Compatibility of the agent with the form material, form sealer, and admixtures in the concrete mix (because of the rapid loss of slump, most superplasticized concrete requires a smooth, frictionless surface along which the concrete can easily move) • Possible interference with the later application of sealants, sealers, or paints to the form contact face • Discoloration and staining of the concrete face • Amount of time allowed between application and concrete placement and the minimum and maximum time limit for forms to stay in place before stripping (release agents may require a curing period before being used; if the concrete is too fresh when the agent is applied, some of the release agent will become embedded in the concrete) • Effect of weather and curing conditions on ease of stripping • Uniformity of performance • Conformance to local environmental regulations regarding the use of a volatile organic compound (VOC)-compliant form release agent Release agents or form oils are still probably the leading cause of discoloration on architectural concrete. Today, many suppliers can offer a 100% nonstaining type if the contractor or precast manufacturer requests it. The safest approach is to evaluate the three or four products being considered by casting small-scale trial batches of concrete in forms treated with the various products. Release agents improperly applied will cause as much color variation as any other factor known. Generally, the thinner the amount of the coating, the better the surface ﬁnish. Applying too much of the release agent can cause excessive surface dusting on the ﬁnished concrete. Discoloration may be caused by excessive use or uneven application of the release agent. Bug holes can be expected where release agents are allowed to puddle on the form or mold or allowed to collect in the many nooks and crannies of a mold. Great care should be taken to see that the equipment used for applying the coating is clean (PCI, 1996). Coating thickness can be controlled by removing excess amounts with a clean cloth. A good rule of thumb is that, if rubbing a ﬁnger across the surface results in a deposit of the freshly applied release agent, then too much is present. One brand or batch of form-release agents should be used throughout a project. Information should also be obtained from the release agent manufacturer as to the kind of form surface for which the product is intended as well as the rate of spread and the proper method of application. Generally, water-based or emulsion-type release agents cannot be used in very cold weather because they might freeze. Even at temperatures slightly above freezing, some water-based products thicken enough to produce more bug holes and reduce performance. Also, a form face coated with a water-based agent should be protected from rain; otherwise, some of the agent can wash off and it may be necessary to apply a second coat to a dry surface before placing concrete. For steel forms, release agents should contain a rust inhibitor and be free of water. Rough surfaces on steel forms may be conditioned against sticking by rubbing on a liquid solution of parafﬁn in kerosene, or the molds may be cleaned and oiled with a nondrying oil, then exposed to sunlight for a day or two (PCI, 1996). To reduce color changes, a suitable release agent should be applied for the ﬁrst and all subsequent uses of glass-ﬁber-reinforced plastic molds or plastic form liners. An oil-based emulsion or high-quality household wax containing carnauba wax are preferable. Unsaturated oils, ketones, esters, acids, toluol, toluenes, xylenes, or halogenated solvents should be checked for compatibility with the plastic materials. If curing requires high temperatures, a silicone release agent should be used. Concrete molds will require a release agent consisting of light-colored petroleum oils or oil emulsions. The concrete surfaces may be coated with one or two coats of epoxy resin and then waxed. A saponiﬁable oil should not be used as a release agent. Rubber or elastomeric liners may be coated with a thin ﬁlm of castor oil, vegetable oil, lanolin, or water-emulsion wax. Mineral oil, oil-solvent-based release agents, or parafﬁn wax should not be used on rubber or elastomeric liners as the hydrocarbon solvent will soften the rubber. The rubber or elastomeric
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 supplier’s recommendation should be carefully followed. Plastic foam molds are generally lightly sprayed with castor oil, petroleum jelly thinned with kerosene, or parafﬁn oil. As the concrete surface texture increases, the inﬂuence of the release agent becomes less important. It is desirable that the brushes or spray equipment be clean and that no laitance or build-up of concrete is on the form surface before the release agent is applied.
 
 30.6 Color and Texture 30.6.1 Color Architectural concrete can be cast in almost any form or texture to meet the aesthetic and practical requirements of modern architecture. Combining color with texture accentuates the natural beauty of the aggregates. Aggregate colors range from white to pastel to red, black, and green. Natural gravels provide a wide range of rich earth colors, as well as shades of gray. Color selection should be made under lighting conditions similar to those under which the architectural concrete will be viewed. Muted colors look best in subdued northern light. In climates with strong sunlight, much harder and brighter colors can be used with success. The water/cement (w/c) ratio affects the color; the more water (higher w/c ratio), the lighter the color even with the same cements. Richer mixes are darker than lean mixes. The common slump test is the usual measure of concrete consistency. Poor concrete mix control and wide variations in slump will produce different shades of color in any project. Variations in aggregate gradation can cause slump variations even when the w/c ratio remains constant. Color differential will follow variations in the w/c ratio regardless of slump. Good ﬁeld control involves both aggregate gradation and slump control. Superplastisizers can change workability without adding extra water. If superplasticizers are used on one concrete placement, they should be used on all. Color and color tone represent relative values. They are not absolute and constant but are affected by light, shadows, density, time, and other surrounding or nearby colors; for example, a concrete surface with deeply exposed opaque white quartz appears slightly gray. This is due to the fact that the shadows between the particles “mix” with the actual color of the aggregate and produce the graying effect. These shadows in turn affect the apparent color tone of the matrix. Similarly, a smooth concrete surface will change in tone when striated. A white precast concrete window unit with deep mullions will appear to change tone when bronze-colored glass is installed. A change in color tone is constantly going on as the sun travels through the day. A clear sky or one that is overcast will make a difference, as will landscaping and time. And last, but by no means least, in large city and industrial environments, air pollution can cause the tone to change. This is particularly noticeable when additions are planned to existing buildings built 10 or more years previously (Figure 30.8). The ease of obtaining uniformity in color is directly related to the ingredients supplying the color. Whenever possible, the basic color should be established using colored ﬁne or coarse aggregates (depending on depth of exposure) and pigments to blend the aggregates and matrix. Extreme color differences between aggregates and matrix should be avoided. In all cases, color should be judged from a full-sized sample that has the proper matrix and has been ﬁnished in accordance with planned production techniques. The sample should be assessed for appearance during both wet and dry weather. The difference in tone between wet and dry concrete is normally less when white cement is used. In climates with intermittent dry and wet conditions, drying out periods often produce blotchy appearances on all-gray surfaces. On the other hand, dirt (weathering) will normally be less objectionable on gray concrete. These comparisons are based on similar water absorption or density of white and gray concrete.
 
 30.6.2 Texture: Cast-in-Place and Precast Textures allow the natural attributes of the concrete ingredients to be expressed, provide some scale to the mass, express the plasticity of the concrete, and normally improve its weathering characteristics (PCI, 1989). A wide variety of textures is possible, ranging from smooth or polished to a deeply exposed tooled
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 FIGURE 30.8 Precast addition over 15 years later using the same cement, aggregates, and mix design.
 
 or bushhammered ﬁnish. As a general rule, a textured surface is aesthetically more satisfactory than a smooth surface because to a very large extent the texture of the surface camouﬂages subtle differences in texture and color of the concrete. Exposed-aggregate surfaces may be achieved by removing surrounding paste through chemical processes (retarders or acid etching) or mechanically (abrasive blasting, honing and polishing, or tooling). Each method will uniquely inﬂuence the appearance of the exposed surface. Different degrees of exposure by any of these methods are deﬁned as follows: • Light exposure. Only the surface skin of cement and some sand are removed to expose the sand and the edges of the closest coarse aggregate. Matrix color will greatly inﬂuence the overall panel color. • Medium exposure. Further removal of cement and sand has caused the coarse aggregate to appear visually to be approximately equal in area to the matrix. • Deep exposure. Cement and ﬁne aggregate have been removed from the surface so the coarse aggregate becomes the major surface feature. A currently popular but very difﬁcult texture is one that is much lighter than the above-referenced light exposure. This texture could be referred to as a brush exposure or a texture similar to Indiana limestone. Indiana limestone results can be best obtained by blending yellow and black sands in the concrete mix design to give a veining effect. This very light texture is difﬁcult to obtain with either acid wash (must use a very diluted solution) or a single-pass sandblast (must use a reduced nozzle pressure of 50 to 60 psi). Brush-blast exposure will expose the surface skin of the cement and part of the sand surface. No coarse aggregate is exposed. 30.6.2.1 Smooth The smooth or as-cast texture is accepted the way it appears when the forms are removed or when the precast unit is stripped from the mold. Construction of any smooth as-cast surfaces should be approached with caution by the contractor. Even the East Building National Gallery of Art in Washington, D.C., designed by I.M. Pei and Partners, was not purely a smooth as-cast texture. The contractor, Chas H. Tompkins Co., scrubbed the exposed concrete surface with a weak acid solution to remove construction stains and environmental grime. This gave a slightly weathered look to the basically as-cast concrete surfaces. A smooth off-the-form ﬁnish may often seem to be the most economical, but it is perhaps the most difﬁcult ﬁnish to do well, as the color uniformity of gray, buff, or pigmented surfaces is extremely difﬁcult to achieve. The cement exerts the primary color inﬂuence on a smooth ﬁnish because it coats the exposed surface. In some instances, the sand may also have some effect. Initially, this is unlikely to be signiﬁcant
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 unless the sand contains a high percentage of ﬁnes or is itself highly colored. As the surface weathers, the sand will become more exposed, causing its color to become more pronounced. The color of the coarse aggregate should not be signiﬁcant, as it normally is not exposed to view unless the particular unit requires extremely heavy consolidation. Under this circumstance, some aggregate transparency may occur, causing a blotchy, nonuniform appearance (PCI, 1996). Although a uniform graded concrete mix can be used with an as-cast ﬁnish, its w/c ratio should be controlled. Concrete slumps should be held in the range of 3 ± 1/2 in. and never over 4 in. Good consolidation techniques and thorough blending of lifts are extremely important. Although the use of concrete pumps is sometimes possible with this type of ﬁnish, the mix should not be oversanded or given additional water to facilitate the use of a pump. Oversanding greatly increases the possibility of segregation, resulting in noticeable surface variations. Aggregate transparency, or shadowing, is a condition in which a light-colored, formed concrete surface is marked by dark areas similar in size and shape to particles of dark or deeply colored coarse aggregate in the concrete mix. When encountered, it usually appears on smooth surfaces (Shilstone, 1972b). The formwork for smooth-surfaced concrete is perhaps the most critical and the most difﬁcult to control of any type of formwork encountered for cast-in-place or precast concrete, particularly where large single-plane surface areas are involved. Any imperfection in the surface of the form or any misalignment is immediately apparent and becomes the predominant factor in the character of the surface. Impervious surfaces such as plastic liners, steel, overlaid plywood, or ﬁberglass-surfaced plywood will usually result in a lighter color and more uniform appearance if joints have been properly prepared to eliminate leakage. In general, the joints of the materials used to construct the casting surfaces are difﬁcult to hide unless rustications are used. The smooth cement ﬁlm on the concrete may be susceptible to surface crazing (ﬁne and random hairline cracks) when exposed to wetting and drying cycles. This is, in most cases, a surface phenomenon and will not affect structural properties or durability. In some environments, crazing will be accentuated by dirt collecting in the minute cracks. This will be more apparent in white than gray ﬁnishes and in horizontal more than vertical surfaces. When air voids of a reasonable size, 1/8 to 1/4 in. (3 to 6 mm), are encountered on return surfaces, it may be desirable to retain them rather than ﬁlling and sack rubbing them. Color variations can occur when sacking is performed. If smooth surfaces are “to be produced without additional surface treatment after stripping, except for possible washing and cleaning,” the following precautions should be considered: • Pay attention to detailing with provisions for ample draft, proper edges and corners, rustications at form edges, and suitable water drips and other weathering details. • Construct forms or molds so imperfections will not be mirrored in the units. The use of plastic molds or liners with a matte ﬁnish or ﬁberglass-overlaid plywood, which is smooth but not glossy, will help reduce crazing tendencies. • Use the same mold release agent throughout construction, and apply it under as nearly identical conditions as possible each time. (Some release agents help reduce the crazing tendency by breaking the contact with the glossy surface of the form.) • Use concrete mix designs that combine a minimum cement content and a constant, low w/c ratio with high density to minimize crazing, entrapped air voids, and color variations. The mix should be fully graded with no more than 5% aggregate ﬁnes passing a No. 50 (300-mm) sieve. • Use proper consolidation and curing to minimize nonuniformity of color, which shows easily on smooth concrete surfaces, particularly with gray concrete mixes. Uniform curing with minimum loss of moisture from the smooth surface will help minimize crazing tendencies. • Minimize chipping or other damage because smooth ﬁnish repairs are difﬁcult to perform in terms of texture and color match. Many of the aesthetic limitations of smooth concrete may be minimized by the shadowing and depth provided by proﬁled surfaces (ﬂuted, sculptured, board ﬁnishes, etc.) that subdivide the panel into smaller surface areas by means of vertical and horizontal rustications, or by the use of white cement.
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 30.6.2.2 Sand or Abrasive Blast Sand or abrasive blasting of surfaces can provide all three degrees of exposure: light, medium, or deep (PCI, 1996). Generally, the technique is used when a light exposure is desired, because sandblasting costs increase with the depth of exposure. Sand or abrasive blasting of surfaces is suitable for exposure of either large or small aggregates. Uniformity of depth of exposure between panels and within panels is essential in abrasive blasting, as in all other exposed-aggregate processes, and is a function of the skill and experience of the operator. As much as possible, the sandblasting crew and equipment used should remain the same throughout the job. Different shadings and, to some extent, color tone will vary with depth of exposure. The degree of uniformity obtainable in a sandblasted ﬁnish is generally in direct proportion to the depth of sandblasting. A light sandblasting may look acceptable on a small sample, but uniformity is rather difﬁcult to achieve in a full-size wall or precast unit. A light sandblast will emphasize visible defects, particularly bug holes, and reveal defects previously hidden by the surface skin of the concrete. The lighter the sandblasting, the more critical the skill of the operator, particularly if the units are sculptured. Small variances in concrete strength at the time of blasting may further complicate results. Sculptured units will have air voids on the returns that might show strongly in a light-sandblasted texture. If such air holes are of a reasonable size, 1/8 to 1/4 in. (3 to 6 mm), it is strongly recommended that they be accepted as part of the texture because ﬁlling and sack rubbing may cause color variations. Blasting will cause some etching of the face of the aggregate, and the softer aggregates will be etched to a greater extent with heavier exposures. Sandblasted aggregates lose their sharp edges. Blasting of the aggregate surface is more noticeable on dark-colored aggregates that have a glossy surface texture. Sandblasting dark-colored aggregates will produce a muted or frosted effect, which tends to lighten the color and subdue the luster of the aggregate (Figure 30.9). The depth of sandblasting should also be adjusted to suit the aggregate hardness; for example, soft aggregates might be eroded at the same rate as the mortar. For medium or deep exposure with a sandblasted ﬁnish, retarders may be used initially and the matrix removed by sandblasting to obtain a matte ﬁnish. The selected retarder strength should only give 50 to 75% of the expected reveal. This approach reduces blasting time and lessens the abrasion of softer aggregates. Using sandblasting to achieve the ﬁnal texture allows for correction of any variations in exposure, so this method can result in a very uniform surface. Care should be taken to avoid nonuniform exposure that may be caused by the presence of soft and hard spots on the retarded surface. This is especially true and more noticeable on large, ﬂat surfaces. Small, ﬂat areas or surfaces that are divided by means of rustications will tend to call less attention to these texture variations. Because some aggregates change color after sandblasting, trials on sample panels using different abrasive materials are desirable to check the texture and color tone. As an additional step toward uniformity, the cement and sand color should be chosen to blend with the slightly bruised color of the sandblasted coarse aggregate, as the cement–sand matrix color will predominate when a light sandblast ﬁnish is desired. With a light sandblasting, only some of the coarse aggregates near the surface will be exposed, so a reasonable uniform distribution of such aggregates is not controllable. The concrete mix used and the matrix strength at the time of blasting will affect the ﬁnal exposure, as will the gradation and hardness of the abrasive. A good general rule in selecting an abrasive is that the particle size of the abrasive will attack a similar size particle in the concrete surface. Larger abrasive particles usually result in a rougher, more uniform matte appearance. Smaller abrasive particles typically result in a more variable luster ﬁnish. For a more uniform texture, spherical or nearly round abrasives with a close gradation should be used. Materials used in the blasting operation are washed silica sand, certain hard angular sands, aluminum carbide, blasting grit such as power plant boiler slag, carbonized hydrocarbon, crushed chat (a waste material from lead mining), and various organic grits such as ground shells, corn cobs, and rice hulls. For cleaning or light blasting of a surface, any of these abrasives will be adequate. For deep cutting, an abrasive grit should be used because of its speed of attack and cleaner surface appearance. Some types of colored abrasives impart color to the surface of the concrete. With certain gradation combinations, pressures, and volumes, impregnation of the abrasive into the surface can occur. If this happens, an abrasive of similar color to the matrix should be used. Impregnation of
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 FIGURE 30.9 Heavy abrasive, blasted, cast-in-place, gap-graded concrete texture on the Tennessee State Ofﬁce Building in Memphis, Tennessee; architect, Roy Harover.
 
 abrasive can be minimized by a change in the volume of material, its gradation, or the pressure being applied. Sandblasting may be done with dry abrasive in a stream of compressed air or water rings may be used to introduce water into the compressed air–sand stream at the nozzle. Sand also may be introduced into a high-pressure water washer. When using wet sandblasting, the abraded mortar should be continually washed off already sandblasted areas to prevent staining. The inside diameter of the hose should be no less than 1-1/4 in. (32 mm) or four to six times the diameter of the nozzle oriﬁce to keep the sand in continuous suspension while it travels through the hose. Too large a hose would reduce the velocity of media and air and would eventually plug the hose. Smaller diameter whip lines may be used for operator ease of handling. The nozzle at the end of the system is the most important element. The diameter of the nozzle and nozzle pressure should be determined by experimentation. A Venturi-type nozzle should be used to obtain a uniform blast pattern. Carbide or norbide nozzles should be selected for durability. Nozzle life depends on abrasive hardness and volume as well as the pressure and generally varies from 2 to 4 months. The time when sandblasting should take place is determined by scheduling, economics, visual appearance desired, and hardness of the aggregate. The timing of blasting is not as critical as for other ﬁnish methods. The concrete matrix will be easier to cut in the ﬁrst 72 hours after casting, but variable early concrete strengths may result in a more variable etch. As the concrete cures and gains strength, it becomes more difﬁcult to blast to any appreciable depth, thus increasing the cost of the operation. Softer aggregates tend to abrade more when concrete strengths are high and the surface will have a duller appearance. In some cases, the higher costs of deferred blasting may be justiﬁed to avoid scheduling problems; however, all surfaces should be blasted at approximately the same age or compressive strength for uniformity of appearance.
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 When blasting, the operator should hold the nozzle perpendicular to the surface being blasted. Some operators will deviate slightly from this position as it seems to provide a better view of the work. The maximum deviation should be less than 15°, as too much deviation from the 90° angle will result in undercutting the coarse aggregate particles. Best results are obtained with the nozzle positioned from about 2 to 6 ft (0.6 to 1.8 m) from the element surface. The exact distance depends on the pressure used, the hardness of the concrete matrix, and the cutting ability of the abrasive. An experienced operator can quickly determine the nozzle position to produce the speciﬁed surface ﬁnish. Using a circular motion during blasting will minimize pattern marking. 30.6.2.3 Acid Etch Acid etching of concrete surfaces can result in a pleasing ﬁne sandy texture and retention of detail if the concrete mix and its consolidation have produced a uniform distribution of aggregate particles and cement paste at the exposed surface. The contractor should approach this ﬁnish very carefully. Vertical cast-inplace concrete exposed with acid can be an environmental problem. New equipment that uses highpressure pumps and a controlled combination of acid and hot water has minimized the application problems. When using this equipment, runoff water is close to neutralized. Some local codes or concerned citizens may require complete containment of the acid residue runoff even though the acid parts per million are insigniﬁcant. This may involve construction of earth dams and a holding pond for the water prior to treatment. It has become increasingly difﬁcult to perform any work requiring acid at job sites due to potential liabilities and environmental concerns. All personnel working with or near the acid application area will need protective gear and clothing to prevent injury from the spray. Prior to acid etching, all exposed glass and metal surfaces should be protected with acid-resistant coatings. These include vinyl chlorides, chlorinated rubber, styrene butadiene, rubber (not latex), bituminous paints or enamel, and polyester coatings. Architectural surfaces should be thoroughly ﬂushed with large quantities of clean water immediately prior to the application of acid. Acid etching is most commonly used for light or medium exposure. Acid etching of concrete surfaces will result in a ﬁne, sandy-textured distribution of aggregates and cement paste at the exposed surfaces. Concentrations of cement paste and under-and-over etching of different parts of a concrete surface or variations in sand color or content may cause some uniformity problems, particularly when the acid etching is light or used for large, plain surfaces. Carbonate aggregates (e.g., limestones, dolomites, and marbles) may discolor or dissolve due to their high calcium content. With lighter textures, the color compatibility of the cement and the aggregates becomes more important for avoiding blotchy effects. White or light colors are forgiving to the eye and increase the likelihood of a better color match from unit to unit. Gray is the worst color to select for uniformity. An acid-etch ﬁnish is more difﬁcult to patch than many of the deeper texture ﬁnishes; however, minor air voids are fairly easy to grout and reﬁnish. There is a minimum depth of etch that is required to obtain a uniform surface. To attempt to go any lighter than this will result in a blotchy panel ﬁnish. A minimum depth of etch will expose the sand and the very tip of the coarse aggregate approximately 1/16 in. (1 mm). It is difﬁcult to achieve a totally uniform, very light exposure on a panel that is highly sculptured. This is due to the acid spray being deﬂected to other areas of the panel, particularly at the inside corners. This may be acceptable if the sculpturing creates differential shadowing. Prewetting the concrete with water ﬁlls the pores and capillaries and prevents the acid from etching too deeply, in addition to allowing all of the acid to be ﬂushed after etching. Older dried concretes are likely to be more carbonated. Although the reactions of carbonates with the acid might not be much faster than those with other cement compounds, they cause greater efﬂorescence so the reaction is far more obvious and seems to go faster. Acid solutions lose their strength quickly once they come into contact with cement paste or mortar; however, even weak, residual solutions can be harmful to concrete due to the possible penetration of chlorides. Failure to completely rinse the acid solution off the surface may result in efﬂorescence or corrosion. 30.6.2.4 Retarders Chemical surface retarders applied to formwork or sprayed on the top of horizontal concrete provide a nonabrasive process that is very effective in bringing out the full color, texture, and natural beauty of the
 
 Architectural Concrete
 
 30-25
 
 coarse aggregate. The aggregate is not damaged or changed by this exposure method. If exposing the bright, natural colors of the aggregate is the prime goal, exposing aggregate from retarded surfaces is one of the best ways to achieve this result. Surface retarders that are to be used to expose the aggregate should be thoroughly evaluated prior to use. A sample panel should be made to determine the effects created by the form or mold and concrete materials. This involves using the particular type of cement, aggregate (proportion determined by speciﬁed mix design), and selected release agent. Prolonged exposure of the forms coated with the retarder prior to placing the concrete should be avoided. Water should not contact the retarder on the form surface before the concrete is placed to prevent activation of the retarder. When using a retarder, the manufacturer’s recommendations should be followed. Surface retarders can be applied by roller, brush, or spray, and care must be taken to ensure uniform application to the form surface. The performance of the retarder will be inﬂuenced by chemistry of the individual cement, mix characteristics, temperature of the concrete, humidity, ambient temperature, characteristics of absorption of the forming material, and total water content of the concrete mix. It is important to consider protecting the treated form surfaces from weathering and ultraviolet rays before casting the concrete. Retarders function by delaying, not preventing, the set of a given amount of cement paste so the aggregate can be easily exposed. This concept will help in analyzing various mix designs for depth of retardation. If more sand or coarse aggregate is added to a mix with proper consolidation, there will be less cement paste per volume of material at the surface and thus a deeper exposure. Some retarders are effective for long periods of time, while others are active for only a few hours. Water contacting the retarder before the concrete is placed activates the action of the retarder prematurely and may result in a nonuniform surface. The retarded concrete should be removed the same day that the forms are stripped using a highpressure water blast through a fan nozzle. Any delay in removing the matrix will result in a lighter, less uniform texture. The stripping schedule must be coordinated with that of the work force responsible for form removal so there will not be long periods between form removal and concrete ﬁnishing. For a large project, preliminary tests should be performed before planning the casting to determine the most suitable ﬁnishing time. The timing of the surface ﬁnishing operation should be consistent each day, as some retarders cease to delay the hardening process as the product cures. 30.6.2.5 Tooled or Bushhammered Finish A tooled or bushhammered ﬁnish is usually achieved by casting concrete against smooth or specially textured or patterned formwork. After removal from the form, the hardened concrete is treated mechanically to create the desired effect. Concrete made with most aggregates can be tool ﬁnished, but materials that can be cut or bruised without shattering, such as calcareous limestone and igneous rocks, give results that ﬁnd the widest acceptance. Aggregate particles of 3/8 in. and smaller are more important for scaled and tooled surfaces. The coarser aggregate particles are more important for jackhammered surfaces. Some jackhammered surfaces, where considerable depth of ﬁnish is desired, may only require forming practices similar to a good structural concrete. Mechanically fractured surfaces are prepared by one of four methods: scaling, bushhammering, jackhammering, or tooling, which includes reeding. These types of surface textures are described as fractured because the surface is prepared by striking the concrete with a tool, thereby mechanically removing part of the surface. Concrete may be mechanically spalled or chipped with a variety of hand and power tools to produce an exposed-aggregate texture. Pneumatic or electric tools may be ﬁtted with a comb chisel, crandall, or multiple pointed attachments. The type of tool will be determined by the surface effect desired. Hand tools may be used for small areas, corners, and restricted locations where a power tool cannot reach. Basically, all methods of tooling remove a layer of hardened concrete matrix while fracturing the larger aggregates at the surface. Surfaces attained can vary from a light scaling to a bold, deep texture achieved by jackhammering with a single pointed chisel. Orientation of the equipment and direction of movement should be kept uniform throughout the tooling process as tooling produces a deﬁnite pattern on the surface. Variations caused by more than one person working on the surface may occur with this type of ﬁnish. Care should be exercised to avoid exerting excessive pressure on the tool, especially when starting, so as not to remove more material than either necessary or desirable.
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 FIGURE 30.10 Heavy jackhammer surface on Southern Bell Tower in Atlanta, Georgia; architect, Skidmore, Owings, and Merrill, Chicago.
 
 Bushhammering at outside corners may cause jagged edges. If sharp corners are desired, bushhammering should be held back from the corner. It is quite feasible to execute tooling along speciﬁc lines. If areas near corners are to be tooled, this must normally be done by hand as power tools will not reach into inside corners. Chamfered corners are preferred with tooled surfaces. With care, a 1-in. (25-mm) chamfer may be tooled. Scaling is the lightest texture in bushhammered ﬁnishes. It is achieved by passing a triple-pronged scaler (originally developed to remove scale from steel prior to pointing) singly or in gangs over the surface to remove only a thin skin. A single-head scaler is lightweight and can be readily manipulated by one person. No texture as such is brought out by this technique, although some aggregate is exposed and fractured in the process. Under certain conditions, almost the same result can be achieved by light abrasive blasting. Jackhammering should be done when the matrix has reached a strength approximating that of the coarse aggregate to fracture both the mortar and the coarse aggregate. If hammering is initiated too soon, the tool merely removes the matrix and the coarse aggregate does not fracture. Sometimes the coarse particles are knocked out, leaving blank spaces. If jackhammering is to be performed at a time when the matrix is softer than the coarse aggregate, a chisel-type tool should be used. This tool has a tendency to fracture across the aggregate, while a pointed tool has a tendency to dig into the matrix and not fracture the coarse aggregate. On the other hand, when a concrete becomes very hard the pointed tool does a superior job. Because jackhammering accentuates the presence of coarse aggregate, a higher than normal coarse aggregate content may be desirable (Figure 30.10) (PCI, 1996). Although a dense, fully graded concrete mix is desirable, bushhammering may be successfully applied to gap-graded concrete. Natural gravels are inclined to shatter, leading to bond failure and loss of aggregate particles when bushhammered. Aggregates such as granite and quartz are difﬁcult to bushhammer uniformly because of their hardness and may fracture into rather than across the concrete surface. Aggregates such as dolomite, marble, calcite, and limestone are softer and more suitable for bushhammered surfaces. To prevent loosening of the aggregate, a compressive strength of 4000 psi (28 MPa) is recommended. In many cases, better uniformity may be obtained when the concrete is allowed to age for 14 to 21 days and the surface is dry. Exposing the aggregate by tooling requires trained operators to produce a uniformly textured surface, especially when large areas are to be textured. A hammered rib (or fractured ﬁn) ﬁnish may be produced by casting ribs on the surface of the unit and then using a hammer or bushhammer
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 tool to break the ribs and expose the aggregate. The ribs may be hammered from alternative sides, in bands to obtain uniformity of cleavage, or randomly, depending on the effect required. There should be a deﬁnite plan, even with a so-called random pattern, because an uneven shading effect may be produced unless care is exercised. Tooling and bushhammering remove a certain thickness of material, 3/16 in. (5 mm) on average, from the surface of the concrete and may fracture particles of aggregate, causing moisture to penetrate the depth of the aggregate particle. For this reason, the minimum cover for the reinforcement should be somewhat greater than normally required. It is recommended that 2 in. (50 mm) of concrete cover be speciﬁed (prior to tooling). As a cutting head becomes worn, it should be replaced. Because the texture varies with the condition of the cutting surface, a new head should not be worked next to an area tooled with an old one. Small irregularities in the ﬁnished surface can be worked out with further tooling. 30.6.2.6 High-Pressure Water Jet Blasting Blasting with high-pressure water instead of sand has received limited use in architectural concrete, particularly with precast concrete. Restrictions on sandblasting in many areas of the country are sure to increase the spread of this method of exposing aggregates at the surface. It uses only water, no harsh chemicals, so there is no pollution or health risk from burns or fume inhalation. Under special situations or where environmental restrictions exist, the water spray can be mixed in the nozzle with a ﬁne spray of sand. Units are available with more than 10,000 psi of pressure, although usually 5000 psi is sufﬁcient for aggregate exposure. Considerable splatter can develop, which requires that adjacent surfaces be protected. High-pressure water jets are used in combination with air to expose aggregates. The proper time of application must be determined for each concrete and its curing condition to obtain the desired amount of reveal without loosening the aggregate. The strength of concrete for high-pressure water washing is usually 1500 psi. It is important for the strength of concrete to be approximately the same when exposing the aggregate on different concrete placements. This method can be used with or without surface retarders (ACI Committee 303, 2004). Regardless of whether or not retarders are used, exposure should begin immediately after forms are stripped. Each equipment operator should be trained on a sample test area. All operators should be protected by rubber wet suits and goggles. They should wear rubber steel-tipped boots with clamp-on instep guards. These are required because the jet has enough force to cut through rubber into the ﬂesh. A dead-man trigger on the gun automatically shuts off the water jet if the gun is accidentally dropped. 30.6.2.7 Form Liners An almost unlimited variety of attractive patterns, shapes, and surface textures can be achieved by casting concrete against wood, steel, plaster, elastomeric, plastic, or foam plastic form liners. These form liners can be attached to or incorporated into the form itself. Most form liners can be used with any forming system. They are particularly useful in large heavy-duty gang form sections because the joints can be permanently aligned and sealed. Architects specify patterned concrete surfaces for the aesthetic interest generated by the play of light and shadow or to economically simulate the traditional patterns of brick, stone, and wood. Adding texture with a patterned form liner helps hide color variations and makes bug holes and other surface blemishes less noticeable. Defects due to leakage at form joints and poorly consolidated concrete also are less noticeable in patterned concrete (Hurd, 1993). Material selection of the form liner should depend on the amount of usage and whether or not the pattern has undercut (negative drafts). The choice of liner materials may depend on whether the work is cast-in-place or precast. Thin sheets that serve well on horizontal forms may wrinkle and sag in vertical forms unless they are carefully attached. Thicker layers of liner material are more suitable for vertical surfaces. Vertical liners also must withstand the lateral pressure of concrete. This may call for control of concrete placing rates and added support for a contoured liner. The method of attaching form liners should be studied for the resulting visual effect. Form liners should be secured in forms by gluing or stapling, rather than by methods that permit impressions from nail heads, screw heads, rivets, or the like to be imparted to the surface of the concrete, unless desired. Where staples are used, they should be driven by a power stapler to ensure sufﬁcient driving force. Staples should be aligned in a direction
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 consistent with the pattern to be imparted to the concrete. Staples should be spaced close enough to hold the liner securely in place. Where adhesives are used, particular attention should be given to following manufacturer’s recommendations regarding adhesive cure period, ambient temperature, and moisture (Ford, 1982). Protection from the weather is essential. Attempts should be made to camouﬂage inequalities to within the pattern of the texture. The construction cycle, the probable number of reuses of the lined form, and the cost per use are other concerns in selecting a liner material. Trials should be made to determine the best time for stripping so the surface remains intact and liner reuse can be maximized. Wood liners, whether used as boards, plywood panels, or nailed-on inserts, work well. Wood liner surfaces should be sealed to minimize discoloration of the concrete caused by differential absorption of mix water by the liner. The liner should then be lightly coated with a release agent prior to casting. Sandblasted wood, textured plywood, and rough-sawn lumber are often used for board-surface-textured ﬁnishes where concrete color variations and rough edges are acceptable. To prevent bowing of the boards, all sides should be coated with wood sealer by painting or immersion. Even with a sealer, some types of lumber may absorb moisture from the concrete. In other cases, natural sugars found in lumber such as pine may penetrate the sealer coating when the concrete is cast against the mold, retard the set of the cement at the surface, and cause a dusty, dark, blotchy effect. Fir is a preferred choice for board surface ﬁnishes due to its low sugar content. An effective method of sealing wood to eliminate any moisture transfer is to spray a few light coats of surface resin or urethane onto the wood. Care should be taken not to apply the sealer too thickly or the wood grain pattern will be lost. For molds with long casting durations, this process may have to be repeated. The weathering of the lumber can also affect the outcome of the concrete ﬁnish. If rough-sawn lumber is being used, it is important to produce samples to determine the effect the lumber will produce. The lumber selected should be purchased all at one time from one source to minimize the possibility of variations. Moisture leakage between pieces of lumber should be prevented, or a dark line will result from the change in w/c ratio. The joints may be sealed by using tongue-and-groove lumber. Closed-cell gasket material should be used at edges of the mold to prevent leakage. Wood liners may also be set or embedded in resin, which will eliminate the need for connectors that show as well as seal the edges against leakage (PCI, 1996). Some experts believe porous or absorbent form liners offer a better chance to control bug holes than do impervious plastic liners, but the absorbency that provides this advantage can also pose problems. The more absorptive the form face, the darker the color of the concrete; however, as wood forms are reused and reoiled, their absorbency decreases. If patching or adjusting a much-used panel is required, the location of the new board or plywood will show up as a color difference that takes years to weather away (Figure 30.11). To avoid this problem with wood liners, up to one or two extra panels or gang forms should be made and kept in form rotation, then if one form panel or gang form is damaged it can be replaced with a form section already seasoned with use. Elastomerics such as urethane and hot-melt vinyl are used to make liners ﬂexible enough to permit vertical sides or some undercut areas. Elastomeric liners greatly facilitate removal from ﬁnished concrete surfaces in cases where other materials would be virtually impossible to strip. The design possibilities are almost limitless. Standard sheets are typically 4 × 8 to 4 × 12 ft, (1.2 × 2.5 to 1.2 × 3.7 m), but sizes up to 12 × 36 ft (3.7 × 11 m) can be special ordered to help minimize horizontal butt joints. Elastomeric materials should have a Shore A-2 hardness of 50 to 60 durometer and a minimum ultimate tensile strength of 600 psi (4.14 MPa). Elastomeric and rubber liners display gasketing characteristics and therefore achieve weep-free seamless joints. They also eliminate the need to cover the small slits cut in the liner for the fasteners. Elastomeric form liners may ripple unless there is a good bond to the base form. Edges of liners should be sealed to each other or to divider strips to prevent bleeding of cement paste. The sealant used should not stain the surface. Liners should not be butt-jointed without a demarcation feature to eliminate nonalignment of the texture. Liner size and module should be coordinated with panel joints, rustication strips, and blockout size. Tough, wear-resistant elastomeric liners are relatively heavy and require good vertical support. They are usually attached to the form sheathing with adhesive, but some manufacturers supply these liners prebonded to plywood sheets. Elastomeric liners are sensitive to temperature change and may deform
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 FIGURE 30.11 Wood forms having varying degrees of absorbance as new sections have been added to gang forms.
 
 signiﬁcantly when exposed to surface temperatures above 140°F (60°C). Direct sunlight and the heat of hydration of the concrete can generate this level of temperature. Shade and temperature control of concrete during curing may be necessary. The liner should be checked for resistance to deterioration caused by oils commonly used as release agents and have rigidity sufﬁcient to resist wrinkling. Solventbased surface retarders should be checked to be sure they will not degrade the liner; if necessary, waterbased or carried retarders should be used. Several rigid liner materials such as ABS and polyvinyl chloride (PVC) come in sheets stiff enough to be considered self-supporting. High-impact polystyrene is also used to make rigid form liners. Readily available in 4 × 8-ft or 4 × 12-ft (1.2 × 2.5-m or 1.2 × 3.7-m) sheets, they can also be special ordered in lengths up to 30 ft (9.2 m) or more. Some manufacturers will supply interlocking joints at the edges of the panels that help hide vertical form joints. Rigid liners are well suited to ribbed patterns, but a detailed closure is required where the plastic ﬂutes are cut at horizontal joints or openings. Some makers supply prefabricated closure pieces to solve this problem (Hurd, 1993). This material does not lend itself to intricate patterns, particularly with sharp corners, vertical sides, or undercuts (negative drafts). Basically, the material itself is inﬂexible. If it is broken, it is difﬁcult to repair at the job site. Sheet plastics may require appropriate backup to resist movement, particularly for wide portions of liners with deep indentations. Movement can occur due to temperature changes caused by direct sunlight or the mechanical action of concrete placement. It is good policy to maintain a 10° draft on all indentation sides to prevent chipping and spalling during stripping operations. Keep all edges and corners rounded or chamfered. Relief may be more than 1 in. (25 mm) deep if the depressed area is sufﬁciently wide. Foamed polystyrene or polyurethane liners create deeply revealed designs or blockouts. The preformed foam planks are easily cut to size and readily attached to the form. It is necessary to use a low-solvent contact glue that should dry before contact with the foam plastic is made or the solvent will dissolve the plastic. Liners made of polystyrene foam are used in large sheets like other liners or in smaller interlocking
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 modules designed to ﬁt together with concealed joints. They typically are single use, as they are usually destroyed by the stripping process. Because of the one-time use factor, they are not cost efﬁcient for large areas with a repetitive pattern. Repetitive form use requires a different type of liner. Rigid plastic forms can be molded to create complex liners with overall patterns or original works of art. Molded patterns have a surface skin that can be coated with a release agent. Strip the foam by hand or with air or water jets. If some of the plastic foam bonds to the concrete, it may be necessary to wirebrush or sandblast at reduced nozzle pressure to remove it. Metal liners are available in various textures that can be combined with different types of fasteners to achieve an architectural effect. Liner joints should be at rustication strips or mold edges because leakage is difﬁcult to prevent at butt joints. Combination ﬁnishes involving the use of more than one ﬁnishing method are almost inﬁnite. One common example is the ribbed form liner and sandblasted ﬁnish. 30.6.2.8 Applied Coatings Whenever concrete is to be coated or stained, only form-release agents compatible with the coating should be permitted, unless surface preparation is required to ensure good adhesion between the coating and the concrete. Coatings applied to exterior surfaces should be breathable (permeable to water vapor). The coating manufacturer’s instructions regarding mixing, thinning, tinting, and application should be strictly followed. Whenever concrete is so smooth that it makes adhesion of the coating difﬁcult to obtain, the surface should be lightly sandblasted, acid etched, or ground with silicon carbon stones to provide a slightly roughened, more bondable surface. Because of the vast differences in coating and stain types, brands, prices, and performances, knowledge of coating composition and performance standards is necessary for obtaining a satisfactory concrete coating or stain. To select proper coatings, the architect should consult with manufacturers supplying products of known durability and obtain from them, if possible, technical data explaining the chemical composition and types of coatings suitable for the job at hand. For high-performance coatings, proprietary brand-name speciﬁcations are recommended. The interior surface of exterior walls should have a vapor barrier (coating or other materials) to prevent water vapor inside the building from entering the wall.
 
 30.6.3 Texture: Precast Only 30.6.3.1 Sand Embedment Bold, massive, rocklike architectural qualities may be achieved by hand-placing 1 to 8-in. (25 to 200-mm)diameter stones (cobbles or boulders), ﬁeldstone, or ﬂagstone into a sand bed or other special bedding material. The depth of the bedding material should keep the backup concrete 25 to 35% of the diameter of the stone away from the face. Extreme care should be taken to ensure that the aggregate is distributed evenly and densely on all surfaces, particularly around corners, edges, and openings. To achieve uniform distribution and exposure, all aggregate should be of one size gradation. Where facing materials are of mixed colors, their placement in molds should be carefully checked for the formation of unintended patterns or a local high incidence of a particular color. If the intention is to expose a particular facet of the stone, placing should be carefully checked with this in mind before the backup concrete is placed. The sand-embedment technique reveals the facing material and produces the appearance of a mortar joint on the ﬁnished panel. If a white or colored mortar joint is desired, a mortar consisting of one part white cement (plus pigment) to 2-1/2 parts well-graded white or light-colored sand with sufﬁcient water to make a creamy mixture may be placed over the aggregate. If a mortar facing mix is used, the backup mix should be of a low slump with a maximum of 1 in. (25 mm) to absorb excess water from the facing mix; otherwise, the backup mix should be a standard structural concrete with a slump of 2 to 4 in. (50 to 100 mm). The mortar mix or part of the backup concrete should be carefully shoveled onto the stones and further spread and lightly tamped with trowels to ensure that it is worked around all the individual stones, then it should be screeded to a ﬂat surface before the steel is placed. Care should be taken not to dislodge any of the face stones when placing the ﬁrst layer of mortar or concrete. Also, care should be exercised during vibration so as not to disturb the sand or large stones, which could cause uneven stone
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 distribution. Upon stripping the precast concrete units, they should be raised, and any clinging sand should be removed by brushing, air blasting, or high-pressure water washing. Some sand bonds to the concrete; therefore, the color of the bedding sand should be carefully chosen to harmonize with the exposed stones. 30.6.3.2 Veneer Facing Materials When natural stone veneer is used, it is recommended that the purchaser of the stone engage someone qualiﬁed to be responsible for coordination, which includes delivery, scheduling, and ensuring color uniformity. In evaluating properties of stone, it should be recognized that some natural stones exhibit different properties in different orientations. Also, there may be considerable variation in a given direction of grain for different samples of the same stone. The thin sections of stone are generally more sensitive than thicker sections to strength decreases due to imperfections and inclusions of minerals. Also, a stone that has a crystalline structure with dimensions large enough to approach the thickness of the slab itself will be substantially weakened. In addition, the surface ﬁnish, freezing and thawing, and large temperature ﬂuctuations will affect the strength and in turn inﬂuence the anchorage system. Non-acid-based masking or plastic tape may be used to keep concrete out of the stone joints so as to avoid limiting stone movement (PCI, 1996). Color control or blending for uniformity should be done in the stone fabricator’s plant because ranges of color and shade, ﬁnishes, and markings such as veining, seams, and intrusions are easily seen during the ﬁnishing stages. A qualiﬁed representative of the owner, who understands the aesthetic appearance requested, or the owner or architect should perform this color control. Acceptable color should be judged for an entire building elevation rather than for individual panels. All testing to determine the physical properties of the stone veneer should be conducted by the owner prior to the award of the contract. This will reduce the need for potentially costly repairs or replacement should deﬁciencies in the stone veneer be found after start of fabrication. When purchasing the stone, the contractor should be sure to order an additional 5% to cover breakage and incorrect sizing by the supplier. A complete bond breaker between the natural stone veneer and concrete should be used. Connecting the veneer to the concrete should be done with mechanical anchors that can accommodate some relative movement. When using epoxy in anchor holes, 1/2-in.-long compressible rubber or elastomeric grommets or sleeves should be used on the anchor at the back surface of the stone. Thin brick (1/2 to 1 in. thick) rather than whole bricks are generally used in precasting because adequately grouting the thin joints with whole bricks is difﬁcult and results in the use of mechanical anchors. Some bricks are too dimensionally inaccurate for precast concrete applications. They may conform to an ASTM speciﬁcation for site laid-up application, but they are not manufactured accurately enough to permit their use in the preformed grids that are used to position brick for a precast concrete unit. When both site-laid brick and brick precast units are to be used on the same project, the contractor has to be sure the precast tolerance requirements govern. Because variations in brick or tile color will occur, the clay product supplier should preblend any color variations and provide units that fall within the color range selected by the architect. Ceramic glaze units, where required for exterior use, may craze from freeze–thaw cycles or the bond may fail on exposure; therefore, the manufacturer should be consulted for suitable materials and test data. 30.6.3.3 Honed or Polished Surface Grinding concrete produces smooth, exposed-aggregate surfaces. The grinding is called honing or polishing, depending on the degree of smoothness of the ﬁnish. Polished exposed-aggregate concrete ﬁnishes compare favorably with polished natural stone facades, allowing the architect great freedom of design. Honed and polished ﬁnishes have gained acceptance because of their appearance and excellent weathering characteristics, which makes them ideal for high trafﬁc areas and polluted environments. To produce a good ground or polished ﬁnish, it is ﬁrst necessary to produce a good plain ﬁnish. The compressive strength of the concrete should be 5000 psi before the start of any honing or polishing operations. All patches and the ﬁll material on any bug or blow holes or other surface blemishes must also be allowed
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 to reach approximately 5000 psi. It is preferable that the mortar strength of the concrete mix approach the compressive strength of the aggregates, or the surface may not grind evenly or polish smoothly and aggregate particles may be dislodged. Because aggregates will polish better than the matrix, it is essential to have a minimal matrix area. A continuous graded concrete mix heavy in coarse aggregate is preferred, one that is carefully designed to provide maximum aggregate density on the surface to be polished. In choosing aggregates, special attention should be given to maximum size and hardness. Softer aggregates such as marble or onyx are much easier to grind than either granite or quartz. This will be strongly reﬂected in the cost of such ﬁnishes.
 
 30.6.4 Combination Textures The combination of a polished or honed surface and acid etching provides a surface on the precast unit that exposes a very high percentage of stone. After the grinding process, the acid removes the cement matrix and ﬁnes between the larger aggregate particles. This surface is highly resistant to weathering and is self-cleaning to a high degree. The color of the aggregates predominates in the combined polished acidetch surface texture. A polished/sandblast ﬁnish on a precast unit provides contrast between the smooth polished aggregate and the sandblasted matrix of the concrete. The architect must ensure that the overall design concept includes suitable demarcation between the two textures, as sandblasting overﬂow will dull the polished surface. In many cases, stone veneer is used as an accent or feature strip on either precast units or cast-in-place concrete. When a stone veneer is applied in combination with other ﬁnishes, a 1/2in. (12-mm) space is left between the edge of the stone and the adjacent concrete to allow for differential movements of the materials. This space is then caulked as if it were a conventional joint. Combination ﬁnishes involving the use of one or more basic ﬁnishes together with form liners are almost inﬁnite. Liners can be used in combination with smooth sandblast, acid, retarded, or tooled textures for either cast-in-place or precast concrete. Care in developing details must be taken to include suitable demarcation between the different textures. Some of the usual combinations include: • • • • • • •
 
 Heavy abrasive blast/light abrasive blast/smooth Striated/abrasive blast/irregular pattern form liner Acid etch/abrasive blast/smooth Ribs or vertical rustication/acid or abrasive blast Tooled/hammered/form liner Tooled/hammered/abrasive blast Tooled/chiseled/smooth
 
 30.7 Construction: Cast-in-Place Concrete 30.7.1 Forming 30.7.1.1 General The selection of forms and forming materials to accomplish a given task is usually limited by the parameters established by the architect in the drawings, speciﬁcations, and samples and by the contractor’s mock-up. Speciﬁed forms and surface treatments become vitally important to a successful project when used for architectural purposes. Any material that can contain plastic concrete without deformation is a potential concrete form. Forms must withstand the loads due to both liquid head and compactive effort. This means that the forms must support a full liquid head. With the use of concrete pumps, the concrete can be placed rapidly with a minimum of lift lines. If the forms are not able to fully support the liquid head, bottom movement will occur, resulting in concrete spillage or actual movement of the upper form from the plane of the form below (Figure 30.12). Lightweight form systems are designed for concrete placement at 6 to 8 ft (1.8 to 2.5 m) per hour. This may be insufﬁcient. The most common forms are made of wood, plywood, concrete, steel, plastic-reinforced and nonreinforced, plaster, or a combination
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 FIGURE 30.12 Movement of upper form from the plane of the form below during placement and consolidation of the concrete.
 
 FIGURE 30.13 Moisture leakage at nail holes and at the edges of duct tape used at form butt joints reduce the w/c ratio at the point of migration, resulting in dark areas in the concrete surface.
 
 of these materials. For complicated details, forms of plaster, elastomeric rubber, foam plastic, or sculptured sand may be used. These forms are often combined or reinforced with wood or steel depending on the size and complexity of the unit to be produced. Forms are molds, and the cast concrete surfaces will reﬂect the ﬁnest details of the contact surface: wood grain, nail heads, dents, bulges, and the tile smootheners of plastic. All of these can be reproduced with startling—and sometimes distressing—ﬁdelity. This should be remembered when choosing the forming material. Moisture leakage at nail holes and at the edges of the duct tape used at form butt joints reduce the w/c ratio at the point of migration, resulting in dark areas in the concrete surface (Figure 30.13). Overuse of forms can result in wear in areas with variable absorption. Forms that are to be reused should be carefully inspected after each use to ensure that they have not become distorted or damaged and to determine if they have any surface deterioration that may affect their ability to perform. Dark blemishes of this nature may penetrate as much as 1 in. (25 mm) into the concrete (Figure 30.14 and
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 FIGURE 30.14 Poor-quality form surface where the dense plywood and its surface coating have been worn through repetitive usage.
 
 FIGURE 30.15 Result of form with vertical wear marks reﬂected in the ﬁnished concrete surface. Sandblasting made the surface blemishes more apparent.
 
 Figure 30.15). Once they occur, they cannot be concealed by sandblasting or bushhammering. In fact, due to its low w/c ratio, this dark concrete is actually harder than the adjoining unaffected areas and there will be less erosion from sandblasting, which will tend to accentuate the blemishes. Regardless of the number of reuses, all forms should produce concrete surfaces matching the approved mock-up. 30.7.1.2 Materials The selection of form materials is the responsibility of the contractor, although the architect may specify certain liners or materials to achieve a particular surface or texture. Selection of materials used for forming must consider the type of surface effect desired, which includes color impact, texture, quality, deﬂection, and ease of stripping. Economy is of major concern to the contractor and is a function of cost ﬁrst and then the number of possible reuses while still meeting the criteria of the mock-up. Deﬂection, rather than bending or horizontal shear stresses, generally governs the design of the formwork. Forms must be able to support their own weight, the weight of the plastic concrete, and the pressure of the forces from consolidating the concrete. Deﬂections in the contact surfaces of the formwork
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 reﬂect directly in the ﬁnished concrete surfaces. Forms for architectural concrete must be designed to minimize deﬂection. The deﬂection factor as well as the layout of tie-cone holes will affect the number of studs and wales or the number of studs and size of wales in the case of wooden forms. Limiting deﬂections may be only 1/16 in. (1.5 mm) in 4 ft (1.2 m), which is only half the normally acceptable 1/ 360 of the span for structural concrete. This limiting deﬂection is the one that is most restrictive yet still practical. Generally, prefabricated wooden form panels are not suitable for use in architectural concrete due to difﬁculties encountered in making them tight against leakage; therefore, wooden forms for walls are generally built in place. Particular care must be given to alignment, perfection of corners, quality of contact surface, and tightness of joints. Minor defects in any of these items, which may not be objectionable in structural concrete, are not acceptable for architectural concrete. In any architectural project, the formwork must be superior to that used for structural concrete. Grade B-B plywood is often used for structural concrete construction but generally is not acceptable for architectural concrete. This plywood absorbs moisture from the concrete and will cause discoloration unless two to three coats of a urethane sealer are applied prior to use. High-density plywood can be used 10 times or more. Today, plywood can be purchased with plant-applied surface treatments that provide a nearly impervious and smooth surface. Birch plywood with a plastic coating is a plant-produced product that is higher in cost, but its high rate of reuse and its availability in sizes larger than 4 × 10 ft (1.2 × 3.1 m) may offset the cost by reducing the number of butt joints. If grain raise is to be transferred to the concrete, impervious coatings should be avoided. Sandblasting the plywood surface will impart a rough grain texture to the concrete. Steel forms are generally used where high reuse factors or full liquid head construction is required. Steel surfaces are impervious and can provide uniform color to the concrete. The concrete may have some texture or color variation if the steel is rolled in different mills. An epoxy coating on the steel faces can combat the possibility of rust. The steel skin should be thick enough to support the load between its support members and keep deﬂections within acceptable limits. Quality steel forms should be well braced and manufactured of a heavy enough gauge steel to prevent twisting, buckling, and bending during erection and under the most severe usage. Formwork should incorporate adequate ribbing or channeling to provide rigidity, and, when welded to the parent member, the welded areas must exceed 6 in. (150 mm) in length to prevent tearing or popping. Skip-welding should be used instead of continuous welding to keep heat out of the plates. If continuous welding must be done on a ﬁnish surface, it is recommended that a test section be produced at the joint to determine whether or not the joint area produces an acceptable product without distortion in the concrete. The welds should be ground smooth and coated with epoxy or similar material to hide the joint. Steel plate should come from the same mill as the steel may be rolled in a variety of ways. Variations in the rolling technique can cause differences in the appearance of the concrete cast against metal from two mills. The steel skin should be pickled to remove mill scale. Bluing over welded material has been beneﬁcial for avoiding staining from different surface characteristics. For ﬂat horizontal surfaces and surfaces to be honed or polished, the form skin should be 3/8 in. (10 mm) thick to maintain local ﬂatness after repeated use. Higher plate inertia also imparts a more uniform vibration pattern across the concrete surface during form vibration. Steel is the preferred forming material for external vibration because it has good structural strength and fatigue properties. Steel forms are well suited for the attachment of vibrators and, when properly reinforced, provide good uniform transmission of vibration. Welding at the corners of vibrator-mounted members or brackets should be avoided, as this promotes angular crack propagation. Galvanized steel forms may cause concrete to stick and should be avoided. Aluminum and magnesium alloys may be used successfully if they are compatible with concrete. There is no standard test to measure compatibility. Past history of use with the same concrete mixture, forms, and curing conditions is the best known indicator of compatibility. Fiberglass-reinforced plastic is an excellent solution when it is possible to use one form face piece for two or more adjacent surfaces. Examples are a beam face and sofﬁt or the front and two sides of a column. In this way, the support members required in a ﬁberglass-reinforced form can be integral with the ﬁnish face. Such forms can ensure that there will be no leakage at the completely enclosed corners, thus minimizing one of the most objectionable surface blemishes (leakage) in architectural concrete
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 construction. Designers may not like the slightly rounded corners, but no one prefers leakage lines. Fiberglass-reinforced forms must have adequate horizontal and vertical ribs to properly provide rigidity and resistance to deﬂection. An appropriate resin must be used on the surface face to ensure good performance through a reasonable number of reuses, usually over 100. Maintenance of the resin plastic is mandatory for surface uniformity. This can be accomplished by careful cleaning, use of release agents, and occasional touch-up of the face surface. Surface conditions, joints, and gel-coat material should be visually inspected prior to each use. Plastic molds should not be used with accelerated curing if concrete temperatures above 140˚F (60˚C) are anticipated. The susceptibility of the plastic form to attack by the proposed release agent should be determined prior to use. Unreinforced plastics are normally used only as liners for a form system designed to meet all of the structural requirements of concrete containment. Unreinforced plastic is only used to change the characteristics of the surface. Plaster waste forms are used for custom designs of a sophisticated and detailed nature. The concrete is cast against the mold and the plaster is then broken away from the ﬁnished surface. Loose plaster can be removed with high-pressure water washing. Forms are almost always made with ornamental plasters, the methods used being similar to those employed in ﬁbrous plaster work. Plaster forms must be made in sections that can be handled easily; individual pieces should not weigh over 150 lb (68.2 kg). Plaster forms are usually given two coats of white shellac to make them waterproof and nonabsorbent. If this is not done, it is quite certain that there will be a difference in the color of the concrete as compared with adjacent areas. Obviously, one-use forms are relatively expensive and should only be used for nonrepetitive forming or where intricate shapes cannot be formed by more conventional methods. An effective release agent must be used with plaster waste molds. 30.7.1.3 Joints A surface blemish will result when water is allowed to leak from the form. Leaks of any type in forms will result in honeycomb (an aggregate-rich surface inconsistent with the normal, dense, adjacent surfaces accompanied by a color change or streaking), mottling, or a dark discoloration surrounding the point of leakage. The darker surface color is a result of less water being available for hydration. Moisture, paste, or grout can never be replaced except by repair of the concrete surface. It is therefore very important to prevent leakage. Different methods have been advanced to prevent leakage at form joints; none has proved completely successful, especially those attempting to seal the joints ﬂush with one another. Any amount of moisture or grout will create blemishes in exposed surfaces that are difﬁcult and that may even be impossible to remove. For this reason, many designers prefer to acknowledge the joints and mask them with reveals formed by rustication strips. It is good practice to provide rustications at the casting limit atop the preceding cast to deﬁne straight level and plumb working lines (Figure 30.16) for construction joints (Shilstone, 1973a). When concrete is placed for the lift above or for an adjoining wall section, the forms will have a tendency to bulge under the hydrostatic head of the wet concrete and vibratory loads, causing a spill or overpour on the concrete already in place (Figure 30.17). Unless the concrete is to be bushhammered, tooled, or heavily sandblasted, which in the process remove the spill, such an overpour should be prevented. This is best accomplished by attaching a compressible gasket that is set into the reveal at the top of the previous casting and provides a watertight seal beneath the reveal. Tying the form into the previous concrete placement after the gasket is in place helps prevent form deﬂection. Vertical joints can be handled in a similar manner (Shilstone, 1973a). Control joints may be deﬁned as planes of weakness created by thin sections, encouraging the concrete to crack at predetermined locations. Stresses that cause cracking result from shrinkage, thermal effects, and differential settlement; shrinkage is generally the stress of greatest magnitude. If joints cannot be tolerated, the reinforcement design can attempt to distribute shrinkage and thermal stresses into many small hairline cracks, but it is generally better to weaken the concrete and ensure a controlled crack that can be sealed against water penetration. At times, it is desirable to cut 50% of the temperature steel at the control joint to further weaken the section.
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 Second casting
 
 Equal
 
 Caulked to prevent leakage
 
 Ties located 8''–12'' each side of construction joint
 
 Rustication strip (sealed all sides) Gasket tape to prevent leakage between form Rustication and first concrete casting Construction joint key way
 
 Studs extend below edge of form to exert maximum pressure on gasket at lug face
 
 Equal
 
 1'' max.
 
 Equal plus
 
 Tie rod left in place for next pour
 
 First casting
 
 Continuous blocking
 
 FIGURE 30.16 Typical construction joint; horizontal or vertical—no scale. (From Shilstone, J.M., Architect. Rec., 161–164, 1973. With permission.)
 
 The location of control joints should not be determined until a careful study has been made of the geometry of the structure, its elastic qualities, and the steel-reinforcement design. It is an inescapable fact that a large mass of concrete will crack. This must be anticipated in the structural and architectural design. Perhaps the surest way to plan construction joints, and one that reduces their number, is to have them correspond to locations where control joints are required. The relatively weak bond between castings will ensure that cracks develop at those points. On many occasions, chamfers have been used at corners in an attempt to minimize leakage. If the chamfers themselves are not caulked or gasketed, moisture or paste leakage can occur at two points rather than one. It is recommended that all corners, form joints, horizontal and vertical construction joints (sometimes known as cold or pour joints), and control joints be caulked or gasketed to provide positive protection against leakage. Gaskets should be a closed-cell compressible neoprene with adhesive on one side that can be attached to the form. Plastic pressure-sensitive tape (never duct tape) has sometimes been used on the inside of the forms at butt joints when signiﬁcant texturing of the surface skin is planned. To withstand the stress when the form is ﬁlled with concrete, the tape should be ﬂexible and highly adhesive. Tape should be applied prior to the application of a release agent. Care must be taken to prevent displacement of the tape or gaskets during concrete placement. Brush-applied gum adhesive over tape has been used successfully to stabilize the tape or gasket against movement. All joints should
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 FIGURE 30.17 Spill or overpour at construction joint during placement and consolidation. Tying the form into the previous concrete placement and installing a compressible gasket in the reveal would have prevented this leakage.
 
 be inspected prior to casting to be sure the tape or gaskets have not moved. When tape cannot be used because tape deformation will be visible on the ﬁne texture concrete surface, great care must be given to locating the butt joints. It is recommended that the contractor erect the exposed form face ﬁrst to allow a visual check of all joints and joint treatments to minimize potential leakage. Other ways to seal plywood butt joints include chamfering form edges and ﬁlling them with epoxy, gasketing, and using plywood sheets that have spliced or tongue-and-groove edges that are caulked or glued. Such joints must be backed up and supported with 2 × 4s (50 × 100 mm). The architect may designate the location of control joints, but the location of construction joints is often left to the contractor. In architectural concrete, it is best if the contractor receives input from the architect as to where construction joints will be located. 30.7.1.4 Form Ties Except for small columns and beams, the lateral forces created by the hydraulic pressure of plastic concrete must be resisted by horizontal ties that hold the forms together and maintain their position. Ties may incorporate a spreader device that correctly spaces the distance between forms and acts as a means of removing metal parts to a sufﬁcient depth from the surface, 1-1/2 in. (38 mm), to facilitate patching with mortar and prevent corrosion. Form ties signiﬁcantly inﬂuence the visual effect of architectural concrete. They are placed in the forms in a pattern that should be consistent with the type of form design (Shilstone, 1973b). A 4-ft (1.2-m) pattern can be used with a variety of plywood sizes in a gang form. There is a tendency for many contractors to use cone snap ties. The installation of these must be done very carefully. All form-tie systems should incorporate a positive leakage-prevention detail. Bulls-eyes around tie holes are not considered attractive. Leakage can occur around form ties if they are not perfectly seated and sealed (Figure 30.18).
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 FIGURE 30.18 Dark leakage areas around form tie holes where moisture has migrated, resulting in localized concrete with a lower w/c ratio.
 
 Tie-hole design and spacing are as much architectural considerations as a structural requirement for the contractor. Ties for architectural concrete should be planned so they are symmetrical with the member formed, and, wherever possible, ties should be located at rustication marks, control joints construction joints, or other points where the visual effect will be minimized. In this way, repair of tie holes will not fall in the ﬂat panel areas. Successfully patching tie holes is not easy because it is difﬁcult to match the ﬁnished color of the adjacent concrete surfaces. Often, patches tend to accent rather than conceal tie holes. Heavier forms with steel backing and large-diameter tapered bolts at a minimum number of locations offer a better approach to architectural concrete than using multiple snap ties. Adjustable, highstrength bolt ties facilitate the installation of subsequent forms by holding them tightly to the concrete of the previous casting, helping prevent leakage. Ties or bolts that are to be pulled from the form must be coated with nonstaining bond breaker or encased in oiled paper sleeves to facilitate removal. Ties for architectural concrete should have the same safety factor as structural concrete. Form-tie assemblies for architectural concrete should be adjustable so as to permit tightening of the forms. Form-tie assemblies fall into one of the following groups: • Continuous, single-member ties for speciﬁc wall thicknesses and positive breakback characteristics • She-bolt ties, where an inner male threaded unit is left in the wall concrete and the outer fastening devices are removed and reused • He-bolt ties, where the outer fastening devices are reused and an expendable female threaded unit is left in the wall • Through-bolts placed through PVC pipe with removable plastic cones at the ends • Tapered high-strength through-bolts, which can be completely removed from the concrete The last type of bolt has a separate outer unit for proper adjustment. When using these bolts, the contractor should place the small-diameter side of the tapered bolt on the exposed face to avoid spalling when the form is stripped. Removable ties should be of a design that does not leave holes in the concrete greater than 7/8 in. (22 mm). Bolts should be tight ﬁtting or holes should be ﬁlled with a sealant to prevent leakage at the holes in the form. All of these ties leave round and relatively clean holes, providing proper sealing procedures have been used (ACI Committee 303, 2004). These holes may be left alone, patched ﬂush, or patched with a slight recess for an architectural shadow effect. Snap ties are not suitable for architectural concrete unless a rustic crude look is desired.
 
 30-40
 
 Concrete Construction Engineering Handbook
 
 30.7.1.5 Form-Tie Removal Ties should be removed as soon as possible after the formwork has been removed. After forms are removed, uncoated ties or ties that possess staining tendencies should be snapped and the ends should be treated to prevent rust stains. Stainless-steel snap ties, when used, present the least trouble with staining, but still should be broken off at least 1 in. (25 mm) behind the ﬁnished surface. Plastic-coated ties should be snapped and the ends treated to prevent rust staining. Holding forms together with twisted wire ties or band iron should not be allowed, as it is nearly impossible to obtain a long-term, stain-free surface without cutting into the concrete surface and cutting back the tie or band iron ends before repairing a rather large nonuniform area. Externally braced forms may be used instead of any of the above-mentioned form-tie methods to avoid objectionable blemishes in the ﬁnished surface. This is an expensive alternative unless a high degree of repetitive form use is possible. 30.7.1.6 Form Removal Assuming that the necessary planning, care, and workmanship have been exercised in producing the quality of work desired, form removal must maintain the results already achieved. Forms should not be removed until the concrete has sufﬁciently hardened to permit form removal without damaging the concrete surface. Prying against the face of the concrete should not be attempted. When necessary, wooden wedges (not metal), should be used to assist in form removal. Many surfaces are marred by the use of metal wedges to loosen forming. Rough removal of forms may damage them beyond reuse. Elastomeric liners become difﬁcult to remove if the forms are not stripped within 5 to 7 days. Easy removal of forms will reduce labor costs. More importantly, forms that can be stripped easily prevent unnecessary damage to exposed architectural surfaces. Spalled edges require expensive restoration by knowledgeable craftsmen. Sharp corners require a considerable amount of special attention in forming and form removal technique. Sharp edge lines and corners are very vulnerable to chipping or spalls at early ages. Damaged corners require costly repair work. If forms are removed before the speciﬁed curing period is completed, measures must be taken immediately to apply and maintain satisfactory curing. In hot, dry climates, wood forms remaining in place should not be considered to be adequate curing. Forms should be removed or loosened so the concrete surfaces can be kept moist, or they should be coated with a curing agent. In cold weather, architectural concrete should not be allowed to cool more than 40°F (4.4°C) per 24 hours following the cessation of heat application. The removal of formwork may have to be deferred, or formwork that is removed should be replaced with insulated blankets to avoid thermal shock and consequent crazing of the concrete surface. One has to be careful of small projections such as drip lines. Abrupt stripping may crack or break off the projecting tip, making the area vulnerable to moisture and subsequent corrosion of reinforcement. With embedded items such as windows or forms for openings, braces should be stripped ﬁrst to allow the edge forms to be stripped without spalling the concrete. Intricate details will require a delay in stripping time to allow the concrete to gain sufﬁcient strength and to shrink from drying (Dobrowolski, 1989). The best procedure calls for stripping to begin away from the intricate area and proceed toward it. If the edges of rustications are to be crisp after sandblasting, they must remain in the face of the concrete. Many reuses call for rustication strips to remain with the forms and new strips to be reinserted prior to sandblasting. Fastening can be by gluing with mucilage or nailing into the form. Once formwork is removed, the concrete must be protected to prevent damage from any means including subsequent construction operations and weather. Runoff water from rain or on-site construction should be prevented from running over iron or other materials that can cause staining and then running over ﬁnished faces of architectural concrete. Surfaces must be protected from stains, grafﬁti, and impact damage. Differentiating concrete color hues may be expected between two surfaces where adjacent formwork is stripped at different ages. It is best to strip all adjacent form surfaces at about the same age for greatest uniformity. All forms, regardless of material selected, must be stacked level and horizontal to prevent warping. Even steel forms will warp if stored at an angle against the side of a building.
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 FIGURE 30.19 Electrical conduit blocking access for placement and consolidation of concrete.
 
 30.7.2 Reinforcement 30.7.2.1 Reinforcing Steel Reinforcing steel must be planned in advance so concrete placement can be carried out without reinforcement, thus reducing the work space required for consolidation of the concrete. Mechanical, electrical, ductwork, piping, conduit, or other embedments must also be planned as to location (Figure 30.19). If the size of a particular member does not provide adequate work space or otherwise presents difﬁculties for the contractor, an alternative method of detailing or construction should be considered. Often the suggested solution for a congested member is to use a smaller vibrator. This can be a problem, as the smaller vibrator may not be able to perform the compactive work necessary to produce the high quality essential for architectural concrete. Occasionally, special vibrators have been made, such as vibrators with rigid shafts and only a 3-in. (76.0-mm) ﬂexible joint. Even special vibrators cannot overcome lack of space. Because the amount of reinforcing required in a member is dependent on the size of the member, it may be necessary to increase the size of the member. Members cannot always be slim enough to meet the architect’s design concept. Concrete members must be of sufﬁcient size to avoid excessive amounts of reinforcing steel. Visualizing the patterns of reinforcing is important at the early stages of design—particularly at member intersections (Figure 30.20). The situation in Figure 30.20 allows little room for placement and consolidation of concrete. Honeycomb and other surface blemishes are a certainty; for example, beams should be wider than columns that have to go through the ﬂoor to avoid the familiar solid maze of vertical and horizontal
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 FIGURE 30.20 Intersection of reinforcing steel allowing little access for placement and consolidation of concrete.
 
 FIGURE 30.21 Bundling of reinforcing bars to allow more working space for vibration.
 
 reinforcing. In other members, bundling bars may provide a solution to afford clear working space for vibration (Figure 30.21). The assumption that reinforcing steel must be uniformly distributed as detailed on the structural drawings is not always accurate. In many designs, the steel bars can be bundled or otherwise spaced to allow the contractor some space to actually place and consolidate the concrete. Horizontal space available after bundling will allow entry of the vibrating equipment. Full tension welds, cadwelds, or tension splices can be employed where required to eliminate congestion caused by lapping of bars (Figure 30.22). Locating the lapping of bars throughout the beam can reduce the congestion at any one point. Reinforcing steel for architectural concrete must be accurately positioned and held in place in such a way as to minimize movement during placement and consolidation of the concrete. Wall or beam reinforcement cover can be maintained by the use of bolsters or chairs on the inside face of the form to lessen the chance of rust stains or spalling of the concrete. When reviewing the reinforcing steel design, the contractor should consider the following:
 
 Architectural Concrete
 
 30-43
 
 FIGURE 30.22 Lapping of bars all occurring at one location causing congestion that can lead to honeycombing.
 
 • For design purposes, the cover on reinforcing steel for concrete exposed to the weather should be at least 2 in. Because the ACI Code allows reinforcing metal to move ±1/2 in. from the design location, this sets a minimum of 1-1/2 in. of cover over the reinforcement. • Horizontal bars in walls should be placed toward the outside face of the wall to allow a larger casting space between curtains of reinforcement (Figure 30.23). Single-curtain reinforcement should be positioned at the center of the wall, but with the horizontal bars closest to the architectural face. • A minimum clear working space of 5 in. (design) is necessary to facilitate proper placement and consolidation of low-slump concrete mixes. • When computing the space occupied by the reinforcing steel to determine the amount of space available for the worker in the ﬁeld to do the work, maximum bar diameters should be used instead of the nominal diameters. The effective space occupied by the bars due to deformations is over 10% larger. Actual space is measured to the outside of the deformations on the rebar surface. These maximum deformations become signiﬁcant when thin or slender concrete sections are to be cast. • Tie wires should be a soft stainless steel speciﬁed to be tucked behind the joints and not left dangling adjacent to the exposed face. • Chairs should not be used to space reinforcing steel from vertical surfaces. Where it is necessary to support steel in beams, the reinforcing steel should be hung from the forms with stainless steel tie wire, and any chairs should be plastic tipped with sufﬁcient plastic cover to ensure that the metal will not rust. If reinforcing steel is hung from the forms, the forms and supporting member must be designed to take what is often very heavy weight. This method is generally only practical when steel forms are used. If the surface is to be abrasive blasted, consideration should be given to the material that will resist the abrasive blast. In most cases where there is heavy reinforcement of beams, it may be necessary to use precast concrete blocks of the same concrete used in the construction to support the metal. Some design codes require the use of reinforcement in such quantities that constructability is markedly reduced. When such conditions are found, the fact that the amount of metal required is within the code is not an acceptable excuse for producing a design that deﬁes proper construction. Double-check reinforcing steel details to make sure that casting space is available. For the project manager, this can be the difference between a reasonable project or an impossible task.
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 Casting space 5''+ recommended
 
 2'' (min)
 
 Minimum required clearance to form face FM steel reinforcement
 
 Keep clear of reinforcement steel, continuous block-outs, etc. Cut short or wrap all excess tie wire around bars (typical) Vibrators are used only within the casting space
 
 If finish is not required on both sides, form finish face first
 
 Horizontal bars are placed on outside face of the verticals (max. 12'' c.c.)
 
 FIGURE 30.23 Double steel curtain wall: may be ﬁnished both sides; 12 in. usually minimum (not to scale).
 
 30.7.2.2 Placing Accessories Supporting chairs, spacers, and bolsters should be manufactured of plastic or stainless steel to prevent surface rust staining, particularly where the concrete member is to be sandblasted. Plastic colors should match the ﬁnish surface. Many steel accessory suppliers will custom color their products. Current practices in detailing are considered inadequate to achieve total concealment of accessory feet. The reinforcing steel speciﬁcation should indicate the need to increase the number of chairs to compensate for steel loads that cannot be tolerated by the plastic-covered chairs, the plastic tips of the chairs, or the form materials used to support the reinforcing cages. Insufﬁcient chairs may cause form indentation. Upon removal of the forms, these plastic or stainless steel tips will project below the ceiling or from the bottom of castin-place beams. Any plastic coating tips should be investigated for durability if they will be exposed to weather or sunlight. Any wire for tying reinforcement should be of soft stainless steel to minimize staining of exposed surfaces. Some stainless steel ties may rust slightly when sandblasted or exposed to severe weather conditions. For this reason, all tie wire should be cut as close as possible to the bars and bent back away from form surfaces. Tie-wire clippings must be removed from any horizontal surfaces (such as beam sofﬁts or ceiling areas) that will be exposed to view. 30.7.2.3 Galvanized Reinforcement Galvanizing reinforcing steel is not recommended for architectural concrete. Adequate minimum cover of well-compacted concrete is the best protection for reinforcing steel. Where galvanizing of reinforcing bars is required, galvanizing is usually performed after fabrication. This may mean several rehandlings
 
 30-45
 
 Architectural Concrete
 
 Mounting spindle and nut
 
 Adjustable pocket former
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 Formwork Detail A
 
 Detail A Post-tensioned beam Shearwall
 
 FIGURE 30.24 Plan view of typical interior shearwall anchorage. Pocket formers can be ﬁeld adjusted for proper tendon alignment.
 
 for individual bars or partially assembled cages. ASTM A 767/A 767M (ASTM, 2005) prescribes minimum ﬁnished bend diameters for bars that are fabricated before galvanizing. Smaller ﬁnished bend diameters are permitted if the bars are stress relieved. Supplementary requirement S1 requires sheared ends of bars to be coated with a zinc-rich paint formulation. When galvanized reinforcing steel is placed close to nongalvanized metal forms, the concrete may have a tendency to stick to the forms. This may also happen if nongalvanized reinforcement is used close to galvanized forms or form liners. A 2% solution of sodium dichromate or a 5% solution of chromic acid (chromium trioxide) solution applied as a wash to the galvanized surface has satisfactorily reduced the galvanic action of the metal to prevent reaction between the zinc and the alkaline fresh concrete. The addition of chromates to the concrete cannot be recommended, as their effect on concrete performance is not yet fully known. Galvanizing of reinforcement is only recommended when minimum cover requirements cannot be achieved. In these cases, the use of galvanizing should be speciﬁcally called for in the contract documents and shown in the shop drawings. 30.7.2.4 Post-Tensioning Long-span, post-tensioned-beam framing systems have been used in combination with architectural concrete to produce unusual buildings in both the United States and the Middle East. A post-tensionedbeam framing system offers the advantages of both a higher span/depth ratio and a reduction in material quantities. With an architectural cast-in-place facade, considerable planning is required to allow for stressing of the post-tensioned structure without leaving visible signs in the exterior architectural ﬁnish. This means using exterior precast concrete panels as covers for exterior stressing pockets or providing interior stressing pockets, buttresses, and blockouts. The contractor must be very careful in his placement of anchor pocket formers in the formwork. Improper placement of formed stressing pockets can result in misalignment of jacking equipment and application of an incidental biaxial force to the tendon, which could cause shearing of the tendon at the anchor. Preformed pocket formers can be used and ﬁeld adjusted to obtain the proper alignment of typical interior shearwall anchorage, as shown in Figure 30.24. An interior girder detail at the core stressing anchorage and at the exterior wall key are shown in Figure 30.25. The 60-ft (18.3-m) singlespan beams in the low-rise structure are stressed through to pockets at each end of the beam. A typical top pocket anchor detail is shown in Figure 30.26. The above three details were used at 1515 Poydras in New Orleans. Chicago-based Skidmore, Owings, and Merrill provided the architectural and engineering
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 Architectural concrete surface
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 Fixed anchors (1 56'7.1 3' 5m ' )
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 Side dowels Bottom bars
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 FIGURE 30.25 Interior girder detail at core stressing anchorage and at exterior wall key. Exterior wall
 
 Formed anchor pocket Stressing anchor Top bars
 
 Architectural concrete surface
 
 Typical spandrel bars
 
 Fixed anchors 1-1/2'' × 6'' beam keys
 
 Side dowels
 
 Bottom dowels
 
 Bottom bars
 
 FIGURE 30.26 Typical top pocket anchor detail.
 
 design. The unusual number of unique post-tensioned-beam anchorage conﬁgurations required intense review and quality control at the onset of construction. Considerable planning went into materials, formwork sequencing, and special falsework for the doweled reinforcement support. This is a striking example of the integration of structure and form. The exterior concrete ﬁnishes range from a heavy hammered texture to a light sandblast. Attention to detailing, ﬁnishes, and execution have allowed the architectural design of this building to be accurately expressed through cast-in-place and precast structural elements (Clark and Zils, 1984). The original design of the post-tensioned channel beams at the roof level of the 800-ft (244-m)-long Physical Education building in Saudi Arabia called for massive 4.0-ft (1.2-m)-wide by 8.0-ft (2.4-m)deep by 141.6-ft (42.9-m)-long cast-in-place concrete beams spanning 120 ft (36.3 m) between cast-inplace lateral supports. Each beam would have a total mass of 170 t (154 Mg) and an architectural surface area of 4670 ft2 (432 m2). These channel beams were located 56 ft (17 m) above ground level and spaced
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 FIGURE 30.27 After all seven-wire strands were stressed and anchored, the ends were cut off inside the stressing pocket recess.
 
 16.3 ft (4.95 m) on-center. The 47 beams were of architectural concrete with a light to medium sandblast ﬁnish. Due to severe schedule restrictions, shoring problems, and interference with work at other levels and zones of the building, it was decided to precast and post-tension the channel beams rather than cast them in place. The precasting would take place at one location at the 56-ft (17-m) level. Caudill Rowlett & Scott (CRS) in Houston, Texas, approved the design modiﬁcation. This change in construction method reduced shoring and forming costs and resulted in a large reduction in labor. The channel beams were cast on a construction platform on a 6-day cycle, including 3 days of curing on top of temporary rails set on the cast-in-place lateral support beams. Seven-wire strand was threaded through sheathing to ensure minimum friction losses. After 6 days, the strands were tensioned following a computer program that determined the required gauge pressure and elongation for each strand group. When all of the strands had been properly stressed and anchored, the ends were cut inside the stressing pocket recess (Figure 30.27). Strands were then grouted in the sheathing, and the recess was ﬁlled with architectural concrete patch mix, covered with wet burlap, and protected with a wood cover (Figure 30.28). Each channel beam was moved to its ﬁnal position along the rail using two hydraulic rams. After the beams reached their ﬁnal position, the hydraulic ram jacking system and rails were removed and the beams were set on thick neoprene bearing pads. This was all done without the use of a crane; only hydraulic jacks were used (Kenney, 1988). A prestressing strand is required to conform to ASTM A 416 (ASTM, 2006), Grade 250 (1725) or Grade 270 (1860). The most commonly used grade of steel is 270,000 psi (1862 MPa). This strand is 0.5 or 0.6 in. (12.7 or 15.2 mm) in diameter and is of low-relaxation type. Unbonded single-strand tendons
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 FIGURE 30.28 After cutting, the strands were grouted in the sheathing, and the recess was ﬁlled with architectural concrete patch mix, covered with wet burlap, and protected with a wood cover.
 
 are composed of steel strand with anchors afﬁxed to each end by toothed wedges coated with corrosionresistant lubricant and encased in plastic sheathing. For wedge-type anchorages, the wedge grippers should be designed to preclude premature failure of the prestressing steel due to notch or pinching effects under static test load conditions. Post-tensioning tendons subject to exposure or condensation and that are not to be grouted should be permanently protected against corrosion by plastic sheathing formed over the coated (greased) strand or by other appropriate means of protection. The sheathing should not be reactive with the concrete, coating, or steel. The material should be watertight and have sufﬁcient strength and durability to resist damage and deterioration during fabrication, transport, storage, installation, concreting, and tensioning. Sheaths should be continuous over the unbonded length of the tendons and should prevent the intrusion of water or cement paste and escape of the coating material.
 
 30.7.3 Concrete Placement The placement of architectural concrete requires the utmost care on the part of the contractor. Consistent preplanning of each day’s concrete placement should be done. The period between the truck and the forms is the most critical time in the life of architectural concrete. The ready-mix truck must transport and mix the concrete to a homogeneous state in spite of low slumps and high coarse-aggregate contents. With some architectural concrete mixes, it may be necessary to load trucks to only two thirds of their rated mixing volume. The contractor must verify that the ready-mix trucks assigned to deliver architectural concrete are clean and free of hardened buildup and have less than 20% blade wear. Trucks meeting this criteria should have their numbers recorded, or some other means of identiﬁcation should be used so only approved trucks will be used for architectural concrete. Trucks should be scheduled so they arrive at the project site just before the concrete is required, thus avoiding excessive mixing while trucks are waiting or delays in placing successive lifts of concrete. Delays cause nonuniformity of pour line or appearance. A major decision for the contractor is choosing the method for placing the concrete. Placement can make or break the quality of architectural concrete. The characteristics of certain lay-down buckets or pumps may prevent their use for placing the necessary concrete mix. When this happens, other methods or equipment may be required. Steep-sided buckets (Figure 30.29), may be required, conveyors may be used (Figure 30.30), or a different concrete pump may be selected (Figure 30.31). Change the equipment or pump, but do not adjust the concrete mix design.
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 FIGURE 30.29 Steep-sided bucket with easily movable chute to aid in placement of concrete.
 
 FIGURE 30.30 Conveyors in use at construction site.
 
 30-49
 
 30-50
 
 Concrete Construction Engineering Handbook
 
 FIGURE 30.31 Several concrete pumps in use at construction site.
 
 FIGURE 30.32 Tremie being placed in position for use.
 
 High-quality architectural concrete can be obtained when placing concrete with trucks, tremies (Figure 30.32), buckets, or even wheelbarrows, provided proper procedures are followed. When concrete is placed directly from trucks or through tremies, the free fall should be limited to less than 5 ft (1.5 m). Tremies can be made of either sheet metal or reinforced plastic with a rectangular cross-section. Minimum inside dimensions would be 4 × 16 in. (100 × 400 mm). There must be sufﬁcient space between reinforcing bars if a tremie is to be used. The ﬂow of concrete from a truck or tremie must be directed within the reinforcing cage to ensure minimal bounce or deﬂection of the concrete off steel, conduit, or other obstructions that cause splatter or segregation of the mix. Splatter on the formwork above the level of plastic concrete can harden and cause a surface blemish that is difﬁcult to remove. This is especially serious in ﬁnishes having a light or smooth texture.
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 FIGURE 30.33 Concrete pumped from the bottom up to minimize consolidation problems and bug holes. This hospital building was designed by Bertram Goldberg of Chicago.
 
 Conveyors are useful when a low-slump concrete mix with a high coarse-aggregate proportion—2000 lb (900 kg) of coarse aggregate or more—is required. They are most often used when large ﬂoor (ceiling) and beam composite construction is required. Care should be taken with any conveying equipment to prevent contamination by nonarchitectural mixes and to prevent segregation of the mix being transported. If methods of conveyance are varied during the overall construction of architectural concrete, the uniformity of the ﬁnish surface color may be affected. When conveyors are used, they should have a high speed and have a discharge end that is easily movable to permit proper concrete mix distribution. Concrete pumps must be rated on their ability to move concrete having a low w/c ratio that meets the architectural requirements of the project. Several pumps today have 5- or 6-in. (125- or 150-mm) lines that can handle most architectural concrete mixes. To prevent concrete consolidation problems in the walls and minimize bug holes, one contractor elected to pump walls from the bottom up. Pumping ports were installed in the wall forms 12 in. (302 mm) from the bottom and on 4-ft (1.2-m) centers along the steel forms. A superplasticizer was used to allow for 8- to 10-in. slumps (Figure 30.33). These serpentine architectural cast-in-place walls later had a white coating applied to their surface. In addition to cast-in-place concrete, battery and other vertical forms for precast products have been pumped from the bottom up. Use of a superplasticizer admixture can help the concrete to be pumped while maintaining the required w/c ratio. Variations in w/c ratio will change the color of the exposed architectural surface. When using a concrete pump, the ﬁrst 1/4 yd3 (0.2 m3) should be wasted or utilized elsewhere, not in the architectural forms. It takes a certain amount of cement paste to coat the inside of the pump and hoses leading to the placement location. An alternative would be to initially charge the pump with a
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 FIGURE 30.34 Adjacent concrete walls from two separate days’ placement showing the impact of pumping concrete directly without wasting ﬁrst 1/4 yd3 (0.2 m3) to coat the pump and hoses.
 
 high-cement grout mix prior to placing the regular concrete. Failure to do one or the other will result in a higher w/c ratio at the point of initial discharge and unsightly discoloration (Figure 30.34). The more uniform the w/c ratio, the greater the uniformity of the color and texture. The depth of the layers of concrete placed and consolidated depends on the width of the forms, the amount of reinforcing present, the concrete placement method, and the timing required. Each new concrete lift should cover the previously placed concrete within 20 minutes. Substantial lift or pour lines may result when a 45-minute delay in placement of fresh concrete occurs. Fresh concrete is usually placed in lifts of no less than 18 in. (450 mm) and no more than 30 in. (750 mm). The surface of each lift should be fairly level so the vibrator does not have to move the concrete laterally. Lateral movement can cause segregation, leading to honeycomb or other surface blemishes. Concrete should be placed continuously at close intervals. A vibrator should be operated at the point of deposit during all concrete placement.
 
 30.7.4 Concrete Consolidation 30.7.4.1 General The most important single skill in architectural concrete involves the selection and operation of the vibrator. In Europe, vibration operation is recognized as being all important to good concrete work, and skilled vibrator operators are the highest paid workers on concrete crews. All too frequently in the United States, the vibrator operator is one of the most unskilled and untrained members of the concrete crew, often being picked for having a strong back rather than knowledge of concrete consolidation. A vibrator not only consolidates the concrete for maximum density but also internally blends the different lifts of concrete together into a single solid mass with few bug holes and no lift lines on the ﬁnished exposed surfaces. 30.7.4.2 Equipment All too often vibrators are selected on the basis of their price or maintenance records. Instead, selection should be based on the following vibrator qualities (ACI Committee 309, 2005; Shilstone, 1972c): • Frequency is the ability to ﬂuidify the mix based on the number of times per minute the head moves from side to side. • Amplitude is the ability to kick the mix into place. Amplitude is the measured distance of the head when it goes from side to side as measured from its neutral axis. An increase in amplitude results in an increase in the effective radius of action.
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 • Power is the ability to maintain vibration under load. • Size is the ability to overcome the resistance of the concrete mix particles to movement. Use the largest diameter head permitted by the form dimensions and the spacing between reinforcement. The high frequency of the vibrator alone will not work. If the power is constant and the frequency is increased, the amplitude decreases because the head does not have the time to travel as far as it did at lower frequency. If the power source is increased, the head has a greater amplitude, provided the frequency is not simultaneously increased. Larger vibrators provide more mass in the head. The larger mass head is necessary to provide the impulse to drive the concrete effectively into the intricacies of the form. A high-frequency, high-amplitude, high-powered vibrator moves to such a degree that it creates a churning action within the concrete mass. This is the type of vibrator necessary to combine two lifts of concrete into one. Achievement of void-free surfaces favors a higher-frequency vibrator. Internal vibrators are generally referred to as immersion, poker, or spud vibrators. One of the most commonly used types is the ﬂexible-shaft type, where the electric motor is outside the vibrator. A ﬂexible shaft leads from the motor into the vibrator head, where it turns the eccentric weight. A universal 120volt, single-phase, 60-Hz (cycles per second) motor is used, and the frequency of this vibrator when operating in air is quite high—in the range of 12,000 to 17,000 vibrations per minute (200 to 283 Hz) (the higher values are for smaller head sizes). Because of this high speed and the heat developed, the vibrator may burn up if operated carelessly outside the concrete; however, when the vibrator is operating in the concrete, the motor is under load and the frequency is generally reduced by about one ﬁfth. The electric motor-in-head vibrator type has the motor in the vibrator head, as the name implies. Most motor-in-head vibrators are high-cycle units. This means that a 180 high-cycle current is required for their operation instead of the usual 60-cycle commercial power. These vibrators use induction motors and operate at a frequency in concrete of about 10,000 vibrations per minute (vpm); this is only about 5% less than their free speed (speed in air). The high-cycle current is obtained by passing commercial power through a frequency converter or through the use of a special generator. Motor-in-head vibrators operating on a 60-cycle current with a universal motor are also available, but they have less capability than high-cycle units. The electric motor-in-head vibrators are generally at least 2 in. (50 mm) in diameter. When using electric vibrators, all power cables and connectors should be kept in good condition. Vibrators should not be lifted or carried by the electric cables. Sharp bends should be avoided in the shafts of ﬂexible-shaft vibrators. When vibration is ﬁnished for the day, vibrators should be cleaned and concrete spills removed. It may be desirable to cover form vibrators to keep concrete from dropping on them, but not in such a way as to interfere with air cooling. Whether the consolidation equipment provides internal or external vibration, or a combination of both, its frequency and amplitude should be designed, tested, and proven for the volume, conﬁguration, and placing technique of the product and the proportioning and consistency of the concrete for that product. Because internal vibrators are used in wet (conductive) locations, all electric units should be grounded to the power source. Generator sets supplying power should also be grounded to maintain continuity of the grounding system. Units operating at less than 50 V or that are protected by an approved doubleinsulation system are excepted from the grounding system. In the United States, electric vibrators are subject to the National Electric Code, Article 250-45. External vibrators may be divided into form vibrators, surface vibrators, and vibrating tables. Form vibrators are external vibrators attached to the outside of the form or mold. They vibrate the form, which in turn transmits the vibration to the concrete. Extremely rugged forms are required where high-amplitude vibration is used. The effective penetration of the vibrations into the concrete ranges from 8 to 24 in. (200 to 600 mm). It may be necessary to supplement a form vibrator with internal vibration for sections thicker than 12 in. (300 mm) or higher than 4 ft (1.2 m). Rotary-type vibrators are preferred because reciprocating types are very hard on molds. Rotary-type vibrators may be operated pneumatically, electrically, or hydraulically. In the reciprocating type, a pneumatically driven piston is accelerated in one direction, stopped (by striking against a steel plate), and then accelerated in the opposite direction. These vibrators produce impulses acting perpendicular to the mold with frequencies usually in the range of 1000 to 5000 vpm (20 to 80 Hz).
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 In the pneumatically and hydraulically driven rotary-type models, centrifugal force is developed by a rotating cylinder or revolving eccentric weight. These vibrators generally work at frequencies of 6000 to 12,000 vpm (100 to 200 Hz). The frequency may be varied by changing the air pressure, usually by adjusting the air-supply valve or the ﬂuid pressure on the hydraulic models. The amplitude and centrifugal force may be varied by changing the eccentric weight. The hydraulic models are driven by a hydraulic motor that turns an eccentric weight on a shaft. The advantage of this type of vibrator is the combination of an extremely low noise level, similar to an electric motor, with an inﬁnitely variable speed. The unit can be locked into a speciﬁc frequency by use of a ﬂow control. The wise contractor also has a spare for each type of vibrator available at the site in case of breakdown. If 180-cycle generators are used to power the vibrators, then two generators should be available at the site. 30.7.4.3 Internal Vibration Internal vibration is recommended for all standard member cross-sections. The vibrator should be inserted vertically at uniform spacing over the entire area. The vibrator operator should be trained never to force the vibrator into a lift, as doing so produces voids in the earlier lift. Let the vibrator sink rapidly into the concrete to the bottom of the lift, but not less than 6 in. (150 mm) into the preceding lift, if there is one. With rapid penetration, the concrete is moved upward and outward, which drives the air and water ahead of the concrete and facilitates its escape to the top of the form surface. Because compaction does not occur below the tip of the vibrator, it is imperative for the operator to allow the vibrator to sink rapidly by its own weight into the preceding lift. If the ﬁrst lift has partially set before the second is placed, it is practically impossible to blend the two layers. Unattractive lift lines and possible honeycomb will result. The vibrator should be withdrawn slowly upward at the rate of about 2 in./sec in a slow churning (up-and-down) motion. Vibrator surge is always upward and generally at a 30° angle from the horizontal. The distance between vibrator insertions should generally be about 18 in. (depending on the properties of the mix and vibrator being used); the area visibly affected by the vibrator should overlap the adjacent just-vibrated area by a few inches. Vibrator insertions should be no farther apart than twice the radius of inﬂuence. Even the largest head vibrators have a radius of inﬂuence of 10 in. or less. For architectural concrete, it is best to have two vibrators and two operators consolidating the concrete. The ﬁrst operator is stationed at the point of deposit, where that vibrator is operated continuously. The second vibrator is used to slowly blend concrete, eliminate lift lines, and send entrapped air and water up along the form face and out of the concrete mix (Figure 30.35). When the vibrator head begins to emerge from the concrete, be sure the operator understands that it must be removed from the concrete quickly or else air will be drawn down between the concrete and the form. At no time should the head of the vibrator be half in and half out of the concrete. When that happens, immediately fully extract the vibrator from the concrete. Movement of the vibrator should not cease or pause while it is in the concrete. Constant manipulation is necessary to prevent the possible formation of harmonic motion, which could distort or deﬂect the form or cause failure in the form. The very least that can happen under these circumstances is paste leakage, honeycombing, or entrapping air on the form face. Sometimes it is practical to insert a small vibrator between the reinforcement and the form face. In such cases, the vibrator should be rubber tipped; even so, any contact with the form should be avoided if at all possible because this might mar the form, disﬁgure the surface, and result in a darker color or leave vibrator paste marks in an exposed-aggregate surface (Figure 30.36). This entire procedure is dangerous. Actually, at no time should the head of an internal vibrator come in contact with the forms. The vibrator should be kept just within the steel reinforcing and be inserted no closer than 3 in. (75 mm) from the form on the side of the steel away from the form face. For dry mixes, where the hole around the vibrator does not close during withdrawal, reinserting the vibrator a few inches away may solve the problem. While stiff mixes are to be encouraged, overly dry mixes may result in poor consolidation (honeycomb or excessive entrapped air) and should be avoided. Where air voids in formed surfaces are excessive, the distance between vibrator insertions should be reduced to about 12 to 15 in. (300 to 375 mm).
 
 Architectural Concrete
 
 30-55
 
 FIGURE 30.35 First operator is vibrating concrete at point of deposit; second operator is blending concrete to eliminate lift lines and minimize bug holes.
 
 FIGURE 30.36 Grout lines on exposed face of architectural concrete due to an internal vibrator touching the side of the form during concrete consolidation.
 
 Form liners have more surface area than ﬂat forms, and they require greater internal vibration. Architectural concrete will normally require at least twice and maybe three times as much vibration and compaction effect as regular structural concrete. Sometimes very harsh mixes, such as those with gap
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 FIGURE 30.37 Concrete wall placed with a superplasticizer in the mixture and no internal or external vibration; settlement lines occurred at all horizontal reinforcing locations.
 
 grading, are used to produce special architectural effects. These also require more powerful vibrators and longer vibration times. The contractor should be sure to choose a sufﬁciently large vibrator and see that vibration insertions are placed closely enough to consolidate all concrete. The vibration should be terminated when the mortar level reaches the top of the aggregate to minimize mortar lenses between lifts. Superplasticized admixtures have changed the vibration techniques used in architectural concrete mixes. Superplasticized mixes require less vibration than standard mixes that do not include a superplasticizer admixture. When superplasticizers were ﬁrst introduced, the literature stated that no vibration was required. This was a mistake, and several contractors unfortunately believed the technical data. Neither internal nor external vibration was used in placing the concrete. The results were disastrous; settlement cracks occurred at all horizontal reinforcing steel locations (Figure 30.37). It is virtually impossible to overvibrate a well-designed mix; however, it is possible to overvibrate a concrete mix containing a superplasticizer admixture. Overvibration of mixes containing superplasticizers may cause segregation, and the excess mixing action may entrap air or water, which will result in bug holes. Lightweight concrete behaves differently from hard-rock concrete. Because of its lack of particle weight, it presents great problems for compaction and has a tendency to ﬂoat. Considerably more surface blow holes should be expected with lightweight concrete; where these are not acceptable, lightweight concrete should not be used. 30.7.4.4 Form Vibration Form vibration is recommended in areas inaccessible to internal vibration or where full ﬂoor height steel or reinforced plastic forms are used. External vibrators loosen joints in wood forms, causing grout leakage and honeycomb and therefore are not recommended for this use. Forms for external vibration must stand up under the repeated, reversing stresses induced by vibrators attached to the form. External vibration of forms improves surface quality, but the additional stressing of forms and liners can shorten their life. Form vibrators must be capable of transmitting the vibration more or less uniformly over a considerable area. The form should have adequate skin thickness and suitable stiffeners. The vibrators should be rigidly attached to the form. Special attention should be given to form tightness to prevent grout leakage. Trials should be made with form vibrators prior to their large-scale use. These trials should simulate the forming conditions to be encountered on the structure. The size and spacing of form vibrators should be such that the proper intensity of vibration is distributed over the desired area of form. The spacing is a function of the type and shape of the form, depth and thickness of the concrete, force output per vibrator,
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 workability of the mix, and vibrating time. Current knowledge is inadequate to provide an exact solution to this complex problem (ACI Committee 309, 2005). The recommended approach is to start with a spacing generally in the range of 4 to 8 ft (1.2 to 2.4 m). If this pattern does not produce adequate and uniform vibration, the vibrators should be relocated as necessary until proper results are obtained. Achieving the optimum spacing requires knowledge of the distribution of frequency and amplitude over the form and an understanding of the workability and compactibility of the mix. The frequency can readily be determined by a vibrating reed tachometer; however, the small amplitudes associated with form vibration have been difﬁcult to measure in the past. Inadequate amplitudes mean poor consolidation, while excessive local amplitudes are not only wasteful of vibrator power but can in some cases also cause the concrete to roll and tumble so it does not consolidate properly. Moving one’s hand over the form will locate areas of very strong or weak vibration (high or low amplitude) and dead spots. Concrete compacted by form vibration should be deposited in layers usually 10 to 15 in. (250 to 400 mm) thick. Each layer should be vibrated separately. Vibration times are considerably longer than for internal vibration, frequently as much as 2 minutes, and possibly as much as 30 minutes or more in some deep sections. It is desirable to be able to vary the frequency and amplitude of the vibrators. On electrically driven external vibrators, amplitudes can be adjusted to different ﬁxed values quite readily. On air-driven external vibrators, the frequency can be adjusted by varying the air pressure, and the amplitude can be changed by changing the eccentric weight. Because most of the movement imparted by form vibrators is perpendicular to the plane of the form, the form tends to act as a vibrating membrane, with an “oil-can” effect. This is particularly true if the vibration is of the high-amplitude type and the plate is too thin or lacks adequate stiffeners. This in-and-out movement can cause the forms to pump air into the concrete, especially in the top few feet (50 to 100 cm) of a wall or column lift, creating a gap between the concrete and the form. Here, there are no subsequent layers of concrete to assist in closing the gap. It is therefore often advisable to use an internal vibrator in this region. Form vibration during stripping is sometimes of beneﬁt. The minute movement of the entire surface of the form helps to loosen it from the concrete and permits easy removal without damage to the concrete surface. 30.7.4.5 Revibration The lift should be revibrated after initial consolidation with slow withdrawal of the vibrator head to draw out as many of the air bubbles as possible. The vibrator used to remove air bubbles from the top lift can be of lesser power or a smaller size than that used to initially consolidate the concrete. The usual highenergy vibrators have a tendency to churn air into the top lift of the concrete. This is the area where air and water pockets are most prevalent. If the architectural concrete mix is a properly designed low-slump mix, do not worry about overvibration. Revibration, after bleeding is substantially complete but before initial set, can be used to further densify the concrete and reduce air and water pockets against the form and exposed concrete face. Revibration can be accomplished any time the running vibrator will sink of its own weight into the concrete and liquefy it momentarily. It will accomplish most if it is done as late in the process as possible. Revibration generally results in improved compressive and bond strength, release of water trapped under horizontal reinforcing bars, minimized leakage under form bolts, and the removal of additional air voids. The greatest beneﬁts are obtained for wetter concrete mixtures. Revibration should not be used where harsh gap-graded mixtures have been used to produce exposed-aggregate surfaces. 30.7.4.6 Spading Spading may be employed in conjunction with internal or external vibration to improve ﬁnish surfaces. A ﬂat, spade-like tool or a large plastic sail batten is repeatedly inserted through the top two lifts of concrete and withdrawn from the concrete adjacent to the form. This forces the coarse aggregate particles away from the form face and assists the air bubbles in their upward movement toward the top surface (ACI Committee 303, 2004). The spade, regardless of type, must be inserted often enough to cover the entire area of the form surface. Sometimes a wooden 1 × 4-in. (25 × 100-mm) or 1 × 6-in. (25 × 150-mm) board with a pointed chisel end is used, but better results have been obtained with a plastic sail batten.
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 Spading is usually done in conjunction with revibration by internal or external vibrators. The top lift must be quickly revibrated to close any gaps left by the spading. Although it is a laborious operation, the results can be worthwhile if spading is properly utilized. In addition to spading and revibration, pounding the outside of the forms with wooden mallets or a steel plate attached to an impact hammer, working from the bottom of the form upward, can release air bubbles and improve the concrete surface.
 
 30.7.5 Curing 30.7.5.1 General The method and period of curing should be consistent to produce a uniform concrete surface without stains, discoloration, drying, or plastic shrinkage cracks. Curing materials or methods should not allow one section of architectural concrete to cure or dry out faster than other sections, as this may produce color variations in the ﬁnish surface. Proposed methods should be tried on the site-cast mock-up to determine any adverse effects. Curing involves maintaining a satisfactory moisture content and temperature in the architectural concrete to produce the ﬁnal qualities desired for both texture and durability of the surface. Unless early stripping is necessary to achieve a speciﬁc texture, concrete strength for removal of the forms is usually 2000 psi (13.8 MPa). The stripping strength is generally set by the design structural engineer. Freshly deposited and consolidated concrete should be protected from premature drying and extremes of temperature. The curing period of concrete that is of signiﬁcant interest is during the early stages of strength development, from initial set until the concrete has reached the design strength appropriate for stripping of the forms. It is not necessary to wait for the mix water to ﬁnish bleeding to the surface before initiating the curing and protection of ﬁnish surfaces. 30.7.5.2 Curing in the Forms Nearly all beams, columns, and undersides of slabs receive their curing by being left in the forms. To prevent staining caused by the type of form material, seal the forms with a liquid sealer prior to use, following the manufacturer’s instructions. For vertical surfaces, the easiest thing is to leave the forms in place and keep them supplied with additional moisture through soaker hoses or other methods. Early removal of forms and application of curing compounds is generally unsuccessful for architectural concrete, although it is standard procedure for structural concrete. Curing compounds will usually stain the surface; for example, polyethylene stains the concrete a whitish color. Concrete in the form should be maintained at a temperature of not less than 50°F (10°C) during the curing period. In cold climates, the contractor may be required to use insulated forms to utilize the heat of cement hydration to maintain the temperature necessary during curing. The contractor may also have to provide heat (if necessary to maintain minimum temperatures and to minimize loss of moisture). 30.7.5.3 Moist Curing Flat surfaces can be cured by ponding with the use of perimeter barriers and continuously operated sprinklers; however, the runoff water may create other problems at the project. Curing water should be checked for staining materials such as iron, which may cause rust stains, and the water should be uniformly applied to achieve uniformity of color. Flat surfaces can also be cured with the forms left on and the top surface covered with paper, polyethylene, or clean ﬂannel. Burlap is dirty, can leave residual stains, and is generally not kept continuously wet. It may be necessary to erect wind breaks out of properly supported plastic sheets or temporary plywood walls. For vertical and other formed surfaces, after the concrete has hardened and while the forms are still in place, water should be applied so it runs down the inside of the form if necessary to keep the concrete uniformly wet. Immediately following form removal, the surface should be kept continuously wet with water spray or water-saturated fabric for a period of 5 days. Extending the curing period beyond 7 days does not produce additional beneﬁcial effects, except in areas of very low humidity. Water curing has been found to reduce the possibility of cracks forming, to lighten dark blotchiness, and to create better uniformity of color. Uniformity of water application is important to obtain uniformity of color. If surface retarding agents are to be used,
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 water curing should be delayed until after the surface treatment has been accomplished. Rapid surface drying can lead to color variations. The contractor must have an adequate crew and all the required equipment prepared so placement, ﬁnishing, and curing can proceed without interruption and as rapidly as possible. 30.7.5.4 Membrane Curing Liquid curing compounds may cause discoloration or staining and prevent the bond of any repairs or permanent coatings that may be needed. Curing compounds should only be used on the back of walls where the surface is not exposed or where the surface is to be removed by acid etching, sandblasting, or tooling. Manufacturers should be consulted as to the rate of coverage and the effect that their compound has in the above respects. This type of cure should be thoroughly evaluated on the preconstruction mockup (ACI Committee 303, 2004). When used, membrane-curing compound should cover the entire surface to be cured with a uniform ﬁlm that will remain in place without gaps or omissions. Areas with incomplete coating cover should be recoated. If a curing membrane is to be used, it is preferable to use an inorganic material such as sodium silicate. Organic curing compounds discolor after prolonged exposure to sunlight. The briefer the interval between stripping the form and applying the curing compound, the better, but the interval should be kept uniform from form to form to minimize color variation in the concrete. Curing compounds should be applied to the top of a wall as soon as ﬂoating is completed. Sodium silicates are especially useful for curing tops of walls because they do not break the bond between concrete and steel if sprayed on reinforcement and they do not interfere with subsequently applied cementitious toppings. Also, the sodium silicates ﬁll the gap at the top of a wall where lower pressure compresses the plastic liner less and results in a slightly thinner wall section. In addition, sodium silicates consume free lime, greatly reducing the potential for efﬂorescence. 30.7.5.5 Hot-Weather Curing The time between placing architectural concrete and initiation of curing is most critical in hot, dry, or windy weather. To minimize variations in color due to nonuniform drying and to prevent plastic shrinkage cracking, curing should commence as soon as practical (ACI Committee 303, 2004). To minimize drying shrinkage, it may be necessary to erect wind breaks out of properly supported plastic sheets or temporary plywood walls. 30.7.5.6 Cold-Weather Curing Thermal curing is important during cold weather. If concrete forms are removed during cold weather while the concrete is still warm, rapid cooling of the concrete surface can result in crazing cracks. If steel forms are used, thermal cracking can occur without removing the forms. The problem is compounded if the concrete is to receive a sandblasted ﬁnish, which further opens the cracks. To minimize thermal cracking and crazing, leave forms in place until the concrete has cooled enough and gained sufﬁcient strength to reduce thermal shock. If steel forms are used or if mass concrete is involved, use insulating blankets on the forms to slow heat loss. Do not use insulating blankets directly on the concrete as this can result in blotchiness where the blankets touch the concrete.
 
 30.7.6 Protection All freshly placed concrete should be protected from the elements and from any defacement due to subsequent building operations. One of the most common problems is rain or construction runoff water moving across rebar or other stored materials and then ﬂowing down the face of the exposed architectural concrete. Another cause of rust staining is the use of steel scaffolding. On all architectural concrete contracts, nonferrous scaffolding should be used. If steel scaffolding is necessary, it should be maintained with all surfaces painted. Stain removal is discussed in the Portland Cement Association’s publication Removing Stains and Cleaning Concrete Surfaces (PCA, 1988). Corners, edges, and other surfaces vulnerable to damage should be protected with suitable guards or barricades until the project is complete.
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 30.8 Production and Installation of Precast Elements 30.8.1 Production Production of architectural precast has progressed from reliance on individual craftsmanship to a wellcontrolled and coordinated production-line method with corresponding economic and physical improvements. The contract documents should make reference to PCI’s Manual for Quality Control for Plants and Production of Architectural Precast Concrete Products (PCI, 1996) as the industry guideline for production. The general objective of this standard is to deﬁne the required minimum practices for production and for a program of quality control to monitor the production; therefore, a performance speciﬁcation based on this publication will ensure a quality product.
 
 30.8.2 Coordination Even if the quality of the precast concrete components delivered to the job site is good, the success of the entire project is dependent on the quality of workmanship of the erector. A poor erection job can detract not only from the performance of the structure but also from the appearance of even the best designed precast concrete project. The erector should assist the general contractor/construction manager (GC/CM) in taking the lead on a construction site to help solve problems before they occur by coordinating efforts with other participants on the project. The responsibility for the erection of precast concrete may vary as follows: • The precast concrete manufacturer supplies the product already erected, either by in-house labor or by an independent erector. • The manufacturer is responsible only for supplying the product, free-on-board plant or jobsite. Erection is done either by the general contractor or by an independent erector under a separate agreement with the general contractor and/or owner. • The products are purchased by an independent erector, who has a contract with the general contractor or owner to furnish the complete precast concrete package. On projects where the precast concrete manufacturer does not have the contractual obligation for the erection, it is extremely desirable for the manufacturer to assign a representative to observe and report on planned erection methods. Regardless of contractual obligations, it is recommended that the precast concrete manufacturer maintain adequate contact with the ﬁrms responsible for both transportation and erection to ensure that the precast concrete units are properly handled and erected according to the design and project speciﬁcations. The GC/CM is normally responsible for the project schedule and dimensions and coordination with all other construction trades. Relative to erection of precast concrete the GC/CM, in conjunction with the precaster, should: • Be responsible for coordinating all information necessary to produce the precast concrete erection drawings. A prejob conference should be held as soon as possible after award of the precast concrete contracts. This meeting should consider erection sequencing, weight and size limitations, special rigging, and guy and bracing scheme information. This information should be communicated to the precaster’s design engineer. Upon receipt of this information, the design engineer should, if necessary, develop a bracing sequence to maintain stability of the structure during erection in conjunction with the erector and engineer of record. Limitations may state, for example, that loading of the structure should be balanced, requiring that no elevation be erected more than a stated number of ﬂoors ahead of the remaining elevations, or limitations may involve the rigidity of the structure, requiring that walls should not be erected prior to the completion of ﬂoors designed to carry the lateral loads. In steel frames, it should be determined how far in advance ﬁnal frame connections must be completed prior to panel erection. Particular consideration should
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 be given to deﬂection and rotation of the supporting structure due to the precast and other superimposed loads. For concrete frames, what strength of concrete is required should be determined prior to imposing loads of the precast concrete panels. The frame designer should also recognize that connections between panel and frame impose concentrated loads on the frame and that these loads may require supplementary local reinforcing. In the case of multistory concrete frames, consideration should be given to the effects of frame shortening due to shrinkage and creep. Review and approve or obtain approval for all erection drawings and design. Be responsible for the coordination of dimensional interfacing of precast concrete with other trades. See that proper tolerances are maintained to guarantee accurate ﬁt and overall conformity with precast erection drawings. Be responsible for providing and maintaining clear, level, well-drained unloading areas and road access around and into the structure to such a degree that the hauling and erection equipment for the precast concrete units is able to operate under their own power. Erection equipment should be able to handle units directly from the transportation equipment.
 
 Sequencing is of the utmost importance for facilitating erection of the structure. Prior to the manufacture of precast members, the erection and job sequence should be mutually agreed upon by the GC/ CM, precaster, and erector. To avoid excessive erection costs, efforts should be made to allow a unit to be handled in one motion from unloading to positioning. When a sequence has been agreed upon, it should be strictly adhered to unless severe unforeseen problems dictate a sequence change.
 
 30.8.3 Field Verification and Layout Surveys should be required before, during, and after erection: • Before, so the starting point is clearly established and any potential difﬁculties with the support structure are determined early • During, to maintain alignment • After, to ensure that the products have been erected within tolerances The beneﬁts of surveying and laying out the support location prior to erection include: (1) when an error is found it can be corrected prior to starting erection; (2) costly erection delays for crane and crew are avoided if everything ﬁts; and (3) layout crews may ﬁnd errors on the shop drawings, which, if caught in time, can reduce costly corrections and minimize delays. It is the responsibility of the GC/CM to establish and maintain, at convenient locations, control points, benchmarks, and lines in an undisturbed condition for the erector’s use until ﬁnal completion and acceptance of a project. If the building frame is not precast concrete, then the benchmarks and building lines should be provided by the GC/CM at each ﬂoor level. Work points should also be provided for angled and curved building elevations. The erector should be advised by the GC/CM of any known discrepancies in ﬁeld location, line, or grade and be provided with suitable work areas for layout. Prior to beginning erection and the scheduling of delivery and handling equipment, a ﬁeld check of the project should be made by the erector to ensure that foundations, walls, and structural frames are suitably constructed to accept the precast concrete units. This should include a ﬁeld check of the work affecting the erection contract, including the location, line and grade of bearing surfaces, notches, blockouts, anchor bolts, cast-in-place or contractor’s hardware (miscellaneous iron), a check on dimensional tolerances, and a check of all overhead electrical lines. The objective of this survey is to ensure that the areas to receive the precast concrete are ready and accessible to the erector and that the precast units will ﬁt. Survey notes should be kept of all discrepancies that exceed speciﬁed tolerances. Any discrepancies between site conditions and the architectural, structural, and erection drawings that may cause problems during erection, such as structural steel out of alignment, anchor bolts or dowels improperly installed,
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 errors in bearing elevation or location, and obstructions caused by other trades, should be noted in writing and sent to the precast concrete manufacturer and GC/CM. Erection should not proceed until discrepancies are corrected by the GC/CM, or until erection requirements are modiﬁed and reviewed by the design engineer. Veriﬁcation of remedial work should be the responsibility of the GC/CM. The erector should return to the site for a ﬁnal survey after all necessary corrections of site conditions have been made by the GC/CM and before any erection is started. Working from the control points, benchmarks, and lines established by the GC/CM, the erector should establish offset lines and elevation marks as required for use at each ﬂoor level. Precast concrete members must be installed to accurate lines and grades to ensure both proper performance and correct relationships with adjoining work. It is the layout crew’s duty to mark the locations to receive the precast concrete units so the erector can place them with a minimum of measuring or moving to get them into ﬁnal position. The erector should establish joint locations prior to actual product installation. This will keep the differential variation in joint width to a minimum, as well as identify problems caused by the building frame, columns, or beams being out of dimensional or alignment tolerance. The layout crew should be kept well ahead of erection so if corrections are required there is adequate time for the design, approval, fabrication, and installation of repairs so as not to hinder the process of erection.
 
 30.8.4 Delivery Factors to be considered when delivering precast members from the plant to the job site are type, size, shape, and weight of the member; type of ﬁnish; weather; road conditions; method of transportation; type of vehicle; routing; distance to the job; and job-site conditions. The shipper, not necessarily the precast concrete manufacturer or erector, is responsible for safe delivery of precast members. The precast concrete manufacturer, shipper, and erector should develop clearly deﬁned acceptance procedures to avoid later disagreement concerning damage. The precast concrete manufacturer or erector should advise the shipper of any special situations along possible routes and at the job site to: • Ensure safe transportation. • Meet various governmental transportation regulations. • Prevent or minimize in-transit damage with proper supports, frames, blocking, cushioning, and tie-downs. These materials are normally supplied by the precast concrete manufacturer and returned for repeat usage by the shipper. All blocking, packing, and protective materials must be of a type that will not cause damage, staining, or other disﬁgurement of the units. The blocking points and orientation of the units on the shipping equipment should be as designated on the shop drawings. • Permit their removal from the load in proper sequence and orientation to minimize handling and possible damage to the product. • Ensure that the product is oriented and loaded on the trailers so it can be erected without unnecessary ofﬂoading and rehandling; unloading of product on the ground is usually costly, creates site access problems for everybody, and often results in damage to the product. • Ensure that sufﬁcient product is delivered to the site in the prescheduled sequence to allow for orderly, efﬁcient installation in the structure.
 
 30.8.5 Connection Considerations A certain amount of ﬁeld adjustment at the connections is normal. Product tolerances make the possibility of a perfect ﬁt in the ﬁeld impossible. This is true when the precast concrete pieces join to each other and is even more true when the precast units must interface with other materials. Each industry has its own recommended erection tolerances that apply when its products are used exclusively. Hardware design for connections should take into account the tolerances for both the precast concrete components and the structure. These considerations may require clip angles and plates with slots or oversized holes to compensate for dimensional variation, ﬁeld welding, or sufﬁcient shim spaces to allow for elevation
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 variations. Sufﬁcient minimum clearance between precast units and the structure must be provided to allow for product and erection tolerances. Hardware should be designed to compensate for additional stress at the maximum anticipated clearance. Hardware should also be designed to allow for movement in the building. Welded connections should only be used at one end of a panel; at the other end, slotted, bolted connections or other connection types that allow for movement should be used. Field adjustments or changes in connections that could create additional stresses in the products or connections should not be permitted without approval by the architect or engineer. Particular care should be taken to prevent damage to the precast concrete unit when adjustments are being made to bring the unit into ﬁnal position. Whenever possible, the connections should be completed in such a manner to permit operations to take place on the top side of erected members rather than from below where ladders or scaffolds are required, especially for welding. The type of equipment necessary to perform operations such as welding, post-tensioning, or pressure grouting should be considered. Operations that require working under a deck in an overhead position should be avoided, especially for welding. Alternatives to any erection techniques that require temporary scaffolding should be considered. Room to place wrenches on nuts and turn them through a large arc should be provided for bolted connections. Foundation piers should extend above grade so the anchor bolts can be adjusted during erection and the base plate need not be grouted in a hole, which can ﬁll with water and debris. Properly drypacking column or wall-panel bases in a narrow excavation is difﬁcult. It is desirable to have connections that are designed so the erector can safely secure the member to the structure in a minimum amount of time without totally completing the connections. If necessary, temporary bracing or connections should be used with ﬁnal adjustment and alignment in all directions relative to the structure and adjacent components completed independently of crane support. This allows the hoisting device to begin placing the next unit while connections on the ﬁrst are being completed. The temporary connections should not interfere with or delay the placement of subsequent members. The temporary connections may have to be relieved or cut loose prior to completion of the permanent connections. Connection details should allow erection to proceed independently of ambient temperatures and without temporary protective measures. Materials such as grout, drypack, cast-in-place concrete, and epoxies require protection or other special provisions when placed in cold weather. Also, welding is slower when the ambient temperature is low. If the connections are designed so these processes must be completed before erection can continue, the cost of erection is increased and delays may result. The supply of erection hardware—that is, the loose hardware required in the ﬁeld for ﬁnal connection of precast members—should normally be the responsibility of the precast concrete manufacturer. The responsibility for the supply of contractor’s hardware to be placed on or in the structure to receive the precast concrete units depends on the type of structure and varies with local practice but in any case should be clearly deﬁned in the contract documents. Hardware should be incorporated in the structure within the speciﬁed tolerances according to a predetermined and agreed-upon schedule to avoid delays or interference with the precast erection. Hardware should be maintained and suitably protected (such as capping of inserts and protection of threads) until used by the precast erector. At times, it may be necessary to modify connections in the ﬁeld to accommodate unforeseen clearance problems or the work of other trades. The GC/CM should clear any modiﬁcations through both the precast concrete manufacturer and the designer to ensure proper performance of the connections.
 
 30.8.6 Installation Hoisting the precast pieces is usually the most expensive and time-critical erection process. Connections should be designed so each unit can be lifted, set, connected, and unhooked in the shortest possible time. Before the hoist can be unhooked, the precast piece must be stable and in its ﬁnal position. Preplanning for the fewest, quickest, and safest possible operations that must be performed before releasing the crane will greatly facilitate erection. Bearing pads, shims, or other devices upon which the piece is to be set should be placed ahead of hoisting. Loose hardware that is required for the connection should be immediately available for quick attachment. In some cases, it may be necessary to provide temporary
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 fasteners or leveling devices, with the permanent connection being made after the crane is released; for example, if the permanent connection requires ﬁeld welding, grouting, drypacking, or cast-in-place concrete, the use of erection bolts, C-clamps, guy lines, pins, or shims should be considered. These temporary devices must be given careful attention to ensure that they will hold the piece in its proper position during the placement of all other pieces erected before the ﬁnal connection is made. Shims are often used as spacers or as means of leveling or aligning adjacent components. They serve an interim or temporary load-transferring function. Unless such temporary loading of units has been speciﬁcally incorporated or allowed in the contract documents, the erector should be responsible for this temporary loading of the units. High-density plastic and steel shims are commonly used to attain the speciﬁed joint dimension. Shims should be placed away from the face of the unit to prevent spalling in case of excessive loading. Also, they should be recessed out of view as they can be unsightly and difﬁcult to remove if exposed to view. Shims should be removed from joints of non-load-bearing units after connections are completed and before applying sealant, unless the shim material itself is readily deformable. If left in place, shims should be noncorrosive or protected so staining will not occur. For loadbearing units, the use of nonmetallic shims or bearing pads such as neoprene or plastic may be used where bearing pressures do not exceed the allowable concrete stresses and the potential risk of damage to concrete edges is negligible. The indiscriminate use of shims, particularly steel shims, can sometimes lead to undesirable consequences; for example, steel shims have been used in conjunction with grouted joints in multistory bearingwall construction. Even with well-compacted grout or drypack, the compressive modulus of the steel shim is six times that of the drypack; consequently, the grout will deform (compress) more readily than the shim. The principal load-transfer path will remain concentrated through the steel shim rather than distributed along the grout bed. High load concentrations at shims can cause spalling at panel surfaces or crack panels vertically. Precast concrete units should be erected at locations shown on the erection drawings, within the allowable tolerances. They should be positioned so cumulative dimensional errors do not exceed allowable tolerances. Horizontal and vertical joints should be correctly aligned and uniform joint width maintained as erection progresses. The installation or prewelding of miscellaneous iron hardware should be performed prior to the start of erection, whenever possible, to minimize the cost of crew and equipment standby. All inserts for lifting and bracing should be ﬁlled immediately after units are erected to prevent staining from corrosion-sensitive inserts or water freezing in them. Wall panels should be rigged and hoisted on the structure near the ﬁnal location and held in place until safely secured. Final alignment and ﬁnal connections may be made at once or later by follow-up crew, depending on the type of connection. The connections should allow for easy adjustment in all directions. Panels should be installed on a ﬂoor-by-ﬂoor basis, where feasible, to keep loading equal on the structure, or the designer of the structural frame should determine the degree of imbalanced loading permitted (the sequence should be shown on the erection drawings). Limitations may state, for example, that loading of the structure must be balanced, requiring that no elevation be erected more than a stated number of ﬂoors ahead of the remaining elevations, or limitations may involve the rigidity of the structure, requiring that walls not be erected prior to completion of the ﬂoors designed to carry lateral loads. Panels should be aligned to predetermined offset lines established for each ﬂoor level. This is important because of the drift of a high-rise structure caused by sun, wind, and eccentric loads and forces due to construction activity being performed by others. It should be determined how far in advance of precast concrete erection that ﬁnal connections in steel structures must be completed and what the minimum concrete strength should be for cast-inplace structures prior to loading them with precast concrete units. Consideration should be given to the number of ﬂoors the erector wants to erect in a structure on temporary connections before making ﬁnal connections. This is especially important for grouted connections and cold-weather conditions. Precast spandrels usually extend from column line to column line at the building perimeter. They connect either at the columns or directly to the perimeter beams. Precautions should be taken against torsional rotation, due to eccentric loadings on perimeter beams, until ﬁnal connections are made. Shoring may be required to assist in erection until connections are made.
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 FIGURE 30.38 Erection tolerances for architectural precast concrete wall panels.
 
 Alignment and all connections should be made or the spandrels should be safely secured prior to releasing the load and disconnecting the rigging. On long spandrels, care should be taken to ensure that the spandrel is tied back at the center either through a temporary connection until a slab tie connection is made or with a permanent connection. Spandrels should be installed on a ﬂoor-by-ﬂoor basis, where feasible, to keep equal loading on the structure. Spandrels should be aligned to predetermined offset lines established for each ﬂoor level. Vertical dimensions between spandrels should be checked to ensure that the opening size is within allowable tolerance. When spandrel panels or column covers and mullions are interspaced with strips of windows to create a layered effect of glazing, precast, and glazing, the general contractor should work closely with the designer to arrive at interface details that can be built within the sequence of construction and that embody all the elements required of the exterior wall design.
 
 30.8.7 Tolerances Architectural precast concrete product tolerances should comply with the industry tolerances published in PCI MNL-117 (PCI, 1996). The recommended erection tolerances are shown in Figure 30.38. During wall-panel installation, priority is generally given to aligning the exterior face of the units to meet aesthetic requirements. This may result in the interior unit faces not being in a true plane. A liberal joint width should be allowed if variations in overall building dimensions are to be absorbed in the joints. This may be coupled with a closer tolerance for variations from one joint to the next for appearance purposes. The individual joint-width tolerance should relate to the number of joints over a given building dimension. For example, to accommodate reasonable variations in actual site dimensions, a 3/4-in. (19-mm) joint may be speciﬁed with tolerances of ±1/4 in. (±6 mm) but with only a 3/16-in. (5-mm) differential variation allowed between joint widths on any one ﬂoor or between adjacent ﬂoors. Alternatively, a jog in the alignment of an edge may be speciﬁed. The performance characteristics of the joint sealant should also be taken into account when selecting a joint size.
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 Variations from true length or width dimensions of the overall structure are normally accommodated in the joints or, where this is not feasible or desirable, at the corner units, in expansion joints, or in joints adjacent to other wall materials. In a situation where a joint has to match an architectural feature (such as a false joint), a large deviation from the theoretical joint width may not be acceptable, and tolerance for building lengths will have to be accommodated at the corner units. Erection tolerances are of necessity largely determined by the actual alignment and dimensional accuracy of the building foundation, and frame. The general contractor is responsible for the plumbness, level, and alignment of the cast-in-place concrete foundation and structural frame (except for precast frames) including the location of all bearing surfaces and anchorage points for the precast concrete units. If the precast concrete units are to be installed reasonably “plumb, level, square, and true,” the actual location of all surfaces affecting their alignment, including levels of ﬂoor slabs and beams, the vertical alignment of ﬂoor slab edges, and the plumbness of columns or walls, must be known before erection begins. The architect or engineer should clearly deﬁne in the speciﬁcations the maximum tolerances permissible in the foundation and building frame alignment and then should see that the general contractor frequently checks to verify that these tolerances are being held. In addition, the architect or engineer should ensure that the details in the contract documents allow for the speciﬁed tolerances. Lack of attention to these matters often necessitates changes and adjustments in the ﬁeld, not only delaying the work but also usually resulting in unnecessary extra costs and sometimes impairing the appearance of the units and the completed structure. With reasonable tolerances for the building frame established, it is equally important for the designer to provide adequate clearances (purposely provided space between adjacent members)—for example, between the theoretical face of the structure and the back face of a precast concrete panel—when detailing the panel and its relationship to the building structure. If clearances are realistically assessed, they will enable the erector to complete the ﬁnal assembly without ﬁeld altering the physical dimensions of the precast units. A good rule of thumb is that at least 3/4-in. (19-mm) clearance should be required between precast members, except for ﬂange-to-ﬂange connections and connection of wall panels to precast members, where 1/2-in. (13-mm) clearance should be required with a 1-in. (25-mm) clearance preferred; 1 in. (25 mm) is the minimum clearance between precast members and cast-in-place concrete, and 2 in. (50 mm) is preferred. For steel structures, 1 in. (25 mm) is the minimum clearance between the back of the member and the surface of the ﬁreprooﬁng, and 1-1/2 in. (38 mm) is preferred. If no ﬁreprooﬁng is required on the steel, then a 1-in. (25-mm) minimum clearance should be maintained. At least a 1-1/2 to 2 in. (38 to 50 mm) of clearance should be allowed in tall structures regardless of the structural framing materials. The minimum clearance between column covers and columns should be 1-1/2 in. (38 mm), with 3 in. (75 mm) being preferred because of the possibility of columns being out of plumb or a column dimension interfering with completion of the connection. If clearances are realistically assessed, they will solve many tolerance problems. Where large tolerances have been allowed for the supporting structure, or where no tolerances for the structure are given, the clearance must be increased. All connections should be provided with the maximum adjustability in all directions that is structurally or architecturally feasible. Where a 1-in. (25-mm) clearance is required but a 2-in. (50-mm) clearance creates no structural or architectural problem, the 2-in. (50-mm) clearance should be selected. Closer tolerances are required for bolted connections than for grouted connections. To accommodate any misalignment of the building frame, connections should provide for vertical, horizontal, and lateral adjustments of at least 1 in. (25 mm). Location of hardware items cast into or fastened to the structure by the general contractor, steel fabricator, or other trades should be ±1 in. (±25 mm) in all directions (vertical and horizontal), plus a slope deviation of no more than ±1/4 in. (±6 mm) in 12 in. (0.3 m) for the level of critical bearing surfaces. All bearing surfaces are not always level. These tolerances give an acceptable deviation. Connection details should consider the possibility of bearing surfaces being misaligned or warped from the desired plane. Adjustments can be provided with the use of drypack concrete, nonshrink grout, shims, or elastomeric pads if the misalignment from horizontal plane exceeds 1/4 in. (6 mm).
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 30.8.8 Protection of Work All precast concrete should be furnished to the job site in a clean and acceptable condition and kept in such condition. The erector is normally responsible for any chipping, spalling, cracking, or other damage to the units after they are delivered to the job site and until they are erected and connected. The erector should take necessary precautions to protect the erected precast concrete and the work and materials of other trades from damage during erection. After the ﬁnal erection of any portion of precast work to acceptable alignment and appearance, including completion of all connections and joints, the general contractor should assume responsibility for protection of the work. Any cleaning or repair of precast concrete work subsequent to installation or acceptance should be done by the erector or precaster, but under the responsibility of the general contractor. Speciﬁcations should state this responsibility clearly. It is impractical for the precaster or erector to police the work against damage by others after it is put in place. A carefully established and implemented program of protection and later cleaning should be in place for each job that is under the responsibility of the general contractor, who alone can control all the potential sources of damage. At the end of each working day, measures may have to be taken to protect the installation from damage; for example, adequate temporary protection must be provided where precast units in partially completed buildings could be damaged by weather, such as water freezing in holes, pipe sleeves, and inserts. The GC/CM should provide and maintain temporary protection to prevent damage or staining of exposed precast concrete during construction operations after it has been installed. Rainwater or water from hoses used during the construction of the building can cause discoloration of the precast concrete units by ﬁrst washing across other building materials (such as steel, concrete, or wood) and then across the precast units. Particular care should be taken to avoid allowing jobsite water to wash the units. Dirt, mortar, and debris from concrete placing should not be allowed to remain on the precast concrete and should be washed off immediately with clean water. The erector should protect adjacent materials, such as glass and aluminum, from damage from ﬁeld welding or torch cutting operations; therefore, sequencing the work of other trades should be taken into consideration by the GC/CM to prevent such damage.
 
 30.8.9 Sealants Sealant life and performance are greatly inﬂuenced by joint design. For optimum performance and maximum life, the recommendations of the joint-sealant manufacturer should be followed. Joints between precast units must be wide enough to accommodate anticipated wall movements, and particular care must be given to joint tolerance in order for the joint sealant system to perform within its design capabilities. If units cannot be adjusted to allow for proper joint size, saw cutting may be necessary. When joints are too narrow, bond or tensile failure of the joint sealant will occur and adjacent units may come in contact with and be subjected to unanticipated loading, distortion, cracking, and local crushing (spalling). A good general rule is to erect precast units in such a manner as to provide 1/2-in. joints between units up to 15 ft long and a minimum of 3/4-in. joints for longer units. (Joint width should equal two to four times anticipated movement, depending on the properties of the speciﬁed sealant.) Corner joints should be 1 in. wide to accommodate the extra movement and bowing often experienced at corners. Sealants should not be installed in joints smaller than 3/8 in. wide by 3/8 in. deep. The required sealant depth is dependent on the sealant width at the time of application. The optimum sealant widthto-depth relationships are best determined by the sealant manufacturer. For a comprehensive discussion of joint sealants used between wall panels, refer to ASTM C 962 (ASTM, 1996). Sealants used for speciﬁc purposes are often installed by different subcontractors; for example, the window subcontractor normally installs sealants around windows, whereas a second subcontractor typically installs sealants around panels. The designer must select and coordinate all of the sealants used on a project for chemical compatibility and adhesion to each other. In general, contact between different sealant types should be minimized. The recommendations of the sealant manufacturer should always be followed regarding mixing, surface preparation, priming, application life, and application procedure. Good workmanship by qualiﬁed sealant applicators is the most important factor for satisfactory performance.
 
 30-68
 
 Concrete Construction Engineering Handbook
 
 30.9 Finish Cleanup 30.9.1 Tie-Hole Repairs Tie holes should be plugged to prevent corrosion of the tie and possible staining of the surface, except where stainless steel form ties are used (ACI Committee 303, 2004). The holes left in the surface of the concrete as the result of the form tie may be either small or large, depending on the type of tie used. In a rough-textured surface, small holes can be plugged ﬂush with the surface and concealed. With smoothsurface concrete, the tie holes will be more apparent, and it is better to only partially ﬁll the holes, leaving the holes as a part of the planned appearance. Care must be exercised to avoid smearing the ﬁll material on the surface of the concrete. Materials used for plugging tie holes include Portland cement mortar, epoxy mortar, plastic plugs, precast mortar plugs, and lead plugs. The method should be carefully selected from among those that have shown no staining or discoloration tendencies in actual use. Mortar materials of a dry-tamp consistency and densely tamped into the hole will be less likely to smear on the surface than those of wet consistency. When Portland cement mortar is used, the tie hole should ﬁrst be prewet with clean water, and then a neat cement slurry bond coat should be applied to the hole surfaces before they are ﬁlled with mortar. If epoxy mortar is used, it should be applied in accordance with the manufacturer’s instructions, and a caulking gun should be used to inject it into the tie hole to prevent smearing it on the surface. Cleaning or removal of any ﬁll material is difﬁcult and will usually leave a stain on the surface. Plastic inserts provided by cone tie manufacturers can be wedged into the tie hole, leaving a standard predetermined recess. Lead plugs can be wedged into the hole by hammering. Sometimes the removable cone becomes embedded in the concrete due to form movement or leakage around the cone. It can be removed to produce a neat appearance by drilling out the cone with a diamond bit tool that conforms to the hole size. It may be economical to remove all cones in this manner to ensure neat, uniform holes. When tie holes have to be concealed rather than visible as part of the planned appearance, the repair procedure is similar to that required for blemish repair.
 
 30.9.2 Repairs A certain amount of repair of architectural concrete surfaces is to be expected (Ford, 1982). Blemishes that are beyond the limits established by the quality of the preconstruction mock-up must be repaired. Major repairs of cracks or honeycomb surfaces should not be attempted until an engineering evaluation is made to determine if a sound repair can be made or if concrete removal is required. The repair work should proceed as soon as possible after form removal using the materials and methods already accepted on the approved mock-up. The repair and the surrounding concrete will then age together, and the chance of color or texture variation will be minimized. Prior to beginning any repair, the surface blemishes must be evaluated to determine if repairs should be attempted at all. Do not make surface blemishes worse. Too often, indiscriminate repair of architectural concrete surfaces results in accenting blemishes rather than improving them. Much of the skill in repair of surface defects lies in knowing what not to attempt. Repair work should be kept to a minimum. Small repairs can be treated by hand tooling or chemical treatment using bleaches, acids, or toners. Hand tooling refers to the use of needle scalers, chisels, bushhammers, or grinders. These tools are useful for eliminating or minimizing hard spots and discolored areas such as the dark lines associated with formleakage points. Tools can also be effective in blending offsets and cold joints in combination with grout repairs. The importance of establishing a repair method before the need arises cannot be overstressed. Once proven acceptable on the mock-up, immediate repairs can be made without delay and with conﬁdence in the ﬁnal outcome. Repair work for architectural concrete requires expert craftsmanship and careful selection and mixing of materials if the end result is to be structurally sound, durable, and aesthetically pleasing. Where adjacent acid-etching, sandblasting, tooled, or bushhammering treatments must be matched, experimentation should be performed on unimportant areas. Ingenuity may sometimes be required to establish methods and techniques that are as satisfactory as those in standard use. Excessive deviations in color and texture
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 of repairs from the surrounding surfaces may result in the architectural concrete or precast concrete not being approved until the variation is minimized. Light honeycomb areas, bug holes, pour lines, or cold joints when sufﬁcient rock is in place can receive a grout patch mix without a cutting and drypack requirement. All that is necessary is to pre-wet the area to be repaired, along with the adjacent concrete, keeping it wet for at least an hour. Then, using a dense sponge ﬂoat, scrub the predetermined grout mix into the voids between the coarse aggregate. It may be necessary to scrub in a second grout patch mix application to obtain a true ﬂush surface. When the ﬁnish has exposed aggregate, just prior to initial set wash the concrete surface with a soft sponge or bristle brush, exposing the aggregate texture desired. Begin curing procedures immediately to ensure that the repair does not dry out too quickly and develop shrinkage cracks. Cure the repair a minimum of 3 to 7 days before attempting ﬁnal texturing. Where the surface blemish cannot be repaired by mechanical, chemical, or grout treatment, the area should be cut out using a pneumatic or hand-held chipping hammer. Edges of the cut area should be square and perpendicular or undercut to the face of the sound adjacent concrete to avoid any featheredge repairs. In an exposed-aggregate area, cut irregularly to conceal the repair. In ﬁnishes involving a liner, cut along the texture lines. The procedure for repairs is as follows: • After all adjacent ﬁnish texture and chipping is complete, remove loose particles and brush or blow all dust from the repair surface. • Proportion the patch mix by weight according to the same proportions used in the concrete mix but substitute 5 to 50% of the gray or buff cement with white cement. The actual amount is based on tests to determine what is required to match the ﬁnish surface. A pigment or toner is sometimes used for a closer color match or when only white cement was used in the original mix design. • Apply a 50% diluted coat of bonding material to the root of the repair area, being careful to avoid brushing or dripping it on any concrete surface to be exposed. This prevents loss of moisture from the patch mix while also improving bond. • Use a wood or plastic trowel to ﬁll the repair area with patch mix in layers 1/2 in. (12 mm) thick. Vibrate or tamp the patch mix manually to approximately the density of the existing concrete. Strike the area level; if, after initial set, the ﬁnish has exposed aggregate, brush the surface to match the surrounding area. • Begin curing procedures immediately. • Clean the area adjacent to the repair to remove laitance and to restore the original color and texture. • After 3 to 7 days, add the ﬁnal texture and thoroughly clean the repair area. • After 28 days, the repair can be evaluated for acceptance when the ﬁnished surface is dry. Any repair should match adjacent surfaces in color and texture when viewed at a distance of 20 ft (6 m). It is preferable that repairs not be made when direct sunlight is on the repair area. Temporary sunshades should be provided, especially during hot weather. Heat lamps or a small heated enclosure may be necessary to maintain a minimum 50°F (10°C) for curing repairs in cold weather. Repair and patching of precast concrete is an art requiring expert craftsmanship if the end result is to be structurally sound, durable, and pleasing in appearance. Responsibility for repair work is normally resolved between the precaster and the erector. Repairs should be done immediately following occurrence of damage; however, deciding when to perform the repairs should be left to the precaster, who should be responsible for satisfactory ﬁnal appearance. Because the techniques and materials for repairing precast concrete are affected by a variety of factors including mix ingredients, ﬁnal ﬁnish, size and location of damaged area, temperature conditions, age of member, surface texture, etc., precise methods for repair cannot be detailed here. See PCI MNL-117-96 (PCI, 1996) for guidance on repair techniques and materials. Repairs should be done only when conditions exist that ensure that the repaired area will conform to the balance of the work with respect to appearance, structural adequacy, and durability. Slight color variations can be expected between the repaired area and the original surface due to the different age and curing conditions of the repair. Time will tend to blend the repair into the rest of the member so it will become less noticeable. After all repairs have been completed, the repairs should be coated with a silane or dilute (2 or 3% solids) solution of an acrylic sealer to minimize moisture migration into the
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 repair concrete. The acrylic sealer should not stain the concrete or leave a shiny surface. Even with proper consolidation, the repaired area is more porous than the original hardened concrete and will require this dilute sealer application.
 
 30.9.3 Cracks Small cracks, under 0.010 in. (0.25 mm), may not require repair unless failure to do so will cause corrosion of reinforcement. If repair is required to restore structural integrity for cracks that range in width from 0.003 to 0.015 in., they should be repaired with epoxy injection. Proper preparation of the crack area is very important. Form-release agents, efﬂorescence, grease, oil, dirt, or ﬁne particles of concrete prevent epoxy penetration and bonding. Preferably, contamination should be removed by vacuuming or clean water ﬂushing or a specially effective solvent, determined by prior experience or testing. The solvent is then blown out using compressed air or adequate time is provided for air drying. Cracks may be pressure injected through entry ports with a low-viscosity, high-modulus, 100% solid, two-component epoxy that will bond to a moist surface. It is usually impossible to completely remove moisture in a crack. Care should be taken to select an epoxy color (amber, white, or gray) that most closely matches the color of the concrete. Toners can be added to the epoxy mixture to more closely match color surfaces for cracks in the exposed face of the architectural concrete. When mixing the lowviscosity epoxy resin, the epoxy hardener, and color toner, do not shake or mix too vigorously, as this can infuse air into the epoxy, which would result in the formation of undesirable voids in the hardened epoxy. Cracks wider than 0.25 in. (6 mm) should be repaired with a gel-type resin system incorporating a mineral ﬁller or a long pot-life material. Some cracks in precast products extending downward from nearly horizontal surfaces may be ﬁlled by gravity ﬂow. The minimum width of a crack that can be ﬁlled by gravity is a function of the viscosity of the material. If a spalled piece of concrete is available and surfaces still mate, the easiest repair is to simply glue the piece back in place using non-sag epoxy or bonding agents. Broken surfaces on both the original surface and spalled piece should be painted with the epoxy adhesive. Enough epoxy should be applied to the surface that some squeezes out of the joint when mated pieces are bound together. An epoxy with a thick enough consistency should be selected so it does not sag or run on a vertical surface. Self-leveling formulations should not be used. In some cases, it may be better to secure the repair by inserting pins into epoxy-ﬁlled holes drilled in the loose piece and the original surface.
 
 30.9.4 Cleaning Dirt, mortar, plastic, grout, ﬁreprooﬁng, or debris from concrete placement should not be permitted to remain on the concrete and should be brushed or washed off immediately with clean water. Final cleaning should be performed after caulking is completed and no earlier than 3 days after any repairs have been completed. If at all possible, concrete cleaning should be done when the temperature and humidity allow rapid drying. Slow drying increases the possibility of recurring efﬂorescence and discoloration. Before cleaning, a small (at least 1 yd2, or 0.8 m2) inconspicuous area should be cleaned and checked to be certain there is no adverse effect on the concrete surface ﬁnish or adjacent materials. The effectiveness of the method should not be judged until the surface has dried for at least a week. Materials such as glass, metal, wood, stone, or concrete adjacent to the area to be cleaned should be adequately protected, as they can be damaged by contact with some stain removers or by physical cleaning methods. A stripoff plastic that is sprayed on can be used to protect glass and aluminum frames. The following is a suggested order for testing appropriate procedures for the removal of dirt, stains, and efﬂorescence (beginning with the least damaging): • Dry scrubbing with a stiff ﬁber (nylon) brush is particularly effective if the surface is brushed shortly after the appearance of efﬂorescence. • Abrasive blasting with industrial baking soda will remove efﬂorescence without otherwise affecting the concrete surface. Water must not be used to remove any residue on the surface, as salts will
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 be dissolved and carried into the concrete, causing additional efﬂorescence. Residues should be blown, vacuumed, or brushed from the surface. Wet scrubbing may also be effective in removing efﬂorescence. This procedure involves wetting the surface with water, vigorously scrubbing the ﬁnish with a stiff ﬁber brush, and thoroughly rinsing the surface with clean water. Low-pressure water spraying (water misting), high-pressure water jet sprayers, and steam cleaning are alternative methods of wet scrubbing. Chemical cleaning compounds such as detergents, muriatic or phosphoric acid, or other chemical cleaners should be in accordance with the manufacturer’s recommendations. If possible, a technical representative of the product manufacturer should be present for the initial test application to ensure it is properly used. Areas to be chemically cleaned should be thoroughly saturated with clean water prior to application of the cleaning material to prevent the chemicals from being absorbed deeply into the surface of the concrete. Surfaces should also be thoroughly rinsed with clean water after application so no traces of acid remain in the surface layers of the concrete. Cleaning solutions should not be allowed to dry on the concrete ﬁnish. Residual salts can ﬂake or spall the surface or leave difﬁcult stains. Misapplication of hydrochloric acid can lead to corrosion of embedded metals with shallow cover. Care should be taken to use dilute solutions of acid to prevent surface etching that may reveal the aggregate and slightly change the surface color and texture. The entire unit should be treated to avoid a mottled effect. Any of several diluted solutions of acids are effective ways to remove efﬂorescence: One part hydrochloric (muriatic) acid in 9 to 19 parts water One part phosphoric acid in 9 parts water One part phosphoric acid plus 1 part acetic acid in 19 parts water One part acetic acid (vinegar) in 5 parts water Hydrochloric (muriatic) acid may leave a yellow stain on white concrete; therefore, phosphoric or acetic acid should be used to clean white concrete. Workers using cleaning compounds or acid solutions should be thoroughly trained in their use. The use of proper protective wear should be strictly enforced. Rubber gloves, glasses, and other protective clothing must be worn by workmen using acid solutions or strong detergents. Materials used in chemical cleaning can be highly corrosive and are frequently toxic. All precautions on labels should be observed because these cleaning agents can affect eyes, skin, and breathing. Materials that can produce noxious or ﬂammable fumes should not be used in conﬁned spaces unless adequate ventilation can be provided. Dry or wet abrasive blasting, using sand, ferrous aluminum silicate, or other abrasives, may be considered if this method was originally used in exposing the surface of the unit. An experienced subcontractor should be engaged for sandblasting. Stone-veneer-faced precast concrete units should be cleaned with stiff ﬁber or stainless-steel or bronze wire brushes, a mild soap powder or detergent, and clean water using high pressure, if necessary. No acid or other strong chemicals that might damage or stain the veneer should be used. Information should be obtained from stone suppliers on methods for cleaning oil, rust, and dirt stains on the stone. Mortar stains may be removed from brick panels by thoroughly wetting the panel and scrubbing with a stiff ﬁber brush and a masonry-cleaning solution. A prepared cleaning compound is recommended; however, on red brick, a weak solution of muriatic acid and water (not to exceed a 10% muriatic acid solution) may be used. Acid should be ﬂushed off the panel with large amounts of clean water within 5 to 10 minutes of application. Buff, gray, or brown brick should be cleaned in accordance with the brick manufacturer’s recommendations, using proprietary cleaners rather than acid to prevent green or yellow vanadium stains and brown manganese stains. Following the application of the cleaning solution, the panel should be rinsed thoroughly with clean water. Highpressure-water cleaning techniques, with a 1000 to 2000 psi (6.9 to 13.8 MPa) washer, may also be used to remove mortar stains. Unglazed tile or terra cotta surfaces should be cleaned with a 5% solution of sulfamic acid for gray or white joints, and a more dilute (2%) solution should be
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 used for colored joints. The surface should be thoroughly rinsed with clean water both before and after cleaning. Glazed tile manufacturers generally do not recommend the use of acid for cleaning purposes. For information on removing speciﬁc stains from concrete, refer to Removing Stains and Cleaning Concrete Surfaces (PCI, 1988).
 
 30.10 Acceptability of Appearance At the time the visual mock-ups or initial precast production units are approved, the acceptable range in color, texture, and uniformity should be determined. If the procedures determined by the approved mock-up were continued throughout the project, ﬁnal acceptance should not be a problem. Due to the inevitable nonuniformity of construction practices, some repairs will normally be required. Their ﬁnal acceptability will depend on the blending capability and skill of the contractor’s or precast manufacturer’s restoration personnel. The ﬁnal product is exposed to view, and faulty work anywhere in the construction process can be easily seen. Acceptance lies with the value judgment of the owner, architect, and consultant. For that reason, periodic review during construction and partial acceptance creates good will and conﬁdence for all concerned. Uniformity of texture, intensity of color, and contrast range will determine whether an architectural concrete surface is acceptable. Acceptability will vary with the characteristics of the architecture and the average viewing distance. Finish texture, color, contrast, aggregate size, and shape all affect appearance. To establish a basic criteria for both architectural cast-in-place and precast concrete, a deﬁnitive rule for acceptability is as follows: The ﬁnish face surface shall have no obvious imperfections other than minimal color and texture variations from the approved samples or evidence of repairs when viewed in good typical daylight illuminated with the unaided naked eye at a 20-ft (6-m) viewing distance. Appearance of the surface shall not be evaluated when sunlight is illuminating the surface from an extreme angle, as this tends to accentuate minor surface irregularities. After ﬁnal acceptance, the inspector’s records should be completed and ﬁled. If later additions are made or adjoining buildings constructed, these records will be necessary for construction.
 
 30.11 Innovations Today, more and more building contracts are negotiated or have a limited bid list. This will accelerate in the future with signiﬁcant increases in value engineering. This incentive increases the team members’ willingness to offer, approve, and implement ideas quickly. Project control systems will continue to be streamlined and productivity improved as more common systematic problems of information ﬂow are corrected. Involvement of subcontractors and suppliers as equal partners will improve the ﬂow of ideas and total job performance. We forecast that the use of architectural facades in combination with interior structural concrete will compete with other building systems. New materials or expanded uses include superplasticizers and 15,000-psi concrete. Improved concrete pumps are able to move concrete mixes with a high aggregate content. Tower cranes will be able to handle heavier loads at a greater reach. Fiberglass and steel forms designed to handle external form vibrators and full liquid head concrete have already begun to be used. Specialty vibrators are currently used to meet speciﬁc job performance requirements. Improved sealers, sealants, and specialty coatings are already available. Architectural precast concrete is combining textures, colors, and embedded materials such as clay products or natural stone. The industry is constantly striving to develop improved methods of production, better handling and erection, and new ﬁnishing techniques and ways of combining materials. The ability to customize the color, form, and texture of concrete allows limitless design possibilities.
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 30.12 Defining Terms Abrasive blasting—A process in which sand or other materials are used to texture the surface of hardened concrete. The degree of blasting may vary from a light cleaning operation to one that exposes aggregate to a depth of 3/4 in. (19 mm) or more. Admixture—A material other than water, aggregates, or cement used as an ingredient in concrete, mortar, or grout to impart special characteristics. Aggregate—Granular material, such as sand, gravel, and crushed stone, used with a cementing medium to form a hydraulic-cement concrete or mortar. Architectural concrete—Any concrete with one or more surfaces to be permanently exposed to view and where the appearance of these surfaces is important from an architectural standpoint; a precast product with a speciﬁed standard of uniform appearance, surface details, color, and texture. Backup mix—The concrete mix cast into the mold after the face mix has been placed and consolidated. Bond breaker—A substance placed on a material to prevent it from bonding to the concrete or between a face material such as natural stone and the concrete backup. Bonding agent—A substance used to increase the bond between an existing piece of concrete and a subsequent application of concrete such as a patch. Bug holes—Small holes on formed concrete surfaces formed by air or water bubbles, sometimes referred to as blow holes. Bushhammering—A process in which pneumatic or hand hammers are used to remove mortar and fracture aggregate at the surface of hardened concrete to produce an attractive varicolored and textured surface. Coarse aggregate—Aggregate predominately retained on the U.S. Standard No. 4 (4.75-mm) sieve or that portion of an aggregate retained on the No. 4 (4.75-mm) sieve. Crazing—A network of visible, ﬁne hairline cracks in random directions breaking the exposed face of a panel into areas from 1/4 to 3 in. (6 to 75 mm) across. Exposed-aggregate concrete—Concrete manufactured so the aggregate on the face is left protruding. Exposed concrete—Any concrete with one or more surfaces to be permanently and regularly revealed to public view but where the appearance of the concrete surface is not important from an architectural standpoint. Face mix—The concrete at the exposed face of a concrete unit used for speciﬁc appearance purposes. Fine aggregate—Aggregate passing the 3/8-in. (9.5-mm) sieve and almost entirely passing the No. 4 (4.75mm) sieve and predominately retained on the No. 200 (75-µm) sieve, or that portion of an aggregate passing the No. 4 (4.75-mm) sieve and predominately retained on the No. 200 (75-µm) sieve. Form-release agent—A substance applied to the mold for the purpose of preventing bond between the mold and the concrete cast in it. Gap-graded concrete—A mix with one or a range of normal aggregate sizes eliminated or with a heavier concentration of certain aggregate sizes over and above standard gradation limits; used to obtain a speciﬁc exposed-aggregate ﬁnish. Matrix—The portion of the concrete mix containing only the cement and ﬁne aggregates (sand). Quality—The appearance, strength, and durability that are appropriate for a speciﬁc product, its particular application, and its expected performance requirements; the totality of features and characteristics of a product that bear on its ability to satisfy stated or implied needs. Quality assurance (QA)—All those planned or systematic actions necessary to ensure that the ﬁnal product or service will satisfy given requirements for quality and perform intended function. Quality control (QC)—Those actions related to the physical characteristics of the materials, processes, and services that provide a means to measure and control the characteristics to predetermined quantitative criteria.
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 31.1 Introduction Life safety and property protection are critical functions of all structures, particularly as they relate to ﬁre safety. Further, the functionality of these structures is inﬂuenced by their design, construction, and maintenance. Key elements of the design, which have an impact on both the life safety and property protection functions, include the principles of balanced design that incorporate compartmentation to limit the spread of ﬁre, early detection to alert occupants when a ﬁre occurs, and automatic suppression to control a ﬁre until it can be extinguished. Concrete and masonry materials are inherently ﬁre resistant, noncombustible, and durable and maintain structural integrity under ﬁre conditions. These features are used in the design of compartments to contain ﬁre and in the design of structural elements to maintain *
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 structural integrity during a ﬁre. The durability and permanence of concrete and masonry can be relied on for life safety and property protection throughout the life of the structure, with minimal investment in maintenance or repair. This chapter presents criteria for the design of concrete and masonry elements to ensure both property protection and life safety functions during ﬁre conditions.
 
 31.1.1 Balanced Design for Fire Safety and Property Protection Fire safety requires an awareness and understanding of the hazards so both the potential for ﬁre occurrence and the threat to life and property during a ﬁre are minimized. Death and injury from ﬁre are caused by asphyxiation from toxic smoke and fumes, burns from direct exposure to the ﬁre, heart attacks caused by stress and exertion, and impact due to structural collapse, explosions, and falls. Life safety and property protection are inﬂuenced by the design of the building, its ﬁre-protection features, and the quality of construction materials, building contents, and maintenance. Balanced design relies on three complementary systems to reduce the risk of death and the threat to property due to ﬁre: • A detection system to warn occupants of the ﬁre • A containment system to limit the extent of the ﬁre • An automatic suppression system to control the ﬁre until it can be extinguished Each of these essential systems contributes to lowering the risk of death and injury from ﬁre as well as to protecting property. The three balanced-design components complement each other by providing ﬁre protection features that are not provided by the other components. Some features of each balanceddesign component are intended to be redundant so if one system is breached or fails to perform, then the other components continue to provide safety. Although not a tangible element in ﬁre protection, a strong education and training program should be an integral part of any good ﬁre-protection plan in addition to the physical components of a balanced-design system. 31.1.1.1 Automatic Detection Accurate early warning is the ﬁrst line of defense against slow smoldering ﬁres with low heat release rates that do not activate sprinkler heads. Detectors that respond to light smoke are important from a life-safety standpoint because they alert occupants near the origin of the ﬁre to evacuate. Other detection or alarm systems may be used to notify the ﬁre department, thus decreasing response time, expediting rescue operations, and limiting the resulting ﬁre spread and property damage. Detectors wired to a central alarm and installed in corridors and common areas notify all building occupants, allow timely and orderly evacuation, and decrease the potential for injury and death. The most common detector installed is the smoke-sensing ﬁre detector. Ideally, detectors should be wired into a continuous power supply and be provided with a battery backup in the event of a power failure. Their location is determined by judgment and in accordance with the requirements of the general building code. Each dwelling unit in residential construction should be equipped with detectors in all sleeping rooms, in areas adjacent to all sleeping rooms, and on each level of the building, including the basement. The amount of air movement, obstructions within the space, number of stories, and other factors will guide the proper selection of detector locations. The performance of detectors is vulnerable to many unpredictable malfunctions, among which are those due to acts of sabotage, lack of maintenance due to human error and neglect, and faulty power supply. Young children, the incapacitated, or the elderly may not be able to respond to alarms. All smoke detectors require regularly scheduled maintenance and, in some cases, periodic replacement. 31.1.1.2 Automatic Suppression The function of automatic sprinkler systems is to control a ﬁre at the point of origin. Although not designed to extinguish a ﬁre, residential sprinklers have been shown to be reliable and effective in controlling a ﬁre in the room of origin until it can be extinguished. Automatic sprinklers reduce the likelihood of flashover, the near instantaneous ignition of volatile gasses within a conﬁned space which can be a particularly hazardous event. Suppression of a ﬁre allows access to the building to permit rescue
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 and ﬁre suppression efforts to proceed. Through the years, sprinklers have been credited with preventing hundreds, possibly thousands, of injuries and deaths. The National Fire Protection Association (NFPA) maintains minimum standards for the design and installation of sprinkler systems. Sprinkler systems for general application are covered by NFPA 13, Standard for the Installation of Sprinkler Systems (NFPA, 2007a), whereas NFPA 13R, Standard for the Installation of Sprinkler Systems in Residential Occupancies up to and Including Four Stories in Height (NFPA, 2007b), speciﬁcally address residential applications. Ideally, when the interior construction or building contents contain a large amount of combustibles, sprinkler systems should meet the requirements of NFPA 13, regardless of height, to ensure protection in attics, closets, and other concealed spaces built with combustible materials and to provide additional suppression in all areas due to the higher fuel loadings. The NFPA standards cover the design, installation, testing, and maintenance of sprinkler systems. Obviously, to be effective, automatic sprinklers require an adequate water supply and piping system to deliver sufﬁcient water to the sprinkler head. Sprinkler head requirements ensure proper water coverage based on the room dimensions, area to be covered, and fuel loading. The standards also list exceptions for speciﬁc spaces that are not required to be sprinklered. When installation is complete, the standards require inspection and acceptance of the piping valves, pumps, and tanks of the system. Testing also includes veriﬁcation of adequate water ﬂow to the sprinkler heads. Finally, after the sprinkler system is in use, it must be maintained; however, speciﬁc maintenance requirements and frequency of maintenance are not speciﬁed by the standards. Performance of automatic sprinklers can be vulnerable to system failures due to inadequate maintenance and inspection or inadequate water supply. Sprinklers are not intended to control electrical and mechanical equipment ﬁres or ﬁres of external origin, such as ﬁres from adjacent buildings and brush ﬁres. Fires in concealed spaces, including some attics, closets, ﬂues, shafts, ducts, and other spaces where sprinkler heads are not required to be installed, can compromise life safety due to the spread of toxic fumes and smoke. An inadequate water supply can result from low pressure in the municipal water system, broken pipes due to earthquakes or excavation equipment, explosions, freezing temperatures, closed valves due to human error, arson or vandalism, corrosion of valves, pump failure due to electrical outage, and lack of system maintenance. 31.1.1.3 Compartmentation Compartmentation limits the extent of ﬁre by dividing a building into ﬁre compartments enclosed by ﬁre walls or ﬁre separation wall assemblies and by ﬁre-rated ﬂoors and ceilings. Compartments also minimize the spread of toxic fumes and smoke to adjacent areas of a building. Conﬂagrations beyond the ﬁre compartment are prevented by limiting the total fuel load contributing to the ﬁre. Compartmentation provides safe areas of refuge for handicapped, young, elderly, incapacitated, and other occupants who may not be capable of unassisted evacuation. Compartmentation also provides safe areas of refuge for extended periods when evacuation is precluded due to smoke-ﬁlled exit ways or blocked exits. Compartmented construction provides protection for ﬁre and rescue operations. Highly hazardous areas, such as mechanical, electrical, or storage rooms, can be isolated from other occupied areas of a building by ﬁre walls. Fire separation walls and ﬂoor and ceiling assemblies between dwelling units in multifamily housing afford protection from ﬁres caused by the carelessness of other occupants. Refuge areas within a building provide protection for occupants by allowing ﬁre ﬁghters to concentrate on extinguishing the ﬁre rather than on rescue efforts. Compartmentation serves to contain a ﬁre until it can be brought under control by ﬁreﬁghters. Each concrete or masonry element forming the boundary of a compartment should have a ﬁre-resistance rating as deﬁned by the general building code and should be capable of preserving the structural integrity of the building throughout the duration of the ﬁre. In multifamily housing, each dwelling unit should form a separate compartment. In addition, interior exit ways, as well as storage, electrical, and mechanical rooms, should be separate compartments. Exterior walls should be ﬁre rated to form a barrier to the penetration of exterior ﬁres and to contain interior ﬁres.
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 TABLE 31.1 Fire-Safety Functions of Balanced Design Function Controls ﬁre/limits ﬁre growth Provides smoke, toxic-fume barrier Provides ﬁre barrier Limits generation of smoke/toxic fumes Allows safe egress Provides refuge Assists ﬁre-ﬁghting efforts Reduces response time Difﬁcult to vandalize or arson Performance requires little maintenance
 
 Automatic Detection
 
 Compartmentation
 
 Automatic Suppression
 
 ❍ ❍ ❍ ❍ ■ ❍ ❍ ● ❍ ❍
 
 ● ● ● ■ ● ● ■ ❍ ● ●
 
 ● ❍ ❍ ● ■ ❍ ■ ❍ ❍ ❍
 
 ■ ● ■ ● ●
 
 ■ ■ ❍ ❍ ●
 
 Property protection functions and costs of balanced design component Limits the extent of contents damage ■ Limits the extent of structure damage ■ Low installation costs ● Low maintenance costs ■ Limits repair time due to ﬁre damage ■
 
 Note: ●, Considered to be effective; ■, considered to be partially effective; ❍, considered to be ineffective or only slightly effective.
 
 The value of compartmentation may be reduced when joints between ﬂoors and walls, typically exterior curtain walls, or between walls and ceilings are not properly ﬁre-stopped. As such, openings through compartment boundaries should be protected to prevent the migration of smoke and ﬁre. Damage caused by equipment, abuse, or the installation of utilities that are not properly sealed can allow the passage of smoke and gas. Unsealed openings around penetrations can also allow the spread of smoke. Self-closing mechanisms on doors in compartment walls may fail if not maintained or if blocked open. 31.1.1.4 Property Protection The initial cost of providing ﬁre safety can be signiﬁcant; however, balanced design offers advantages that offset costs. The higher level of protection for both the structure and its contents limits the potential loss due to ﬁre. Immediate and long-term savings will be reﬂected in lower insurance rates for both the building and its furnishings. Balanced design limits both ﬁre and smoke damage to the contents of the building to the compartment of ﬁre origin. Noncombustible compartment boundaries limit damage to the structure itself and reduce repair time following a ﬁre. Repair is generally nonstructural but may include the replacement of doors and windows; electrical outlets, switches, and wiring; heating ducts and registers; and ﬂoor, wall, and ceiling coverings. 31.1.1.5 State of the Art in Designing for Fire Safety Fire-protection engineering is as much an art as it is a science. The number of unknowns and potential ﬁre propagation scenarios are numerous. Fire protection is therefore generally based more on risk assessment than on precise calculation. Currently, building code prescriptive criteria, along with an understanding of the science of ﬁre protection, guide the designer in addressing ﬁre safety (ACI Committee 216, 1997, 2001; ICC, 2006; NIST, 1993). Some of the more signiﬁcant ﬁre safety issues requiring consideration are listed in Table 31.1, along with a relative ranking of the effectiveness of each component in contributing to balanced design. As shown by the table, more than one component may be considered effective in mitigating a particular hazard. Because none of the components is fail safe, overlapping functions are required to provide a necessary level of safety. In addition, some functions listed in the table are addressed by only one component of balanced design. There is general agreement among the ﬁre safety and regulatory communities that computer modeling will serve to continue improving ﬁre safety in the built environment. Widespread access to complex analytical models and computing equipment is giving ﬁre safety engineers new and ever-evolving tools to bolster ﬁre safety requirements in buildings.
 
 Fire Resistance and Protection of Structures
 
 31-5
 
 31.1.2 Design, Construction, and Material Requirements The ﬁre-resistance ratings of concrete and masonry assemblies assume that the design and construction of these elements comply with the provisions of the Building Code Requirements for Masonry Structures (ACI Committee 530, 2005) and the Building Code Requirements for Structural Concrete (ACI Committee 318, 2005) for masonry and concrete elements, respectively. These codes stipulate material requirements by reference to ASTM standards and establish quality assurance provisions for the construction of these elements.
 
 31.2 Fire-Resistance Ratings Two major factors have to be considered in ratings: ﬁre endurance and ﬁre resistance. The deﬁnitions of these two terms, per ACI 216, are as follows: • Fire endurance—A measure of the elapsed time during which a material or assembly continues to exhibit ﬁre resistance under speciﬁed conditions of test and performance; as applied to elements of buildings, it shall be measured by the methods and to the criteria deﬁned in ASTM E 119. • Fire resistance—The property of a material or assembly to withstand ﬁre or to give protection from it; as applied to elements of buildings, it is characterized by the ability to conﬁne a ﬁre or to continue to perform a given structural function, or both. Building codes establish the minimum level of required ﬁre resistance for speciﬁc elements within the structure based on the type of occupancy of the building, the function of the element, the importance of the structure, its contents, and other ﬁre-protection considerations. When the required ﬁre-resistance rating of a concrete or masonry element has been established, this chapter can assist the designer in meeting that requirement. The ﬁre-resistance rating criteria presented here are based on the provisions of the ACI 216.1/TMS 0216, Standard Method for Determining Fire Resistance of Concrete and Masonry Construction Assemblies (ACI Committee 216, 1997). This consensus standard, which is referenced by model building codes, is based on current practice in determining the ﬁre ratings of concrete and masonry elements. The standard covers two methods of determining the ﬁre-resistance rating of an element. The most common method for determining the ﬁre-resistance rating is based on a calculation procedure that has established a correlation between the physical properties of the concrete or masonry member and the measured ﬁre endurance as determined through testing in accordance with ASTM E 119, Standard Test Methods for Fire Tests of Building Construction and Materials (ASTM, 2005b). The second method allows for direct measurement of the ﬁre resistance of an element or assembly through testing in accordance with ASTM E 119. A third option, which is not explicitly covered by existing codes and standards, is to establish the ﬁre-resistance rating through a listing service, such as Underwriters Laboratory. Fire testing of wall assemblies in accordance with ASTM E 119 deﬁnes four performance criteria that must be met: • Resistance to the transmission of heat through the wall assembly • Resistance to the passage of hot gases or ﬂame through the assembly sufﬁcient to ignite cotton waste on the non-exposed side • Loss of load-carrying capacity of load-bearing walls • Resistance to the impact, erosion, and cooling effects of a hose stream on the assembly after exposure to ﬁre The ﬁre-resistance ratings of concrete and masonry elements are typically governed by the transmission of heat through the assembly, which is measured by temperature rise on the non-ﬁre-exposed side of the wall. This consistent mode of failure allows for a standardized calculation procedure to be derived as described below. Conversely, the ﬁre-resistance rating of other construction assemblies, particularly those consisting of combustible materials, is often governed by one of the other performance criteria.
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 4 hr
 
 1
 
 0 0.0
 
 0.2
 
 Siliceous AGG. reinforcing bars
 
 2
 
 1
 
 1
 
 0.4
 
 0.6
 
 0.0
 
 Carbonate AGG. 4 hr 3 cold-drawn steel ωp** = 0.1 ωp = 0.3 2
 
 u, in.
 
 2
 
 0.2 0.4 M/Mn
 
 Lightweight AGG. reinforcing bars
 
 3
 
 3 2
 
 M/Mn 3
 
 4hr
 
 40
 
 3 2
 
 20
 
 1
 
 0.6
 
 0.0
 
 0.2
 
 0.4
 
 0.6
 
 Lightweight AGG. cold-drawn steel
 
 4 hr 60
 
 3
 
 4 hr
 
 2
 
 3 2
 
 40 3
 
 1
 
 20
 
 1
 
 0 0.0
 
 0.2
 
 0.4
 
 0.6
 
 0.0
 
 0.2
 
 M/Mn
 
 0
 
 M/Mn
 
 Siliceous AGG. cold-drawn steel
 
 1
 
 4 hr
 
 u, mm
 
 Carbonate AGG. reinforcing bars ω* = 0.1 ω = 0.3
 
 u, mm
 
 u, in.
 
 2
 
 0.4
 
 0.6
 
 0.0
 
 0.2
 
 M/Mn
 
 0.4
 
 0.6
 
 0
 
 M/Mn
 
 * Reinforcement index for concrete beams reinforced with mild reinforcement: ω = Asfy /bdf´c ** Reinforcement index for concrete beams reinforced with prestressing steel: ωp = Aspfy /bdf´c
 
 FIGURE 31.1 Fire resistance of concrete slabs. (From ACI Committee 216, Guide for Determining the Fire Endurance of Concrete Elements, ACI 216R, American Concrete Institute, Farmington Hills, MI, 2001.)
 
 31.2.1 Heat Transmission in Slabs The structural ﬁre endurance of simply supported concrete slabs as affected by the constituent materials can be interpolated from Figure 31.1 by an effective concrete cover parameter (u) as a function of the moment ratio M/Mn, where M is the design moment and Mn is the nominal moment strength. In the usual case of continuous slabs and beams, a shift in the moment distribution develops, thereby increasing the stresses in the negative reinforcement resulting from the increase in the bending moments at the supports. During a ﬁre, however, the negative reinforcement remains cooler than the positive reinforcement as it is often farther from the source of the ﬁre. This in turn allows for an increase in the negative moment that can be accommodated (ACI Committee 216, 1997). Although the moment redistribution that results can be sufﬁcient to result in yielding of the negative reinforcement, the resulting decrease in the positive moment in effect permits the beam or slab span to endure higher temperatures. The negative moment reinforcing bars must be long enough to accommodate the complete redistributed moments and the change of the location of the inﬂection points. At least 20% of the maximum negative moment reinforcement must be extended throughout the span (CEB/FIP, 1990). The ﬁre-resistance rating of concrete slabs can also be increased through the use of undercoating, as described in ACI 216.1/TMS 0216 (ACI Committee 216, 1997).
 
 31.2.2 Fire-Resistance Ratings of Single-Wythe Masonry Walls The ﬁre-resistance rating of masonry walls, including single-wythe walls, multi-wythe walls, and walls with ﬁnish treatments, is based on the following criteria, which includes the effect of grouting and the effect of ﬁlling the cores of hollow units with recognized loose ﬁll materials.
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 TABLE 31.2 Fire-Resistance Rating Period of Concrete Masonry Assemblies Minimum Required Equivalent Thickness (in.) for Fire-Resistance Ratinga
 
 Aggregate Type in the Concrete Masonry Unitb
 
 4 hr
 
 3 hr
 
 2 hr
 
 1.5 hr
 
 1 hr
 
 0.75 hr
 
 0.5 hr
 
 Calcareous or siliceous gravel Limestone, cinders, or slag Expanded clay, shale, or slate Expanded slag or pumice
 
 6.2 5.9 5.1 4.7
 
 5.3 5.0 4.4 4.0
 
 4.2 4.0 3.6 3.2
 
 3.6 3.4 3.3 2.7
 
 2.8 2.7 2.6 2.1
 
 2.4 2.3 2.2 1.9
 
 2.0 1.9 1.8 1.5
 
 a
 
 Fire-resistance ratings between the hourly ﬁre-resistance rating periods listed are determined by linear interpolation based on the equivalent thickness value of the concrete masonry wall assembly. b Minimum required equivalent thickness corresponding to the hourly ﬁre-resistance rating for units made with a combination of aggregates is determined by linear interpolation based on the percent by volume of each aggregate used in the manufacturing of the unit.
 
 TABLE 31.3 Fire-Resistance Rating of Clay Masonry Assemblies Minimum Required Equivalent Thickness (in.) for Fire-Resistance Ratinga,b Material Type
 
 1 hr
 
 2 hr
 
 3 hr
 
 4 hr
 
 Solid brick of clay or shalec Hollow brick or tile of clay or shale, unﬁlled Hollow brick or tile of clay or shale, grouted or ﬁlled with perlite, vermiculite, or expanded shale aggregate
 
 2.7 2.3
 
 3.8 3.4
 
 4.9 4.3
 
 6.0 5.0
 
 3.0
 
 4.4
 
 5.5
 
 6.6
 
 a
 
 Fire-resistance ratings between the hourly ﬁre-resistance rating periods listed should be determined by linear interpolation. Where combustible members are framed into the wall, the thickness of solid material between the end of each member and the opposite face of the wall or between members set in from opposite sides should not be less than 93% of the thickness shown. c For units in which the net cross-sectional area of cored brick in any plane parallel to the surface containing the cores should be at least 75% of the gross cross-sectional area measured in the same plane. b
 
 31.2.2.1 Single-Wythe Concrete Masonry Walls The calculated ﬁre-resistance rating of single-wythe concrete masonry assemblies is determined in accordance with Table 31.2. These calculated ﬁre-resistance ratings are derived from the requirements of ACI 216.1/TMS 0216. The equivalent thickness (Tea) of concrete masonry assemblies is based on the equivalent thickness of the masonry unit (Te) plus the equivalent thickness of any recognized ﬁnish materials (Tef ) as follows: Tea = Te + Tef
 
 (31.1)
 
 The equivalent thickness (Te) of a concrete masonry unit is the net volume of the unit divided by the face area of the unit (length times height). The equivalent thickness (Te) of solid grouted masonry walls is the actual thickness of the unit. The equivalent thickness (Te) of hollow masonry unit walls that are completely ﬁlled with loose ﬁll is the actual thickness of the unit when the loose ﬁll materials are sand, pea gravel, crushed stone, or slag that meet ASTM C 33 (ASTM, 2003) requirements; pumice, scoria, expanded shale, expanded clay, expanded slate, expanded slag, expanded ﬂy ash, or cinders that comply with ASTM C 331 (ASTM, 2005a); or perlite or vermiculite meeting the requirements of ASTM C 549 and ASTM C 516, respectively (ASTM, 2002, 2006). 31.2.2.2 Single-Wythe Clay Masonry Walls The calculated ﬁre-resistance rating of single-wythe clay masonry assemblies is determined in accordance with Table 31.3. The equivalent thickness (Te) of clay masonry assemblies is determined as follows: Te = Vn LH
 
 (31.2)
 
 As with concrete masonry assemblies, when solid grouted or when completely ﬁlled with approved loose ﬁll materials, the equivalent thickness (Te) of a clay masonry assembly is the actual thickness of the unit.
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 Concrete Construction Engineering Handbook TABLE 31.4 Fire-Resistance Rating of Single-Layer Concrete Walls, Floors, and Roofs Minimum Equivalent Thickness (in.) for Fire-Resistance Rating Aggregate Type
 
 1 hr
 
 1.5 hr
 
 2 hr
 
 3 hr
 
 4 hr
 
 Siliceous Carbonate Semi-lightweight Lightweight
 
 3.5 3.2 2.7 2.5
 
 4.3 4.0 3.3 3.1
 
 5.0 4.6 3.8 3.6
 
 6.2 5.7 4.6 4.4
 
 7.0 6.6 5.4 5.1
 
 31.2.3 Single-Layer Concrete Walls, Floors, and Roofs The ﬁre-resistance rating of plain and reinforced concrete walls, ﬂoors, and roofs that are a single layer in thickness are determined in accordance with Table 31.4 and are based on the equivalent thickness of the element. The equivalent thickness of solid concrete elements with ﬂat surfaces is the actual thickness of the element. The equivalent thickness of hollow-core panels with a constant cross-section throughout their length is determined by dividing the net cross-sectional area by the panel width. The equivalent thickness of elements in which all of the core spaces are ﬁlled with grout or loose ﬁll material, such as perlite, vermiculite, sand or expanded clay, shale, slag, or slate, should be the same as that of a solid wall or slab of the same type of concrete. The equivalent thickness for ﬂanged elements in which the ﬂanges taper is determined at the location of the lesser distance of two times the minimum thickness, or 6 in. from the point of the minimum thickness of the ﬂange. The equivalent thickness of elements with ribbed or undulating surfaces is determined as follows: • Where the center-to-center spacing of ribs or undulations is not less than four times the minimum thickness, the equivalent thickness is the minimum thickness of the panel. • Where the spacing of ribs or undulations is equal to or less than two times the minimum thickness, calculate the equivalent thickness by dividing the net cross-sectional area by the panel width. The maximum thickness used to calculate the net cross-sectional area should not exceed two times the minimum thickness. • Where the spacing of ribs or undulations exceeds two times the minimum thickness, but is less than four times the minimum thickness, calculate the equivalent thickness as follows: Equivalent thickness = t + ( 4t / s ) − 1 (t e − t )
 
 (31.3)
 
 where: s = spacing of ribs or undulations (in.). t = minimum thickness (in.). te = equivalent thickness calculated in accordance with Equation 31.2.
 
 31.2.4 Multiple-Layer Walls, Floors, and Roofs ACI 216.1/TMS 0216 (ACI Committee 216, 1997) offers several alternatives to calculating the ﬁreresistance rating of multi-wythe and multi-layer walls, ﬂoors, and roofs using graphical, analytical, and numerical solutions. Each alternative considers various possible combinations of normal weight, semi-lightweight, and lightweight concretes; sandwich panels and insulation systems; and the use of concrete and clay masonry assemblies as part of a veneer or multi-wythe system. In addition to the material properties, the resulting ﬁre-resistance rating is inﬂuenced by the use of ﬁnish materials, exposure conditions, and reinforcement cover distances. The user is referred to ACI 216.1/TMS 0216 for additional information on determination of the ﬁre-resistance properties of multiple-layer concrete and masonry systems.
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 Vertical reinforcement, as required
 
 Stop joint reinforcement at control joint
 
 Preformed gasket
 
 Concrete masonry sash unit Backer rod
 
 Sealant
 
 Backer rod
 
 Sealant
 
 FIGURE 31.2 Two-hour control joint.
 
 31.3 Fire Protection of Joints 31.3.1 Masonry Elements Expansion or contraction joints in ﬁre-rated concrete masonry wall assemblies and in clay brick wall assemblies are shown in Figure 31.2, Figure 31.3, and Figure 31.4. Figure 31.2 illustrates a standard control joint detail for a 2-hour ﬁre-resistance rating, and Figure 32.3 and Figure 32.4 offer alternatives for 4-hour ﬁre-resistance ratings.
 
 31.3.2 Precast Concrete Wall Panels and Slabs In wall panels where openings are not permitted or where it is required that openings be protected, joints must be insulated. Joints between panels that are not insulated are considered unprotected openings. Where the percentage of unprotected openings is limited in exterior walls, the area of uninsulated joints is added to the area of other unprotected openings to determine the total area of unprotected openings. Protected joints between precast concrete wall panels are ﬁlled with ceramic ﬁber blankets, the minimum thickness of which is calculated in accordance with ACI 216.1/TMS 0216 (ACI Committee 216, 1997). Other approved joint treatment systems that maintain the required ﬁre-resistance rating are also used. Alternatively, joints between adjacent precast concrete slabs may be ignored when calculating the equivalent slab thickness, provided that a concrete topping not less than 1 in. thick is used. Where a concrete topping is not used, joints should be grouted to a depth of at least one third the slab thickness at the joint, but not less than 1 in., or the ﬁre-resistance rating of the ﬂoor or roof must be maintained by other approved methods.
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 Vertical reinforcement, as required
 
 Stop joint reinforcement at control joint Ceramic fiber felt (alumina– silica fiber) Backer rod
 
 Sealant
 
 Backer rod
 
 Sealant
 
 FIGURE 31.3 Four-hour control joint. Joint reinforcement, as required
 
 Stop joint reinforcement at control joint
 
 Raked mortar joint
 
 Vertical reinforcement, as required
 
 Backer rod Building paper or other bond break
 
 Building paper or other bond break Sealant
 
 Backer rod
 
 Sealant
 
 FIGURE 31.4 Four-hour control joint.
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 TABLE 31.5 Multiplying Factors for Finishes on the Non-Fire-Exposed Side of Concrete Slabs and Concrete and Masonry Walls Type of Material Used in Slab or Wall
 
 Type of Finish Applied to Slab or Wall Portland cement–sand plastera or terrazzo Gypsum–sand plaster Gypsum–vermiculite or perlite plaster Gypsum wallboard
 
 Siliceous or Carbonate Aggregate Concrete or Concrete Masonry Unit; Solid Clay Brick Masonry
 
 Semi-Lightweight Concrete; Hollow Clay Brick; Clay Tile
 
 Lightweight Concrete; Concrete Masonry Units of Expanded Shale, Expanded Clay, Expanded Slag, or Pumice Less Than 20% Sand
 
 1.00
 
 0.75
 
 0.75
 
 1.25 1.75
 
 1.00 1.50
 
 1.00 1.25
 
 3.00
 
 2.25
 
 2.25
 
 a
 
 For Portland cement–sand plaster 5/8 in. or less in thickness and applied directly to concrete or masonry on the nonﬁre-exposed side of the wall, the multiplying factor is 1.0.
 
 31.4 Finish Treatments Finish treatments on concrete and masonry elements include gypsum drywall, terrazzo, or plaster. These treatments increase the ﬁre-resistance rating of the element by delaying the temperature rise within or through the element when exposed to ﬁre. The effect of this increase is based on whether the ﬁnish is applied to the side of the element being exposed to the ﬁre or to the side that is not exposed to the ﬁre. The ﬁre-resistance rating of elements that may be exposed to ﬁre from either side is determined based on the lower rating determined from assuming that the ﬁre exposure is from one side or the other. The ﬁre-resistance rating of the element including the effect of ﬁnish treatments is limited to twice the ﬁre rating of the element excluding the effect of ﬁnish treatments. Further, the effect of ﬁnish treatments from the non-ﬁre-exposed side of the wall is limited to one half the ﬁre-resistance rating of the element excluding the effect of ﬁnish treatments. Finishes that are assumed to contribute to the total ﬁre-resistance rating of an assembly must meet the minimum installation requirements as prescribed in ACI 216.1/ TMS 0216. Some ﬁnishes deteriorate more rapidly when exposed to ﬁre than when installed on the non-exposed side of an assembly. For this reason, ACI 216.1/TMS 0216 requires two separate calculations assuming, ﬁrst, that the ﬁre exposure is on one side of the wall and then again assuming that the ﬁre is on the other side of the wall. Table 31.5 applies to ﬁnishes on the non-ﬁre-exposed side of the wall, while Table 31.6 applies to ﬁnishes on the ﬁre-exposed side. The resulting ﬁre rating of the wall assembly is the smaller of the two calculated ratings. Note that in some situations the ﬁre is assumed to occur only on one side of the wall. For ﬁnishes on the non-ﬁre-exposed side of the wall, the ﬁnish is converted to equivalent thickness of concrete or masonry by multiplying the thickness of the ﬁnish by the factor given in Table 31.5. This is then added to the base equivalent thickness per Equation 31.1. For ﬁnishes on the ﬁreexposed side of the wall, a time is assigned to the ﬁnish per Table 31.6, which is added to the ﬁre-resistance rating determined for the base wall and non-ﬁre-side ﬁnish. The additional times listed in Table 31.6 are essentially the length of time the various ﬁnishes will remain intact when directly exposed to ﬁre.
 
 31.5 Fire Resistance of Columns 31.5.1 Reinforced Masonry Columns The ﬁre-resistance rating of reinforced concrete and clay masonry columns is based on the least plan dimension of the column in accordance with the requirements of Table 31.7. The minimum cover for longitudinal reinforcement, measured from the outside surface of the reinforcement to the nearest outside surface of the masonry, is not permitted to be less than 2 in.
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 Concrete Construction Engineering Handbook TABLE 31.6 Time Assigned to Finish Materials on Fire-Exposed Side of Concrete and Masonry Walls Finish Description
 
 Time (minutes)
 
 Gypsum wallboard 3/8-in. 1/2-in. 5/8-in. Two 3/8-in. layers One 3/8-in. layer and one 1/2-in. layer Two 1/2-in. layers
 
 10 15 20 25 35 40
 
 Type X gypsum wallboard 1/2-in. 5/8-in. Direct applied Portland cement–sand plaster
 
 25 40 —a
 
 Portland cement–sand plaster on metal lath 3/4-in. 7/8-in. 1-in.
 
 20 25 30
 
 Gypsum–sand plaster on 3/8-in. gypsum lath 1/2-in. 5/8-in. 3/4-in.
 
 35 40 50
 
 Gypsum–sand plaster on metal lath 3/4-in. 7/8-in. 1-in.
 
 50 60 80
 
 a
 
 The ﬁre-resistance rating of elements with Portland cement–sand plaster ﬁnish treatment is determined by adding the actual thickness of the plaster or 5/8 in., whichever is smaller, to the equivalent thickness of the element.
 
 TABLE 31.7 Reinforced Masonry Columns Fire Resistance (hr)
 
 Minimum column dimension (in.)
 
 1
 
 2
 
 3
 
 4
 
 8
 
 10
 
 12
 
 14
 
 TABLE 31.8 Minimum Concrete Column Size Minimum Column Dimension for Fire-Resistance Rating (in.) Aggregate Type Carbonate Siliceous Semi-lightweight
 
 1 hr
 
 1.5 hr
 
 2 hr
 
 3 hr
 
 4 hr
 
 8 8 8
 
 9 9 8.5
 
 10 10 9
 
 11 12 10.5
 
 12 14 12
 
 31.5.2 Reinforced-Concrete Columns The ﬁre-resistance ratings of reinforced-concrete columns, both circular and rectangular, are determined in accordance with the requirements of Table 31.8. When a concrete column is exposed to ﬁre on two parallel sides, additional requirements as prescribed in ACI 216.1/TMS 0216 (ACI Committee 216, 1997) must be met. The minimum thickness of concrete cover to the longitudinal reinforcement in concrete columns should not be less than 1 in. times the number of hours of required ﬁre resistance, or 2 in., whichever is less.
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 31.6 Steel Columns Protected by Masonry Because of its inherent ﬁre-resistant properties, masonry is often used as a nonstructural ﬁre-protection covering for structural steel members. The ﬁre endurance of steel column protection is determined as the period of time for the average temperature of the steel to exceed 1000°F or for the temperature at any measured point to exceed 1200°F (ASTM, 2005b). These criteria depend on the thermal properties of the column cover and of the steel column. Accurate predictions of the ﬁre endurance of protected steel columns are made possible by a numerical technique based on heat-ﬂow analyses and research information on the thermal and rheological properties of masonry and steel at elevated temperatures (Lie and Harmathy, 1972). Using this technique, an empirical formula was developed to predict the ﬁre endurance of masonry-protected steel columns in accordance with ACI 216.1/TMS 0216 (ACI Committee 216, 1997). The ﬁre-resistance rating of structural steel columns protected by masonry is determined as follows:
 
 (
 
 )
 
 {
 
 }
 
 0.7 0.2   1.0 + 42.7 ( Ast DTea ) ( 0.25 p + Tea ) R = 0.401( Ast ps ) + 0.285 Tea1.6 kcm   
 
 0.8
 
  
 
 (31.4)
 
 where: R = Ast = D = p = ps = Tea = k =
 
 ﬁre-resistance rating of the protected column assembly (hr). cross-sectional area of the structural steel column (in.2). density of the masonry protection (lb/ft3). inner perimeter of the masonry protection (in.). heated perimeter of steel column (in.), per Equations 31.5, 31.6, or 31.7. equivalent thickness of the concrete masonry protection assembly (in.) thermal conductivity of the masonry protection (BTU/hr·ft·°F).
 
 For a W-section steel column, the heated perimeter (ps) is determined as follows:
 
 (
 
 ) (
 
 ps = 2 b f + d st + 2 b f − t w
 
 )
 
 (31.5)
 
 For a pipe-section steel column, the heated perimeter (ps) is determined as follows: ps = πd st
 
 (31.6)
 
 For a square-tube steel column, the heated perimeter (ps) is determined as follows: ps = 4d st
 
 (31.7)
 
 where: bf = width of ﬂange (in.). dst = column depth (in.). tw = thickness of web of W-section (in.). For use in Equation 31.4, the thermal conductivity of concrete masonry is: k = 0.0417e0.02D
 
 (31.8)
 
 Likewise, the thermal conductivities of clay masonry are equal to: k = 1.25 BTU/hr·ft·°F for a density of 120 lb/ft3. k = 2.25 BTU/hr·ft·°F for a density of 130 lb/ft3. Steel Column Fire Protection (NCMA, 2003) contains a comprehensive list of ﬁre-resistance ratings for a wide variety of structural steel sections.
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 Concrete Construction Engineering Handbook TABLE 31.9 Reinforced Masonry Lintels Nominal Lintel Width (in.) 6 8 10 or more
 
 Minimum Longitudinal Reinforcement Cover for Fire-Resistance Rating (in.) 1 hr
 
 2 hr
 
 3 hr
 
 4 hr
 
 1.5 1.5 1.5
 
 2 1.5 1.5
 
 Not permitted 1.75 1.5
 
 Not permitted 3.00 1.75
 
 31.7 Fire Resistance of Lintels The ﬁre-resistance rating of masonry lintels (beams spanning openings) is based on the nominal thickness of the lintel and the minimum provided cover for the longitudinal reinforcement as shown in Table 31.9. The cover is measured from the outside surface of the reinforcement to the nearest outside surface of masonry, which may consist of masonry units, grout, or mortar.
 
 References ACI Committee 216. 1997. Standard Method for Determining Fire Resistance of Concrete and Masonry Construction Assemblies, ACI 216.1/TMS 0216. American Concrete Institute, Farmington Hills, MI. ACI Committee 216. 2001. Guide for Determining the Fire Endurance of Concrete Elements, ACI 216R. American Concrete Institute, Farmington Hills, MI. ACI Committee 318. 2005. Building Code Requirements for Structural Concrete, ACI 318. American Concrete Institute, Farmington Hills, MI. ACI Committee 530. 2005. Building Code Requirements for Masonry Structures, ACI 530/ASCE 5/TMS 402. The Masonry Society, Boulder, CO. ASTM. 2002. Standard Specification for Vermiculite Loose Fill Thermal Insulation, ASTM C 516. ASTM International, West Conshohocken, PA. ASTM. 2003. Standard Specification for Concrete Aggregates, ASTM C 33. American Society for Testing and Materials, West Conshohocken, PA. ASTM. 2005a. Standard Specification for Lightweight Aggregates for Concrete Masonry Units, ASTM C 331. American Society for Testing and Materials, West Conshohocken, PA. ASTM. 2005b. Standard Test Methods for Fire Tests of Building Construction and Materials, ASTM E 119. American Society for Testing and Materials, West Conshohocken, PA. ASTM. 2006. Standard Specification for Perlite Loose Fill Insulation, ASTM C 549. American Society for Testing and Materials, West Conshohocken, PA. CEB-FIP. 1990. Model Code for Concrete Structures. Comite’ Euro-International du Beton-Federation Internacionale de Precontraite, Paris. ICC. 2006. International Fire Code (IFC). International Code Council, Falls Church, VA. Lie, T.T. and Harmathy, T.Z. 1972. A Numeral Procedure to Calculate the Temperature of Protected Steel Columns Exposed to Fire. National Research Council of Canada, Division of Building Research, Ottawa, Ontario. NCMA. 2003. Steel Column Fire Protection, NCMA-TEK 7-6. National Concrete Masonry Association, Herndon, VA. NIST. 1993. HAZARD I—Fire Hazard Assessment Method, NIST Handbook 146. National Institute of Standards and Technology, Gaithersburg, MD. NFPA. 2007a. Standard for the Installation of Sprinkler Systems, NFPA 13. National Fire Protection Association, Quincy, MA. NFPA. 2007b. Standard for the Installation of Sprinkler Systems in Residential Occupancies Up to and Including Four Stories in Height, NFPA 13R. National Fire Protection Association, Quincy, MA.
 
 (a)
 
 (b)
 
 (c)
 
 (a) The CSU Northridge parking structure suffered no damage in the 1994 Northridge, California, earthquake, but others in the area suffered heavy damage. (Photograph courtesy of BFL Owen & Associates, Irvine, CA.) (b) Kaiser Venice Clinic after the earthquake. (Photograph courtesy of FBA, Inc., Hayward, CA.) (c) Sherman Oaks Fashion Square parking structure after earthquake. (Photograph courtesy of FBA, Inc., Hayward, CA.)
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 32.1 Fundamentals of Earthquake Ground Motion 32.1.1 Introduction When transmitted through a structure, ground acceleration, velocity, and displacements (referred to as ground motion) are in most cases ampliﬁed. The ampliﬁed motion can produce forces and displacements that may exceed those the structure can sustain. Many factors inﬂuence ground motion and its ampliﬁcation. An understanding of how these factors inﬂuence the response of structures and equipment is essential for a safe and economical design. Earthquake ground motion is usually measured by a strongmotion accelerograph that records the acceleration of the ground at a particular location. Record accelerograms, after they are corrected for instrument errors and adjusted for baseline, are integrated to obtain velocity and displacement-time histories. The maximum values of the ground motion (peak ground acceleration, peak ground velocity, and peak ground displacement) are of interest for seismic analysis and design. These parameters, however, do not by themselves describe the intensity of shaking that structures or equipment experience. Other factors, such as the earthquake magnitude, distance from fault or epicenter, duration of strong shaking, soil condition of the site, and frequency content of the motion, also inﬂuence the response of a structure. Some of these effects, such as the amplitude of motion, duration of strong shaking, frequency content, and local soil conditions, are best represented through the response spectrum (1.1 to 1.4), which describes the maximum response of a damped, single-degree-of-freedom oscillator to various frequencies or periods. The response spectra from a number of records are often averaged and smoothed to obtain design spectra, which also represent the ampliﬁcation of ground motion at various frequencies or periods of the structure. This section discusses earthquake ground motion. The inﬂuence of earthquake parameters such as earthquake magnitude, duration of strong motion, soil condition, and epicentral distance on ground motion is presented and discussed.
 
 32.1.2 Recorded Ground Motion Ground motion during an earthquake is measured by a strong-motion accelerograph that records the acceleration of the ground at a particular location. Three orthogonal components of the motion, two in the horizontal direction and one in the vertical, are recorded by the instrument. The instruments may be located in a free ﬁeld or mounted in structures. Accelerograms are generally recorded on photographic paper or ﬁlm. The records are digitized for engineering applications, and during the digitization process errors associated with instruments and digitization are removed. The digitization, correction, and processing of accelerograms have been carried out by the Earthquake Engineering Research Laboratory of the California Institute of Technology in the past and are now carried out by the U.S. Geological Survey.
 
 32.1.3 Characteristics of Earthquake Ground Motion Characteristics of earthquake ground motion that are important in earthquake engineering applications include: • Peak ground motion (peak ground acceleration, peak ground velocity, and peak ground displacement) • Duration of strong motion • Frequency content Each of these parameters inﬂuences the response of a structure. Peak ground motion primarily inﬂuences the vibration amplitudes. Duration of strong motion has a pronounced effect on the severity of shaking. A ground motion with a moderate peak acceleration and long duration may cause more damage than a ground motion with a larger acceleration and a shorter duration. Frequency content and spectral shapes relate to frequencies or periods of vibration of a structure. In a structure, ground motion is most ampliﬁed when the frequency content of the motion and the vibration frequencies of the structure are close to each other. Each of these characteristics is brieﬂy discussed below.
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 32.1.3.1 Peak Ground Acceleration Peak ground acceleration has been widely used to scale earthquake design spectra and acceleration-time histories. As will be discussed later, recent studies recommend that in addition to peak ground acceleration, peak ground velocity, and displacement should be used for scaling purposes. 32.1.3.2 Duration of Strong Motion Several investigators have proposed procedures for computing the strong-motion duration of an accelerogram. Page et al. (1972) and Bolt (1969) proposed the bracketed duration, which is the time interval between the ﬁrst and the last acceleration peaks greater than a speciﬁed value (usually 0.05 g). Trifunac and Brady (1985) deﬁned the duration of the strong motion as the time interval in which a signiﬁcant contribution to the integral of the square of the acceleration (òa2dt, referred to as the accelerogram intensity) takes place. They selected the time interval between the 5% and the 95% contributions as the duration of strong motion. The noted procedures usually result in different values for the duration of strong motion. This is to be expected, as the procedures are based on different criteria. Because there is no standard deﬁnition of strong-motion duration, the selection of a procedure for computing it for a study depends on the purpose of the study. The bracketed duration proposed in Page et al. (1972) and Bolt (1969) may be more appropriate when computing elastic and inelastic response. 32.1.3.3 Frequency Content The frequency content of ground motion can be examined by transforming the motion from time domain to frequency domain through a Fourier transform. The Fourier amplitude spectrum and power spectral density, which are based on this transformation, may be used to characterize the frequency content. For further discussion regarding frequency content, the reader is encouraged to consult The Seismic Design Handbook (Naeim, 1989). When the power spectral density of ground motion at a site is established, random-vibration methods may be used to formulate probabilistic procedures for computing the response of structures.
 
 32.1.4 Factors Influencing Ground Motion Earthquake ground motion and its duration at a particular location are inﬂuenced by a number of factors, the most important being: (1) earthquake magnitude, (2) distance of the source of energy release (epicentral distance or distance from causative fault), (3) local soil conditions, (4) variation in geology and propagation of velocity along the travel path, and (5) earthquake-source conditions and mechanism (fault type, stress conditions, stress drop). Past earthquake records have been used to study some of these inﬂuences. Although the effect of some of these parameters, such as local soil conditions and distance from source of energy release, are fairly well understood and documented, the inﬂuence of the source mechanism and the variation of geology along the travel path are more complex and difﬁcult to quantify. Several of these inﬂuences are interrelated; consequently, it is difﬁcult to discuss them individually without incorporating the others. Some of these inﬂuences are discussed below. 32.1.4.1 Distance The variation of ground motion with distance to the source of energy release has been studied by many investigators. In most studies, peak ground motion (usually peak ground acceleration) is plotted as a function of distance. A smooth curve based on a regression analysis is ﬁtted to the data, and the curve or its equation is used to predict the expected ground motion as a function of distance. These relationships, referred to as motion attenuation, are sometimes plotted independently of the earthquake magnitude. This was the case in earlier studies because of the lack of sufﬁcient numbers of earthquake records; however, with the availability of a large number of records, particularly during the 1971 San Fernando earthquake and subsequent seismic events, the database for attenuation studies was increased and a number of investigators reexamined their earlier studies, modiﬁed their proposed relationships for estimating peak accelerations, and included earthquake magnitude as a parameter. Donovan (1973)
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 TABLE 32.1 Typical Attenuation Relationships Data Source 1
 
 San Fernando earthquake, February 9, 1971
 
 2
 
 California earthquake
 
 Relationships
 
 Ref.
 
 1.83
 
 Donovan (1973)
 
 a = 190/R
 
 a=
 
 Blume et al. (1992)
 
 y0 1 + (R ′ / h)2
 
 where log yo = –(b + 3) + 0.81m – 0.027m2, where b is a site factor 3
 
 California and Japanese earthquakes
 
 a=
 
 0.0051 TG
 
 Yamabe and Kanai (1988)
 
 100.61m − P log R +Q
 
 where Q = 0.167 – 1.83/R; TG = fundamental period of site 4
 
 Cloud (1963)
 
 5
 
 Cloud (1963)
 
 6
 
 USC and USGS
 
 7
 
 303 instrumental values
 
 a = 1.325e0.67m/(R + 25)1.6
 
 Donovan (1973)
 
 8
 
 Western U.S. records
 
 a = 0.093e0.8m/(R + 400)
 
 Donovan (1973)
 
 9
 
 U.S., Japan, etc.
 
 a = 1.35e0.58m/(R + 25)1.52
 
 10
 
 Western U.S. records, USSR, Iran
 
 11
 
 Western U.S. records, worldwide
 
 12
 
 Western U.S. records
 
 a=
 
 Milne and Davenport (1969)
 
 0.0069e 1.64m 1.1e 1.1m + R 2
 
 a = 1.24e0.67m/(R + 25)2 log a =
 
 Esteva (1969) Cloud and Perez (1967)
 
 6.5 − 2 log(R ′ + 80) 981
 
 Donovan (1973) 0.732m
 
 ln a = 3.99 + 1.28m – 1.75 ln [R + 0.147e
 
 ]
 
 log a = –1.02 + 0.249m – log (R2 + 7.32)1/2 – 0.00255(R2 + 7.32)1/2 ln a = ln α(m) – β(m) ln(R + 20)
 
 Campbell (1997) Idriss (1993) Seed and Idriss (1982)
 
 where m = surface-wave magnitude, m ≥ 6; local magnitude, m < 6; R = smallest distance to source, m ≥ 6; hypocentral distance, m < 6; α(m) and β(m) are magnitude-dependent coefﬁcients 13
 
 Italian records
 
 log a = –1.562 + 0.306m – log(R2 + 5.82)1/2 + 0.169S where S = 1.0 for soft sites and 0 for rock
 
 Sabetta and Pugliese (1987, 1996)
 
 Note: Acceleration a is in g; distance to causative fault R is in kilometers; epicentral distance R′ is in miles; local depth h is in miles.
 
 compiled a database of more than 500 recorded accelerations from seismic events in the United States, Japan, and elsewhere, and later increased it to more than 650. A plot of peak ground acceleration vs. fault distance for different earthquake magnitudes from his database shows that, for a good portion of the data, the peak acceleration decreases as the distance from the source of energy release increases. It has been reported by Housner (1965), Donovan (1973), and Seed and Idriss (1982) that at distances away from the fault or the source of energy release (far ﬁeld), the earthquake magnitude inﬂuences the attenuation, whereas at distances close to the fault (near ﬁeld) the attenuation is affected by smaller earthquake magnitudes and not by the larger ones. The majority of attenuation studies and the relationships presented in Table 32.1 are mainly from data in the western United States. It is believed by several seismologists that ground acceleration attenuates more slowly in the eastern United States and eastern Canada. The variation of peak ground velocity with distance from the source of energy release (velocity attenuation) has also been studied by several investigators. Velocity attenuation curves have similar shapes and follow similar trends to the acceleration attenuation; however, velocity attenuates somewhat faster than acceleration, and, unlike acceleration attenuation, velocity attenuation depends on soil condition.
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 FIGURE 32.1 Comparison of attenuation curves for rock sites and the Imperial Valley earthquake of 1979. (Adapted from Seed, H.B. and Idris, I.M., Ground Motions and Soil Liquefaction during Earthquakes, Earthquake Engineering Research Institute, Berkeley, CA, 1982.)
 
 Distance also inﬂuences the duration of strong motion. Correlation of the duration of strong motion with epicentral distance has been studied by Page et al. (1972), Trifunac and Brady (1975), Krinitzsky and Chang, and others. Page et al. (1972), using the bracketed duration, concluded that for a given magnitude the duration decreases with an increase in the distance from the source. 32.1.4.2 Site Geology Soil conditions inﬂuence ground motion and its attenuation. Several investigators, such as Boore et al. (1978, 1980) and Seed and Idriss (1982), have presented attenuation curves for soil and rock. According to Boore et al., the peak horizontal acceleration is not appreciably affected by soil condition (it is nearly the same for rock and for soil). Seed and Idriss compared the acceleration attenuation for rock from earthquakes with Richter magnitudes of approximately 6.6 with that for alluvium from the 1979 Imperial Valley earthquake (Richter magnitude, 6.8). Their comparison, shown in Figure 32.1, indicates that, at a given distance from the source of energy release, peak accelerations on rock are somewhat greater than those on alluvium. The effect of soil condition on peak acceleration is illustrated in Figure 32.2. According to this ﬁgure, the difference in acceleration in rock and in stiff soil is practically negligible. There seems to be general agreement among various investigators that soil condition has a pronounced inﬂuence on velocities and displacements. Larger peak horizontal velocities are more likely to be expected in soil than in rock. 32.1.4.3 Magnitude As expected, at a given distance from the source of energy release, larger earthquake magnitudes result in larger peak ground accelerations, velocities, and displacements. Because of the lack of adequate data for earthquake magnitudes greater than approximately 7.5, the effect of magnitude on peak ground motion and duration is generally determined through extrapolation of data from earthquake magnitudes smaller than 7.5.
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 0.6 Rock
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 Stiff soil sites
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 Deep soil sites
 
 0.2
 
 0.1
 
 0
 
 0
 
 0.1
 
 0.2 0.3 0.4 0.5 0.6 Peak Horizontal Acceleration on Rock (g)
 
 0.7
 
 FIGURE 32.2 Relationship between peak accelerations of rock and soil. (Adapted from Seed, H.B. and Idriss, I.M., Ground Motions and Soil Liquefaction during Earthquakes, Earthquake Engineering Research Institute, Berkeley, CA, 1982.)
 
 32.1.5 Evaluating Seismic Risk at a Site Seismic-risk evaluation is based on information from three sources: (1) the recorded ground motion, (2) the history of seismic activity in the vicinity of the site, and (3) the geological data and fault activities of the region. For most regions of the world this information, particularly that from the ﬁrst source, is very limited and may not be sufﬁcient to predict the size and recurrence intervals of future earthquakes. Nevertheless, earthquake engineers have relied on this limited information to establish some acceptable levels of risk. Seismic-risk analysis usually begins with developing mathematical models that are used to estimate the recurrence intervals of future earthquakes with certain magnitudes and/or intensities. These models, together with the appropriate attenuation relationships, are commonly utilized to estimate ground-motion parameters such as the peak acceleration and velocity corresponding to a speciﬁed probability and return period. The provisions of the International Building Code (IBC) use the spectral accelerations determined from maximum considered earthquake ground motion maps prepared by the U.S. Geological Survey (USGS). The ground motion accelerations are modiﬁed for speciﬁc site characteristics to determine actual design-level accelerations. The USGS maps are extremely detailed and may be referenced in ASCE 7-05 or on the USGS website. For a discussion regarding the use of such mapped accelerations, refer to Section 32.2.1.1.
 
 32.1.6 Estimating Ground Motion Seismic-risk procedures and attenuation relationships are primarily developed for estimating the expected peak horizontal acceleration at the site. A statistical summary of the peak ground acceleration ratios for all four soil categories (rock, 30 ft of alluvium underlain by rock, 30 to 200 ft of alluvium underlain by rock, alluvium) is presented in Table 32.2. The table includes the ratio of the smaller to the larger of the two peak horizontal accelerations and the ratio of the vertical to the larger of the two peak horizontal accelerations. In each column, the ratios are generally close to each other, indicating that the soil condition does not inﬂuence the acceleration ratios. The 2/3 ratio of the vertical to horizontal acceleration, which has been recommended by Newmark and has been employed in seismic design, is closer to the 84.1 percentile than to the 50 percentile ratio. Although the 2/3 ratio is conservative, its use has been justiﬁed as taking into account variations greater than the median and uncertainties in the ground motion in the vertical direction.
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 TABLE 32.2 Summary of Peak Ground Acceleration Ratios (Lognormal Distribution) as/al
 
 av/al
 
 Percentile Soil Category Rock 5,000 NA NA 2500 to 5000 NA NA 1200 to 2500 >50 >2000 psf 600 to 1200 15–50 1000–2000 psf θmax, the structure is potentially unstable and shall be redesigned. Where P-delta effects are included in an automated analysis, Equation 32.13 will still be satisﬁed; however, the value of θ computed from Equation 32.12 using the results of the P-delta analysis is permitted to be divided by (1 + θ) before checking Equation 32.13. 32.2.4.7 Deformation Compatibility For structures assigned to Seismic Design Categories D, E, or F, all framing elements not required by design to be part of the lateral-force-resisting system must be investigated and shown to be adequate for vertical-load-carrying capacity when subjected to the design story drift (∆) resulting from the required design lateral force. Reinforced concrete frame members not designed as part of the lateral-force-resisting system shall comply with Section 21.9 of ACI 318.
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 32.2.5 Modal Response Spectrum Analysis ASCE 7-05 sets some rather general requirements regarding modal response spectrum analysis (dynamic analysis). The following is a summary of the requirements: • The analysis shall include a sufﬁcient number of natural modes of vibration for the structure such that the modal mass participation in each direction is at least 90% of the actual mass. • The design forces shall be determined using the properties of each mode and the response spectrum deﬁned in either Section 32.2.1.5 or Section 21.2 of ASCE 7-05 divided by R/I. When calculating displacement and drift, values shall be multiplied by Cd/I. • The value for each response parameter shall be combined using either the square root sum of the squares (SRSS) method or the complete quadratic combination (CQC) method, in accordance with ASCE 4. • A base shear shall be calculated in each of the two orthogonal directions using the equivalent lateral force procedure of Section 32.2.4. When the fundamental period of vibration exceeds the cap CuTa, then CuTa shall be used in lieu of T in that direction. • Where the combined response for the modal base shear (Vt) is less than 85% of the calculated base shear (V) using the equivalent lateral force procedure, the forces, but not the drifts, shall be multiplied by 0.85V/Vt. • The horizontal distribution of shear shall be in accordance with the horizontal distribution requirements of the equivalent lateral force procedure except that the ampliﬁcation of the torsional effects required when a horizontal irregularity Type 1a or Type 1b exists is not required when accidental torsional effects are included in the dynamic analysis model. • P-delta effects are determined in accordance with the same requirements as the equivalent lateral force procedure, as well as the story shears and story drifts. • A soil structure interaction reduction is permitted where determined using ASCE 7-05, Chapter 19. As can be seen from the above requirements, even though a separate method of analysis is being employed, the requirements of the equivalent lateral force procedure still play a large role in the modal response spectrum analysis.
 
 32.2.6 Seismic Load Combinations The basic load combinations for strength design are as follows:
 
 (1.2 + 0.2S )D + ρQ + L + 0.2S (0.9 − 0.2S )D + ρQ + 1.6H DS
 
 E
 
 DS
 
 E
 
 (32.14) (32.15)
 
 The basic load combinations for strength design with the overstrength factor (ΩO) are as follows:
 
 (1.2 + 0.2S )D + Ω Q DS
 
 O
 
 E
 
 (0.9 − 0.2S )D + Ω Q DS
 
 O
 
 + L + 0.2S
 
 (32.16)
 
 + 1.6H
 
 (32.17)
 
 E
 
 where: D = L = QE = ρ = SDS = H = S = ΩO =
 
 dead loads or related internal moments and forces. live loads or related internal moments and forces. effects of horizontal seismic forces from V or Fp. redundancy factor from Section 32.2.3.10. design spectral acceleration parameter deﬁned in Section 32.2.1.4. load due to earth pressure, ground water pressure, or pressure of bulk materials. snow load. overstrength factor.
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 The load factor applied to the live load in the above load combinations is permitted to equal 0.5 for all occupancies where the live load is less than or equal to 100 psf with the exception of garages or areas of public assembly. The load factor on H in the above load combinations shall be set equal to zero if the structural action due to H counteracts that due to E. Where lateral earth pressure provides resistance to structural actions other than seismic, it shall not be included in H but shall be included in the design resistance. When utilizing the load combinations including the overstrength factor, the required design strength for an element need not exceed the maximum force that can be developed in the element as determined by rational, plastic mechanism analysis, or nonlinear response analysis utilizing realistic expected values of material strengths.
 
 32.2.7 Diaphragms, Chords, and Collectors Floor and roof diaphragms are required to be designed to resist the forces determined in the following formula:
 
 ∑ Fw = ∑w n
 
 Fpx
 
 i
 
 i =x
 
 n
 
 px
 
 (32.18)
 
 i
 
 i =x
 
 The force (Fpx) determined in the above formula need not exceed 0.4SDSIwpx but shall not be less than 0.2SDSIwpx. For structures assigned to Seismic Design Categories D, E, and F, redundancy factor ρ shall be used in the diaphragm design. For inertial forces calculated in accordance with Equation 32.18, the redundancy factor shall equal 1.0. For transfer forces, the redundancy factor shall be the same as that used for the structure. For structures assigned to Seismic Design Categories D, E, or F and having a horizontal structural irregularity of Types 1a, 1b, 2, 3, or 4 from Table 32.11 or a vertical irregularity of Type 4 from Table 32.12, the design forces determined from Section 32.2.2.2 shall be increased 25% for connections of diaphragms to vertical elements and to collectors. Collectors and their connections shall be designed for these increased forces unless they are designed for the load combinations that include the overstrength factor.
 
 32.2.8 Building Separation All structures have to be separated from adjoining structures a distance sufﬁcient to avoid damaging contact under total deﬂection δx. ASCE 7-05 does not further expand on what is considered a sufﬁcient distance; however, past codes allowed the separation to be based on the square root sum of the squares of the estimated maximum seismic displacement due to code-speciﬁed seismic forces of the two structures. The separation was calculated as δS = δ 2x 1 + δ 2x 2 , where δx1 and δx2 are the displacement of adjacent buildings and δS is the calculated required building separation.
 
 32.2.9 Anchorage of Concrete or Masonry Walls Concrete or masonry walls shall be provided with a positive direct connection to all ﬂoors and roofs that provide them lateral support. Such connections shall be capable of resisting the horizontal forces induced by the seismic excitement and as speciﬁed in the code. ASCE 7-05, Section 12.11, should be consulted for further information.
 
 32.2.10 Material-Specific Design and Detailing Requirements The IBC and ASCE 7-05 make a series of modiﬁcations to ACI 318. The IBC in turn makes a series of modiﬁcations to both ASCE 7-05 and ACI 318 in Chapters 16 and 19. ASCE 7-05 lists the required modiﬁcation as part of Chapter 14.
 
 Seismic-Resisting Construction
 
 32-29
 
 32.2.11 Foundation Design The foundation shall be designed to resist the forces developed and accommodate the movements imparted to the structure by the design ground motions. Importantly, overturning effects at the soil–foundation interface are permitted to be reduced by 25% for foundations of structures that are designed in accordance with the equivalent lateral force analysis procedure provided the structure is not an inverted pendulum or cantilevered column type structure. Overturning effects at the soil–foundation interface are permitted to be reduced by 10% for foundation of structures designed in accordance with the modal response spectrum analysis procedure. Refer to ASCE 7-05, Section 12.13, for additional foundation design requirements.
 
 32.3 Design and Construction of Concrete and Masonry Buildings 32.3.1 Preface This section is intended to serve as a guide to engineers in the design of reinforced-concrete and masonry buildings to resist earthquake forces in conformance with the 2006 IBC and ASCE 7-05 (refer to Section 32.2). The lateral-load-resisting system, including horizontal diaphragms, is addressed. Please note that term deﬁnitions, notations, and symbols used in this chapter are provided in the 2006 IBC and ASCE 7-05.
 
 32.3.2 Concrete Buildings 32.3.2.1 Introduction As discussed in Section 32.2, reinforced-concrete buildings in general are designed to have adequate strength to resist the equivalent static lateral load and appropriate ductility to allow the structure to displace as a result of dynamic earthquake excitement. The building strength is achieved by selecting the appropriate member sizes, concrete strength, proper placement, and adequate size of reinforcing steel so the nominal capacity decreased by a reduction factor of each member meets or exceeds the ultimate demands. Ductility is achieved by providing conﬁnement to the concrete section at critical locations by introducing closely spaced and appropriately anchored bars transversely to the longitudinal reinforcement in beams, columns, and boundary members such as at the ends of a shear wall (see Figure 32.9). When designing a building to resist the seismic forces obtained in Section 32.2, the engineer would go through selection of the lateral-force-resisting system. This section addresses shear walls and special moment-resisting frames, as they are primarily used in Seismic Design Categories D, E, and F. The decision of whether to choose shear walls or moment frames or a combination of the two depends on the architectural layout of the structure. The structural engineer’s role in most cases is limited to locating and sizing the lateral resisting elements. The following steps are then followed in the lateral design of the structure: • • • •
 
 Select the lateral-force-resisting system. Calculate the building weight and base shear (see Section 32.2). Distribute lateral load to each ﬂoor and calculate the story shear (see Section 32.2). Distribute story shear to the various lateral-force-resisting elements at each ﬂoor based on member stiffness (see Section 32.2.4.4). • Design and detail lateral-force-resisting components (shear wall or moment frame) for the applied forces. • Design and detail diaphragms to transfer story shear into shear walls or moment frames. 32.3.2.2 Horizontal Distribution of Shear and Torsional Moments The following discussion addresses the distribution of shear and torsional moments on the basis that the lateral-force-resisting system consists of shear walls. The same discussion also applies to buildings
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 FIGURE 32.4 Schematic center of mass in shear wall. ∆T
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 =
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 FIGURE 32.5 Cantilever shear-wall deﬂection.
 
 with moment frames or combination of shear walls and moment frames. The center of mass of the ﬂoor is ﬁrst calculated as follows:
 
 ∑wx ∑w ∑wy = ∑w
 
 Xm =
 
 (32.19)
 
 Ym
 
 (32.20)
 
 Figure 32.4 serves as a good illustration for the above formulas. Next, the rigidity of each wall is calculated. The deﬂection at the top of the wall is calculated based on the following formula: ∆T = ∆ F + ∆ S =
 
 Ph 3 1.2Ph + 3EC I AEG
 
 (32.21)
 
 where r is the rigidity or stiffness of the wall panel equal to 1/deﬂection (see Figure 32.4, Figure 32.5, and Figure 32.6). The center of rigidity of the ﬂoor is then calculated as follows: xr =
 
 rx x
 
 ∑r
 
 y
 
 yr =
 
 rx y
 
 ∑r
 
 x
 
 Refer to Figure 32.7 for the shear distribution formulation.
 
 (32.22)
 
 (32.23)
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 FIGURE 32.6 Schematic center of rigidity in a shear wall.
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 FIGURE 32.7 Shear distribution formulation.
 
 32.3.2.3 Design of Vertical Lateral-Force-Resisting Elements This section illustrates the design and reinforcement requirements for shear walls and moment-resisting frames through practical examples. Example 32.1. Shear-Wall Design and Reinforcement Requirements (See Figure 32.8.) The given values are as follows: fc′ = 4000 psi. t (wall thickness) = 12 in.
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 Optional
 
 Floor slab
 
 Concrete or CMU wall
 
 End vert.
 
 Vert.
 
 Vert.
 
 Horiz. 12–#11
 
 Class “B” lap for concrete (30" min.) & 48Db lap for CMU, typical
 
 Top dowels (see wall schedule for dowel size and spacing)
 
 5" CLR.
 
 See schedule
 
 Footing dowel
 
 Footing (see plan & schedule)
 
 12" typical
 
 FIGURE 32.8 Typical shear wall elevation.
 
 Vu = Mu = Pu = SDS = L = H =
 
 980 kips = shear force. 73,500 kip-ft = overturning moment. 2800 kips = total load on wall, includes wall weight. 1.1 (site class D). 53 ft. 75 ft.
 
 Note that walls with a height-to-width ratio (H/W) greater than 2.0 behave primarily as bending members, whereas walls with H/W below 2.0 resist lateral forces in a predominantly truss-type behavior. The maximum shear stress in walls is limited to 2 f c′ . • The vertical steel in the wall is required to equal the horizontal steel. • At least two curtains of reinforcement shall be used in a wall if the in-plane factored shear force assigned to the wall exceeds 2Acv f c′ . Acv is the cross-sectional area bounded by the wall length parallel to the direction of the shear force and the wall thickness. Check number of curtains required:
 
 (
 
 )
 
 2Acv f c′ = 2 × 12 × (53 × 12) 4000 1000 = 965.4 kips Vu = 980 kips Vu > 2Acv f c′ ∴ two curtains of reinforcement are required • Required vertical and horizontal wall reinforcement: Minimum rebar ratio, ρv = 0.0025 Area of steel in each, ρv Acv = 0.0025 × 12 in. × 12 in. = 0.36 in.2 /ft
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 • Try #5 bars in each direction at each face at 18 in. on-center ≤ Smax = 18 in. Am = 2 × 0.31 × 12 / 18 = 0.413 in.2 hw / lw = 75 ft/53 ft. = 1.42 < 2
 
 (
 
 Vn = Acv αc f c′ + ρn f y
 
 )
 
 Acv = 12 × (53 × 12 ) = 7632 in.2 αc = 3.0 ( αc varies linearly from 3.0 for hw / lw = 1.5 to 2.0 for hw / lw = 2.0 ) ρn = 2 × 0.31 /(12 × 18) = 0.0029 φ = 0.6 • Check: Vn ≤ 10Acv f c′. Vn =
 
 (
 
 )
 
 7632 3 4000 + 0.0029 × 60, 000 = 2776 kips 1000
 
 10Acv f c′ = 10 × 7632 × 4000 / 1000 = 4827 kips ∴ Vn < 10Acv f c′ (OK) Boundary member requirement: Boundary members shall be provided where the maximum compressive and extreme-ﬁber stress under factored forces exceeds 0.2fc′. • Gross section properties: 1 = 53 ft, t = 12 in. Acv = 53 × 12 × 12 = 7632 in.2 I y = 12 × (53 × 12)3 12 = 257, 259, 456 in.4 f c = PU Ag + M u (lw / 2 ) I y Pu = 2800 kips M u = 73, 500 kip-ft fc =
 
 2800 73, 500 × 12 × 53 × 12 / 2 + = 1.46 ksi 7632 257, 259, 456
 
 0..2f c = 0.2 × 4 = 0.8 ksi < 1.46 ksi ∴ provide boundary member • Check axial capacity of 36 × 36-in. boundary member with 12 #11: A y = 36 × 36 = 1296 in.2 Ast = 12 × 1.56 = 18.72 in.2 ρg = 18.72 / 1296 = 0.0144 ρmin = 0.01 < ρg < ρmax = 0.06 (OK))
 
 (
 
 )
 
 Pu = φPn = 0.6 0.85 f c′ A y − Ast + f y Ast  = 3279 kips > Pu (OK) • Use 36 × 36-in. boundary members with 12 #11.
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 • Check boundary reinforcement for tension load for load combination: Tu = ( 0.9 − 0.2SDS )D ± E PD = 1400 kips Tu = 73, 500 /(53 − 3) − (0.9 − 0.2 × 1.1) × 1400 × 0.5 = 994 kips As = Tu / φf y = 994 /(0.9 × 60) = 18.41 in.2 (OK) Other requirements: (1) Required cross-sectional area of conﬁnement reinforcement should be in accordance with ACI 318-05; see Nawy (2008) for a detailed example. (2) All continuous reinforcement in shear walls must be anchored or spliced as required by IBC and ACI.
 
 32.3.3 Design of Masonry Buildings 32.3.3.1 Introduction The majority of construction in the masonry industry involves smaller buildings, and these are often designed with the code-equivalent static loads. It is the intent of this section to brieﬂy demonstrate how the building must be designed to resist these equivalent static lateral forces. Again, for computational convenience, the effects of ground motion are considered as if the motion acts only in one direction parallel to the perpendicular axes of the building. Several different types of structural systems are used to resist the static lateral forces and carry them into the foundation. Such systems include shear walls, braced frames, and moment-resisting space frames. Because it has not been possible, so far, to feasibly construct masonry moment-resisting frames, this chapter is limited to the discussion of concrete masonry shear walls. 32.3.3.2 General Behavior of Box Buildings A box system does not have an independent vertical-load-carrying frame but rather depends on the walls not only to carry the vertical loads but also to provide the necessary lateral stability. Walls that are perpendicular to the assumed direction of the ground motion must span vertically between the ﬂoor diaphragms. The inertial effect of one half the wall height, both above and below the ﬂoor level in question, is considered to be transferred to that ﬂoor diaphragm. In addition, the inertial effect of the diaphragm dead load itself must be taken by the diaphragm. The diaphragm essentially behaves as a horizontal plate girder, wherein the diaphragm boundary members serve as the girder ﬂanges and the ﬂoor functions as the web. The diaphragm therefore spans between the supporting shear walls. Through the diaphragm-to-wall connection, the total horizontal shear is transferred directly to the shear wall. Depending on the rigidity of the diaphragm, this lateral shear transfer to any shear wall may be based on the adjacent tributary area or the relative rigidities of the various shear walls. Where rigid diaphragms such as reinforced or post-tensioned concrete ﬂoor slabs are used, each wall experiences a torsional shear in addition to the direct shear when the building center of gravity and the center of rigidity of the vertical lateral-force-resisting elements do not coincide. The total direct lateral shear and the torsional shear are combined so the sum becomes the total UBC-design force imposed upon the shear wall. Figure 32.7 provides an illustration of the total shear force, lateral load combination. 32.3.3.3 Shear Walls 32.3.3.3.1 Shear-Wall Design Roof and ﬂoor seismic forces may be carried down to the building foundation by the strength and rigidity of the building walls in a bearing wall system or building frame system. Such walls are called shear walls. In tall buildings, design of the shear walls is generally governed by ﬂexure, whereas in low buildings shear is often the governing criteria. The shear wall is basically a cantilever member with the shear force resisted by the combined shear strength of the masonry and the horizontal rebar in the wall, while the vertical
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 4 #9
 
 Horizontal reinforcement, #5 @ 16" o.c.
 
 Hook into wall #3 ties @ 8" o.c.
 
 8" CMU wall
 
 Vertical reinforcement, #5 @ 16" o.c.
 
 FIGURE 32.9 Typical placement of reinforcement in masonry shear wall.
 
 boundaries (end reinforcement) provide the capacity to resist tension and compression caused by the bending moment and axial forces on the wall. A shear wall by deﬁnition is a wall resisting in-plane horizontal shear forces. In addition to horizontal force, the wall is investigated for the effects of the vertical loads it is subjected to. Example 32.2 provides a good illustration for the design of a concrete masonry wall subjected to both gravity and seismic forces. 32.3.3.3.2 Shear-Wall Detailing For a masonry wall to function properly as a shear wall, it must be capable of resisting the diagonal tensile forces imposed by the design shear forces and the vertical compressive or tensile stresses caused by the overturning moment due the same design shear forces. A typical detail for placing reinforcing steel in a masonry wall is shown in Figure 32.9. The horizontal rebar is anchored with a 90° standard hook to ensure that the bar can be fully developed in tension. Also shown in Figure 32.9 is the end reinforcement for a four-bar condition to resist tensile forces. Figure 32.8 shows an elevation of the same wall with the wall-to-ﬂoor and wall-to-footing connections properly shown. It is important to note that the designer must take into account the limited amount of space in the cells when specifying the bar size and spacing so the placement of reinforcement does not become impossible. Example 32.2. Masonry Shear-Wall Design The given values are as follows: Masonry, CMU fm′ = 1500 psi Grout, type M, 2000 psi Steel, Gr 60 Special inspection required Wall length, 31 ft Wall thickness, 12 in Wall height, 12 ft Shear force, 203.45 kips Moment, 3051.7 kip-ft Axial loading, 95.00 kips The following items are required: Stress check Reinforcement requirements
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 The following calculations are necessary (calculations are based on design UBC 1991): Em = 750 × 1500 = 1125 ksi. Es = 29,000 ksi. Ratio of moduli = 29,000/1125 = 25.78. Allowable steel stress (Fs) = 24,000 psi. Increase for seismic design (1.33Fs) = 1.33 × 24,000 = 31,920 psi. Allowable bending stress (Fb) = 0.33fm′ = 0.33 × 1500 = 495 psi. Increase for seismic design (1.33Fb) = 658.35 psi. Allowable axial stress (Fa/R) = 0.2fm′ = 0.2 × 1500 = 300 psi. Increase for seismic design = 399 psi. The design for bending and axial load is as follows: 3 R = 1 − (h / 42t )   
 
 h = 12 × 12 = 144 in. t = 11.625 fo or 12 in./in. CMU 3
 
   144 R = 1−  = 0.97  42 × 11.625  fa =
 
 P 95 × 1000 = ≅ 22 psi A 31 × 12 × 11.625
 
 Allowable axial stress (Fa) = 399 × 0.97 = 387 psi. Axial stress ratio (fa/Fa) = 21.97/387 = 0.057. fa fb + =1 Fa Fb Hence, fb/Fb = 1 – 0.057 = 0.943. Assume that masonry stress governs and check for steel stress. If steel stress as calculated exceeds its allowable stress, then discard the assumption and proceed by assuming steel reaches its maximum allowable value ﬁrst. (I) Masonry stress governs. f b = 0.943 × 658.35 = 621 psi jk =
 
 2M 2 × 3051.70 × 12, 000 = = 0.081 f bbd 2 620.98 × 11.625 × 354 2
 
 where d = 12 × 3 ft – 18 in. = 354 in. k 2 − 3k + 3 jk = 0 k 2 − 3k + 3 × 0.081 = 0 k = 0.0833  1−k   1 − 0.0833  f snf b  = 25.778 × 620.98  = 176,128 psi > 31, 920 psi ∴ N.G.  k   0.0833 
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 (II) Steel stress governs. As =
 
 M 3051 × 12, 000 = = 3.33 in..2 = area of jamb reinforcement f s jd 31, 920 × 0.972 × 354
 
 where j = jk/k = 0.81/0.0833 = 0.972. Check compressive stress in the masonry: ρ = As / bd = 3.33 / 11.625 × 354 = 8.09 × 10−4
 
 ( )
 
 (
 
 k = 2ρn + ρn 2 − ρn = 2 × 8.09 × 10−4 × 25.78 + 25.78 × 8.09 × 10−4
 
 )
 
 2
 
 − 8.09 × 10−4 × 25.78 = 0.23
 
 j = 1 − k / 3 = 1 − 0.23 / 3 = 0.923 fb =
 
 2M 2 × 3051.70 × 12, 000 = = 336psi < 658.35 psi ∴ OK 2 jkbd 0.923 × 0.162 × 11.6625 × 354 2
 
 The bending stress ratio is: fb 336 = = 0.51 ∴ OK Fb 658.35 The combined bending and axial stress ratio is: fa fb + = 0.06 + 0.51 = 0.57 < 1 ∴ OK Fa Fb Check shear stresses: 3051.7 M = 0.6 < 1 ∴ OK = Vd 203.45 × ( 0.8 × 31) where d ≅ 0.8 × 31. for M /Vd = 1, Fv = 1.33 × 1.5 1500 = 77.27 psi < 1.33 × 75 psi ∴ OK for M /Vd = 0, Fv = 1.33 × 2 1500 = 103.02psi < 1..33 × 120 psi ∴ OK The allowable ranges for design with rebar are: Fv = 77.27 + (1 − 0.6)(103.02 − 77.27) = 87.33 psi Hence, the design stress is Fv = 77.27 + (1 – 0.6)(103.02 – 77.27) = 87.33 psi, and the governing stress value is Fv = 87.33 psi. The actual stress value is: Fv =
 
 Vu 1.5 × 203.45 × 1000 = = 80.34 psi bjd 11.625 × 0.923 × 354
 
 The shear stress ratio is: fv = 80.34 / 87.33 = 0.92 ∴ OK Fv
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 Calculate the shear reinforcement: Vu s 1.5 × 203.45 × 1000 × 12 = = 0.351 in.2 f s jd 31, 920 × 0.923 × 345
 
 Horizontal,
 
 As =
 
 Minimum,
 
 As = 0.0007 × 11.625 × 12 = 0.1 in 2 < 0.351 in 2 ∴ OK ρn = 0.351 / 11.625 × 12 = 0.00252 > 0.002
 
 Hence, minimum ρu governs: Av = 0.0007 × 11.625 × 12 = 0.1 in./ft.
 
 32.3.4 Shear-Wall Foundation Analysis and Design 32.3.4.1 Background The analysis and design presented herein pertain to the sizing of the shear-wall foundations and determination of their structural adequacy. The algorithm adopted is aimed at obtaining economical foundation dimensions with due consideration of all the major parameters such as the actions from the shear wall, the permissible soil pressure, concrete strength, the shear-wall foundation, and grade beam dimensions. The analysis and design are directed toward the seismic-loading case only. The adequacy of the foundation under gravity loading is to be established separately. Under normal conditions, however, the size and reinforcement of a shear-wall foundation is governed by the seismic case. The gravity case check will be conducted for unusual cases and dimensions. The analysis is based on the limit design concept. A probable failure mechanism is assumed (refer to the free body diagrams in Figure 32.10). By satisfying the requirements of statics, the actions (shears and moments) at critical sections are determined, and the cross-sectional area and reinforcement at such sections are evaluated. The failure mechanism selected may not be the optimum for all cases, but it is consistently conservative. The soil pressure is checked by determining the soil stress ratio (SSR). This is the ratio of the calculated unfactored soil pressure to the permissible soil pressure. SSR is to be kept less than 1. The analysis assumes that the foundation is tied to the remainder of the structure through grade beams. If the foundation by itself can resist the applied loading without need for grade beams, the calculated shear transfer (parameter G) between the foundation and the grade beam will become zero or negative. If a shear transfer between the foundation and the assumed grade beams results, the analysis and design must be followed by a grade beam design to ensure that the resulting shear (G) is satisfactorily dissipated into the grade beam and the other structural elements. The applied vertical loading (P), the seismic moment (M), and the shear (V) from the shear wall are calculated elsewhere and are entered herein (see Example 32.3) as input. They act at midlength of the shear wall at the top of the foundation. This design considers the vertical loading and the moment components of the shear wall. The shear component (V) is resisted through friction at the bottom of the foundation, axial loading in the adjoining grade beams, and the connection of the foundation to the slab on grade, as well as by any passive soil pressure that may develop. In common cases, foundation and grade beam sizes, through other considerations, prove to be adequate for V; however, for isolated foundations this may not be the case. If required, this design section is followed by a check for the shear component V. One type of typical interior foundation is treated in Example 32.3. Numerous variations are possible depending on the existence of and location at which a grade beam ties into the foundation. The relationships developed embrace most of the common cases. If a foundation geometry does not fall within the scope of this work and cannot be modeled conservatively through the method treated herein, special analysis and design are required. In nonsymmetrical cases, different values for the shear transfer force (G) result, depending on the direction of the applied seismic-bending moment. In such conditions, the value yielding the larger shear transfer is calculated and given.
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 Footing Shear wall Grade beam
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 L (a) Grade beam
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 Shear wall B b L/4
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 Grade beam M
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 hg w L/4
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 FIGURE 32.10 Shear wall foundation: (a) elevation, shear wall and footing; (b) plan; (c) free body diagram of the structural system at limit state.
 
 32.3.4.2 Geotechnical Relationships 32.3.4.2.1 Soil Pressure The soil pressure is: s= where PD is the total (DL + LL).
 
 Pd ≤ 1.33SBP 0.25LB
 
 (32.24)
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 32.3.4.2.2 Soil Pressure Ratio The soil stress ratio is: SSR =
 
 s ≤1 1.33SBP
 
 (32.25)
 
 32.3.4.2.3 Shear Transfer to Grade Beam (G) (See Figure 32.10.) Based on the structural model adopted at the limit state, shear transfer (G) to the grade beams occurs if the shear-wall footing is not capable, through its geometry and the existing gravity loadings, to resist the overturning moment (M). The magnitude of the shear G depends also on the direction of bending moment M. The larger of the two values is considered for design: G=
 
 1 M − 0.375PL + 0.5(e − f )   L
 
 Factored average soil bearing (W) = 4P/BL
 
 (32.26) (32.27)
 
 32.3.5 Nomenclature b = B = d = dg = e = f = g = G = h = hg = j = k = l = L = M = Ms = P = Pa = Pd = Pf = PL = s = SBP = SSR = V = Vs = W =
 
 width of grade beam. width of foundation pad and its tips. design depth of footing. design depth of grade beam. distance from tip of shear wall to tip of footing at bearing end. distance from tip of shear wall to tip of footing at uplift end. distance from tip of shear wall to point of action of shear force G. factored shear force developed between the grade beam and foundation. dimensional depth of footing. dimensional depth of grade beam. distance from tip of shear wall to point of action of shear force G. width of footing at midlength of shear wall. length of shear wall. effective length of foundation (equal to l + e + f). factored moment at midlength of shear wall (equal to Ms/0.7). unfactored applied seismic moment. factored gravity load equal to (0.9 – 0.2SDS)Pd. unfactored gravity loading from the shear wall. total axial load on footing (equal to Pa + Pf ). total weight of footing. unfactored live load from shear wall unfactored calculated soil pressure. allowable soil bearing pressure. soil stress ratio (equal to calculated/allowable). factored applied seismic shear. unfactored applied seismic shear. factored calculated soil pressure on soil.
 
 Example 32.3. Shear-Wall Footing Design (Refer to Figure 32.10 and Figure 32.11). From the soils report, SBP = 3.0 kips/ft2. From lateral analysis, Ms = 9800 kip-ft, Pa = 100 kips, PL = 0 kips, Vs = 300 kips, and SDS = 1.0. The properties are (calculations based on design IBC 2006): fc′ = 3000 psi. fy = 60 psi.
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 1
 
 l
 
 e
 
 Shear wall Grade beam
 
 3 Foundation 2
 
 Extend grade beam rebar 4'-0" into foundation.
 
 4
 
 Development length or e/6, whichever is larger
 
 Development length or f/6, whichever is larger (a)
 
 24" min.
 
 5 top & bottom (b)
 
 FIGURE 32.11 Reinforcement designation: (a) elevation, and (b) plan. Note: The connection between the grade beam and the foundation is modeled as hinged in the analysis. It is not necessary to design for a moment across this section.
 
 e f l L
 
 = = = =
 
 6 ft. 6 ft. 36 ft. l + e + f = 48 ft.
 
 The estimated weight of the footing is: Pf = 60 kips Pd = Pa + Pf = 100 kips + 60 kips = 160 kipss P = (0.9 − 0.2)( Pd − PL )(160 kips) = 112 kips M=
 
 M s 9800 kip-ft = = 14, 000 kip-ft 0.7 0.7
 
 From Equation 32.24: Bmin =
 
 160 kips Pd = 40.1 in. = 0.25L (1.33SBP ) 0.25( 48 ft )(1.33 × 3.0)
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 Assume B = 48 in.: s=
 
 Pd 160 kips = = 3.33 kips//ft 2 0.25LB 0.25(48 ft)(4 ft)
 
 SSR =
 
 s 3.33 kips/ft 2 = 0.833 < 1.0 (OK) = 1.33SBP 1.33(3.0 kips/ft 2 )
 
 Assume dg = 26.5 in.; hg = dg + 3.5 in. = 26.5 in. + 3.5 in.; therefore, hg = 30 in. From Equation 32.27: W=
 
 4P 4(112) = = 2.33 kips/ft 2 BL (4 ft)(48 ft)
 
 Reinforcement requirements of foundation: G=
 
 1  M − 0.375PL + 0.5P (e − f )  L
 
 G=
 
 1 14, 000 kip--ft − 0.375(112 kips)(48 ft) + 0  48 ft 
 
 G = 249.67 kips See Figure 32.11a, rebar 2D 1: M u = Gf +
 
 Bfh f 6 ft × 0.15 = (249.67 kips)(6 ft) + (4 ft)(6 ft)(3 ft) × 0.15 kcf × 2 2 123
 
 M u = 1530.4 kip-ft ASREQQ = 11.68 in.2
 
 32.4 Seismic Retrofit of Existing Buildings 32.4.1 Introduction Historically, the seismic retroﬁt of existing concrete structures has been executed by introducing concrete shear walls, new steel, or concrete bracing elements or by strengthening existing lateral-force-resisting members. Recently, new methods such as base isolation and wrapping columns using steel jackets or ﬁber fabric with epoxy resin have been introduced. The method and the economy of the seismic retroﬁt depend on the characteristics of the structure. The most critical stage in the retroﬁt of a concrete structure is the preliminary work for the development of the retroﬁt scheme. During this phase, the structural components of the structure, the economy, the various retroﬁt schemes, the timing of the work, and the possibility of loss of occupancy are all investigated so the appropriate seismic retroﬁt option may be chosen.
 
 32.4.2 Structure Weakness Concrete structures observed to suffer the most in the aftermath of major seismic events have exhibited one or more of the following deﬁciencies: • Suspect load path or, as is occasionally the case, interrupted load path • Lack of compatibility between the vertical elements in the structure • An inadequate lateral-load-resisting system
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 For a structure to respond adequately to the applied seismic loads, there must exist a continuous and adequate load path from the point of application of the seismic force to the foundation of the structure. Inadequately designed or detailed connections along the load path can and will lead to local or overall failure, regardless of how well the various components of the lateral-force-resisting system are designed and detailed. The issue of deformation compatibility can be seen very clearly in a structure with ﬂexible vertical lateral-force-resisting elements such as moment-resisting frames. Such frames experience significant horizontal displacements. It is this earthquake-imposed deformation that can cause some or all of the lateral and vertical carrying systems to fail if they do not have the ability to allow such movement. As building codes evolve on the basis of lessons learned from various seismic events worldwide, higher design loads with a more advanced level of detailing for ductile behavior (not widely practiced before) are demanded. Structures designed according to codes as late as 1967 may be inadequate, based on current standards. Efforts to retroﬁt such structures to meet current governing codes can be very extensive. Toward achieving our present objectives of ensuring life safety during major seismic events and minimal structural damage during frequently occurring earthquakes, the next two sections address two critical objectives in the seismic retroﬁt process.
 
 32.4.3 Creation of Adequate Load Path The structural engineer chooses the load path to support the lateral load from the point of load application to the foundation or soil. The load path or lateral-load-resisting system is then analyzed and designed for the corresponding load actions. All components of the system and their connections are veriﬁed, and adjustments are made to ensure adequate strength and ductility. In concrete structures, such load paths are achieved by adding new shear walls or by strengthening existing ones. It is not surprising, therefore, to observe that the chosen load path is different from the original system of the structure. Compatibility of the various vertical structural elements of the structure must be investigated to ensure that the selected load path can be activated.
 
 32.4.4 Establish Deformation Compatibility As discussed earlier, establishing deformation compatibility is essential to ensuring that all structural elements necessary for stability and load transfer have adequate ductility and the ability to redistribute loading to safely withstand the deformations imposed upon them in response to seismic loads. In parking structures where split-level frames are common, post-earthquake investigations and studies have shown that most of the distress was due to column-shear failure in short columns. Measures for the mitigation of column-shear failure vary between existing and new structures. The options introduced in the following sections may be considered for each of the construction types. 32.4.4.1 Retrofit Construction Retroﬁtting the column implies one of several options. The ﬁrst is removing the column and replacing it using an adequate section with close tie spacing. A second option is jacketing the column so its shear capacity can be increased; this can be accomplished by placing vertical and hoop reinforcement around the existing column and by the application of gunite. Another option is to place a two-piece steel jacket and weld it on site. The gap between the existing column and the jacket is then grouted. Epoxy resin and ﬁber wrapping is another method that is very effective for round or oval columns because the structural contribution of the wrapping is developed through hoop stresses in the wrapping. 32.4.4.2 New Construction In new construction, short columns can be designed and detailed as a continuous part of the structure to withstand the higher shear forces, or they can be detailed for moment release at their connections to the beam, as shown in Figure 32.12.
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 22" × 22" × 1/2" Neoprene Duro 70
 
 6" 2'- 0" 2" typical
 
 Note: For tie sizes and spacing, see schedule, typical
 
 1# 11×4'–6" centered in column
 
 1/2" exp. joint material Ramp-on-grade
 
 S.O.G.
 
 5" CLR.
 
 FTG. dowel lap See column schedule
 
 2"
 
 6 equal spaces @ 2" o.c.
 
 4 equal spaces
 
 36"
 
 Second and third floors
 
 3"φ Foam
 
 36"
 
 2"
 
 4 equal spaces
 
 Second and third ramps
 
 Std. HK. (12" min.)
 
 Dowels to match size and spacing of vertical reinforcement
 
 FIGURE 32.12 Slip joint at top of short columns.
 
 32.4.5 Establish Adequate Lateral-Load-Resisting System It is not possible to achieve our goal of ensuring life safety during major seismic events and minimal structural damage during frequently occurring earthquakes just by ensuring that the structure has an adequate vertical lateral-force-resisting system. It is imperative that the seismic force be properly collected at the roof and each ﬂoor and properly transferred into the vertical lateral-force-resisting system. Thus, the horizontal concrete diaphragms should be analyzed and strengthened as necessary so this step can be accomplished. The existing vertical resisting system is then strengthened by retroﬁtting the existing elements or by introducing new elements to supplement the existing capacity. Finally, the existing footing should be investigated and new footings and grade beams should be added where required.
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 32.4.5.1 Horizontal Diaphragms In structures constructed prior to 1970, it is very likely that little attention was given to ensuring that the story force could be adequately transferred into the vertical lateral-force-resisting system. As part of the seismic retroﬁt of the building, methods of ensuring that the diaphragm does not fail should be devised. This can be achieved by introducing chord and drag elements at the ﬂoor sofﬁt. Attaching thin steel plates onto the concrete sofﬁt using epoxy resin is a method that can cause little disturbance to the function of the structure yet have very positive results. The connection of the diaphragm to the vertical lateral system should be closely examined. The introduction of steel angles bolted to both the ﬂoor sofﬁt and the vertical lateral-force-resisting system is often done with satisfactory results. For diaphragms where a load path into the existing vertical lateral-force-resisting system cannot be reasonably achieved, the layout of the vertical lateral-load-resisting system should be studied. It may be imperative that new vertical members be introduced to allow the establishment of adequate load path. 32.4.5.2 Vertical Load-Resisting System Existing concrete buildings are most likely to have one of three structural lateral systems: • Space frame system • Building frame system • Bearing wall system The level of strengthening required to achieve our goal of ensuring public safety and minimal structural damage no doubt differs from one structure to another; however, older buildings with space frames generally require more effort for establishing an adequate vertical lateral-force-resisting system. The following options are some of the available methods for strengthening the vertical lateral-force-resisting systems. 32.4.5.2.1 Introduction of New Concrete/Masonry Shear Walls This is a method frequently used for retroﬁtting concrete structures. Shear-wall placement is simpler, in most cases, than adding moment-resisting frames. When the size and location of the new shear walls have been established based on the design force, new footings are placed and connected to the various ﬂoor systems by way of drilling and bonding reinforcing steel dowels to the existing slab-on-grade. Wall reinforcements are then placed. Walls can then be formed and poured in place or, as is often the case in recent years, a one-sided form can be placed and gunite applied (refer to Figure 32.13 and Figure 32.14). 32.4.5.2.2 Retrofitting of Existing Walls In instances where the building layout or architecture offers no option for new shear wall introduction, existing walls may be thickened to the required adequate dimension (Figure 32.15). Additionally, required wall boundary elements at the end of the wall may be added if required, as shown in Figure 32.14. Existing shear walls to be thickened are properly prepared by roughening their surfaces to 0.25-in. amplitude. Appropriate dowels are then drilled and bonded into existing concrete. The required vertical and horizontal reinforcements are tied in place, and concrete is placed either conventionally by installing wall forms and pumping the concrete into place or low-slump gunite is shot in place. It is important to note that the existing footings should be veriﬁed for their ability to transfer vertical and horizontal reactions to the ground. It is often necessary to enlarge the existing footings at the thickened shear wall. Additionally, grade beams may be introduced to better defuse the lateral force into the ground. 32.4.5.2.3 Alternative Methods of Seismic Retrofit So far, the discussion has been limited to the conventional methods for seismic retroﬁt of buildings where conventional lateral-load-resisting systems are engineered to support the calculated seismic forces that will be developed in a building during severe seismic activity. On the other hand, base isolation is a means by which the seismic response of the structure is signiﬁcantly reduced by decoupling the building from its seismic forces by: (1) increasing the fundamental vibration period of the structure, or (2) dissipating the energy delivered to the building. Base isolation at the present time is far more expensive
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 FIGURE 32.13 New concrete wall.
 
 to implement for retroﬁtting existing structures than conventional methods; however, structures such as historic landmarks and vital buildings that lack an existing load path for seismic forces and have limited capacity in the existing concrete diaphragm or large penetrations in the existing concrete diaphragm that cannot be retroﬁtted conventionally can be successfully strengthened using base isolation. Some of the primary advantages of the base isolation system include: • • • • • •
 
 Minimum disruption of important historic features Minimum alteration of interior spaces Minimum potential damage to architectural ﬁnishes during future earthquakes Greater degree of life safety to building occupants Signiﬁcantly reduced seismic response Signiﬁcantly reduced story drift
 
 For further information regarding base isolation, the reader is encouraged to consult Naaseh (1995).
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 FIGURE 32.14 Wall elevation. (E) Concrete floor
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 FIGURE 32.15 Retroﬁt of existing concrete wall.
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 32.5 Seismic Analysis and Design of Bridge Structures 32.5.1 Seismic Analysis of Bridge Structures 32.5.1.1 Introduction In this section, a simple method that models a bridge as a single degree of freedom system is presented. As the bridge model becomes more complicated, however, this simple procedure becomes less accurate; thus, a multimodal dynamic analysis or time-history computer analysis is recommended. There are two basic concepts for bridge seismic analysis. The ﬁrst is that there is a relationship between the mass and stiffness of a bridge and the forces and displacements that affect the structure during an earthquake; therefore, if we can calculate the mass and the stiffness for our structure, we can obtain the earthquake forces acting on it. The second concept is that bridges are designed to behave nonlinearly for large earthquakes; therefore, the engineer is required to make successive estimates of an equivalent linearized stiffness to obtain the seismic forces and displacements of the bridge. 32.5.1.2 Basics Mass is a measure of a body’s resistance to acceleration. It requires a force of 1 Newton to accelerate 1 kilogram at a rate of 1 meter per second squared. Stiffness is a measure of the resistance of a structure to displacement. It is the force (in Newtons) required to move a structure 1 meter. The boundary conditions for the bridge must be carefully studied to determine the stiffness of the structure. Period is the time (in seconds) required to complete one cycle of movement. A cycle is the trip from the point of zero displacement to completion of the farthest left and right excursions of the structure and back to the point of zero displacement. Natural period is the time a single degree of freedom system will vibrate at in the absence of damping or other forces. Natural period (T) has the following relationship to the mass (m) and stiffness (k) of the system: T = 2π
 
 m k
 
 (32.28)
 
 Frequency is the inverse of period and can be measured as the number of cycles per second (f) or the number of radians per second (ω) where one cycle equals 2π radians. Damping (viscous damping) is a measure of a resistance of a structure to velocity. Bridges are underdamped structures. This means that the displacement of successive cycles becomes smaller. The damping coefﬁcient (c) is the force required to move a structure at a speed of 1 meter per second. Critical damping (cc) is the amount of damping that would cause a structure to stop moving after half a cycle. Bridge engineers describe damping using the damping ratio (ξ) where: ξ=
 
 c cc
 
 (32.29)
 
 A damping ratio of 5% is used for most bridge structures. 32.5.1.3 The Force Equation The force equation for structural dynamics can be derived from Newton’s second law:
 
 ∑F = ma
 
 (32.30)
 
 Thus, all the forces acting on a body are equal to its mass times its acceleration. When a structure is acted on by a force, Newton’s second law becomes: p – fs – fD = mu′′
 
 (32.31)
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 FIGURE 32.16 Forces acting on a structure according to Newton’s second law.
 
 where: fs = ku
 
 (32.32)
 
 fD = cu′
 
 (32.33)
 
 is the force due to the stiffness of the structure,
 
 is the force due to damping of the structure, and p is the external force acting on the structure (see Figure 32.16). The variables u′ and u′′ are the ﬁrst and second derivatives of displacement u, k is the force required for a unit displacement of the structure, and c is a measure of the damping in the system. Thus, Equation 32.31 can be rearranged as shown in Equation 32.34: mu′′ + cu′ + ku = p(t)
 
 (32.34)
 
 However, for earthquakes, the force is not applied at the mass but at the ground (Figure 32.17); therefore, Equation 32.34 becomes: mu′′ + c(u′ – z′) + k(u – z) = p
 
 (32.35)
 
 ω=u–z
 
 (32.36)
 
 for the relative displacement:
 
 and the equation of motion, when there is no external force p being applied, is: mu′′ + cω′ + kω = –mz′′
 
 (32.37)
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 FIGURE 32.18 Example response spectra.
 
 In Equation 32.37, mass m, damping factor c, and stiffness k are all known. The support acceleration (z′′) can be obtained from accelerogram records of previous earthquakes. Equation 32.37 is a secondorder differential equation that can be solved to obtain the relative displacement (ω), the relative velocity (ω′), and the relative acceleration (ω′′) for a bridge structure due to an earthquake. 32.5.1.4 Caltrans’ Response Spectra Response spectra have been developed so engineers do not have to solve a differential equation repeatedly to capture the maximum force or displacement of their structure for a given acceleration record. Refer to Figure 32.18 for an example response spectra. Response spectra are graphs of the maximum response (displacement, velocity, or acceleration) of different single degree of freedom systems for a given earthquake record. Thus, engineers can calculate the period of the structure from its mass and stiffness and use the appropriate 5% damped spectra to obtain the response of the structure to the earthquake. The force
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 FIGURE 32.19 Nonlinear column stiffness.
 
 equation (32.37) showed three responses that can be obtained from a dynamic analysis: displacement, velocity, and acceleration. We can also obtain these using response spectra. The spectral displacement (Sd) and velocity (Sv) can be obtained from the spectral acceleration using the following relationship: Sa = ωSv = ω2Sd
 
 (32.38)
 
 Sa Sa T 2Sa = = 2 2 ω (2π /T ) 4π 2
 
 (32.39)
 
 Therefore, Sd =
 
 Caltrans developed response spectra using ﬁve large California earthquake ground motions on rock; 28 different spectra were created based on 4 soil depths and 7 peak ground accelerations (PGAs). Engineers can obtain the earthquake forces on a bridge by picking the appropriate response spectra based on the PGA and soil depth at the bridge site and calculating the natural period of their structure. These response spectra can be found in Caltrans (1995); however, Caltrans is moving toward using site-speciﬁc response spectra for many bridge sites. 32.5.1.5 Nonlinear Behavior Bridge members change stiffness during earthquakes. The stiffness of a column is reduced when the concrete cracks in tension. It is further reduced as the steel begins to yield and plastic hinges form (Figure 32.19). The axial stiffness of a bridge changes in tension and compression as expansion joints open and close. The soil behind the abutment yields for large compressive forces and may not support tension. Engineers must consider all changes of stiffness to accurately obtain force and displacement values for a bridge. Currently, the standard is to calculate cracked stiffness for bridge columns. A value of Icr = 0.5(Igross) can be used unless a moment-curvature analysis is warranted. Also, because bridge columns are designed to yield during large earthquakes, the column force obtained from the analysis is reduced by a ductility factor, and the columns are designed for this smaller force. Caltrans is currently using a ductility factor (µ) of about 5 for designing new columns; however, a moment-curvature analysis of columns should be done when the ductility of a column is uncertain.
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 FIGURE 32.20 Abutment stiffness.
 
 32.5.1.6 Abutment Stiffness Longitudinally, the soil behind the back wall is assumed to have a stiffness that is related to the area of the back wall as shown in Figure 32.20: kL = (47,000)(W)(h) (kN/m)
 
 (32.40)
 
 Transversely, the stiffness is considered to be two thirds effective per length of inside wing wall (assuming the wing wall is designed to take the load), and the outside wing wall is only one third effective per wingwall length for the resultant stiffness shown in Equation 32.41: kT = (102,000)(b) (kN/m)
 
 (32.41)
 
 An additional stiffness of 7000 kN/m for each pile is added in both directions; therefore, in the longitudinal direction: kT = (42,000)(W)(h) + (7000)(n) (kN/m)
 
 (32.42)
 
 kT = (102,000)(b) + (7000)(n) (kN/m)
 
 (32.43)
 
 In the transverse direction:
 
 More information on abutment stiffness can be obtained in Caltrans (1995). Bridge abutments are only effective in compression. A gap may have to be closed on seat-type abutments before the soil stiffness is initiated. The abutment stiffness remains linear until it reaches the ultimate strength of 370 kN/m2. 32.5.1.7 Parallel and Series Systems A simpliﬁcation that allows engineers to analyze by hand many complicated and statically indeterminate structures is the concept of parallel and series structural systems. For a parallel system, all the elements share the same displacement; for a series system, they all share the same force. Also, their stiffnesses are summed differently. By assuming a rigid superstructure or by making other simplifying assumptions, bridge structures can be analyzed as combinations of parallel and series systems. This concept is particularly useful when evaluating the longitudinal displacement of the superstructure. Refer to Figure 32.21 and Figure 32.22.
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 FIGURE 32.22 Series structural system.
 
 32.5.1.8 Code Requirements In bridge design, two load cases are considered. Case 1 is for 100% of the transverse force and 30% of the longitudinal force. Case 2 is for 100% of the longitudinal force and 30% of the transverse force. This approach takes care of uncertainty with regard to the earthquake direction and to account for curved and skewed bridges with members that take a vector component of both the longitudinal and transverse force.
 
 32.5.2 Seismic Design of Bridge Structures 32.5.2.1 Introduction The following collection of guidelines is intended to aid bridge engineers in producing more seismicresistant bridge designs. 32.5.2.2 Structural System and General Plan Seismic demands on a structure should be considered conceptually when creating the general plan. First of all, designers can control column demands on superstructures in new bridges by judiciously choosing column sizing, spacing, and ﬂexibility. Second, column or frame stiffnesses must be carefully considered. Column types, shapes, sizes, and length are very important in the design process. Some example concepts that should be considered when establishing the general plan are as follows: • Column stiffnesses in a frame should preferably be kept within 20% of each other. • Isolators or sliding bearings can be used at the tops of short, stiff columns adjacent to abutments. • End diaphragm abutments provide good seismic energy absorbers for short frames (i.e., short length end frame with stiff columns) or short bridges. • Frames should not exceed 800 ft as a means of avoiding excessive expansion joint movements. • Reduce joint skew angles to control loss of seat support due to frame rotation. • Use articulated or single-span bridges in areas of suspected, but poorly deﬁned, faulting. • Use double columns at expansion joints.
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 #6
 
 @ 6"o.c.
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 Section > D/2 from column face
 
 FIGURE 32.23 Example cap joint shear reinforcement skew 0° to 20°.
 
 32.5.2.3 Superstructure Joint Shear Below is a procedure and example details for determining joint shear reinforcement in box girder bent caps. Typical ﬂexure and shear reinforcement in bent caps shall be supplemented in the vicinity of columns to resist joint shear. Also, the cap width and depth must be sized to limit the joint shear stress to 12 × (fci)0.5. Minimum cap width shall be 2 ft greater than the column dimension in the cap width direction. The joint shear reinforcement required shall be located within the width of the cap and within a length of the cap equal to (1) two times the column width, or (2) the column width plus two times the bent cap depth, whichever is less. The effective length of cap shall be reduced appropriately for columns located near the end of the cap and closer than the column width or cap depth. Following is a procedure for determining the required reinforcement that must be provided within the speciﬁed joint shear zone; the reinforcement is uniformly distributed: • Vertical reinforcement shall be 20% of the column steel. The quantity of vertical steel shall be a combination of cap stirrups and added bars. Added bars shall be hooked around main longitudinal cap bars. All vertical legs shall be well distributed to provide protection for both longitudinal and transverse demand or be supplemented to produce adequate coverage. • Horizontal reinforcement shall be stitched across the cap in intermediate layers. The reinforcement shall be hairpin shaped and conﬁne vertical bars in the hairpin bends. The hairpins shall be equivalent in area to 10% of column steel. The hairpins shall be strategically placed in two or more layers, depending on structure depth. Spacing shall be denser outside the column than that used within the column. • Side-face reinforcement shall be 10% of the main cap reinforcement. • Provide #4 J-bars at 6 in. on-center along longitudinal top deck bars for bent caps skewed greater than 20°. The bars shall be alternately 24 in. and 30 in. long. Locate the J-bars within a width D either side of the column centerline (D is column dimension). • All vertical column bars shall be extended as high as practically possible without interfering with main cap bars. • Column spiral extension into the bent cap shall be replaced by equivalent continuous hoops. This substitution facilitates placement of the various horizontal joint shear bars. Figure 32.23 shows cap joint shear reinforcement within D distance from the column center line. Figure 32.24 shows cap joint shear reinforcement beyond a distance D/2 from the column face.
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 FIGURE 32.24 Example cap joint shear reinforcement skew 0° to 20°.
 
 32.5.2.4 Superstructure Flexural Capacity Bridge superstructures must be reinforced to resist longitudinal and transverse ﬂexural demands produced by column plastic hinging. Conventional bar reinforcement must be provided in the slabs and bent caps in the designated zone surrounding the column to satisfy such demands. Prestressing bent caps could be an alternative solution for transverse demands and additionally can supplement joint shear capacity at the column. Pinning column tops in multiple column bents will reduce seismic demand on the superstructure but will require a more expensive ﬁxed foundation. 32.5.2.5 Vertical Accelerations The 1994 Northridge earthquake gave evidence of acceleration levels for vertical excitations that were higher than those recorded in the past. The ﬂexural and joint shear reinforcement prescribed so caps and superstructures can resist column demands should be ample to provide ﬂexural resistance to vertical acceleration demands; however, the vertical capacity of girder stirrups should be checked, and shearfriction reinforcement in the form of girder side-face reinforcement at the cap that is equal to 1.5 gravity load should be provided. Tie-downs at hinges and abutments might be required. 32.5.2.6 Column Displacement Displacement demands will generally be determined by STRUDL analysis, although the static method is sufﬁcient for short length bridges (one or two bents). The column displacement capacity can be determined using the push method and is dependent on combinations of vertical and horizontal reinforcement. Also, disconnecting random stiff columns from the superstructure by use of sliding bearings or isolation systems is another means of avoiding large load demands on stiff columns.
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 32.5.2.7 Flared Columns Flared columns can create some unexpected demands on the superstructure, footings, and columns. Past policy has assumed that lightly reinforced ﬂares will fuse during severe seismic activity. Superstructures, columns, and footings have been designed to resist plastic hinging demands from the column core at the top and bottom of the column; however, designers must consider alternative behavior. Developing either the full column section at the top of column or hinging at the base of ﬂares should be investigated. Both conditions will signiﬁcantly affect shear demands in the column and shear and moment demands in superstructures and footings. Flexural reinforcement for caps and superstructures must be calculated if hinging is assumed at the bases of ﬂares. 32.5.2.8 Bent Cap Designs The design of bent caps for nonseismic loads must be consistent with assumptions made for supports, especially with respect to column ﬂares. If ﬂares are expected to lose structural integrity during seismic loadings, the cap should be designed to carry all loads without beneﬁt of the ﬂares; however, the bridge must be analyzed for all nonseismic load cases with the stiffness and strength of the in-place ﬂares. As in the case with ﬂared columns, the designer must design the cap for double conditions if any type of structural damage or loss of vertical support is anticipated for other types of supports. 32.5.2.9 Footings New footing design procedures were tested satisfactorily at the University of California, San Diego. Although only one test case was performed, results indicated that serious degradation and bridge collapse can be avoided if standard details are employed. Details included #5 at 12 in. on-center vertical ties and column bar hooks that turned outward. Designers should be cautioned that cantilevered footing sections should not exceed L/d = 2.5 (where L is the cantilevered footing length from the column face, and d is the effective depth of footing) in orthogonal directions and L/d = 30 diagonally to the footing corner with 70-t piles typically spaced at 3 ft with 1.5-ft edge distances. For higher capacity piles, the designer must ensure load paths through connections, vertical ties, development of ﬂexural reinforcement at footing edges (e.g., hooks), etc. for both tensile and compressive demands. 32.5.2.10 Pile-Design Concepts The designer should strive to prevent damage in foundations. Piles constructed in competent soil, in combination with passive resistance provided by cap and soil interaction and drag forces, will be sufﬁcient to keep piles in the elastic range for ﬂexure or shear under seismic demand. Problem areas that require guidelines include: (1) piles in soft soils or water, including P-delta effects; (2) pile head conditions, pinned (standard) or ﬁxed (which places tremendous demands on the cap and requires more than nonstandard cap size and reinforcement); (3) pile demands for pile capacities greater than 70 t (e.g., spacing, edge distance, vertical ties that are more dense or of larger size, ﬂexural steel hooks at footing edges); and (4) batter piles (e.g., used in dense soils; not for use in water, soft, or loose soils; capacity in combination with vertical piles). These design concepts are not intended to be a complete list of all conditions or problems or a solution to problems. They are intended to alert designers to conditions where the foundation must have the strength and displacement capacity intended under all conditions of demand.
 
 32.6 Retrofit of Earthquake-Damaged Bridges 32.6.1 Introduction Since the early 1970s, the California Department of Transportation (Caltrans) has undertaken a major program to ensure the seismic safety of all freeway structures. With a large portion of the work being funded in the aftermath of the Loma Prieta earthquake in 1989, analysis techniques and research to validate such techniques have progressed signiﬁcantly in the past ﬁve years. Early on in the Phase 2 retroﬁt
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 program, structure overstrength analysis was the primary tool for seismic vulnerability assessment. Hinges and restrainers were always evaluated but none had been examined after a signiﬁcant earthquake, so knowledge of their performance was based primarily on laboratory tests and hand calculations. Foundation-strengthening techniques had not been ﬁeld tested (by real earthquakes), and design methods were based on modiﬁed service load tools and simpliﬁed assumptions. It was soon clear that these methods, although for the most part very conservative, did not always afford a true picture of the behavior or strength (resistance to collapse) of a structure and did not necessarily produce cost-effective designs. To gain a clearer picture of the performance of bridges, Caltrans engineers have been focusing on the following: • • • • • • •
 
 Load path and limit-state analysis, item input ground motions Validity of global models Displacement ductility analysis Beam and column joint performance Hinges and restrainers Detailing ductile elements Foundation performance
 
 The purpose of this section is to highlight current thinking on these items and help identify available tools to properly retroﬁt bridge structures.
 
 32.6.2 Background The goal of retroﬁtting is to increase the seismic resistance of a bridge to the point of preventing collapse and thereby avoiding loss of life. It is not practical or economical to retroﬁt all structures to meet the current seismic design performance criteria for new structures. It is, however, our responsibility to ensure that no structure collapses under the maximum credible event. Based on the no-collapse criteria, the primary goal of retroﬁtting bridges is to ensure that the vertical-load-carrying capacity is maintained. Traditionally, this has meant protecting the ability of the column to carry vertical loads while undergoing cyclic lateral loading. Under this kind of loading, some damage is expected to occur in plastic hinge regions of the column. With 25 years of real-life experience, since the San Fernando Earthquake in 1971, we have been provided with a good picture of where damage can be expected to occur on a concrete structure under seismic loads. These areas include: • • • • • • •
 
 Column plastic hinge regions Column shear capacity Column-to-footing and column-to-superstructure connections Expansion joint openings and hinge restrainers Abutment back walls and transverse shear keys Pile-to-footing connections Pile overload
 
 The following discussions address the seismic analysis and design approaches for retroﬁtting concrete bridge structures.
 
 32.6.3 Seismic Analysis Approach 32.6.3.1 Load Path and Limit-State Analysis Limit-state theory says, roughly, that a structure is only as good as the weakest link (or member) in the structural system. Ensuring that plastic action occurs in a predetermined location is therefore the goal. For concrete bridges, this predetermined location is typically, and preferably, in the column. Controlling the location of the plastic hinge allows the engineer to develop a rational estimate of the damage expected to a structure and its ability to resist collapse. For this to happen, all members and components of a
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 structure must be examined to determine whether they can actually carry the forces required to force plastic hinging to occur in the column. Testing and application of basic engineering principles to components of the structure (column superstructure joints, column–footing connections, pile cap, and pile connections) have shown that areas of analysis and design once taken for granted as adequate could be vulnerable under extreme seismic loading conditions. Rigorous analysis of the structure may determine that the capacity of a system may likely be controlled by connections to the column and not by the strength of the column itself. Current analysis techniques commonly used by engineers to estimate reinforced-concrete capacity strongly suggest that many superstructures do not have the capacity to force plastic hinging into the column. Because one objective of the retroﬁt is to ensure that plastic hinging does occur in the column, the superstructure strength and ductility have to be addressed in the retroﬁt design. 32.6.3.2 Global Behavior Early retroﬁt analysis typically relied on global elastic modal models to predict moment and displacement demands. Although this is still often a valid analysis technique, in some situations global analyses are not the proper tools for seismic-demand prediction. These situations include but are not limited to: • Short-period (T < 0.75 s) structures • Very complicated structures (requiring many assumptions) Other tools that could be used in lieu of or in conjunction with global elastic models include: (1) hand calculations with single degree-of-freedom conditions, and (2) pushover analysis to determine the order of plastic hinging in incremental collapse. Hand-calculation analysis should be limited to simple structures or structures where the number of assumptions is limited. Pushover analysis can be used for both simple and complex structures. The value of pushover analyses is that the capacity of the structural system is accounted for while the integrity of each element is determined. For example, if the two end frames of, say, a three-frame structure are designed with substantially more strength or stiffness than the interior frame, a global analysis may well conclude that the interior frame has relatively low seismic demands when in fact it is being supported, or helped, by the stronger adjacent frames. The ﬁnal result could still be that the system is adequate to avoid collapse; however, it is important for the engineer to have a clear idea of where vulnerabilities and strengths exist in the system. Because the goal of retroﬁt is to prevent the collapse and not just prevent plastic hinging, an efﬁcient retroﬁt analysis technique would explicitly estimate the system capacity at collapse and not just assume a direct correlation between plastic hinging of a single column and precollapse capacity of the system. 32.6.3.3 Displacement and Curvature Ductility Analysis An alternative estimate of the ductility of a member (column) can be obtained using ductility analysis techniques proposed by Mander et al. (1984, 1988a,b). The implementation of this approach has been tested extensively and directed explicitly toward bridges by Priestly and Seible (1993). The predominant analysis approach until recently has been moment overload—the application of force reduction factors to loads calculated from a dynamic elastic multimodal response spectrum analysis (e.g., STRUDL or SAP90) assuming gross moments of inertia (Ig). This approach tends to underestimate system capacity. The displacement ductility approach focuses on the capacity side of the equation and directly addresses the basic premise of the equal energy theory—that displacements are equal for a given load whether the structure remains elastic or enters into the plastic state as long as the section has not blown apart (allowable conﬁnement stresses have been exceeded). By directly calculating the plastic moment capacity (instead of factoring up the nominal moment capacity) and the displacement capacity of each member (instead of limiting displacement to a factor of column geometry without regard to the rotational capacity of the section itself), the engineer can make a more accurate estimate of the capacity of the system. Because the focus in this type of approach is on displacements, it is important to base the analysis on a members effective moments of inertia (Ieff = Icr) instead of gross moments of inertia. Basing the dynamic
 
 Seismic-Resisting Construction
 
 32-59
 
 analysis on Icr instead of Ig will result in larger estimated displacement demands and smaller estimated moment (force) demands. More reﬁned analysis techniques can be employed that assess the performance of a member and estimated damage. This kind of information can be of particular interest when attempting to estimate resistance to collapse. 32.6.3.4 Foundations Footings typically have required extensive work to increase their capacity to a level consistent with the column plastic moment. Early retroﬁtting techniques were often conservative (for lateral loads) by ignoring the contribution of existing piles to the capacity of the system. Large-scale testing of existing piles had not yet been done in situ, so nominal lateral pile capacities were often assumed when existing pile capacity was analyzed. Construction techniques for increasing the capacity of the footing relied on installing standard piles or prestressed tie-downs (tendons or rods). The technology simply had not been developed to make the leap from standard, new bridge construction to efﬁcient, cost-effective retroﬁt work. Since those early days, many new technologies have come into use in the retroﬁt industry. Field testing of pile foundations at the Cypress structure in Oakland, and the Terminal Separation in San Francisco have shown that the actual lateral capacity of concrete piles is much greater than was originally thought (90 vs. 40 kips/pile). Note that the assumed tensile capacity of existing piles is most often 0. Pile-to-footing connections were traditionally designed to develop vertical loads in a downward direction (compression), not upward (tension). Construction techniques for installing high-capacity piles (up to 1000 kips/pile) in very conﬁned spaces have been ﬁeld tested with very promising results. Seismic modeling now takes into account soil springs and group effects instead of simply assuming that all footings are ﬁxed, rigid members. Soil springs in a soft soil may increase the displacement estimate on the column while decreasing the moment demand at the footing. The model may also predict that a footing is moving so much that the piles must be sized to limit displacement or resist larger loads than would otherwise be expected. Liquefaction and large ground displacements along fault rupture zones continue to be items that elude easy solutions.
 
 32.6.4 Design Approaches 32.6.4.1 Retrofit Approaches The three primary concepts used to retroﬁt structures are: • Reduce loads imposed on the system. • Increase the capacity of the structural elements. • Provide a new or super element. It is not uncommon for a retroﬁt design to make use of more than one of these concepts. The following provides some typical details and ideas that could be used to implement these concepts: 32.6.4.1.1 Column Plastic Hinge Regions and Column Shear Capacity Steel shells have been used extensively (and successfully throughout California and in Alaska) to add ductility and provide conﬁnement to concrete columns (Figure 32.25). Composite fiber wrap provides additional conﬁnement and ductility of concrete columns and is an idea that has been under development for several years; results are starting to yield systems that are economical and structurally equivalent to that of the steel shell (Figure 32.26). Remove and replace portions of the substructure is an option that has been used where performance beyond no collapse is required. SuperBent provides an additional support system. 32.6.4.1.2 Column-to-Footing Connections and Footings An additional top mat on footing is a very common retroﬁt due to the fact that top mats of reinforcement were not used in footings until the late 1970s. The top mat adds tensile capacity to the footing (Figure 32.27). A prestressed footing is sometimes used for increased performance.
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 Gap: 2" min., 4" max.
 
 PCC column Steel casing
 
 Welded joint 2"
 
 Finish grade
 
 2"
 
 Waterproofing
 
 Seal joint for grouting. grout at 2" gap may extend to outer face of steel casing
 
 FIGURE 32.25 Steel casing of column. Epoxy resin-glass composite
 
 Epoxy resin-glass composite
 
 Pressurized grout
 
 Existing PCC column
 
 Existing PCC column
 
 Section A-A no scale
 
 Section B-B no scale
 
 FIGURE 32.26 Composite ﬁber wrap.
 
 Ground line
 
 (1'-0") PCC overlay
 
 New piles, typical
 
 FIGURE 32.27 Footing retroﬁt with additional top mat.
 
 Str. concrete BR. FTG.
 
 Excavate
 
 Footing extension
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 5'-0" –+ Existing bent cap
 
 Existing bent cap
 
 3
 
 1
 
 1'-0"
 
 New bolster each side
 
 2'- 0" –+ New drop cap
 
 5'-0" –+
 
 1'- 0"
 
 FIGURE 32.28 Bent cap bolsters.
 
 32.6.4.1.3 Column-to-Superstructure Connections Bent cap bolsters are used to increase the torsional capacity of the bent cap and the capacity of the column and cap joint (Figure 32.28). Prestressed bent caps are used to increase the torsional capacity of the bent cap and the capacity of the column and cap joint. 32.6.4.1.4 Expansion Joint Openings and Hinge Restrainers Place additional or replace existing restrainers. Seat extensions (typically pipe) allow for displacement. Joint displacement demands are reduced by using additional restrainers. 32.6.4.1.5 Pile-to-Footing Connections Additional piles can be used to gain greater tension and compression capacity. Prestressed tie-downs provide additional footing tensile (only) capacity. 32.6.4.2 Summary Many more difﬁculties are encountered in retroﬁt construction than in standard new bridge construction; however, the ﬁeld of bridge seismic analysis and retroﬁt has seen many developments over the past several years. Probably the most signiﬁcant change in assessing the capacity of a structural system has been the adoption of ductility analysis and the pseudo-nonlinear analysis approach of determining a plastic hinging sequence and ultimately a systematic yield mechanism. Construction techniques are quickly adapting to the specialized demands of seismic retroﬁt for bridges. Materials, techniques, and equipment have been developed and integrated from other industries, such as installation of highcapacity piles (adopted from the oil industry), and new materials such as carbon ﬁber are being developed in laboratories. The ﬁeld of seismic retroﬁtting has developed at a tremendous pace over the last several years. Engineers should expect additional changes as research and construction continue. The techniques used on concrete structures in California have proven to be effective, under real seismic loads (such as the 1994 Northridge earthquake). For additional information on any of the subjects addressed in this chapter, it is strongly suggested that the reader consult the references provided.
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 32.7 Defining Terms Base shear—The total design lateral force at the base of a structure. Bearing wall system—The structural system without a complete vertical-load-carrying frame. Building frame system—An essentially complete frame that provides support for dead, live, and snow loads. Boundary element—Special reinforcement at edges of openings, shear walls, or diaphragms. Diaphragm—A horizontal system acting to transmit seismic forces to vertical lateral-force-resisting systems. Dual system—A combination of shear walls or braced frames and intermediate or special momentresisting frames proportionally designed to resist seismic forces. Hoop—A closed tie that may be of several reinforcing elements with 135° hooks having a 6-bar diameter (3-in. minimum) extension at each end or a continuously wound tie with a 135° hook at each end with a 6-bar diameter extension (3-in. minimum) that engages the longitudinal reinforcement. Moment-resisting frame—A frame where the frame members and joints are capable of resisting forces primarily by ﬂexure. Shear wall—A wall designed to resist seismic forces parallel to the plane of the wall. Story drift—The displacement of one level relative to the level above or below. Strength—The useable capacity of a structure or its structural members to resist lateral loads within the code-allowable deformations. Structure base—That level in the structure at which the earthquake motions are considered to be imparted to the structure.
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 (a) Sunshine Skyway Bridge in Tampa, Florida. (Photograph courtesy of Portland Cement Association, Skokie, IL.) (b) Prefabricated bridge element. (Photograph courtesy of Portland Cement Association, Skokie, IL.) (c) Coronado Bridge in San Diego, California, which is 11,720 feet in length and 50 to 200 feet in height; girders are prestressed lightweight concrete. (Photograph courtesy of Steven Simpson, Inc., San Diego, CA.)
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 33.1 Practical Applications A prefabricated concrete bridge element is deﬁned as part of a bridge that is precast away from its ﬁnal position (Sprinkel, 1985). A system is a combination of elements. Prefabricated concrete bridge elements and systems are used to construct new bridges and to rehabilitate or replace old ones. Prefabricated elements can reduce design effort, enhance quality, simplify and expedite construction, lessen inconvenience to the traveling public, improve safety for workers and the traveling public, and minimize cost. Design effort can be reduced when the same design is used on multiple bridge projects. Historically, bridge-design engineers have customized bridge designs for each site, making the prefabrication of elements impractical except for use on major multiple-span bridge projects. Recent efforts have involved making more adjustments to the site to accommodate a standard design and have developed designs that are more versatile. Fabricating elements in the controlled environment of a precast or prestressed concrete plant enhances quality. Plants are typically certiﬁed and well established, although temporary on-site plants are constructed to produce elements for a major bridge project. Plants can use high-quality reusable forms; temperature, relative humidity, and wind can be controlled; the concrete can be batched at the plant; and labor is more efﬁcient because tasks are repeated. Prefabricated elements, set in place at the bridge site, simplify and expedite construction by minimizing forming, form removal, and placing and curing concrete in a difﬁcult-to-control environment. In addition, prefabricating the bridge element away from its ﬁnal location minimizes trafﬁc safety issues for both the * Associate Director, Virginia Transportation Research Council, Charlottesville, Virginia, and Section Head, Transportation Research Board; expert in materials and construction, particularly public works.
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 traveling public and the worker and minimizes delays and inconvenience for the motorist. Lanes can be open during peak travel periods and closed during off-peak periods for the rapid replacement of bridge sections. Once in place, the fully cured element is ready to receive trafﬁc. Polymer concrete and high-earlystrength patching materials now make the rapid connection of prefabricated elements easier. The most signiﬁcant reasons to use prefabricated elements include the economy realized from the repeated use of forms, the reduction in on-site construction time, and improved safety because of the rapid construction. Initial construction costs can be lower, depending on the costs for cast-in-place concrete construction. Life-cycle costs will likely be lower because of the higher quality and longer life of the structure. When the costs of delays and inconvenience to the motorist are considered, prefabricated elements that can be assembled and put into use during off-peak trafﬁc periods will almost always be economical. Prefabricated elements are increasingly popular as highway funds are used to rehabilitate and replace deteriorating bridges. Bridges with high volumes of trafﬁc can usually only be replaced during off-peak trafﬁc periods (at night or on weekends), and prefabricated elements provide an attractive solution. Mass-produced, easily assembled elements are just as practical for replacing bridges on low-volume roads. Prefabricated elements, however, are not the best solution for every bridge construction and replacement project. The demand for a particular shape may be too low to justify an investment in forms. Shipping costs may be too high because the nearest plant is hundreds of miles away. Connection details may cause maintenance problems that result in a higher life-cycle cost. An advantage of concrete is that it can be formed into almost any shape; thus, the architectural and site requirements for a bridge may be so complicated that custom on-site forming is required and the prefabrication of elements is not practical. A decision-making tool can be used to decide whether or not a prefabricated bridge is effective for a speciﬁc location (Rawls, 2006). A 1984 survey indicated that the use of prefabricated bridge elements was increasing and that the structures were economical in many situations (Hill and Shirole, 1984). Earlier applications included precast and prestressed slabs and I-beams for simple spans. Later, use expanded to include subdeck panels, deck slabs, parapets, and substructure elements. Currently, all elements in a bridge can be economically constructed or replaced with prefabricated ones. Entire spans and bridges can be moved into place with a brief road closure. In the past, cranes were typically used to move large bridge elements into place. Recent developments with bridge-moving systems have facilitated the rapid replacement of entire bridges or bridge spans (FHWA, 2004). The new systems include self-propelled modular trailers that are multi-axle, computercontrolled vehicles that can move in any horizontal direction without damaging or deforming the element. Other systems include special load frames, modular jacking systems, horizontally skidding or sliding systems, incremental launching systems, ﬂoating barges, and vertically lifting systems. High-performance concrete mixtures containing pozzolans and admixtures have led to the fabrication of elements with concrete compressive strengths in excess of 10,000 psi (68.9 MPa). The higher quality concretes allow smaller cross-sections, longer spans, greater girder spacings, and longer service. A variety of deck wearing and protection systems can be placed on the prefabricated elements to provide a smoothriding, skid-resistant surface that retards the penetration of chlorides and water. Wearing and protection systems that have been used include a thin bonded hydraulic cement concrete overlay, waterproof membrane overlaid with asphalt, thin bonded epoxy concrete overlay, additional monolithically cast concrete on the precast element, and low-permeability concrete in the precast element (Sprinkel, 2004). Already in the new millennium, many publications have supported the use of prefabricated bridge elements and systems. In response to public demand for minimized trafﬁc disruption, the Texas Department of Transportation has been a leader in the use of prefabricated bridge elements in bridge design and construction (Pruski et al., 2002). Prefabricated bridges are meeting growing market demands for fast and efﬁcient structures (Johnson, 2002). New girder designs, strand technologies, and concrete mixes are making precast prestressed concrete bridges more popular (Dick, 2002). New guidelines and load and resistance factor design (LRFD) speciﬁcations for full-depth, precast-concrete bridge deck panel systems with no overlays or post-tensioning are now available (Badie et al., 2006). According to the Federal Highway Administration (FHWA), the use of prefabricated elements can improve construction
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 Field weld Portland cement grout
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 3b
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 1. Solid slab—Dimension range: 8'–1'-0"; width, 3'-0"–6'-0" 2. Voided slab—Dimension range: 12"–2'-0"; width, 3'-0"–6'-0" 3a, b, c. Typical keyway details 4. Typical connection—Weldplate (also see Figure 33.2) 5. Typical connection—Tie rod
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 Tie rod
 
 Bituminous wearing surface Grouted keyway
 
 Voided slabs
 
 Solid slabs
 
 FIGURE 33.1 Slab span. (From Sprinkel, M.M., Prefabricated Bridge Elements and Systems, NCHRP Synthesis 119, Transportation Research Board, Washington, D.C., 1985.)
 
 zone safety, minimize the trafﬁc impacts, and improve constructability (FHWA, 2002). A brochure provides descriptions of 15 bridge projects that solved site-speciﬁc challenges using prefabricated bridge elements and systems (AASHTO, 2002). Implementation efforts by the Federal Highway Administration and the American Association of State Highway and Transportation Ofﬁcials (AASHTO) have signiﬁcantly increased the acceptance and use of prefabricated bridge elements and systems (AASHTO, 2004; FHWA, 2003; FHWA/AASHTO, 2004).
 
 33.2 Types of Elements The most frequently used prefabricated concrete elements and systems are the prestressed I-beam, prestressed box beam, prestressed channel, and slab span (Sprinkel, 1985). The prestressed subdeck panel was frequently used in the late 1970s and 1980s, but such use has declined in recent years because of reﬂective cracking in the site-cast overlay concrete. Precast parapets have been used on occasion, but problems with leakage under the parapet have curtailed acceptance. Recent years have seen increased interest in post-tensioned segmental construction for economy in medium and long spans, substructure elements to reduce the environmental impact of construction, and full-depth deck replacement slabs to facilitate the rapid replacement of decks during off-peak trafﬁc periods. Longitudinal, partial-depth, or full-depth deck slabs that are precast on one or more concrete or steel beams have also been successfully used (FHWA, 2004).
 
 33.2.1 Precast and Prestressed Slab Spans Slab span elements (Figure 33.1) may be cast in various widths, depths, and lengths to accommodate spans up to 50 ft (15 m) (Table 33.1). Shorter slabs may be conventionally reinforced and fabricated at simple precast plants. Longer slabs are typically voided and prestressed or post-tensioned (PCI, 1975; VTRC, 1980). Slabs are easy to fabricate, transport, and erect. Department of Transportation (DOT) bridge crews have precast slabs (Sprinkel, 1976).
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 Concrete Construction Engineering Handbook TABLE 33.1 Typical Span Lengths for Elements Element Precast slab span Prestressed slab span Multi-stemmed beam Prestressed double-tee and channel Prestressed inverted channel Prestressed single-tee Prestressed I-beam Prestressed box beam Prestressed bulb-tee Post-tensioned segmental
 
 Length (ft)
 
 Length (m)
 
 10–30 20–50 25–50 20–60 30–80 30–80 40–100 50–100 60–80 50–400
 
 3–9 6–15 8–15 6–18 9–24 9–24 12–30 15–30 18–24 15–122
 
 33.2.2 Multi-Stemmed Beam Multi-stemmed beams (Figure 33.2) may be cast in various lengths and increments of width to accommodate short spans. Weld plates and grouted keyways provide shear transfer between beams.
 
 33.2.3 Prestressed Double-Tee and Channel Most prestressed concrete producers have forms for fabricating double-tees and channels for use in building construction. Additional prestressing, wider webs, and thicker ﬂanges are typically required for bridge loadings (Figure 33.3) (Tokerud, 1975). Forms have been modiﬁed and new forms fabricated to produce members for highway applications when there has been sufﬁcient support provided by a DOT to justify the investment in forms (Sprinkel and Alcoke, 1977). Channel beams and double-tees are typically used for medium-length spans, and shear transfer between beams is typically provided by grouted keyways or weld plates. Site-cast concrete is usually placed as an overlay, but channel and doubletee members have been overlaid with asphalt (PCI, 1975).
 
 Weld plate Keyway to be grouted Slab reinforcing Shear reinforcing
 
 Weld studs Angle Plate Weld
 
 '- 0 "–6
 
 "
 
 4'- 0
 
 1'-0"–2'-0"
 
 FIGURE 33.2 Multi-stemmed beam. (From Sprinkel, M.M., Prefabricated Bridge Elements and Systems, NCHRP Synthesis 119, Transportation Research Board, Washington, D.C., 1985.)
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 Keyway to be grouted 3'-0"–5'-0"
 
 20'–60'
 
 4'-0"–7'-0"
 
 Channel beam
 
 Metal angle Reinforcing bar 1'-6"–3'-0" Double-tee
 
 Detail of weld plate connection
 
 FIGURE 33.3 Double-tee and channel. (From Sprinkel, M.M., Prefabricated Bridge Elements and Systems, NCHRP Synthesis 119, Transportation Research Board, Washington, D.C., 1985.) Cast-in-place concrete deck Reinforcing bar Stay-in-place steel form Inverted prestressed concrete channel
 
 1'-6"–3'-0"
 
 3'-0"–5'-0"
 
 FIGURE 33.4 Prestressed inverted channel. (From Sprinkel, M.M. 1985. Prefabricated Bridge Elements and Systems, NCHRP Synthesis 119, Transportation Research Board, Washington, D.C.)
 
 33.2.4 Prestressed Inverted Channel The inverted channel (Figure 33.4) may be cast in the inverted position or cast in conventional channel forms and inverted before erection at the bridge site. Longer spans can be achieved in the inverted position because more prestressing can be placed in the bottom of the beam. The Missouri Department of Transportation used the inverted channel on many bridges (Salmons, 1971). Site-cast concrete must be
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 4'-0"–6'-0"
 
 2'-0"–4'-4"
 
 Tee with deck precast on flange Weld plate pocket Keyway to be grouted with nonshrink cement paste Tee with lower part of deck precast on flange
 
 FIGURE 33.5 Prestressed single-tee. (From Sprinkel, M.M., Prefabricated Bridge Elements and Systems, NCHRP Synthesis 119, Transportation Research Board, Washington, D.C., 1985.)
 
 placed to connect the channels and provide a deck surface. An alternative to the channel is inverted T-beams placed adjacent to each other and then made composite with cast-in-place concrete placed between the webs of the tees and over the tops of the stems to form a solid member (see FHWA, 2004).
 
 33.2.5 Prestressed Single-Tee Prestressed single-tee beams are used in building construction. Prestressed concrete plants can sometimes fabricate the beams for shorter spans using the same forms as used in building construction with additional prestressing strands to accommodate the heavier loading. With adequate support from a DOT, a precast producer can invest in new forms to produce longer span beams (Figure 33.5) suitable for highway loadings (Sprinkel and Alcoke, 1977). The single-tee is unstable by design and must be supported at the bridge site to prevent overturning until the diaphragms can be cast and the keyways grouted. Site-cast concrete is usually placed to connect the tees and to provide a deck (Sprinkel, 1978). An asphalt wearing surface can be used when the ﬂange of the tee is thick enough to accommodate shear loads.
 
 33.2.6 Prestressed I-Beams The prestressed I-beam (Figure 33.6) is the prefabricated element most used by DOTs (Sprinkel, 1985). Many prestressed concrete producers invested in forms during the construction of the interstate system. The standard AASHTO cross-sections simplify design and provide for mass production (Panak, 1982). The beams, cast in a variety of widths and depths, are economical for spans of 40 to 100 ft (12 to 30 m). Spans up to 140 ft (43 m) have been constructed (Anderson, 1972; PCI, 1975). Longer spans can be achieved by ﬁeld-connecting the beams end to end and post-tensioning them (Fadl et al., 1977; Oesterle et al., 1989). The prestressed beams can be positioned more rapidly than a site-cast concrete beam can be constructed. For convenience, other elements are typically constructed with site-cast concrete, limiting the economy of mass production and rapid assembly to the beams. Prestressed concrete subdeck panels have been used, and a National Cooperative Highway Research Program (NCHRP) publication, Rapid Replacement of Bridge Decks, addresses the development of designs for prestressed full-depth deck panels
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 FIGURE 33.6 Prestressed I-beam. (From Sprinkel, M.M., Prefabricated Bridge Elements and Systems, NCHRP Synthesis 119, Transportation Research Board, Washington, D.C., 1985.)
 
 (2) Typical longitudinal section (1) Typical box beam-dimension range: depth, 2'–3'-6"; width, 3'–6' Cast-in-place concrete wearing surface Prestressed concrete subdeck panel (see Figure 33.10 for detail)
 
 Spread boxes
 
 (3) Typical keyway detail Bituminous wearing surface Grouted keyway (see Figure 33.1 for connection details)
 
 Adjacent boxes
 
 FIGURE 33.7 Prestressed box beam. (From Sprinkel, M.M., Prefabricated Bridge Elements and Systems, NCHRP Synthesis 119, Transportation Research Board, Washington, D.C., 1985.)
 
 to be used with the beams (Tadros and Baishya, 1998). A recently completed NCHRP project, Full-Depth, Precast-Concrete Bridge Deck Panel Systems, includes designs for full-depth, precast deck panels without post-tensioning and overlays (Badie et al., 2006).
 
 33.2.7 Prestressed Box Beams The box beam (Figure 33.7) may be precast in a range of widths, depths, and lengths to accommodate spans of approximately 50 to 100 ft (15 to 30 m) (PCI, 1975). Boxes placed next to each other are typically tensioned in the transverse direction and covered with a wearing surface of asphalt. Boxes spaced apart
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 FIGURE 33.8 Prestressed bulb-tee. (From Sprinkel, M.M., Prefabricated Bridge Elements and Systems, NCHRP Synthesis 119, Transportation Research Board, Washington, D.C., 1985.)
 
 are connected with diaphragms. Site-cast concrete is typically used for the diaphragms and deck. Prestressed concrete subdeck panels can also be used with the box beams. A methodology for the transverse design of concrete box beams without a composite topping has been developed (El-Remaily et al., 1996). This procedure requires that the post-tensioning be applied after the shear keys are grouted, and the design provides a more durable structure. A bridge with a precast double-cell adjacent box beam superstructure was recently constructed in Pennsylvania (Scanlon et al., 2002).
 
 33.2.8 Prestressed Bulb-Tee Some DOTs have developed modiﬁed versions of the AASHTO girder (Figure 33.8) that are more economical for spans greater than 80 ft (PCI, 1972; Rabbat et al., 1982). The beams have a high section modulus-to-weight ratio, and spans up to 160 ft have been constructed.
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 Truss hanger rods
 
 Truss assembly
 
 32'–42'
 
 8½"–20"
 
 8'–10'
 
 18'–25' Typical segment
 
 FIGURE 33.9 Post-tensioned segmental construction. (From Sprinkel, M.M., Prefabricated Bridge Elements and Systems, NCHRP Synthesis 119, Transportation Research Board, Washington, D.C., 1985.)
 
 33.2.9 Segmental Construction Elements (Figure 33.9) are typically full width, match cast, prestressed in the transverse direction, and post-tensioned in the longitudinal direction (VTRC, 1981). The elements are suitable for use on a wide range of span lengths. For shorter spans, the elements are usually erected on false work or assembled on a truss supported from pier to pier. For longer spans, the elements are erected by balanced cantilever, incremental launching, or progressive placing (Sprinkel, 1985). A patented segmental concrete overpass system economical for spans of 50 to 115 ft (15 to 35 m) provides at least 2 to 3 ft (0.6 to 0.9 m) of increased under-clearance and halves the on-site construction time for a two-span structure (Freyermuth, 1996). A procedure for the economical replacement of the top slab of a precast post-tensioned segmental bridge has recently been developed, so deck deterioration will not require the replacement of the superstructure (Stelmack and Trapani, 1991).
 
 33.2.10 Prestressed Subdeck Panels Prestressed subdeck panels are cast in a variety of lengths and widths, typically 4 to 8 ft (1.2 to 2.4 m). The length is a function of the spacing of the supporting beams. The panels are typically 3.5 in. (89 mm) thick and are set in a bed of grout about 0.5 in. (13 mm) thick. Site-cast concrete is placed over the panels to provide a reinforced deck (Figure 33.10). The panels are easily installed with a small crane and several laborers and do not require temporary forms or platforms to work from. Cracks usually occur in the site-cast concrete directly above the joints between the panels; consequently, many DOTs have discontinued or restricted the use of the panels. Cracking is less pronounced when the panels are placed on prestressed girders with short spans. Precast concrete subdeck panels can provide an economical and rapidly constructed deck (PCI, 1987).
 
 33.2.11 Precast and Prestressed Deck Slabs The deck is usually the ﬁrst element in a bridge to deteriorate and to require funds for rehabilitation. In situations where trafﬁc volumes are high, it is often necessary to rehabilitate or replace the deck in sections during off-peak periods. Because of the time required for site-cast concrete to cure, a number
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 Prestressed concrete I beam
 
 Precast prestressed concrete subdeck panel Mortar bed Prestressing strand Reinforcing bar Site-cast concrete deck
 
 FIGURE 33.10 Prestressed subdeck panels. (From Sprinkel, M.M., Prefabricated Bridge Elements and Systems, NCHRP Synthesis 119, Transportation Research Board, Washington, D.C., 1985.)
 
 of replacement strategies have been developed using prefabricated deck slabs (Issa et al., 1995a,b). Most of the systems involve a transverse segment (Figure 33.11) connected to the supporting beams with a rapid-curing polymer or hydraulic cement concrete. Shear transfer between adjacent slabs is achieved through the use of grouted keyways, site-cast concrete, and post-tensioning. Composite action is achieved through the use of studs on steel beams that extend into voided areas in the slabs that are then ﬁlled with polymer or hydraulic cement concrete. Precast deck slabs can behave in a full-composite manner when connected to steel stringers with studs and epoxy mortar and when keyways are grouted with epoxy mortar (Osegueda et al., 1989). An earlier study identiﬁed some suitable connection details and concluded that the deck slabs are more economical than site-cast concrete because of the structural efﬁciency provided by post-tensioning and prestressing and because of the reduced construction time (Berger, 1983). Improved connection details for the use of panels on steel beams and prestressed concrete beams have been developed (Tadros and Baishya, 1998). More recently, a special loop bar reinforcement detail has been developed to provide live load distribution across transverse and longitudinal joints (see FHWA, 2004). A new full-depth precast prestressed concrete bridge deck slab system has been developed that includes stemmed slabs, transverse grouted joints, longitudinal post-tensioning, and welded threaded and headless studs (Tadros and Baishya, 1998). The deck slabs are thinner and lighter than a conventional deck and can be constructed faster. Prestressed deck slabs typically have been used on major bridge deck replacement projects (Figure 33.12) such as the Woodrow Wilson Bridge (Lutz and Scalia, 1984). Also, most replacements have involved the use of transverse slabs. The decks on the George Washington Memorial Parkway were replaced using precast longitudinally post-tensioned transverse deck slabs (Jakovich and Alvarez, 2002). A latex-modiﬁed
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 Steel beam Studs as required Epoxy mortar bed Void filled with epoxy mortar Grouted keyway Bituminous overlay
 
 FIGURE 33.11 Prestressed deck slabs. (From Sprinkel, M.M., Prefabricated Bridge Elements and Systems, NCHRP Synthesis 119, Transportation Research Board, Washington, D.C., 1985.) Movable barrier Prestressed deck slab
 
 Two-way traffic pattern
 
 Post-tensioning duct
 
 FIGURE 33.12 Prestressed post-tensioned deck slabs were installed at night to replace the deck of the Woodrow Wilson Bridge.
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 FIGURE 33.13 Special loop bar connection detail for deck slabs. (From FHA, Prefabricated Bridge Elements and Systems in Japan and Europe, Summary Report, International Technology Exchange Programs, Federal Highway Administration, Washington, D.C., 2004; http://www.fhwa.dot.gov/bridge/prefab/pbesscan.htm.)
 
 concrete overlay was placed over the slabs. The truss spans of the deck on I-95 in Richmond, Virginia, were recently replaced with night lane closures using the full-depth transverse deck slabs (Figure 33.13). The slabs were also used to replace the deck on Route 50 in Fairfax County, Virginia (Babaei et al., 2001). The Virginia Department of Transportation ﬁrst used transverse precast deck slabs to replace a deck on Route 235 over Dogue Creek in Fairfax County in 1981 (Sprinkel, 1982). Longitudinal slabs were successfully used to rehabilitate the Freemont Street Bridge (Smyers, 1984), and a new bridge was built in Thailand (Zeyher, 2003). Longitudinal, partial-depth, or full-depth deck slabs that that are precast on one or more concrete or steel beams have also been used successfully (FHWA, 2004). The superstructure elements are set next to each other and are typically connected by transverse post-tensioning in the deck and diaphragms between the beams. Keyways in the deck are grouted. The deck on I-95 in Richmond, Virginia, was recently replaced with night lane closures using the full-depth deck slabs on steel beam superstructure elements. When partial depth deck superstructure elements are set next to each other, reinforced site-cast concrete facilitates the connection of the elements.
 
 33.2.12 Precast Parapet The precast parapet (Figure 33.14) lends itself to prefabrication because it has a standard shape and can be easily mass produced. Several connection details have been developed to anchor the parapet. The parapet has been used in a number of states, but acceptance has been slow because of problems with water and chloride solutions leaking between the base of the parapet and the top of the deck.
 
 33.2.13 Substructure Elements More time is usually required to construct the substructure than the superstructure, and major reductions in construction time can be achieved by prefabricating the elements of the substructure. Most substructure elements have been prefabricated. Examples include pilings, piers, pier caps, abutments, and wing walls. Figure 33.15 shows abutment and wing-wall panels placed on temporary pads and anchored with weld plates and a site-cast concrete footing (PCI, 1975). To simplify erection, abutment and wing-wall elements have been precast with the footing and set on a site-cast footing (Sprinkel, 1985). Prestressed piling has been used for years, but pile caps are usually site cast. Bridges with prefabricated piers, pier caps, abutments, and wing walls are limited in number but use is increasing, particularly by the Texas Department of Transportation (Billington et al., 1999; Matsumoto et al., 2001, 2002). A bridge with a
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 Grouted void #8 bar Mortar bed Reinforcing bar
 
 FIGURE 33.14 Precast parapet. (From Sprinkel, M.M., Prefabricated Bridge Elements and Systems, NCHRP Synthesis 119, Transportation Research Board, Washington, D.C., 1985.)
 
 Dowel sleeve for anchorage of deck members Weld plate Precast abutment panel
 
 Reinforcing bar Temporary bracing Deadman footing
 
 Concrete erection pad
 
 Reinforcing bar in footing Site-cast concrete footing
 
 FIGURE 33.15 Precast abutment and wing wall. (From Sprinkel, M.M., Prefabricated Bridge Elements and Systems, NCHRP Synthesis 119. Transportation Research Board, Washington, D.C., 1985.)
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 Precast post-tensioned superstructure segment
 
 Precast post-tensioned pier segment
 
 Site-cast footing Pile
 
 FIGURE 33.16 Prefabricated pier segments.
 
 FIGURE 33.17 Precast concrete pier bent. (Figure courtesy of the Texas Department of Transportation, Dallas.)
 
 precast abutment was recently constructed in Pennsylvania (Scanlon et al., 2002). It is difﬁcult to standardize the elements because of differences between bridge sites and between piers at the same site that involve soil characteristics, location of bedrock, and the depth at which acceptable bearing can be obtained (Ganga Rao, 1978). A well-known example of the use of prefabricated piers is the Linn Cove Viaduct (Anon., 1984). The entire bridge was prefabricated to minimize environmental impact. Precast segmental superstructure segments were progressively placed and post-tensioned until a pier location was reached. Working from the cantilevered superstructure, holes were drilled into the ground. Prestressed piles were placed in the holes, and precast pier segments were placed and post-tensioned together. Site-cast concrete was placed around the bottom segment (Figure 33.16). The SPER system is a method of rapid construction of piers using precast concrete panels as both structural elements and formwork for cast-in-place concrete (see FHWA, 2004). The Texas Department of Transportation has developed and used a precast pier bent (Figure 33.17). The bent is placed on piers, and the voids in the bent around the reinforcement that extends from the piers are ﬁlled with grout.
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 10'–40' FIGURE 33.18 Precast culverts.
 
 33.2.14 Precast Culverts Culverts can be used instead of bridges in situations where the cross-section will not restrict ﬂow. Culverts are easy to install, do not have a deck to deteriorate, and seldom require extensive plans. Culverts cannot be used on navigable streams. Precast culvert designs (Figure 33.18) include the pipe, box, inverted U, and arch. Site-cast footings and end walls are typically used with the inverted U and the arch. Concrete pipe is used for spans of 1 to 10 ft (0.3 to 3 m), and concrete boxes are used for spans of 4 to 12 ft (1.2 to 3.7 m) (Concrete Pipe and Products Company, 1993). Precast U-shaped culverts have been used for spans up to 16 ft (4.9 m), and the arch shape has been used for 40-ft (12-m) spans (Conspan Bridge Systems, Inc., 1995; Lambert, 1982).
 
 33.3 Construction Considerations On-site construction time is typically reduced when prefabricated elements are used because the concrete forming, casting, and curing occur at a precast plant. Quality elements are typically produced under controlled conditions. Elements are typically inspected at the plant and approved for shipment. Elements should ﬁt together at the site when they are fabricated to the tolerances prescribed by the Prestressed Concrete Institute (PCI, 1977, 1978). Precasting operations should be organized to minimize the number of times an element must be moved. Excessive handling is costly and time consuming and increases the chances for damage (Waddell, 1974). The contractor should have an approved erection plan. Proper communication between the fabricator and contractor is essential. Elements should be delivered in the order in which they are to be assembled. Each element should be checked for damage that might have occurred during delivery and the plant stamp of approval should be veriﬁed. The hardware, rigging, and equipment required for handling the elements and the lifting locations should be preapproved before lifting an element. Handling and erection stresses can be greater than in-service stresses. Care should be taken to keep the stresses to a minimum. When feasible, elements should be supported during erection
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 as they are during delivery and storage. When lifting equipment is to be placed on the structure, the design should be checked and approved to ensure that the structure is not overstressed. Lifting equipment should be large enough to handle the elements. It is better to have equipment that is too large than too small. Before placing elements, bearing areas should be properly prepared. Elements that ﬁt properly can be assembled in a few minutes. Additional time is required to make corrections for improperly ﬁtting elements. The advantage of match casting elements is a good ﬁt. Several mortars and grouts for hydraulic cement and polymer concrete have been developed to facilitate the erection and connection of prefabricated elements (Gulyas et al., 1995). Temporary shims may be used. High-early-strength mortars and grouts can anchor the elements in a short time. When the elements have been assembled, a wearing and protection surface is usually installed. Asphalt is popular because of its low cost, but it should be used in connection with a properly installed membrane to prevent the inﬁltration of water and chloride ions into the prefabricated elements. Hydraulic cement concrete overlays can be installed to provide the ﬁnal wearing surface. Bonded hydraulic cement concrete overlays can have a life of 30 years or more; however, these overlays are not easy to install, and construction should be done according to recommended practice. The recent failures of a number of bonded concrete overlays on major bridges before opening them to trafﬁc or shortly thereafter illustrate the difﬁculties associated with constructing a successful overlay. Thin epoxy overlays have been used successfully as a wearing and protection system. Finally, deck elements can be precast with the ﬁnal wearing surface, and irregularities can be removed by shot blasting or grinding the surface to provide good ride quality (Sprinkel, 2004).
 
 33.4 Looking Ahead The use of prefabricated bridge elements and systems will continue to increase for many reasons. With prefabrication, the work force can be more productive and can produce a better product in the controlled environment of a precast plant, compared to forming and placing reinforcement and concrete outdoors. The enhanced productivity and quality promote economy. The need to replace bridges and bridge elements is growing as our transportation system ages. The number of structures subjected to high volumes of trafﬁc also continues to increase. Element replacement during off-peak trafﬁc periods is becoming a necessity, and replacement with prefabricated elements is one of the few feasible options. Reducing delays for the traveling public is an additional economic incentive to use prefabricated elements. In recent years, the connection details that have caused maintenance problems and reduced the service life of elements have been improved. Better designs, enhanced materials, and more post-tensioning are allowing the construction of bridges with prefabricated elements that are more economical on a life-cycle basis than bridges constructed with site-cast concrete. There will always be a place for site-cast concrete, because concrete can take the shape of any form in which it is placed. This ﬂexibility and versatility are necessary to satisfy many construction needs. It would be foolish to try to prefabricate concrete for every situation. Even so, the outlook for prefabricated bridge elements and systems has never been better. The use of prefabricated bridge elements and systems has increased signiﬁcantly since the ﬁrst edition of this Handbook was published. Universities, state DOTs, the FHWA, and the bridge industry have taken leadership roles in the new developments. The FHWA Summary of Prefabricated Bridge Elements and Systems website provides abstracts and contact information for recent publications on the subject (FHWA, 2004). Use will continue to increase as our roadways become more congested.
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 (a) Test specimen, University of California, San Diego; (b) precast seismic bracing elements, Paramount Building in San Francisco, California.
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 34.1 Introduction The precasting of concrete offers a wide variety of fabrication and assembly options. Economical seismic solutions are, to a large extent, dependent on the fabricator’s capabilities and the contractor’s comfort with the manner in which a particular precast component or system is integrated into the building. As a consequence, innovation is the key to creating a successful solution because the options are many. From a design perspective, options can be placed in two categories: those that emulate cast-in-place concrete construction and those that provide connections between components that are capable of sustaining post-yield deformations. We will refer to these design alternatives as emulative and yielding, respectively. The term jointed precast is also used to identify precast concrete elements designed to yield at the precast interface (Ghosh and Hawkins, 2001). These two approaches are shown in Figure 34.1. Systems a, b, and d of Figure 34.1 are emulative, for post-yield rotations are expected to occur in the concrete beam away from the point at which precast members are connected. Yielding systems similar to that described in Figure 34.1c are the exclusive focus of this chapter.
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 Precast unit cast so as to locate precast joint at points of least moment demand. This system is often referred to as a “tree column” for the beam and column are usually cast as one piece. (a) ℓ
 
 h 2
 
 Precast joints (moment resistant) are located at points of maximum moment but hinging will not occur at the precast joint.
 
 h 2
 
 (b)
 
 ℓ
 
 Precast joints are located at point of maximum moment and point at which a plastic hinge is expected to form.
 
 (c)
 
 Precast connections occur in member at point of maximum moment but hinge location is not anticipated at the precast joint.
 
 ℓ 2
 
 (d)
 
 Strong, nonyielding connection joining precast members. Ductile, energy-dissipating connection joining precast members. “Hinged”, free but guided connection joining precast members or point of inflection (M ≅ 0). Plastic hinge location (first yield).
 
 FIGURE 34.1 Classiﬁcation of precast ductile frames according to component connector location. (From Englekirk, R.E., Reinforced and Precast Concrete Buildings, John Wiley & Sons, New York, 2003. Reprinted with permission of John Wiley & Sons, Inc.)
 
 34.2 Basic Concepts The cost-effective development of a yielding connector requires a simple yet effective mechanism for transferring both shear and moment as well as a suitable means of developing a strength-based loading criterion. Accordingly, these basic design and load transfer mechanisms are discussed before we explore the design of component and building systems.
 
 34.2.1 The Development of a Strength Criterion The introduction of a yield limit state at the point where the demand is expected to be a maximum (Figure 34.1) suggests that limit-state design procedures should be used to develop objective levels of system strength. Further, adjusting the level of provided strength is much more difﬁcult in precast assemblies where the transfer mechanisms have established capacities that are large and do not allow modest changes in provided strength. Accordingly, a mechanism approach should be used to deﬁne the strength limit state for a precast concrete system. The mechanism approach should have as its primary objective entirely discounting the impact of dead and live loads on seismic bracing programs. The mechanism approach was introduced as plastic design in the 1950s and then was exclusively applied to indeterminate steel systems. The mechanism approach recognizes that system strength is based on the load required to produce a mechanism in the system and that ﬁrst yield, as a limit state, does not produce consistent factors of safety.
 
 34-3
 
 Design of Precast Concrete Seismic Bracing Systems
 
 wD wL Hi
 
 wD w L Ve
 
 Ve
 
 hX
 
 Vi
 
 Ve
 
 Vi ℓ
 
 Reference: (b)
 
 (a) System
 
 Ve Point of inflection
 
 ℓ
 
 (b) Subassembly
 
 FIGURE 34.2 Frame elevation. (From Englekirk, R.E., Reinforced and Precast Concrete Buildings, John Wiley & Sons, New York, 2003. Reprinted with permission of John Wiley & Sons, Inc.) Analytical hinge
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 FIGURE 34.3 Subassembly mechanisms. (From Englekirk, R.E., Reinforced and Precast Concrete Buildings, John Wiley & Sons, New York, 2003. Reprinted with permission of John Wiley & Sons, Inc.)
 
 Consider the frame and extracted subassembly described in Figure 34.2. The strength limit state is deﬁned by one of the mechanisms shown in Figure 34.3. Observe that dead and live loads only impact mechanisms of Figure 34.3a and Figure 34.3b because, in the mechanism of Figure 34.3c, dead and live loads create no external work. Our seismic design objective should be to ensure that the mechanism described in Figure 34.3c precedes that described in Figure 34.3b. This objective is accomplished by comparing the lateral loads required to create the two mechanisms described in Figures 34.3b and 34.3c: Mechanism of Figure 34.3c External Work = Internal Work VuE hx θ = 2M p θ
 
 (34.1)
 
 where Mp is assumed to be the nominal strength of the connecting assembly. Mechanism of Figure 34.3b External Work = Internal Work    VuE hx θ + 2(wuD + wuL )    θ = 2M p θ + 2M p1θ  2  4
 
 where Mp1 is the internal strength of the beam, assumed to be critical at midspan.
 
 (34.2)
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 FIGURE 34.4 Internal mechanism. (From Englekirk, R.E., Reinforced and Precast Concrete Buildings, John Wiley & Sons, New York, 2003. Reprinted with permission of John Wiley & Sons, Inc.)
 
 The design objective is to determine the strength relationship between the internally provided ﬂexural strength (Mp1) and that provided at the ends of the beam (Mp) that would cause the mechanism of Figure 34.3c to be critical. If we deﬁne A as: A=
 
 M p1 Mp
 
 (34.3)
 
 then Mp1, the strength provided in the interior of the beam, must be greater than AMp to attain our objective—the dominance of the side-sway mechanism (Figure 34.3c). Accordingly,
 
 ( A = 1) M > (w p
 
 uD
 
 + wuL )
 
 2 VuE hx + 8 2
 
 (34.4)
 
 Thus, if the strength of the internal plastic hinge (AMp) exceeds (wuD + wuL)2/8 and the provided moment capacity at the support is equivalent to or larger than Mp as developed by the mechanism of Figure 34.3c ([VuEhx]/2), the impact of vertical loads on the design strength provided in the yielding connector may be neglected. Example The 24-foot internal bay of the frame of Figure 34.2 is shown in Figure 34.4: External Work = Internal Work 2
 
    VE hx θ + 2wu   θ = 2M p θ + 2M p1θ  2 4 2
 
 (34.5)
 
 Use Equation 34.5 to solve for the minimum value of Mp1 if Mp is 825 ft-kips: 200(9) +
 
 2.22(24)2 = 2(825) + 2M p1 , M p1 > 235 ft-kipss 4 A=
 
 M p1 235 = = 0.28 M p 825
 
 Observe that the design objective can be obtained by the direct application of Equation 34.2 because it is understood that Equation 34.1 must be satisﬁed. Conclusion: The side-sway mechanism described in Figure 34.3b can be avoided if the strength of the beam (Mp1) is enough to satisfy the demand suggested by unconstrained support rotations.
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 FIGURE 34.5 Beam 43 after failure. (From Englekirk, R.E., Reinforced and Precast Concrete Buildings, John Wiley & Sons, New York, 2003. Reprinted with permission of John Wiley & Sons, Inc.) d΄ h
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 FIGURE 34.6 Rotation at beam–column interface. (From Englekirk, R.E., Reinforced and Precast Concrete Buildings, John Wiley & Sons, New York, 2003. Reprinted with permission of John Wiley & Sons, Inc.)
 
 34.2.2 Creating an Effective Moment Transfer What makes a yielding connection different from a plastic hinge in a cast-in-place beam? The answer lies in the strain distribution in the region where the post-yield rotation will take place. The post-yield rotation in a cast-in-place beam will occur over a plastic hinge region (Figure 34.5). The strain in the concrete and reinforcing steel in this plastic hinge region will be essentially constant, for it will tend to distribute itself over a region that extends some distance past the plastic hinge region and into and often through the beam–column joint. When a precast beam and column are joined at the face of the column, a weakened plane is created (Figure 34.6). This causes a large portion of the rotation to occur at this discontinuity, a condition that will impact the strain state in the ﬂexural connection where ﬂexural continuity is provided by grouted reinforcing. Debonding must be addressed by the designer, and it will usually occur over a much smaller region adjacent to the gap created between the precast beam and column (θp) (Figure 34.6). If, for example, the ﬂexural reinforcement is placed in corrugated tubes and then grouted, the length of debond appears to be on the order of the diameter of the bar (db), because the tubes provide conﬁnement and promote wedging action. To mitigate this strain concentration, a debond length is often provided, and it should be clear that the ultimate strain imposed on the tension reinforcement will be signiﬁcantly greater in the precast system than that imposed on the tension reinforcement in the cast-in-place system.
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 FIGURE 34.7 Shear transfer mechanisms at the beam–column interface. (From Englekirk, R.E., Reinforced and Precast Concrete Buildings, John Wiley & Sons, New York, 2003. Reprinted with permission of John Wiley & Sons, Inc.)
 
 34.2.3 Creating an Effective Shear Transfer Shear transfer in cast-in-place concrete regions of discontinuity, such as the beam–column interface described in Figure 34.7, relies on the toe region of the beam to transfer both compression and shear. This shear transfer mechanism is often referred to as shear friction. Essentially, the yielding of the ﬂexural tension reinforcing of the beam is assumed to create a frictional resistance by its equilibrating compressive counterpart. The basic shear transfer strength as developed in design standards implies a shear friction factor (µ) of 0.6 to 1.4. This large range of codiﬁed friction factors is attributed to the condition of the interface where shear must be transferred. Figure 34.8 describes the interface when applied shear acts in one direction. Seismic cyclings cause the actions to reverse, and tension cracks in the top of the beam described in Figure 34.8 will close and be subjected to shear. The deterioration described in Figure 34.5, exacerbated by the buckling of the bars, will occur and create a deformation limit state. Accordingly, the shear transfer limit state is not, given a cyclic deformation, a function of the initial interface surface but rather the propensity of the interface to deteriorate. Yielding precast systems will rely on friction to transfer shear and endeavor to minimize cyclic deterioration. Yielding precast joints will often rely on a steel-to-steel or a steel-to-concrete interface, for they are also capable of transferring shear forces when the frictional demand is reasonable. The steel-to-concrete friction factor is on the order of 0.7; structural steel design procedures allow a steelto-steel friction factor of 0.35 for clean mill-surfaced ﬁnishes based on a factor safety of between 1.4 and 1.5.
 
 FIGURE 34.8 Compression fan at interior support of the beam, monotonic loading. (From McGregor, J., Reinforced Concrete: Mechanics and Design, 3rd ed., Pearson Education, Upper Saddle River, NJ, 1997. With permission.)
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 FIGURE 34.9 Isometric view of the Dywidag Ductile Connector (DDC©) system. (From Englekirk, R.E., Reinforced and Precast Concrete Buildings, John Wiley & Sons, New York, 2003. Reprinted with permission of John Wiley & Sons, Inc.)
 
 Conclusion: The use of a nominal friction coefﬁcient of 0.5 for steel-to-steel and 1.0 for concrete-toconcrete regardless of the type of surface ﬁnish seems reasonable. A strength reduction factor of 0.85 is often recommended but probably excessive in this case, for the compressive force is passively activated and always proportional to shear demand. This constant relationship between moment and shear obviates the need to consider overstrength factors.
 
 34.3 Precast Concrete Seismic MomentResisting Ductile Frame Systems Two basics systems are developed in this section. They have both been used successfully to construct major buildings in regions of high seismicity and represent two approaches to creating precast concrete buildings that will perform well when subjected to seismic excitations. The described approaches differ primarily in the means by which the frame beam and column are connected. They are categorized herein as bolted and post-tensioned, but it is important to realize that the concepts developed are not limiting in their potential application, for variants have been and will continue to be produced.
 
 34.3.1 Bolted Assemblages The development of the assemblage described in Figure 34.9 was motivated by a desire to improve postyield behavior of concrete ductile frames, because the ultimate post-yield rotation capability of the subassembly is increased by 50%. The adaptation of the ductile connection concept to precast concrete is logical, because it allows post-yield deformations to be accommodated where members are joined (Figure 34.1c). Direct-thread alternatives have been used in both cast-in-place systems and composite precast concrete systems. The desired behavior is accomplished through a merging of steel technology with the basic objectives of seismic-load-limiting principles essential to the development of ductile behavior in structural systems that must survive earthquakes. The basic component is the ductile rod (Figure 34.10), which is capable of attaining strain states in excess of 30%. The assemblage described in Figure 34.9 allows tolerance in all directions and ensures proper seating of the connecting high-strength
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 FIGURE 34.10 Prototypical forged ductile rod. (From Englekirk, R.E., Reinforced and Precast Concrete Buildings, John Wiley & Sons, New York, 2003. Reprinted with permission of John Wiley & Sons, Inc.)
 
 bolts. The manufacture and distribution of the system is controlled by Dywidag Systems International under the name of Dywidag Ductile Connector (DDC®). System capacity is developed directly from accepted load transfer mechanisms and conditions of equilibrium. The strength reduction factors and overstrength factors are consistent with values used in the design of concrete ductile frames. The key element in the assembly described in Figure 34.9 is the ductile rod (Figure 34.10). This ductile rod is the yielding element. The function of the ductile rod is to accommodate post-yield system deformations. Our analytic understanding of system behavior, then, logically starts from the ductile rod and moves ﬁrst to the beam and then into the column. When a moment couple is developed between two sets of N rods separated by a distance d – d′ (Figure 34.11), the nominal moment capacity (Mn) developed is: M n = NTy (d − d ′ )
 
 (34.6)
 
 where Ty is the nominal tensile strength of one ductile rod. The nominal capacity of the set of ductile rods must be developed in the beam. Because the adopted design objective for the rest of the system is elastic behavior, an overstrength factor (λo) must be introduced. The ﬁrst load transfer point proceeding toward the beam is the beam–column interface, where the appropriate level of shear and moment must be transferred. High-strength (1-1/2-in. φ-A490SC) bolts are used to accomplish this transfer. The nominal tensile strength provided by this bolt is on the order of 210 kips, which exceeds the nominal tension strength of the ductile rod by more than 25%:
 
 Tbn = λ o NAB =
 
 Mn (d − d′)
 
 Tbn φFt
 
 The shear load (VnE) induced by the ductile rod mechanism at the beam-to-column interface is:
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 FIGURE 34.11 DDC© connection, shear transfer mechanism (friction: steel to steel). (From Englekirk, R.E., Reinforced and Precast Concrete Buildings, John Wiley & Sons, New York, 2003. Reprinted with permission of John Wiley & Sons, Inc.)
 
 VnE =
 
 2λo M n c
 
 where c is the clear span of the beam. The nominal shear capacity required of the connector is: V = VnE + VD + VL
 
 (34.7)
 
 Comment: Because the design objective is code compliance, factored dead and live loads are appropriately used. Concerns relative to attaining shear transfer in the plastic hinge region of a cast-in-place frame beam (Vc = 0) do not apply because the plastic hinge region is no longer in the beam. The shear transfer mechanism between beam and column is friction. The load proceeds from the face of the ductile rod to the beam transfer block (see Figure 34.11) through a set of shim plates that provide longitudinal tolerance. The normal load that activates this friction load path is the larger of the bolt pretension (Tp) or ﬂexurally induced compression (M/d – d′). The ability of the connector described in Figure 34.11 to transfer load will depend on the level of pretensioning (2NTp) and applied moment (M). The level of applied moment (M) must at some instant be zero. At this instant, both the upper and lower connections will participate in the transfer of shear. Accordingly, VD + VL < 2NTp f
 
 (34.8)
 
 where f is the friction factor allowed by the load and resistance factor design (LRFD) speciﬁcations. As moment is applied to the connection, the effective level of pretensioning on the tensile bolt group will be relieved. Observe that the force applied to the ductile rods is unaffected by the level of bolt preload, for the bolts serve only to clamp the beam transfer block to the ductile rod. When the preload (NTp) has been relieved, however, the ability of the compression face connector to transfer shear will continue to increase, for the compression (C) crossing the surface described in Figure 34.11 will now be entirely a function of the level of moment imposed on the connection. Hence, C will be the larger
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 Compressive struts
 
 fb fb = 1.2f´c
 
 FIGURE 34.12 DDC© connection, shear transfer mechanism (concrete bearing: conﬁned region). (From Englekirk, R.E., Reinforced and Precast Concrete Buildings, John Wiley & Sons, New York, 2003. Reprinted with permission of John Wiley & Sons, Inc.)
 
 of NTp or (M/d – d′). Accordingly, the nominal capacity of the shear transfer mechanism is the larger of these values:  M  Vn =  or NTp  f  (d − d ′ ) 
 
 (34.9)
 
 where f, the friction factor used, should be 0.35 when dead and live loads are the concern (Equation 34.8) or 0.5 when seismic limit state shears are considered (Equation 34.7) because a shear slip will not result in a system failure. Beam component design should logically proceed based on the adoption of a variable overstrength factor (λo). The required capacity of each element should be modiﬁed (λoφ) to approximately account for uncertainties associated with each of the considered load transfer mechanisms. The yield strength of Threadbars® (high-strength threaded bars manufactured by Dywidag) that extend into the beam (Figure 34.9) is guaranteed. The assembly has been tested to ensure that yielding does in fact occur exclusively in the ductile rod (Figure 34.10). Alternatives for connecting the Threadbars® in the beam include reverse threads in the transfer block, couplers, or splice bars. Shear reinforcement is developed from Equation 34.7, and high-strength shear reinforcement (fy = 75 ksi) may also be used here because post-yield behavior in the stirrups is guarded against by the use of a capacity-based design. The load path from the ductile rod to the column is by bearing (Figure 34.12). Shear loads are equilibrated by bearing stresses under the compression side rod ends at the face of the column. The bearing stress allowed for conﬁned concrete may appropriately be used because the shear load is only transferred through the compressed zone of the frame beam, and the shim plates provide a signiﬁcant normal or conﬁning pressure in this part of the column. The internal bearing at the rod end when two rods abut (Figure 34.12) is subjected to a tensile load from the ductile rod on one side and a compressive load from the rod on the opposite side, at least until the post-yield strain imposed on the ductile rod has been recovered. The tensile load will at some point exceed Tyi , and the yield strength of the rod is accordingly factored to account for probable overstrength. The worst-case bearing load imposed on the anchor end of a ductile rod is 2λoTyi, but this will not be realized because any overstrength compression side demand will be resisted by bearing on the face of the column. The concrete within the core of the column that resists this load is well conﬁned, and the supporting surface is wider than the bearing area on all sides. The design bearing stress may conservatively be presumed to be 0.85φ(2)fc′, according to ACI 318-05, Section 10.17.1 (ACI Committee 318, 2005), and this is 1.2fc′. A set of compressive struts distributes bearing stresses imposed on the rod ends to joint reinforcement located above, below, and alongside the ductile rod assembly (Figure 34.12). The internal load transfer
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 FIGURE 34.13 Precast concrete bracing tower. (Photograph courtesy of Englekirk Partners, Los Angeles, CA.)
 
 mechanism within the joint itself, with the exception of the load transfer ties, is much the same as that which occurs in the panel zone of a concrete ductile frame. It is discussed in considerably more detail in Section 34.4. The bracing tower of Figure 34.13 was built using the DDC® system.
 
 34.3.2 Post-Tensioned Assemblages Post-tensioned assemblages consisting of precast beams and columns were ﬁrst tested in the early 1970s. Early rejections of the concept were based on the fact that no energy was dissipated by the system and a concern that anchorage systems would fail. In the 1990s, these problems were overcome with the development of what is now referred to as the hybrid system (Cheok and Lew, 1993; Englekirk, 2003). The system was then used to construct the building shown in Figure 34.14. A comprehensive test program in support of the design of this building was conducted by Professor Stanton at the University of Washington. The exterior subassembly shown in Figure 34.15 describes the post-yield behavior of the beam for the capacity of the column, and the joint in the subassembly signiﬁcantly exceeds the demand imposed on them by the beam. The fact that post-yield deformation occurred almost exclusively in the beam was conﬁrmed by the test program. Flexural strength in the hybrid beam (Figure 34.16) is provided by a combination of unbonded posttensioning strands and bonded mild steel. Nine 1/2-in. 270-ksi strands stressed to 162 ksi were used in the system described in Figure 34.15 to provide an effective concentric post-tensioning force of 223.1 kips. Three #6 (GR60) reinforcing bars were placed in the top and bottom of the beam in tubes that were subsequently grouted with high-strength grout. These bars provide energy dissipation, an attribute not provided by the unbonded post-tensioning. The strength provided by the 16 × 21-in.-deep beam is deﬁned by the size of the grout pad, which for this test was 16 × 20 in. The design of the exterior subassembly of Figure 34.15 assumed that the stress in the mild steel compression reinforcement reached yield. Accordingly, the ﬂexural strength provided by the mild steel (Mns) was: M ns = Tns (d − d ′ ) = 3(0.44)(60)(16.5) = 1307 in.-kipss
 
 (34.10)
 
 The ﬂexural strength provided by the unbonded post-tensioning (Mnps) is developed as follows (see Figure 34.16):
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 FIGURE 34.14 Paramount Apartments, San Francisco, CA. (Photograph courtesy of David Wakely Photography, San Francisco, CA.)
 
 Tnps = A ps f pse Tnps = 9(0.153)(162) = 223.1 kips
 
 (34.11a)
 
 Tnps 223.1 = = 3.3 in. a= 0.85 f c′b 0.85(5)(16) h a M nps = Tnps  −  = 223.1(10 − 1.65 ) = 1865 in.--kips  2 2
 
 (34.11b)
 
 The nominal moment capacity of the hybrid frame beam of Figure 34.15 is: M n = M ns + M nps = 1307 + 1865 = 3172 in.-kips This corresponds to a beam load or shear of: Vnb =
 
 M n 3172 = = 51.2 kips c 62
 
 The associated column shear or applied test frame force (Fcol) is:    72  Vc = Fcol = Vnb   = 51.2  = 31.4 kips  117.5   hx 
 
 (34.12)
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 FIGURE 34.15 Exterior subassembly. (From Englekirk, R.E., Reinforced and Precast Concrete Buildings, John Wiley & Sons, New York, 2003. Reprinted with permission of John Wiley & Sons, Inc.) 16"
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 FIGURE 34.16 Beam and column cross-sections, hybrid subassembly test program. (From Englekirk, R.E., Reinforced and Precast Concrete Buildings, John Wiley & Sons, New York, 2003. Reprinted with permission of John Wiley & Sons, Inc.)
 
 Figure 34.17a describes the behavior of the test specimen. Figure 34.17b identiﬁes critical behavior milestones. The stresses imposed on the post-tensioning strands are shown in Figure 34.18, where they are related to test specimen drift. Observe that the predicted nominal strength of 31.4 kips (Vc) is not
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 FIGURE 34.17 Test specimen behavior. (From Englekirk, R.E., Reinforced and Precast Concrete Buildings, John Wiley & Sons, New York, 2003. Reprinted with permission of John Wiley & Sons, Inc.)
 
 reached until a drift ratio of almost 2% is attained (Figure 34.17b). This is at least in part explained by the fact that the initially delivered post-tensioning force was only 216 kips, or 4% less than the speciﬁed 223.1 kips. A story drift of 1% was required to develop the assumed design force in the post-tensioning (Tnps = 223.1 kips). Subassembly stiffness as predicted by idealized member stiffness is developed as follows (Englekirk, 2003):
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 FIGURE 34.18 Post-tensioning (PT) force vs. drift relationship. (From Englekirk, R.E., Reinforced and Precast Concrete Buildings, John Wiley & Sons, New York, 2003. Reprinted with permission of John Wiley & Sons, Inc.)
 
 ∆x =
 
 Vc hx 2   hx  + 6E  I b 2I c 
 
 hx = 117.5 in.  = 72 in. I ce = 0.71g =
 
 0.7(18)(20)3 = 8400 in.4 12
 
 I be = 0.35I g = ∆x =
 
 0.35(16)(21)3 = 4322 in.4 12
 
 31.4(117.5)2  72 117.5  = 0.55 in. + 6(4000)  4322 8400 
 
 The associated drift ratio (∆/hx) is 0.47%. This drift ratio might be accepted as an idealized representation of stiffness to a column shear of about 50% of the nominal column shear (31.4 kips) but not as a good idealization for the behavior described in Figure 34.17. The hybrid subassembly appears to be considerably softer than a cast-in-place system (Englekirk, 2003). Probable ﬂexural strength and ultimate strain states should be predicted during the system analysis phase, as opposed to the conceptual design phase of the project. The process begins by estimating the strain states in the reinforcing at a selected level of drift. Consider a 4% post-yield drift ratio (θp), our objective drift, and realize that any elastic component of story drift will be small (Figure 34.17). The plastic hinge length (p) initially will be the debonded length of the mild steel, in this case 6 in.:
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 θy = φy  p =
 
  0.002  0.002 (6) =  (6) ≅ 0.000075 radian (h − c )  20 − 4 
 
 Further, assume that all of the post-yield rotation will occur at the beam–column interface (Figure 34.6). The elongations of the tensile reinforcement components, (δp and δs) are best made using an iterative process, for the stress levels in the reinforcement will dictate the location of the neutral axis. Begin the iterative process by assuming a neutral axis depth (c) of 6 in.: c = 6 in. δ s = (d − c )θ p = (18.25 − 6)(0.04) = 0.49 in. The intentional mild steel debond length (Figure 34.15) was 6 in. but can reasonably be expanded to include some adjacent debonding. Hence, the effective debond length (d) is on the order of:  d = 6 + 2(db ) = 7.5 in. and the post-yield strain state in the debond region (εsp) is: ε sp =
 
 δ s 0.49 = = 0.065 in./in.  d 7.5
 
 This corresponds to a stress in the bar of (Englekirk, 2003): λo f y ≅ 86 ksi The elongation of the post-tensioning strand (δpsp) is: h  δ psp =  − c  θ p = (10 − 6)0.04 = 0.16 in. 2  The overall length of the strand (Figure 34.15) is on the order of 100 in.; hence, ∆ε psp =
 
 0.16 = 0.0016 in./in. 100
 
 ∆f ps = ∆ε psp E ps = 0.0016(28, 000) = 45 ksi f ps = f se + ∆f psp = 162 + 45 = 207 ksi < f py ≅ 230 ksi The total tensile force in the post-tensioning steel at a joint rotation (θp) of 0.04 radian is (theoretical): ∆Tps = Asp ∆f psp = 9(0.153)45 = 61.7 kips Tps = 223.1 + 61.7 = 286 kips Comment: Observe that the projected force in the post-tensioning is consistent with that measured (on the positive cycle) at a drift angle of 4% (Figure 34.18). The tensile force provided by the mild reinforcing is: Ts = 3(0.44)(86) = 114 kips
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 The depth to the neutral axis may now be estimated: Tps + Ts − C sy = 286 + 114 − 79 = 320 kips a=
 
 320 = 4.7 in. 0.85(5)(16)
 
 c=
 
 a = 5.9 in. 0.8
 
 Conclusion: A neutral axis depth of 6 in. was reasonably presumed. Strain levels in the concrete are quite high. If we assume a plastic hinge length (p) equivalent to the debond length (d): φp =
 
 θ p − θ y 0.0392 = = 0.0052 rad./in. p 7.5
 
 εc = φ pc = 0.0052(6) = 0.031 in./in.
 
 (34.13)
 
 ε s = φ p (d − c ) = 0.0052(12.25) = 0.064 in./in. It was for this reason that the developers of the hybrid system armored beam corners with angles during the NIST tests (Cheok and Lew, 1993). The University of Washington test specimens were not armored. Beam corners did exhibit surface cracking early, but beam strength did not begin to deteriorate until drifts exceeded 4% (see Figure 34.17b). The plasticity of high-strength grout probably absorbs a disproportionate amount of the post-yield concrete strain because these grouts are usually quite ductile. Comment: The fact that one of the mild steel bars fractured at a drift angle of 2.5% is disconcerting because the apparent strain in this bar is below that normally associated with fracture. Seven identical beams were tested, and this bar was the only one that fractured. A conservative selection of the debond length based on a fracture strain of 5% is suggested. The probable moment capacity (Mpr) at a drift angle of 4% discounting the ruptured #6 bar is: h a  a M pr = Tns (d − d ′ ) + Tps  −  + (Ts − Tns ) d −   2 2  2
 
 (34.14)
 
 = 52.8(16.5) + 286(10 − 2.35) + 35(18.25 − 2.35) = 871 + 2188 + 373 = 3432 in.-kips This corresponds to a column shear force of:    1  72   1  Vc , pr = M pr     = 3432    = 34.7 kips  62   1117.5   c   h  This predicted column shear force is consistent with the test results (Figure 34.17).
 
 34.3.3 Interior Beam–Column Joints 34.3.3.1 Post-Tensioned Assemblies (Hybrid System) Joint shear stress analysis procedures are developed as they are for conventionally reinforced cast-in-place concrete beam–column joints. The shear imposed on the beam–column joint (Vjh,prob) is shown in Figure 34.19: V jh , prob = λoTnps + 2λoTs − Vc
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 FIGURE 34.19 Forces acting on a hybrid beam–column joint. (From Englekirk, R.E., Reinforced and Precast Concrete Buildings, John Wiley & Sons, New York, 2003. Reprinted with permission of John Wiley & Sons, Inc.)
 
 And the shear stress imposed on the joint (υjh,prob) is: υ jh , prob =
 
 V jh , prob Aj
 
 where Aj is the gross area of the column. The allowable joint shear stress (υjh,allow) is: υ jh ,allow = 15φ f c′ 34.3.3.2 Bolted Assemblies (DDC®) Joint shear stress analysis follows those procedures adopted for cast-in-place concrete (Figure 34.20). The discontinuity between ductile rods may be handled in a variety of ways, as it increases the ability of the joint to transfer loads (Englekirk, 2003). The test specimen followed the load ﬂow described in Figure 34.20 where the tension rod (DR1) activates the proximate tie sets, which then deliver it to the compression node. Alternatively, an interior node may be presumed at the rod heads. Given this alternative, an c secondary strut and tie transfer will be developed, and this undoubtedly accounts for the superior performance of the DDC® beam–column joint (to drift ratios of 6%). Joint shear stress analysis procedures are conservatively developed, as they are for conventionally reinforced cast-in-place concrete beam–column joints.
 
 34.4 The Conceptual Design Process The process described herein is intended to provide the development team with enough data to make an informed decision regarding the appropriateness of alternative systems. The design process, in conjunction with the constructor, must create alternative solutions using these generic approaches as points of departure.
 
 34.4.1 Bolted Systems The approach described speciﬁcally utilizes the Dywidag Ductile Connector (DDC®) system, which is controlled by patents. This control of product is important because many subtle quality-control design issues are dealt with in the product provided; these include a fail-proof bolt setting length as well as system tolerances and ductility. The design process begins with development of the seismic-induced shear loads that the bracing system must sustain. The major system constraint lies in the fact that one assembly (two ductile rods) has a relatively high yield strength, and this strength cannot be ﬁne tuned. This
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 FIGURE 34.20 Load ﬂow within a DDC® beam–column joint. (From Englekirk, R.E., Reinforced and Precast Concrete Buildings, John Wiley & Sons, New York, 2003. Reprinted with permission of John Wiley & Sons, Inc.)
 
 constraint must be considered very early in the design process and the bracing program modiﬁed to accommodate system and functional objectives. The assembly described in Figure 34.9 contains two ductile rods, which establish its yield strength at about 300 kips (Tn), and this sets the strength increments. The basic geometry of the building bracing program has been established: column spacing and story height; thus, given a story shear, the ﬁrst question to be addressed is the number of frame bays required. The process must be reduced to its simplest form, and this means discounting compensating factors; for example, building torsion will increase the demand on some components, while using center-line dimensions will understate the capacity of a subassembly (they usually counterbalance each other). Hence, V=
 
 2nM u hx
 
 (34.15)
 
 where V is the objective base shear for the building (kips); n is the number of frame bays; Mu is the factored moment capacity of the frame beam (ft-kips); and hx is the story height (ft). • Step 1: Determine the number of frames required. V = 2000 kips hx = 11 ft M u = 900 ft-kips (1 − DDC; d − d ′ = 3.33 ft ) n=
 
 2000(11) = 24 900
 
 Conclusions: 24 assemblies of the type described in Figure 34.9 are required. Two assemblies per beam seems most logical. System proposed should be 12 frame bays in each direction, two DDC®s per beam. Comment: The number of required frame bays may be signiﬁcantly reduced by combining the bolted and hybrid systems.
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 • Step 2: Size and detail the beam. b = 30 in., h = 46 in., 2 DDC® assemblies per beam (see Figure 34.9) • Step 3: Check beam–column joint shear. Use procedures adopted by ACI, replacing λofyAs and λofyAs′ with λonTy, where n is the number of DDC® assemblies, and Ty is the yield strength of one assembly (two rods ≅ 300 kips). • Step 4: Proceed to develop the system load path as appropriate for a cast-in-place system using a capacitybased design approach.
 
 34.4.2 Post-Tensioned Systems Given that the capacity of a hybrid system can be changed quite readily, the number of frames required is usually more closely related to building geometry, constructability, and function. The size of the beams and their grouping will tend to control the design process. When the objective beam size has been established, the developable strength is established and from this the bracing program for the building created. • Step 1: Determine a trial reinforcing program. It is advisable to maintain a reasonable level of restoring force, for this is clearly a very positive attribute of post-tensioning. Accordingly, a design objective should be to provide at least 50% of the moment capacity with the post-tensioning. Begin by selecting the appropriate level of mild steel reinforcing: M us ≅ 0.4M u As =
 
 0.4M u φf y (d − d ′ )
 
 Then determine the amount of post-tensioning steel required to satisfy the strength objectives: M ups = M u − 0.9 f y (d − d ′ ) As A ps =
 
 M ups h a φf ps  −   2 2
 
 (34.16)
 
 (34.17)
 
 where fps may be conservatively assumed to be the effective level of prestress, usually 162 ksi. Comment: A nominal strength projection based on an effective prestress of 162 ksi will result in a strength equivalent to about 95% of its nominal strength, but this seems reasonable given the softness of the system (Figure 34.17). • Step 2: Determine the minimum size of the beam–column joint. The analysis procedure for the hybrid beam system is developed in Section 34.3.3. An approximate relationship between the area of the beam–column joint and the amount of beam reinforcing is developed in Englekirk (2003): A j = 62( As + As′ ) + 210A ps
 
 (34.18)
 
 • Step 3: Check the feasibility of placing the reinforcement suggested by the trial design. • Step 4: Check to ensure that the provided level of post-tensioning is reasonable, on the order of 1000 psi. Comment: The hybrid beam will become an integral part of the ﬂoor system. Large stress differentials may cause undesirable cracking in unstressed ﬂoors. Accordingly, it is best to use 1000 psi as an objective prestress limit.
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 • Step 5: Check the shear capacity/demand ratio to ensure that objective shear stress limit states have not been exceeded: Vb =
 
 (
 
 2λo M ns + M nps c
 
 ) +V
 
 D
 
 + VL
 
 (34.19)
 
 where VD and VL are the dead and live load shears, respectively, and c is the clear span of the beam. Comment: Sufﬁcient accuracy for design purposes may be attained through the use of an overstrength factor (λo) of 1.25: bd ≥
 
 Vb 5 f c′
 
 Remember that, in this case, because the adopted limit state ( 5 f c′ ) is less than that proposed in most codes, VD and VL should be realistically selected, not the factored loads used in a code-compliance analysis. This limit state is perhaps somewhat conservatively applied to the hybrid system because the hinge deformation tends to accumulate at the joining of the beam and the column (see Figure 34.6) and the plastic hinge region is prestressed. • Step 6: Check column shear if the beam is deep and the column short. For an exterior subassembly (Figure 34.15) this is: bc hc ≥
 
 (
 
 λo M ns + M nps 5 f c′hx
 
 ) ≥ 3.6( M
 
 ns
 
 + M nps
 
 )
 
 hx
 
 Design Example Design a 20 × 32-in. hybrid interior beam for the described subassembly: Vcu = 200 kips (column shear) 1 = 24 ft;  c 1 = 21 ft  2 = 16 ft; c 2 = 13 ft hx = 9 ft • Step 1: Select a trial beam reinforcement program.    Vc hx = M bu  1 + 2     c1 c2  For an interior column and an objective column shear of 200 kips, M bu =
 
 Vc hx 200(9) = = 760 ft-kips  1  2  1.14 + 1.23 +    c 2  c1
 
 Select a mild steel reinforcing program: M us = 0.4M bu = 0.4(760) = 304 ft-kips As =
 
 M us 304(12) = = 2.6 in.3 φf y (d − d ′ ) 0.9(60)(29 − 3)
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 Try three #9 bars. Select the post-tensioning reinforcement: M us = As φf y (d − d ′ ) = 3.0(0.9)(60)(29 − 3) = 4212 in.-kkips
 
 (M
 
 ns
 
 = 4680 in.-kips )
 
 φM nps = M bu − M us = 760(12) − 4212 = 4908 in.-kips > 4212 in.-kips (OK) Accordingly, the ﬂexural strength provided by the post-tensioning exceeds that provided by the mild steel, and this was identiﬁed as a design objective. For design purposes the nominal strength of unbonded strands (fpn) is assumed to be its effective strength: f pn = f pse Comment: The development of fpn in ACI 318-05 (fps, Equation 18-5) is based on a correlation between test data and analysis. Observe that a similar relationship (fpse + 10,000) between effective and nominal strength is not appropriate for the hybrid system. The tensile force in the tendon corresponding to a strand stress of 162 ksi in the test described in Figure 34.18 would be 223 kips, and this force is not developed until the drift reaches 1.5%. Accordingly, the use of fpse to deﬁne the nominal strength of a hybrid beam is viewed as being appropriate: A ps =
 
 φM nps 4908 =  h a  0.9(162)(16 − 3) φf pse  −   2 2
 
 where the depth of the compressive stress block (a) is presumed to be about 6 in. Aps = 2.59 in.2 Use 0.6-in. ø strands (A = 0.217 in.2). Comment: 0.6-in. ø strand hardware is most common in the United States but local availability should be conﬁrmed. Number of strands required = 2.59/0.217 = 11.9 Check the level of prestress provided by 12 strands: fc =
 
 12(0.217)(162) = 0.660 ksi (OK) 20(32)
 
 Conclusion: The trial reinforcing program will consist of 12 0.6-in.-diameter strands and 3 #9 (GR 60) reinforcing bars, top and bottom. The nominal strength of this beam is: M n = M nps + M ns a=
 
 Tps 12(0.217) = = 5 in. 0.85 f c′b 0.85(5)(20)
 
 h a M nps = Tnps  −  = 422(16 − 2.5) = 5697 in.-kips  2 2 φM n = 9340 in.-kips > 9310 in.-kips
 
 (OK)
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 Mild steel duct 2-1/4" dia.
 
 Precast beam Post-tensioning strand duct (3-1/2"ø)
 
 Mid-height of beam
 
 Mild steel duct
 
 ine beam
 
 FIGURE 34.21 Hybrid beam reinforcement program. (From Englekirk, R.E., Reinforced and Precast Concrete Buildings, John Wiley & Sons, New York, 2003. Reprinted with permission of John Wiley & Sons, Inc.)
 
 • Step 2: Determine minimum size of the beam–column joint. A j = 62( As + As′ ) + 210A ps = 62(6) + 210(12)(0.217) = 919 in 2 Conclusion: Column size should be at least 30 × 32 in. • Step 3: Develop the beam and column reinforcing program. The mild steel must be placed in ducts and grouted. The post-tensioning strands will also be placed in a duct and stressed using a multistrand jack. Mild steel tubes should have a diameter of at least 2db. The post-tensioning duct will be of the size suggested by the supplier. Column bars will have to be placed in this central region, and they must pass the post-tensioning duct and yet be inside the outer mild steel duct (see Figure 34.21). Beam bars cast in the corners of the precast beam are also required if for no other reason than to reinforce an otherwise unreinforced region. Minimum ﬂexural reinforcing requirements are usually satisﬁed by the post-tensioning, so the basis for the sizing of these bars depends on the designer’s convictions relative to splicing concerns. ACI 318-05, Section 18.9, requires a minimum amount of bonded reinforcement in all ﬂexural members with unbonded prestressing tendons: As,min = 0.004Act where Act is the area between the tension face and the center of gravity of the gross section. The beamsizing process must then allow for the ﬂexural reinforcing provided in the precast beam as well as the space that may be required to pass the column bars (see Figure 34.21). The minimum beam width becomes: One post-tensioning duct Two #11 column bars Two mild steel ducts Two corner bar diameters Two corner bars #5 hoop ties Fire cover Total Conclusion: The minimum beam width should be 20 in.
 
 3.50 in. 2.75 in. 4.50 in. 2.00 in. 2.00 in. 1.25 in. 3.00 in. 19.00 in.
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 The minimum bonded reinforcement (ACI 318-05, Equation 18-6) is: h As,min = 0.004b = 0.004(20)16 = 1.28 in.2 2 Conclusion: The beam should be 20 in. wide. At least one #8 bar should be provided in each corner. Comment: This mild steel may have to be increased to reduce concrete cracking during transportation, but this will be the concern of the fabricator.
 
 34.5 Concluding Remarks The design of precast systems does not require special knowledge, for it follows principles used by structural engineers to design ductile moment resisting frame systems. A more detailed development of both cast-in-place and precast systems is contained in Seismic Design of Reinforced and Precast Concrete Buildings (Englekirk, 2003). The designer of precast frame systems is encouraged to be creative in the development of systems. The combining of the DDC® system with the hybrid system is but one example. The design–build delivery system lends itself to creative solutions, but both the hybrid and DDC systems have been constructed using the traditional design–bid–build delivery system.
 
 References ACI Committee 318. 2005. Building Code Requirements for Structural Concrete and Commentary, ACI 318-05/318R-05. American Concrete Institute, Farmington Hills, MI. Cheok, G.S. and Lew, H.S. 1993. Model precast concrete beam-to-column connections subject to cyclic loading. PCI J., 38(4), 80–92. Englekirk, R.E. 2003. Seismic Design of Reinforced and Precast Concrete Buildings. John Wiley & Sons, New York. Ghosh, S.K. and Hawkins, N.M. 2001. Seismic design provisions for precast concrete structures in ACI 318. PCI J., 46(1), 28–32. Priestley, M.J.N. 1991. Overview of PRESSS research program, PCI J., 36(1), 50–57.
 
 Flexural cracking at ultimate load of post-tensioned prestressed beams. (Photograph courtesy of Edward G. Nawy.)
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 35.1 Overview of Crack Mitigation When selecting the concrete conﬁguration and reinforcement layout for a concrete building, the engineer typically considers strength requirements and then addresses serviceability concerns. During the serviceability check, attention is directed to deﬂection and durability, but many times detailing for serviceability to mitigate cracking is overlooked. Cracking in reinforced concrete buildings can be addressed early in the design process through judicious consideration of building layout, selection of appropriate connections, and use of appropriate reinforcement detailing. It is advisable to evaluate during the member design stage those members within a structure that may be subject to various types of cracks. Predicting possible crack behavior or crack development among members within a building typically allows application of appropriate mitigating detailing. Whether cracking is caused by restrained shortening of concrete or cross-sectional action, effective detailing of concrete members can signiﬁcantly impact the longterm performance and durability of the concrete structure.
 
 * President, American Concrete Institute, and Principal Consultant, FBA, Inc., Hayward, California; expert in analysis, design, evaluation, and retroﬁt of post-tensioned concrete structures.
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 The intent of this chapter is to provide a basic understanding of crack development as well as design detailing recommendations to mitigate cracking in concrete members. It speciﬁcally excludes the review of concrete member cracking due to unique or special materials used or the preparation (mix properties/ proportions), placing, and conditioning of poured concrete. The design details presented herein are limited to building structures; special structures and non-building structures are not part of this review. This chapter is limited to cast-in-place concrete frames only; precast concrete and masonry elements are excluded. Post-tensioned concrete ﬂoor systems have become the predominate choice for concrete ﬂoor systems using cast-in-place construction. For this reason, examples within this chapter focus on posttensioned concrete ﬂoor systems when evaluating crack mitigation, as such slabs have an added elastic shortening component and concrete creep to address due to the precompressed concrete cross-section. Many publications offer a summary of standard details for the construction of concrete structures; however, it is a challenge to ﬁnd documentation of appropriate or standard detailing to aid the designer in addressing concrete cracking. This chapter, however, aims to address the overall nature of a structure and how members may experience tensile stresses due to the restraint or other cross-sectional actions resulting in tension beyond the concrete modulus of rupture. The ﬁrst objective is to capture framing conditions where the crack development of a concrete member is directly or indirectly affected by the behavior of the neighboring elements or the overall framing system and to suggest detailing to avoid or minimize such cracking. Much of the information presented has been adapted from the work by Aalami and Barth (1988).
 
 35.2 Member Selection Member shape and frame compatibility are the basic foundations of a performing structure. An example of framing incompatibility would be found in a structure where concrete member sizes or strength requirements are simply out of scale. This can be the case when oversized architectural columns are used to support a thin slab. The restraining effects of oversized members on the surrounding members can be signiﬁcant. For this reason, it is advisable to maintain compatible member sizes and connections to mitigate restraint cracking during concrete shortening. If geometry or architectural considerations dictate such incompatibility, special consideration should be given to incompatible member connections. Alternatively, incompatible framing geometry can also be addressed using built-up foam sections after the concrete frame is completed to achieve the architectural shapes desired. Frequently, new materials are introduced, whether as composite construction or simply performance-enhancing additives to the concrete mix. The resulting alteration in shortening effects must be understood. For composite construction, such as pan-ﬁlled metal decks, construction layout and long-term shortening effects should be evaluated. An important serviceability aspect of concrete material and mixture proportions selection is the resulting shortening behavior for the particular application and geometry.
 
 35.3 Crack Causes and Types Several factors, when combined, can lead to restraint cracks in two-way reinforced-concrete slabs. Concrete slabs tend to shorten, and structurally stiff elements such as walls, elevator and stairwell cores, and columns can restrain the slab. When the tensile stress exceeds the tensile strength of the concrete, a restraint crack occurs (ACI Committee 224, 1997). Depending on many factors, including the stiffness of the restraining elements and the length of the slab spans, multiple restraint shrinkage cracks may form. The speciﬁc factors that cause shortening of concrete slabs include: • • • •
 
 Shrinkage of concrete Creep of concrete due to sustained loads (including precompression) Elastic shortening (prestressed slabs only) Fall in temperature
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 100 ft.
 
 Shortening 0.8 in.
 
 200 ft.
 
 Slab
 
 1.6 in. Slab thickness Precompression Concrete strength Concrete shrinkage
 
 8 inch 150 psi 4000 psi 450 microstrain
 
 FIGURE 35.1 Factors contributing to slab shortening. TABLE 35.1 Contribution of Various Factors to Typical Slab Shortening for Parking Structure in California Factor
 
 Percentage
 
 Shrinkage Creep Elastic Shortening Temperature Total
 
 66 11 7 16 100
 
 For a typical parking structure in Southern California with 70% ambient humidity and a moderate temperature variation of 40°F, the contributions of the above factors to slab shortening are as given in Figure 35.1 and Table 35.1. It is noteworthy that two thirds of slab shortening is typically due to concrete shrinkage. Axial creep and elastic shortening, which are the only direct consequences of post-tensioning, contribute about one sixth of the total shortening. To appreciate the magnitude of shortenings that are likely to occur in a post-tensioned slab, consider the example shown in Figure 35.2. For the 200 × 100-ft slab shown, the shortenings (if free to take place) are estimated to be 0.8 in. per 100 ft of slab length. Obviously, this shortening cannot materialize in most cases, because the slabs are commonly tied to supporting structural elements. The interaction of the slab with its restraining structural elements is the crucial factor in the formation of cracks. Referring to the breakdown of shortenings in Figure 35.2, only 18% of the calculated shortening is due to post-tensioning. The balance is common to nonprestressed as well as post-tensioned slabs. This shows that little difference exists between post-tensioned and nonprestressed slabs as far as crack initiation is concerned; however, crack propagation is fundamentally different between the two types of slabs. Creep/shrinkage cracks
 
 Strength/shrinkage cracks
 
 Slab Col. (a)
 
 (b)
 
 FIGURE 35.2 Reﬂected ceiling view of slabs: (a) post-tensioned slab; (b) reinforced concrete slab.
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 Prominent characteristics of cracks in unbonded post-tensioned slabs as compared to regular reinforced concrete are the following: • Cracks are fewer in number; instead of a multitude of hairline cracks, fewer cracks form. • Cracks are generally wider; they are spaced farther apart and generally extend deeper into the slab. In regular reinforced concrete, the spacing between cracks is of the order of slab depth, whereas in post-tensioned slabs it is more related to the span length and the overall dimensions of the slabs. In most cases, crack spacing is more than one quarter of the shorter slab span. • Cracks are normally longer and continuous, and continuous cracks may extend over one span and beyond. In nonprestressed concrete, cracks are generally shorter in length. • Cracks commonly do not coincide with locations of maximum moments. Restraining cracks do not necessarily develop at the bottom of midspan or the top of supports where the bending moments are maximum. • Cracks occur at axially weak locations. Axially weak regions are typically found at construction joints, pour strips, cold joints, paths with reduced discontinuities in slab, and, ﬁnally, where precompression is reduced either due to termination of tendons or friction losses in tendons. Figure 35.2 compares typical crack patterns on the sofﬁt of an interior panel of a two-way slab construction. For the regular reinforced-concrete structure, the shrinkage cracks are shown coinciding with the locations of maximum tension. Unbonded post-tensioned slabs generally exhibit poorer cracking performance as a result of lesser bonded reinforcement, which mobilizes the concrete in the immediate vicinity of a crack. Hence, a series of large slab segments separated by wide cracks rather than well-distributed small cracks is produced unless either the unbonded post-tensioning is accompanied by a sufﬁcient nonprestressed reinforcement or inplane restraining actions are present that result in a similar improvement of the crack distribution. Examples of common cracks in slabs, columns, and walls due to restrained movement are illustrated below. Due to the variety of member types and geometry and the array of crack initiation factors, it is imperative that each concrete member be reviewed individually and as part of the overall framing system during the design detailing process. Concentrated load application and vulnerable member joint conditions may require a very localized review of concrete detailing. On the other hand, the overall framing layout may cause indirect load transfer due to geometry or member incompatibility, resulting in concrete cracking based on overall behavior of the framing system. This chapter allows for a localized and overall performance review.
 
 35.3.1 Slab Cracks With regard to the overall crack behavior of a two-way slab, Figure 35.3 shows the crack formation in one of many similar slab conditions investigated by the authors. The example is representative of many slabs having similar crack patterns. The slab is post-tensioned in both directions and designed as a twoway system according to Chapter 18 of ACI 318 (ACI Committee 318, 2005). The precompression provided by the tendons in the longitudinal direction is dissipated into the supporting walls, as the primary transverse cracks extend across the entire width of the slab and through its thickness. The layout in Figure 35.3 demonstrates that the prime cause of cracks is the restraining effect of the perimeter walls. In a slab that is free to move, such as that illustrated in Figure 35.4a, the tendon force (F) is balanced by the precompression developed in the slab. If the slab movement (shortening) is restrained through stiff walls or columns, such as the walls in Figure 35.4b, a part of tendon force F is diverted to the supporting elements. One other major source of overall slab cracks is irregularities in slab geometry. Typical examples of irregularities occurring in slabs are shown in Figure 35.5. If not properly detailed, the discontinuities at the reentrant corners invariably lead to cracks that may extend as far as one quarter to one third of the shorter width at the location of crack. Figure 35.6 shows examples of localized cracks in post-tensioned slabs. The illustrated cracks normally initiate within the ﬁrst few days after concrete is placed and before the application of post-tensioning.
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 FIGURE 35.3 View of reﬂected ceiling showing cracks in post-tensioned slab (Village Serramonte, California). Slab ~ F
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 Concrete compression = tendon tension
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 Wall
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 FIGURE 35.4 Diversion of post-tensioning force to walls: (a) slab free to move; (b) slab restrained against movement. Slab Slab
 
 Slab
 
 (a)
 
 (b)
 
 (c)
 
 FIGURE 35.5 Irregular slab plans showing crack formation. Wall ~ Slab Crack ~
 
 Slab
 
 Wall Opening Crack
 
 (a)
 
 (b)
 
 FIGURE 35.6 (a) Cracks at slab corners tied to corner walls; (b) crack formation at corners of interior openings.
 
 35.3.2 Column Cracks Short columns at split levels in parking structures, as illustrated in Figure 35.7, can develop severe cracks and spalling of concrete due to shortening of the parking decks immediately above and below. The same ﬁgure shows a release detail with a central dowel for prevention of such cracks. For simplicity, the stirrups in the short column are not shown. Columns tied to half-height walls, as shown in Figure 35.8a, develop cracks similar to those in the short columns described in Figure 35.7. The crack formation is especially severe in beam–slab ﬂoor constructions. Provisions of full-height or half-height joints between the walls
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 FIGURE 35.7 Cracking in short column at split level of parking structure. Cracks
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 FIGURE 35.8 Wall–column release: (a) side view of column tied to wall; (b) front view. PT slab
 
 Column movement
 
 ~
 
 ~ Column
 
 FIGURE 35.9 Cracks in end columns of long buildings.
 
 and the columns, illustrated in Figure 35.8, are effective methods of mitigating such cracks. End columns of slabs 150 ft or more in length are particularly susceptible to cracks of the type illustrated in Figure 35.9. The moment generated in the column due to this displacement should be accounted for in the design of such columns.
 
 35.3.3 Wall Cracks Figure 35.10 illustrates the most common crack formation due to the overall behavior of walls tied to post-tensioned slabs. The diagonal tension cracks shown form at the ends of the walls due to the movement of the slab and extend over a region having a length of approximately one to two wall heights from the wall end. Such cracks can be reduced or eliminated by design.
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 FIGURE 35.10 Cracks in wall due to slab movement. Column
 
 Wall
 
 (a)
 
 (b)
 
 FIGURE 35.11 Planning in layout of shear walls to mitigate slab crack: (a) favorable arrangement of restraining walls; (b) unfavorable arrangement of restraining walls.
 
 35.4 Crack Mitigation Measures The principle techniques of crack mitigation are described in the following sections.
 
 35.4.1 Planning the Layout of Restraining Members The most effective method of restraint-crack prevention is the good selection of wall and column locations during the architectural planning of the building. Equal numbers and lengths of walls may be positioned so as to reduce the tendency of crack formation by allowing the slab to move freely toward a planned point of zero movement (Figure 35.11a). Figure 35.11b shows examples of unfavorably arranged walls and layouts in which the walls impede the free movement, thus creating conditions conducive to crack formation.
 
 35.4.2 Structural Separation Slabs of irregular geometry are particularly susceptible to cracking. Figure 35.12a shows a small slab area appended to a larger rectangular-shaped region. The structural separation shown in the ﬁgure between the two post-tensioned slabs consists of a physical gap between the slabs equal to 0.5 to 1 in. For the particular example shown, it is advisable to continue the slab separation through the supporting walls. The major difference between such structural separations and expansion joints is that the structural separation discussed herein loses its signiﬁcance after a period of 2 to 3 months, during which time the bulk of the slab shortening takes place. The structural separation does not have to be designed to remain serviceable during the lifetime of the structure. An expansion joint that has been designed to accommodate temperature-induced movements must be detailed to remain operational during the in-service life of the structure. Smaller areas separated by openings or irregular slab geometries, such as the appendix shown in the top right corner of Figure 35.12b, cannot generally follow the overall pattern of shortening
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 Shear wall
 
 PT slab
 
 PT slab Structural separation (a)
 
 Wall
 
 Structural separation (b)
 
 FIGURE 35.12 (a) Separation between large areas forming an irregular shape; (b) separation between a large area and a small appendix.
 
 of the entire slab area. Their connection to the main slab is primarily over short lengths. Stairwells, elevator shafts, and other walls impart substantial restraint against free movement of small slab areas. Moreover, in most cases, it is neither economical nor practical to effectively post-tension small slab areas less than 20 ft in length. The author’s practice has been to provide a separation between the two slab areas and construct the detached smaller region as a nonprestressed slab. The structural separation for such conditions need not extend through the supporting walls. Typically, the separation is achieved by placing Styrofoam™ sheets, 0.5 to 0.75 in. thick, vertically between the two slabs.
 
 35.4.3 Closure Strips, Joints, and Favorable Pour Sequencing A closure strip, also referred to as a pour strip, is a temporary separation of approximately 30 to 36 in. between two regions of slab that will be constructed and post-tensioned separately. Each region is allowed to independently undergo shortening. After a period of typically 30 to 60 days, the gap between the two post-tensioned slab regions (i.e., the closure strip) is closed by placing and consolidating nonshrink concrete. The reinforcement that extends from the concrete slab on each side into the closure strip provides the continuity of the slab over the strip. The width of a closure strip is determined by the net distance required to position a stressing jack between the two sides of the strip and conclude the stressing operation. The reinforcement across the closure strip is designed on the basis of actions (moments and shears) occurring at the location of the strip when the entire slab is combined in a continuum. Between two adjacent supports, the preferred location of a closure strip is, for regular conditions, at a quarter span where the moments are typically small. Other considerations, however, may dictate the location of a closure strip. The position of the closure strip in relation to the entire slab is discussed at the end of this section. For corrosion protection, it is emphasized that, as a good practice, the stressing ends of the tendons terminating in the closure strip should be cut, sealed, and grouted in the same manner as at the free edges. The time necessary to keep a closure strip open is determined by the extent of shortening deemed necessary before the two slab regions are tied together. Some engineers specializing in the design of posttensioned slabs use an empirical value of 0.25 in. as the hypothetical displacement that can be accommodated in a post-tensioned member without apparent impairment of its serviceability. On this premise, a closure concrete should be placed when the calculated balance of shortening on each side of the closure strip is 0.25 in. or less. The shortenings are calculated using standard procedures in which concrete is assumed to be free to move. Obviously, when the closure strip has been poured and the two slab regions have been tied together, the balance of computed shortening referred to cannot take place. This empirical procedure is backed by the satisfactory performance of closure strips in place. It generally leads to closurestrip concreting between 14 to 120 days. Construction joints are joints at predetermined locations in the slab between two concrete placements. The joints provide a planned temporary break between two slab regions for the purpose of crack control and construction operations. They are also used to subdivide a larger slab area into manageable sizes
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 (c)
 
 FIGURE 35.13 Details of slab joints: (a) construction joint with no stressing; (b) construction joint with intermediate stressing; (c) closure strip.
 
 from a construction point of view. A construction joint as shown in Figure 35.13 differs from a cold joint in that (1) its location is determined by design as opposed to the location at which a concrete batch is ﬁnished, and (2) a gap of 3 to 7 days commonly occurs between the placement of ﬁrst pour and the second pour; this time gap is applicable to joints that are designed for crack control. Construction joints may or may not have intermediate stressing. Intermediate stressing of tendons is carried out for long tendons where friction losses are appreciable. From the performance experience of post-tensioned slabs, the following guidelines for the provision of closure strips or structural separations may be considered: • If the slab length is less than 250 ft, no closure strip or structural separations are necessary, unless the supporting walls are unfavorably placed. • If the slab length is longer than 250 ft but less than 375 ft, provide one centrally located closure strip. • If the slab length is longer than 375 ft, provide a structural separation.
 
 35.4.4 Released Connections Released connections are effective means of crack mitigation when a favorable layout of supporting structural elements or provision of construction separations and closure strips cannot be fully implemented. Released connections are those in which a joint is detailed and constructed so as to permit a limited movement of the slab relative to its support. Released connections may be used in conjunction with closure strips and structural joints. Released connections with successful results are now common practice for post-tensioned slab construction in California. Released connections are grouped into wall/ slab release, slab joints, and wall joints. 35.4.4.1 Wall/Slab Release Figure 35.14 shows several types of commonly used wall/slab connections. To facilitate slippage, a slip material is normally provided at the interface of wall and slab. For simplicity in presentation, the connections shown are for the end walls and a terminating roof slab, but they are equally applicable, with appropriate modiﬁcations, to interior walls and intermediate slabs. The connection type with no ties between the slab and its supporting wall (Figure 35.14a) is the most effective release joint, but its application is restricted by the fact that, in many cases, walls must be designed to transfer shear forces, in addition to gravity loading, at their interface with the slabs. Moreover, the stability of the walls due to lateral loads may become a governing consideration. Such releases, where possible, are employed at the corners of the slab areas. It is recommended that the maximum length of a no-tie release be limited
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 (d) Temporary Release
 
 (c) Full Tie
 
 Compressible material
 
 (e) Non-Load Bearing
 
 FIGURE 35.14 Typical details of different wall-slab connection types. Shear wall
 
 PT slab
 
 Column
 
 Hinged construction Slab Neoprene pad End column (a)
 
 Central dowel
 
 Column cap (b)
 
 FIGURE 35.15 Hinged construction at base of end columns: (a) elevation; (b) detail of hinge construction.
 
 to the height of the respective wall. A permanent release with a dowel encased in a compressible material is shown in Figure 35.14b. The dowel is provided to impede catastrophic movements of the wall, as in the event of an earthquake. This permanent release detail is used more frequently than the no-tie connection; however, it is more costly and requires greater care during construction. A temporary release as shown in Figure 35.14d is one where the slab is initially constructed released from the wall. After the shortening of the slab has taken place, to the extent that the balance is considered acceptable, the joint is ﬁxed by grouting the pockets. 35.4.4.2 Slab–Column Release Columns may be designed to withstand the anticipated forces conducive to lateral displacements between their ends without signs of distress or may be released to accommodate relative displacements of slab to column at the joints. The latter option, where applicable, leads to superior slab performance. Several items must be reviewed in arriving at a satisfactory solution. Maximum displacements are typically at the end columns, as shown in Figure 35.15. A detail providing rotational release at the base of the column, as shown in the same ﬁgure, may prove adequate. Where columns are excessively bulky, as may be required for architectural reasons, it becomes necessary to provide a detail that accommodates displacements in addition to rotation. 35.4.4.3 Wall Joints Wall joints are vertical separations between adjacent walls that enable the walls to accommodate displacements of slabs or beams supported by walls. Wall joints are very effective in mitigating cracks in slabs or beams, as well as cracks in the supporting walls themselves. Figure 35.16 shows the plan of a rectangular slab resting on perimeter walls and interior columns. For clarity, the columns are not shown. The wall joints (WJ) provided at the corners of the slab extend through the entire height of the walls. They allow the end wall to move toward the center of the slab without being impeded by the longitudinal
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 FIGURE 35.16 Wall joints: (a) plan showing wall joints (WJ) and closure strip above; (b) plan showing arrangement of various wall–slab connections. PT Slab
 
 Slip joint Wall joint
 
 Wall
 
 Footing
 
 FIGURE 35.17 Elevation of corner wall showing wall joint. Rebar Wall (a)
 
 Rebar (b)
 
 FIGURE 35.18 Crack-mitigating rebar next to shear walls: (a) interior shear wall; (b) exterior shear wall.
 
 walls. Such wall joints perform best when accompanied by a slip joint between the slab and cross walls as shown in Figure 35.17. The detail shows joints with no ties at the corners which allows the wall shown at left to follow the movement of the slab to the right without interference from the cross wall shown in elevation. The size of the gap is estimated to be 0.75 in. per 100 ft of slab movement accommodated by the wall. Wall joints need not in all cases extend through the entire height of a wall down to the lower level.
 
 35.4.5 Addition or Improved Layout of Mild Reinforcement In addition to the well-planned layout of shear walls and supporting structures and provision of releases, it is necessary to place additional mild reinforcement at locations of potential distress to mitigate crack formation. Figure 35.18 and Figure 35.19 illustrate examples of typical cases. Figure 35.18 shows reinforcement added next to nonreleased exterior walls. Due to design shear-transfer requirements between a slab and its supporting wall, it might not always be feasible to provide sufﬁcient release details to prevent all cracks. The reinforcement shown in Figure 35.18 has been found to be highly effective for such conditions. The steel is placed parallel to the wall over a width equal to approximately 10 ft normal to the wall. The steel area is determined as 0.0015 times the cross-sectional area of the slab over one third of the transverse span. The bars are spaced alternately at the top and bottom at approximately 1.5 times the slab thickness. Note that this is not a code requirement but rather a practice found to yield satisfactory results for the elimination of potential restraint cracks.
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 FIGURE 35.19 Reinforcement at slab corners. 64'
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 Slab
 
 Shear walls
 
 Tendons
 
 FIGURE 35.20 Tendon arrangement to compensate restraining effects of transverse walls. Wall
 
 Column
 
 Slab
 
 Tendons
 
 FIGURE 35.21 Tendon arrangement for mitigating cracks in central spans.
 
 35.4.6 Addition or Improved Layout of Tendons Figure 35.20 and Figure 35.21 show two conditions where wall restraints can lead to signiﬁcant losses of precompression in the central region of the slab and consequently lead to formation of cracks. In addition to other measures, such as the releases described in the preceding sections, it is helpful to lay out the tendons so as to deposit additional compression in regions where losses are expected to be highest. Dead ending and overlapping of tendons as illustrated in Figure 35.20 and Figure 35.21 can serve this purpose. The detailing of strand layout around discontinuities and openings is also of importance. Figure 35.22 illustrates two arrangements for tendon layout at an interior opening. The detail on the right shows a common practice where the sides of the opening are pulled apart. Cracks at the corners of such openings are not uncommon. The detail on the left demonstrates an alternative tendon layout, where the opening is provided with an additional precompression ring to counteract crack-precipitating stresses at the corners.
 
 35.5 Crack Evaluation Summary From a study of crack formation in post-tensioned structures, a number of general conclusions have been formulated, as follows:
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 Slab
 
 Tendon Crack-inhibiting layout
 
 Tendon Crack-promoting layout
 
 FIGURE 35.22 Arrangement of tendons at an interior opening.
 
 • Shortening cracks (cracks due to constraint against free movement of the slab) are common in post-tensioned slabs supported on walls and stiff columns. • Shortening cracks can be reduced signiﬁcantly through crack-mitigation measures; the principal crack reduction procedures are: Planning for layout of constraints Structural separations Closure strips, joints, and favorable pour sequencing Released connections Addition or improved layout of mild reinforcement Addition or improved layout of tendons With regard to implementation of crack-mitigation procedures, the following guidelines are suggested: (1) For small and simple slab geometries (10,000 ft2 or less) supported on regular-size columns, design the slab to withstand the forces generated by shortening; it is not generally cost effective to implement crack-mitigation measures. (2) For slabs with substantial restraint, it is necessary to implement crack- mitigation measures. • Most shortening cracks are not structurally signiﬁcant. The most common cause of shortening of shortening cracks is the exposure of reinforcement and post-tensioning to corrosive elements; aesthetics and leakage are the next most common considerations. • For slabs with signiﬁcant support restraints, such as perimeter walls, it is often necessary to conduct a one-time maintenance routine to repair shortening cracks. In such cases, notes should be added to the structural drawings indicating the following: Shortening cracks are likely to occur. Shortening cracks do not normally impair the structural integrity of slabs. Slabs should have a one-time crack maintenance operation, which consists of (1) inspecting and evaluating slabs and supporting members 2 years after construction, (2) determining cracks to be repaired, and (3) repairing cracks.
 
 35.6 Maintenance 35.6.1 Structural and Preventative Maintenance The most signiﬁcant maintenance requirements in concrete structures are those associated with buildings having supported deck slabs and underlying structural frame members exposed to the environment such as open parking structures. Concrete is one of the most durable and low-maintenance construction materials available today; however, these attributes have led some building owners to believe that concrete structures are maintenance free. It is important for the engineer to point out to the contractor and owner that even concrete structures require continuous maintenance to retain the strength and serviceability of
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 the structure. One effective way to accomplish this is to add appropriate maintenance requirements in the form of general notes on the construction documents. An example of such a reference is provided below: Maintenance: The entire concrete frame, including elevated slabs, beams, walls, columns, slab-on-ground, and exterior concrete façade, requires continuous maintenance to remain serviceable and safe. Details of the maintenance program applicable to this project must be prepared by the owner (or designated consultant) and submitted to the facility maintenance department for execution. Failure to do so may render the structure nonserviceable or unsafe during the useful lifecycle of the structure. As a guide, the following references may be consulted as minimum requirements: Chapter 9 in Parking Structures, by Anthony P. Chrest and Sam Bhuyan (Routledge, 1989); Guide for Structural Maintenance of Parking Structures (ACI 362.2R); and Design, Construction, and Maintenance of Cast-inPlace Post-Tensioned Concrete Parking Structures (Post-Tensioning Institute, 2001). When selecting a maintenance program it is necessary to address the strength and serviceability of the structural members. Structural maintenance requirements are those actions necessary to test the integrity of the material components of the structure and member conﬁguration. Preventative maintenance requirements are those actions that improve or enhance serviceability (e.g., waterprooﬁng, corrosion). See Table 35.2 for a summary of maintenance tasks. TABLE 35.2 Parking Facility Structural Maintenance: Tasks and Frequencies Task
 
 Recommended
 
 Minimum
 
 Procedure Power sweep, vacuum, or hand sweep. Hose down decks, ramps, and curbs. Reapply sealer as necessary. Check for leaks. Rout cracks and ﬁll with sealant. Determine if cracks are structural or nonstructural. Look for leaks, adhesive or cohesive failure, tears, and adjacent concrete failures. Repair on spot basis as required. Review for leaks, nosing or gland damage, tears, and punctures. Repair as required. Review wear, tear, blisters, delamination, cracks, and leaks. Repair on spot basis as required. Inspect for chips, peeling, and rust. Repaint on spot basis. Use special coatings, if required. Review for cracks, joint edge spalls, scaling, and delaminations. Repair on spot basis, as required. Consult with an engineer if deterioration is extensive. Identify location and source. Take corrective action as required. Drains: Remove debris and clean out drain. Drain lines: check for leaks and drainage. If ponding is evident, consider installing an area drain or reestablishing drainage lines. Evaluate condition of previous repairs; note any additional maintenance required. Survey should be performed periodically by a qualiﬁed structural engineer as required by conditions.
 
 Sweep Wash down decksa Touch-up deck sealerb Check for and evaluate cracks Check joint sealants
 
 W S AR AR
 
 M A S A
 
 AR
 
 S
 
 Check isolation joint seals
 
 AR
 
 S
 
 Check trafﬁc-bearing membraneb Repaint structural steel or exposed metal Check for deck surface deterioration
 
 AR
 
 S
 
 AR
 
 A
 
 AR
 
 A
 
 Check for water leaks Check for leakage Inspect deck drain system
 
 AR S M
 
 S — S
 
 Check for ponded areas
 
 AR
 
 A
 
 Evaluate condition of previous repairs Have a condition survey performed
 
 AR
 
 A
 
 A
 
 AR
 
 a
 
 As weather permits. This element should be maintained under warranty or service contract. Check with the manufacturer or authorized representative for terms of coverage. Frequency: W, weekly; A = annually; AR = as required, M = monthly; S, semiannually. For items marked “As Required,” select a maintenance frequency appropriate for the particular element. Perform local repairs or replacement as needed. Special attention should be paid to areas exposed to direct sunlight or high wear, such as entries and exits, ramps, and turning aisles. Review with an engineer if uncertain about structural effects. b
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 35.6.1.1 Concrete Slabs The most common cause of deterioration of deck slabs and surfaces is the penetration of water and deicing chemicals into and through the slab. Preventive-maintenance measures, such as applying a protective sealer, elastrometric coating, or sealants, are most effective when applied to a new slab. On existing structures with chloride-ion contamination, the ability of a coating or sealer to suppress corrosion will depend on its ability to reduce the moisture content of the concrete. Coatings are normally more effective than sealers in reducing moisture absorption. They will not stop the corrosion completely, however, unless the chlorideion contamination of the underlying substrate is below the corrosion threshold. To reduce the impact of progressive deterioration and maintain serviceability, spall delaminations in the deck slab should be evaluated and patched in an appropriate manner. Temporary repairs may sometimes be required because of the time or weather constraints. Temporary repairs can be done with appropriate repair materials until long-term repairs are possible. Tar and asphaltic materials should not be used for temporary patches, however, as these will allow the migration of water and chloride ions into the concrete. Refer to ACI 546 for additional information for guidance on repair options. Long-term repairs will require removal of all of the deteriorated concrete. Corroded reinforcement should be completely exposed, cleaned, and covered with a corrosion-inhibiting coating. Reinforcing that has lost more than 20 or 25% of its cross-sectional area may require replacement. The repair area should then be patched with an appropriate patching material. If a Portland cement-based material is used for the patches, proper curing is essential to ensure durability. Cracking is a key cause of more serious deterioration problems in deck slabs. Fine hairline cracks can often be sealed with a low-viscosity silane sealer. Larger cracks should be routed out and sealed with a ﬂexible, trafﬁc-grade sealant (the rout-and-seal method). For numerous, closely spaced cracks, a trafﬁc-bearing membrane should be installed over the area. Before the membrane is installed, the cracks should be routed and sealed or otherwise detailed in accordance with recommendations from the membrane manufacturer. If there are concerns that the cracks compromise the integrity of the structure, they should be evaluated by the engineer of record or a professional engineer with experience in structural restoration. Ponding can also lead to signiﬁcant deterioration and leakage problems. Poor ﬁnishing of the concrete can result in small areas of local ponding. Large areas of standing water are usually an indication that wither slopes to drains are not adequate or the drains do not have enough capacity. Ponding can usually be corrected by installing supplemental drains. Resurfacing to reestablish proper drainage lines may be required if the problem is widespread. Adding supplemental drains is typically the most economical approach to correct poor drainage situations, however. Refer to ACI 515.1R (ACI Committee 515, 1985) for additional information. 35.6.1.2 Beams, Columns, and Facades Beam and column deterioration can adversely affect the structural integrity and load-carrying capacity of the structure. Deterioration of these underlying members is primarily caused by water leakage through failed joints and deck slab cracks. The vertical surfaces of columns and exterior concrete facades (spandrel railing) are also susceptible to damage from ponding water and salt splashing from moving vehicles. Beams and columns adjacent to and below expansion joints are especially susceptible to deterioration. Water leakage can contribute to freeze–thaw deterioration, corrosion of reinforcement and connections, rust staining, and leaching. Degradation can be minimized by proper maintenance of the joint sealant systems and application of a sealer or electrometric membrane to the column bases and spandrel railing. These members are also vulnerable to user damage such as vehicle impact. They should be examined periodically for cracking and spalling. Runoff water that collects along or adjacent to interior face of exterior spandrel walls and columns can contribute to corrosion of exposed steel embedments and exposed reinforcement of these elements. This can lead to unsightly rust staining and, in extreme cases, safety concerns about the load-carrying capacity of the embedded steel. If signiﬁcant ponding is present, it may be necessary to install a curb or supplemental drain to slope the concrete and move water away from the affected areas.
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 35.6.1.3 Stair and Elevator Towers Leaks often occur at the joints between deck slabs and stair and elevator towers. These leaks are the typically due to poor drainage around the towers. If not addressed, these leaks can cause severe deterioration of underlying elements such as metal doors, light ﬁxtures and electrical conduits, metal stairs, exposed structural steel members, and precast connections. Drainage can be improved by providing curbs to divert the water. Frequent inspection and immediate repair of damaged isolation joints between the tower and the deck surface will also reduce the potential for deterioration. Masonry walls should typically be sealed. If a masonry wall is exposed to the weather, however, nonbreathing paints should not be used on both sides as this will tend to trap water and cause the paint to peel. Stair and elevator wall cracking should be repaired, as appropriate, to minimize moisture penetration. 35.6.1.4 Exposed Metals An exposed concrete frame such as a parking structure may have exposed metals in the form of stairs, pedestrian railings, vehicular guardrails, precast connections, columns, or beams. Exposed metals should be visually monitored on a regular basis. Premature deterioration of metal components can be the result of atmospheric exposure, neglect, or chemical reactions between metals. Galvanic processes between two dissimilar materials such as aluminum and mild steel at a connection may cause especially severe corrosion. Treatment of metals with a proper surface preparation and appropriate paint or anticorrosion coatings will help minimize corrosion and resultant problems. Metal pan stairs with concrete inﬁll are particularly susceptible to corrosion-related deterioration. They are not recommended in areas that use deicing salts.
 
 35.6.2 Operational and Aesthetics Maintenance Operational maintenance involves the regular inspection, repair, and maintenance required to keep the structure functional for its intended users. It includes housekeeping tasks such as routine cleaning, sweeping and wash-downs, snowplowing, and ice control. 35.6.2.1 Housekeeping Requirements Routine cleaning is one of the most important aspects of good housekeeping. A clean environment makes the concrete structure more pleasant, reduces required maintenance, and extends service life. Sweeping, for example, should be done at least monthly and can be done with hand brooms, mechanized sweepers, or vacuums designed for use in parking structures. All dirt and debris should be removed from the facility. Special attention should be paid to keeping dirt and debris out of drain basins, pipes, expansion joints, and other openings. Grease buildups should be removed regularly using appropriate degreasers. In freezing climates, road salts will accumulate over the winter months. They should be removed each spring by ﬂushing the surface with large volumes of water at low to moderate pressure. A second washdown is recommended in the fall to remove surface debris and contaminants. Parking structures should be equipped so a 1.5-in.-diameter hose can be used to wash the deck. Areas that tend to get a higher buildup of salt such as entrances and exits and ﬂat or ponded areas should be washed more frequently. Care should be taken not to damage joint sealants, expansion joints, or deck coating materials. Drains should be ﬂushed carefully to avoid plugging the drainage system with sand, dirt, and debris. 35.6.2.2 Snow Removal and Ice Control Snowplows can damage joint sealants, isolation joint seals, and concrete trafﬁc-deck coatings. Columns, curbs, walls, and even the decks themselves can be damaged by snow removal activities. Care should be taken to use equipment that had been properly adapted to avoid direct contact with the structure. Rubbertipped snowplow blades are one solution to this problem. All isolation joints should be marked and pointed out to the snowplow operator. Hand removal may be necessary in certain areas to avoid damage to the seals. Piling snow on the deck slab is not permissible. Packed snow can be heavy and may exceed the load capacity of the deck and contribute to cracking. Piles of snow may also create a reservoir of salt-
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 contaminated water that contributes to leakage and chloride buildup. Deicing chemicals are used to control ice buildup and reduce slipping and skidding hazards; however, most common chemical deicers can damage the concrete or reinforcing steel, and they should be used with caution. Calcium magnesium acetate (CMA) is considered to be less corrosive than common road salt or calcium chloride. Care should also be taken to ensure that any deicers used comply with local health and environmental codes. 35.6.2.3 Other Operational Maintenance A parking structure has a number of operational systems. These include mechanical and electrical systems, lighting, elevators, signage, parking control equipment, security systems, graphics, and striping. Although they typically do not affect structural performance, it is sometimes cost effective to coordinate the maintenance or updating of these systems with structural maintenance. Refer to the Parking Garage Maintenance Manual (Parking Consultants Council, 2004) for additional information. 35.6.2.4 Aesthetics-Related Maintenance Maintenance must address the aesthetic as well as structural and operational aspects features of a concrete structure. Aesthetics includes items such as landscaping, painting, and general appearance. Patrons appreciate a clean facility and are more inclined to treat it properly, which can ultimately reduce repair costs.
 
 35.6.3 Checklist for Structural Inspection A regular visual inspection of the structural and waterprooﬁng components of the parking structure is an essential element of a preventive maintenance program. The inspection should be conducted in conjunction with a wash-down of the structure so any active leakage can be noted. The structure should be inspected systematically and the nature, location, and severity of any observed problems recorded. It is helpful to have a notebook-sized plan of each ﬂoor to use as a base sheet for taking notes during the inspection. In addition, it is helpful to develop a system of marks for use in representing various conditions while taking ﬁeld notes. A digital camera or videocamera can be of great assistance in documenting developing problems. While most problems can be observed by a layperson familiar with the structure, an inspection should be performed by a qualiﬁed engineer every few years or when new or signiﬁcant changes in deterioration are observed. Visual inspection of the parking structure should include the following items. (Any “Yes” answers should be followed up with action to remedy the situation.) Deck Yes ❒ Yes ❒ Yes ❒ Yes ❒ Yes ❒ Yes ❒ Yes ❒ Yes ❒ Yes ❒ Yes ❒ Yes ❒
 
 No ❒ No ❒ No ❒ No ❒ No ❒ No ❒ No ❒ No ❒ No ❒ No ❒ No ❒
 
 Are there any cracks? If so, do they leak? Is the surface sound (or are there areas where surface scaling is present)? Is there any evidence of corrosion of reinforcing steel or surface spalling? Is there any evidence of corrosion of exposed metals? Is there any evidence of concrete delamination? Is any steel reinforcing exposed? Are there any signs of leakage? (Describe conditions and note location.) If there is a trafﬁc-bearing membrane, are there any tears, cracks, or loss of adhesion? Are there low spots where ponding occurs? Has the concrete been tested for chloride ion content? (When was it last monitored? Are there records available?) ____________ When was the deck last sealed? Beams and Columns Yes ❒ No ❒ Are there any cracks? (If so, are they vertical or horizontal; how long and wide?) Yes ❒ No ❒ Are there any signs of leakage? (Describe conditions and note location.) Yes ❒ No ❒ Is there any concrete spalling? Yes ❒ No ❒ Is any steel reinforcement exposed?
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 Stair and Elevator Towers Yes ❒ No ❒ Are there any signs of a leaking roof? Yes ❒ No ❒ Are there any cracks in the exterior ﬁnish? Yes ❒ No ❒ Is any other corrective action required? Isolation Joints Yes ❒ No ❒ Yes ❒ No ❒ Yes ❒ No ❒ ____________ Yes ❒ No ❒
 
 Are there any leaks through isolation joint seals? If so, are they related to seal failure or failure of the adjacent concrete? Could the cause of these leaks be snowplows? What type of isolation joint seal is it? Who is the manufacturer? Is there any isolation joint warranty in force? (Consult with the manufacturer for repair recommendations.)
 
 Joint Sealants Yes ❒ No ❒ Are there any signs of leakage, loss of elastic properties, separation from adjacent substrates, or cohesive failure of the sealant? Yes ❒ No ❒ Are there any failures of the concrete behind the sealant (edge spalls)? Exposed Steel Yes ❒ No ❒ Is there any exposed steel (structural beams, handrails, door frames, barrier cable, exposed structural connections)? Yes ❒ No ❒ Is rust visible on any exposed steel? Yes ❒ No ❒ If so, is it surface rust? Yes ❒ No ❒ Is there signiﬁcant loss of section due to the rust? Yes ❒ No ❒ Is repainting required? Drains Yes ❒ No ❒ Are the drains functioning properly? (When were they last cleaned out?) Yes ❒ No ❒ Are the drains properly located so they receive the runoff as intended? Previous Repairs Yes ❒ No ❒ Are previous repairs performing satisfactorily?
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 (a)
 
 (b)
 
 (a) Sunshine Skyway Bridge across Tampa Bay, Florida, a 4.2-mile-long, segemented, prestressed, cable-stayed bridge that is one of the longest in the world. (b) Trump Towers in New York City, built using 12,000-psi silica fume concrete. (Photographs courtesy of the Portland Cement Association, Skokie, IL.)
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 having cylinder compressive strengths of about 20,000 psi (140 MPa) have been used in several buildings in the United States. These high-strength characteristics merit qualifying such concrete as super-highstrength concrete at this time.
 
 36.1 Material Characteristics 36.1.1 Modulus of Concrete The ACI 318 Code (ACI Committee 318, 2008; Nawy, 2002, 2008) stipulates that the concrete modulus of elasticity (Ec) should be evaluated from: Ec (psi) = 33w 1.5 f c′
 
 (36.1a)
 
 Ec (MPa) = 0.043w 1.5 f c′
 
 (36.1b)
 
 The expressions in Equation 36.1 are applicable to strengths up to 6000 psi (42 MPa). Available research to date for concrete compressive strength up to 12,000 psi (83 MPa) gives the following expressions (ACI Committee 435, 1995; Nawy, 2002, 2008):
 
 (
 
 )
 
 (
 
 )
 
 w  Ec (psi) = 40, 000 f c′ + 106  c   145 
 
 1.5
 
  w  Ec (MPa) = 3.32 f c′ + 6895  c   2320 
 
 (36.2a) 1.5
 
 (36.2b)
 
 In Equation 36.1a and Equation 36.2a, fc′ is in units of pounds per square inch, and wc ranges between 145 pcf for normal-density concrete and 100 pcf for structural lightweight concrete; fc′ in Equation 36.1b and Equation 36.2b is in units of megapascals and wc ranges between 2400 kg/m3 for normal-density concrete and 1765 kg/m3 for lightweight concrete. The modulus of rupture of concrete can be taken as: f r (psi) = 7.5λ f c′
 
 (36.3a)
 
 f y (MPa) = 0.632λ f c′
 
 (36.3b)
 
 where: λ = 1.0 for normal-density stone aggregate concrete. λ = 0.85 for sand lightweight concrete. λ = 0.75 for all lightweight concrete.
 
 36.1.2 Creep of Concrete Concrete creeps under sustained loading due to transverse ﬂow of the material. The creep coefﬁcient as a function of time can be calculated from the following expression (ACI Committee 435, 1995; Nawy, 2002, 2008):  t 0.6  Ct =  C 0.6  u  10 + t 
 
 (36.4)
 
 where time t is in days and Cu, the ultimate creep factor, is 2.35. The short-term deﬂection is multiplied by Ct to get the long-term deﬂection, which is added to the short-term (instantaneous) deﬂection value to obtain the total deﬂection.
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 FIGURE 36.1 Long-term deﬂection multipliers. (From ACI Committee 318, Building Code Requirements for Structural Concrete, ACI 318-08; Commentary. ACI 318R, American Concrete Institute, Farmington Hills, MI, 2008.)
 
 36.1.3 Shrinkage of Concrete Concrete shrinks as the absorbed water evaporates and the chemical reaction of cement gel proceeds. For moist-cured concrete, the shrinkage strain that occurs at any time t in days 7 days after placing the concrete can be evaluated from (ACI Committee 435, 1995):
 
 (ε )
 
 SH t
 
  t  = ( εSH )u  35 + t 
 
 (36.5a)
 
 For steam-cured concrete, the shrinkage strain at any time t (in days) 1 to 3 days after placement of the concrete is:
 
 (ε )
 
 SH t
 
  t  = ( εSH )u  55 + t 
 
 (36.5b)
 
 where maximum (εSH)u can be taken as 780 × 10–6 in./in. (mm/mm). Shrinkage and creep due to sustained load can also be evaluated from the ACI expression (ACI Committee 318, 2008):  ξ  λ=  1 + 50ρ′ 
 
 (36.5c)
 
 and Figure 36.1 for the factor ξ that ranges from a value of 2.0 for 5 years or more to 1.0 for 3 months of sustained loading; ρ′ = compression steel percentage = As′/bd.
 
 36.1.4 Control of Deflection Serviceability is a major factor in designing structures to sustain acceptable long-term behavior. Serviceability is controlled by limiting deﬂection and cracking in the members (ACI Committee 435, 1995). For deﬂection computation and control, the effective moment of inertia of a cracked section can be evaluated from the Branson equation:   M 3 M  I e =  cr  I g + 1 −  cr   I cr ≤ I g  Ma    M a  
 
 (36.6)
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 where, for reinforced-concrete beams: Mcr yt Ma Ig
 
 = = = =
 
 cracking moment due to total load = (frIg)/yt. distance from the neutral axis to the extreme tension ﬁbers. maximum service load moment at the section under consideration. gross moment of inertia.
 
 In the case of prestressed concrete,  M cr  f t  − f r  M  = f a L
 
 (36.7)
 
 where: Mcr Ma ft fL
 
 = = = =
 
 moment due to that portion of live load moment Ma that causes cracking. maximum service load (unfactored) live load moment. total calculated stress in the member. calculated stress due to live load.
 
 For long-term deﬂection, Figure 36.1 gives the required multipliers as a function of time.
 
 36.1.5 Control of Cracking in Beams Control of cracking in beams and one-way slabs can be made using the expression (ACI Committee 224, 2001): w max (in.) = 0.076βf s 3 dc A × 10−3
 
 (36.8a)
 
 where: wmax β dc fs A
 
 = = = = =
 
 crack width (in.) (25.4 mm). (h – c)/(d – c). thickness of cover to the ﬁrst layer of bars (in.). maximum stress in reinforcement at service load = 0.60 fy (kips/in.2). area of concrete in tension divided by number of bars (in.2) = bt/γ, where γ is the number of bars at the tension side.
 
 36.1.6 ACI 318 Code Provisions for Control of Flexural Cracking From the author’s work and brieﬂy reported in Nawy (2002, 2005), the spacing of the reinforcement is a major parameter in limiting the crack width. As the spacing is decreased through the use of larger numbers of bars, the area of the concrete envelopes surrounding the reinforcement increases. This leads to a larger number of narrower cracks. As the crack width becomes narrow enough within the values given in Table 36.1, corrosion effects on the reinforcement are considerably reduced. The current ACI provisions on crack control deal with this problem by limiting reinforcement spacing in reinforced-concrete beams and oneway slabs to the values obtained from the following expression for maximum allowable bar spacing:
 
 (
 
 )
 
 s = 15 40, 000 f s − 2.5c c
 
 (36.8b)
 
 but not greater than 12(40,000/fs), where: fs = calculated stress in reinforcement at service load = unfactored moment divided by the steel area and the internal arm moment; fs is taken as 2/3fy (psi). cc = clear cover from the nearest surface in tension to the ﬂexural tension reinforcement (in.). s = center-to-center spacing of ﬂexural tension reinforcement (in.) closest to the tension face of the section.
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 TABLE 36.1 Tolerable Crack Widths Tolerable Crack Width Exposure Condition Dry air or protective membrane Humidity, moist air or soil Deicing chemicals Seawater and seawater spray; wetting and drying Water-retaining structures (excluding non-pressure pipes)
 
 in.
 
 mm
 
 0.016 0.012 0.007 0.006 0.004
 
 0.41 0.30 0.18 0.15 0.10
 
 From these provisions, the maximum spacing for 60,000-psi (414-MPa) reinforcement = 12[36/(0.6 × 60)] = 12 in. (305 mm). The maximum spacing of 12 in. conforms with tests conducted by the author on more than 100 two-way action slabs; hence, this limitation on the distribution of ﬂexural reinforcement in one-way slabs and wide-web reinforced-concrete beams is appropriate. In beams of normal web width in normal buildings, however, these provisions might not be as workable as controlling the crack width through the use of crack-width expressions to control the crack width within tolerable limits. The SI expression for the value of reinforcement spacing in Equation 36.8b and fs (MPa) is: s (mm) = 380( 280 f s ) − 2.5c c
 
 (36.8c)
 
 but not to exceed 300(252/fs). For the usual case of beams with grade-420 reinforcement and 50-mm clear cover to the main reinforcement and with fs = 252 MPa, the maximum bar spacing is 300 mm. It should be stressed that these provisions are applicable to reinforced-concrete beams and one-way slabs in structures subject to normal environmental conditions. For other types of structures subject to aggressive environment such as sanitary structures, refer to ACI Committee 350 (2006), Nawy (2002, 2008), and Table 36.1 for values of tolerable crack widths in reinforced-concrete structures.
 
 36.2 Structural Design Considerations High-strength concretes have certain characteristics and engineering properties that differ from those of lower strength concretes (ACI Committee 363, 1992). These differences seem to have larger effects as the strength increases beyond the current 6000-psi (42-MPa) plateau for normal-strength concrete. Highstrength concretes are shown to be essentially linearly elastic up to failure, with a steeper declining portion of the stress–strain diagram. In comparison, the stress–strain diagram of lower strength concretes is more parabolic in nature, as seen in Figure 36.2. The stress–strain relationship of the steel reinforcement in this diagram is not to scale in its ordinate value but is intended to show the relative strain following the usual assumption of strain compatibility between the concrete and the steel reinforcement up to yield.
 
 36.2.1 Axially Loaded Columns Current design practice adds the contribution of the steel and the concrete to calculate the ultimate state of failure in compression members. For lower strength concretes, when the concrete reaches the nonlinearity load level at a strain of 0.001 in./in., as seen in Figure 36.2, the steel is still in the elastic range, assuming a larger share of the applied load. But, as the strain level approaches 0.002 in./in., the slope of the concrete stress–strain diagram approaches zero, while the steel reaches its yield strain that will thereafter be idealized into a constant (horizontal) plateau. The strength of the column using the addition law would then be: Pn = 0.85 f c′Ac + f y As where:
 
 (36.9)
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 FIGURE 36.2 Concrete and steel stress–strain relationships. (From ACI Committee 363, State-of-the-Art on HighStrength Concrete, ACI 363R, American Concrete Institute, Farmington Hills, MI, 1992, pp. 1–55.)
 
 fc′ fy Ac As
 
 = = = =
 
 concrete cylinder compressive strength. yield strength of the reinforcement. gross area of the concrete section. area of the reinforcement.
 
 The factor 0.85 representing the adjustment in concrete strength between the cylinder test result and the actual concrete strength in the structural element has been shown by extensive testing to be sufﬁciently accurate for higher strength concretes (ACI Committee 363, 1992; Nawy, 2008). Conﬁning the concrete in compression members through the use of spirals or closely spaced ties increases its compressive capacity. The increase in concrete strength due to the conﬁning effect of the spirals can be represented by the following expression: f 2′ =
 
 1  f c − f c′′ 4
 
 where: f2′ = concrete conﬁning stress due to the spiral. fc = compressive strength of the conﬁned concrete. fc′′ = compressive strength of the unconﬁned column concrete. The hoop tension force in the circular spiral is: 2Aspfy = f2′Ds′
 
 (36.10a)
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 FIGURE 36.3 Stress–strain diagrams of 4 × 6-in. normal weight, spirally conﬁned compression prisms. (From Martinez, S. et al., ACI Struct. J., 81(5), 431–442, 1984.)
 
 or f 2′ =
 
 2Asp f y Ds′
 
 (36.10b)
 
 where: Asp = cross-sectional area of the spiral. D′ = diameter of concrete core. s = spiral pitch. Equation 36.10 can be improved (ACI Committee 363, 1992; Nawy, 2002), leading to the following form for normal weight concrete:
 
 (f
 
 c
 
 )
 
 (36.11a)
 
 )
 
 (36.11b)
 
 − f c′′ = 4.0 f 2′(1 − s / D ′ )
 
 and for lightweight concrete:
 
 (f
 
 c
 
 − f c′′ = 1.8 f 2′(1 − s / D ′ )
 
 Figure 36.3 gives the results of peak stress comparisons vs. axial strain for spirally reinforced members for low-, medium-, and high-strength concretes. For higher strength, it shows a lower strain at peak load and a steeper decline past the peak value; however, the strength gain in concrete due to conﬁnement seems to be well predicted for high-strength concretes in Equation 36.11.
 
 36.2.2 Beams and Slabs 36.2.2.1 The Compressive Block The design of concrete structural elements is based on the compressive stress distribution across the depth of the member as determined by the stress–strain diagram of the material. For high-strength concretes, the difference in the shape of the stress–strain relationship discussed in connection with Figure 36.2 results in differences in the shape of the compressive stress block. Figure 36.4 shows possible compressive blocks for use in design. Figure 36.4c could more accurately represent the stress distribution
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 FIGURE 36.4 Concrete compressive stress block: (a) standard stress block; (b) equivalent rectangular block; and (c) modiﬁed trapezoidal block.
 
 for higher strength concrete; however, the computed strength of beams and eccentrically loaded columns depends on the reinforcement ratio. In the ACI 318 Code provisions, which use the equivalent rectangular block, the nominal moment strength of a singly reinforced beam is calculated using the following expression: fy   M n = As f y d 1 − 0.59ρ  f c′  
 
 (36.12)
 
 where the coefﬁcient 0.59 = β2/β1β3. Although a detailed evaluation of the factors β1, β2, and β3 indicates a signiﬁcant difference in their separate values, depending on the concrete strength (ACI Committee 363, 1992), Figure 36.5 shows that thee differences collectively balance each other and that the combined coefﬁcient β2/β1β3 is well represented by the 0.59 value. Consequently, for strengths up to 12,000 psi (42
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 FIGURE 36.5 Stress block parameter β2/β1β3 vs. concrete compressive strength. (From ACI Committee 363, Stateof-the-Art on High-Strength Concrete, ACI 363R, American Concrete Institute, Farmington Hills, MI, 1992, pp. 1–55.)
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 TABLE 36.2 Deﬂection Ductility Index for Singly Reinforced Beams fc′ Beam
 
 psi
 
 MPa
 
 ρ/ρba
 
 Ductility Index (µ = ∆u/∆v)
 
 A1 A2 A3 A4 A5 A6(a)
 
 3700 6500 8535 8535 9264 8755
 
 26 45 59 59 64 60
 
 0.51 0.52 0.29 0.64 0.87 1.11
 
 3.54 2.84 2.53 1.75 1.14 1.07
 
 a
 
 Ratio of tension reinforcement divided by reinforcement ratio producing balanced strain conditions. Source: Data from Pastor, J.A. et al., Behavior of High-Strength Concrete Beams, Cornell University Report No. 84-3, Department of Structural Engineering, Cornell University, Ithaca, NY, 1984; Nawy, E.G., Fundamentals of High-Performance Concrete, 2nd ed., John Wiley & Sons, New York, 2002.
 
 MPa), the current ACI 318 Code expressions requiring that beams be under-reinforced are equally applicable. For considerably higher strengths or for members combining compression and bending or for the over-reinforced members allowed in the codes, some differences in the value of β2/β1β3 can be expected. 36.2.2.2 Compressive Limiting Strain Although high-strength concrete achieves its peak value at a unit strain slightly higher than that of normal-strength concrete (Figure 36.2), the ultimate strain is lower for high-strength concrete unless conﬁnement is provided. A limiting strain value allowed by the ACI 318 Code is 0.003 in./in. (mm/mm). Other codes allow a limiting strain for unconﬁned concrete of 0.0035 or 0.0038. The conservative ACI value of 0.003 seems to be adequate for high-strength concretes as well, although it is somewhat less conservative than that for lower strength concretes. 36.2.2.3 Confinement and Ductility As higher strength concrete is more brittle, conﬁnement becomes more important in order to increase its ductility. If µ is the deﬂection ductility index, µ=
 
 ∆u ∆y
 
 (36.13)
 
 where: ∆u = beam deﬂection at failure load. ∆y = beam deﬂection at the load producing yield of the tensile reinforcement. Table 36.2 shows the ductility index values of concretes in singly reinforced beams ranging in strength from 3700 to 9265 psi (25 to 64 MPa). The corresponding reduction in the ductility index ranges from 3.54 to 1.07. The addition of compressive reinforcement and conﬁnement to geometrically similar beams seems to increase the ductility index for fc′ = 8500 up to a value of 5.61. Hence, the higher the concrete compressive strength, the more it becomes necessary to provide for conﬁnement or the addition of compression steel (As′) while using the same expression for nominal moment strength that is applicable to normal-strength concretes. It should be stated that cost would not be affected to any meaningful extent, as diagonal tension and torsion stirrups have to be used anyway, and in seismic regions closely spaced conﬁning ties are a requirement. The maximum strain of conﬁned concrete that can be utilized should not exceed 0.01 in./in. (mm/mm) in limit design.
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 36.2.2.4 Shear and Diagonal Tension Design for shear in accordance with the ACI 318 Code is based on permitting the plain concrete in the web to assume part of the nominal shear Vn. If Vc is the shear strength resistance of the concrete, the web stirrups resist a shear force Vs = Vn – Vc. High-strength concrete develops a relatively brittle failure, as previously discussed, with the aggregate interlock decreasing with the increase in the compressive strength. Hence, the shear friction and diagonal tension failure capacity in beams might be unconservatively represented by the ACI 318 equations (Ahmed and Lau, 1987); however, the strength of the diagonal struts in the beam shear truss model is increased through the mobilization of more stirrups and the increased load capacity of the struts themselves. No research data are currently available to provide deﬁnitive guidelines on the minimum web steel that can prevent brittle failure. All work to date indicates no unsafe use of the current ACI 318 Code provisions for shear in the design of high-strength concrete members.
 
 36.3 Strength Design of Reinforced-Concrete Members 36.3.1 Strain Limits Method for Analysis and Design This approach is sometimes referred to as the unified method, as it is equally applicable to ﬂexural analysis of prestressed concrete elements. The nominal ﬂexural strength of a concrete member is reached when the net compressive strain in the extreme compression ﬁbers reaches the ACI 318 Code strain limit of 0.003 in./in. It also stipulates that when the net tensile strain in the extreme tension steel (εt) is sufﬁciently large at a value equal or greater than 0.005 in./in., the behavior is fully ductile. The concrete beam section under this condition is characterized as being tension controlled, with ample warning of failure as denoted by excessive cracking and deﬂection. If the net tensile strain at the extreme tension steel (εt) is small, such as in compression members, being equal or less than a compression-controlled strain limit, a brittle mode of failure is expected, with little warning of such an impending failure. Flexural members are usually tension controlled, and compression members are usually compression controlled; however, in some sections, such as those subjected to small axial loads but large bending moments, the net tensile strain (εt) in the extreme tensile reinforcement will have an intermediate or transitional value between the two strain limit states—namely, between the compression-controlled strain limit of εt = fy/Es = 60,000/29 × 106 = 0.002 in./in., and the tension-controlled strain limit εt = 0.005 in./in. Figure 36.6 illustrates these three zones as well as the variation in the strength reduction factors applicable to the total range of behavior. For the tension-controlled state, the strain limit εt = 0.005 corresponds to the reinforcement ratio ρ/ρb = 0.63, where ρb is the reinforcement ratio for the balanced strain εt = 0.002 in the extreme tensile reinforcement for 60-ksi steel. The net tensile strain εt = 0.005 for a tension-controlled state is a single value that applies to all types of reinforcement, whether mild steel or prestressing steel. High reinforcement ratios that produce a net tensile strain less than 0.005 result in a φ-factor value lower than 0.90, resulting in less economical sections. Therefore, it is more efﬁcient to add compression reinforcement if necessary or to deepen the section to make the strain in the extreme tension reinforcement (εt) ≥ 0.005. Variation of the strain reduction factor φ as a function of strain for the range values of εt = 0.002 and εt = 0.005 can be linearly interpolated from the following expressions in terms of the limit strain εt: Tied sections:   250   0.65 ≤ φ = 0.65 + ( εt − 0.002 )  ≤ 0.90  3   
 
 (36.14a)
 
   150   0.75 ≤ φ = 0.75 + ( εt − 0.002 )  ≤ 0.90  3   
 
 (36.14b)
 
 Spirally reinforced sections:
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 φ
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 FIGURE 36.6 Strain limit zones and variation of strength reduction factor φ with the net tensile strain εt. (From ACI Committee 318, Building Code Requirements for Structural Concrete, ACI 318; Commentary. ACI 318R-08, American Concrete Institute, Farmington Hills, MI, 2008.)
 
 Variation of φ as a function of the neutral axis depth ration c/dt can be evaluated from the following two expressions for the limit ratios of c/dt of 0.60 for the compression-controlled state and 0.375 for the tension-controlled state: Tied sections:   1 5  0.65 ≤ φ = 0.65 + 0.25  −   ≤ 0.90  c / dt 3   
 
 (36.15a)
 
   1 5  0.75 ≤ φ = 0.75 + 0.15  −   ≤ 0.90 / 3  c d  t 
 
 (36.15b)
 
 Spirally reinforced sections:
 
 36.3.2 Flexural Strength 36.3.2.1 Singly Reinforced Beams Flexural strength is determined from the strain and stress distribution across the depth of the concrete section. Figure 36.7 shows the stress and strain distribution and forces. Taking moments of all the forces about tensile steel (As) gives, for singly reinforced beams (As′ = 0), a nominal moment strength:  a M n = As f y  d −   2
 
 (36.16)
 
 M n = bd 2ω (1 − 0.59ω )
 
 (36.17)
 
 where ω = reinforcement index = As/bd × fy/fc′.
 
 (a)
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 FIGURE 36.7 Stress and strain distribution across beam depth: (a) beam cross-section; (b) strain across depth; (c) actual stress block; and (d) assumed equivalent stress block.
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 FIGURE 36.8 Stress–strain distribution across depth of compression member.
 
 The balanced strain-state reinforcement ratio ρb for simultaneous yielding of the reinforcement at the tension side and crushing of the concrete at the compressions side can be obtained from the following expression: ρb = 0.85β1
 
  f c′  εu  f y  εu + 0.004 
 
 (36.18a)
 
 where β1 = 0.85 and reduces at the rate of 0.05 per 1000 psi in excess of 4000 psi, namely:  f ′− 1000  β1 = 0.85 − 0.05  c  1000 
 
 (36.18b)
 
 with a minimum β1 value of 0.65. 36.3.2.2 Doubly Reinforced Beams For doubly reinforced sections that have compression steel that yielded:  a M n = ( As − As′ ) f y  d −  + As′ f y (d − d ′ )  2
 
 (36.19)
 
 If compressive reinforcement is used in a doubly reinforced section as in Figure 36.8 for compression members, the depth of the compressive block is: a=
 
 As f y − As′ f s′ 0.85 f c′b
 
 (36.20)
 
 where b is the width of the section at the compression side, and fs′ is the stress in the compression.
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 36.3.2.3 Flanged Sections For ﬂanged sections where the neutral axis falls outside the ﬂange:  hf   a M n = As − Asf f y  d −  + Asf f y  d −   2 2 
 
 (
 
 )
 
 (36.21)
 
 where: Asf = [0.85fc′(b – bw)hf ]/fy. bw = web width. hf = ﬂange thickness. The depth is: a=
 
 As f y > hf 0.85 f c′b
 
 hf ρ f = 0.85 f c′(b − bw ) f ybw d
 
 (36.22)
 
 36.3.2.4 Minimum Reinforcement The ﬂexural reinforcement percentage ρ has to have a minimum value of ρmin = 3 f c′ f y for positive moment reinforcement, and ρmin = 6 f c′ f y for negative moment reinforcement but always not less than 200/fy, where fy is in units of pounds per square inch. The factored moment is: M u = φM n
 
 (36.23)
 
 where φ = 0.90 for ﬂexure.
 
 36.3.3 Shear Strength External transverse load is resisted by internal shear to maintain section equilibrium. As concrete is weak in tension, the principal tensile stress in a beam cannot exceed the tensile strength of the concrete. The principal stress is composed of two components: shear stress and ﬂexural stress. It is important that the beam web be reinforced to prevent diagonal shear cracks from opening. The resistance of the plain concrete in the web sustains part of the shear stress, and the balance has to be borne by the diagonal tension reinforcement. The shear resistance of the plain concrete is known as the nominal shear strength, or Vc: Vc = 2.0λ f c′bw d (lb) ≤ 3.5λ f c′ (lb)
 
 (36.24a)
 
  λ f c′  Vc =   bw d (N)  6 
 
 (36.24b)
 
  Vd Vc = 1.9λ f c′ + 2500ρw u bw d (lb) ≤ 3.5λ f c′ (lb) Mu  
 
 (36.25a)
 
  V d  Vc =  λ f c′ + 120ρw u  7 bw d (N) Mu   
 
 (36.25b)
 
 or
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 Values for λ are given in Section 36.1. ρw =
 
 As Vd and u ≤ 1.0 bw d Mu
 
 No web steel is needed if Vu < 1/2Vc. For calculating Vn, the critical section is at a distance d from the support face. Spacing of the web stirrups is as follows: s=
 
 Av f y d Vu / φ − Vc
 
 (36.26)
 
 where Aν is the cross-sectional area of web steel, and φ is 0.85 for shear and torsion. The transverse web steel is designed to carry the shear load Vs = Vn – Vc. The spacing of the stirrups is governed by the following: Vs ≥ 4λ f c′ : s =
 
 d 4
 
 Vs ≤ 2λ f c′ : s =
 
 d 2
 
 Vs ≥ 8λ f c′ : enlarge section The minimum sectional area of the stirrups is Aν,min = 50bws/fy; smax = d/2 where shear is to be considered; d is the effective depth to the center of the tensile reinforcement; and fy is the yield strength of the steel (lb/in.2).
 
 36.3.4 Strut-and-Tie Theory and Design of Corbels and Deep Beams 36.3.4.1 Strut-and-Tie Mechanism As an alternative to the usual approach where plane sections before bending are considered to remain plane after bending, the strut-and-tie model is applied effectively in regions of discontinuity. These regions could be the support sections in a beam, the zones of load application, or the discontinuity caused by abrupt changes in section, such as brackets, beam daps, pile caps cast with column sections, portal frames, and others. Consequently, structural elements can be divided into segments called B-regions, where the standard beam theory applies with the assumption of linear strains, and D-regions, where the plane sections hypothesis is no longer applicable. The analysis essentially follows the truss analogy approach, where parallel inclined cracks are assumed and expected to form in the regions of high shear. The concrete between the inclined cracks carries inclined compressive forces acting as diagonal compressive struts. The provision of transverse stirrups along the beam span results in a truss-like action where the longitudinal steel provides the tension chord of the truss as a tie, hence the “strut-and-tie” expression. Depending on the interpretation of the designer, simpliﬁcations of the paths of forces that are chosen to represent the real structure can considerably differ; consequently, this approach is more an art than an engineering science in the selection of the models, and signiﬁcant over-design and serviceability checks become necessary. For equilibrium, at least three forces have to act at a joint, termed the node. Figure 36.9 demonstrates the simpliﬁed truss model for simply supported deep beams loaded on the top ﬁbers, and Figure 36.10 shows a continuous beam model, as presented in the ACI 318 Code, both outlining the compression struts, the tension ties, and the nodes at the D regions which are the points of load application, discontinuity, and the support regions. Naturally, other possible alternative models can also be used, provided that they satisfy equilibrium and compatibility.
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 FIGURE 36.9 Strut-and-tie model of simply supported deep beam subjected to concentrated load on top. (From ACI Committee 318, Building Code Requirements for Structural Concrete, ACI 318; Commentary. ACI 318R-08, American Concrete Institute, Farmington Hills, MI, 2008.)
 
 36.3.4.2 ACI Design Requirements by the Strut-and-Tie Method Nodal Forces: φFn ≥ Fu
 
 (36.27)
 
 where: Fn = nominal strength of a strut, tie, or nodal zone (lb). Fu = factored force acting on a strut, tie, bearing area, or nodal zone (lb). φ = for both struts and ties (similar to the strength reduction for shear). Strength of Struts Fns = f ce Acs
 
 (36.28)
 
 where: Fns = nominal strength of strut (lb). Acs = effective cross-sectional area at one end of a strut, taken perpendicular to the axis of the strut (in.2). fce = effective compressive strength of the concrete in a strut or nodal zone (psi). f ce = 0.85βf c′
 
 (36.29)
 
 where: β = 1.0 for struts that have the same cross-sectional area of the midstrut cross-section in the case of bubble struts. β = 0.75 for struts with reinforcement resisting transverse tensile forces. β = 0.40 for struts in tension members or tension ﬂanges. β = 0.60 all other cases.
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 (a)
 
 (b)
 
 FIGURE 36.10 Typical strut-and-tie model of continuous deep beam subjected to concentrated load on top. (From ACI Committee 318, Building Code Requirements for Structural Concrete, ACI 318; Commentary. ACI 318R-08, American Concrete Institute, Farmington Hills, MI, 2008.)
 
 Longitudinal Reinforcement Fns = f ce Acs + As′ f s′
 
 (36.30)
 
 where: As′ = area of compression reinforcement in a strut (in.2). fc′ = stress in compression reinforcement (in.2). Strength of Ties
 
 (
 
 Fnt Ast f y + A ps f pe + ∆f ps
 
 )
 
 where: Fnt = nominal strength of tie (lb). Ast = area of non-prestressed reinforcement in a tie (in.2). Aps = area of prestressing reinforcement (in.2). fpe = effective stress after losses in prestressing reinforcement. ∆fps = increase in prestressing stress beyond the service load level. fpe + ∆fps should not exceed fpy. When no prestressing reinforcement is used, Aps = 0 in Equation 36.31.
 
 (36.31)
 
 36-18
 
 Concrete Construction Engineering Handbook
 
 ht ,max = Fnt f ce
 
 (36.32)
 
 where ht,max is the maximum effective height of concrete concentric with the tie, used to dimension the nodal zone (in.). If the bars in the tie are in one layer, the effective height of the tie can be taken as the diameter of the bars in the tie plus twice the cover to the surface of the bars. The reinforcement in the ties has to be anchored by hooks, mechanical anchorages, post-tensioning anchors, or straight bars, all with full development length. Strength of Nodal Zones Fnn = f ce An
 
 (36.33)
 
 where: Fnn = nominal strength of a face of a nodal zone (lb). An = area of the face of a nodal zone or a section through a nodal zone (in.2). It can be assumed that the principal stresses in the struts and ties act parallel to the axes of the struts and ties. Under such a condition, the stresses on faces perpendicular to these axes are principal stresses. Confinement in the Nodal Zone The ACI 318 Code stipulates that, unless conﬁning reinforcement is provided within the nodal zone and its effect is supported by analysis and experimentation, the computed compressive stress on a face of a nodal zone due to the strut and tie forces should not exceed the values given by Equation 36.34: f ce = 0.85βn f c′
 
 (36.34)
 
 where: βn = 1.0 in nodal zones bounded by struts or bearing stresses. βn = 0.8 in nodal zones anchoring one tie. βn = 0.6 in nodal zones anchoring two or more ties. For detailed design examples, refer to Nawy (2008). 36.3.4.3 Design Example of a Corbel by the Strut-and-Tie Method Design a corbel to support a factored vertical load Vu = 80,000 lb (160 kN) acting at a distance av = 5 in. (127 mm) from the face of the column. It has width b = 10 in. (254 mm), total depth h = 18 in. (457 mm), and an effective depth d = 14 in. (356 mm) (Nawy, 2008). Given: fc′ = 5000 psi (34.5 MPa) for normal weight concrete. fy = fyt = 60,000 psi (414 MPa). The supporting column size is 12 × 14 in. Assume the corbel is to be monolithically cast with the column, and neglect the weight of the corbel in the computations. Solution 1. Assume that the corbel is monolithically cast with the column. Total depth h = 18 in. and effective depth d = 14 in. are based on the requirement that the vertical dimension of the corbel outside the bearing area must be at least one half the column face width of 14 in. (column size, 12 × 14 in.). Select a simple strut-and-tie model as shown in Figure 36.11, assuming that the center of tie AB is located at a distance of 4 in. below the top extreme corbel ﬁbers, using one layer of reinforcing bars. Also assume that horizontal tie DG lies on a horizontal line passing at the re-entrant corner C of the corbel. The solid lines in Figure 36.11 denote tension tie action (T), and the dashed lines denote compression strut action (C). The nodal points A, B, C, and D result from the selected strut-and-tie model. Note that the entire corbel is a D-region structure because of the existing statics discontinuities in the geometry of the corbel and the vertical and horizontal loads.
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 Resultant line
 
 Vu = 80,000 lb 10 in. 5½ × 5½ in.
 
 5 in.
 
 Nuc = 16,000 lb B
 
 +56,000 lb
 
 8 in.
 
 –1 lb –8
 
 9,4
 
 43
 
 2 lb
 
 63°25'
 
 60°15' +16,000 lb 45°
 
 D΄
 
 –178,000 lb
 
 –98,000 lb
 
 ,87
 
 d = 14 in.
 
 12
 
 D
 
 h = 18 in.
 
 A
 
 C΄
 
 8 in. 10 in. 12 in.
 
 FIGURE 36.11 Strut and tie forced in corbel design example. (From Nawy, E.G., Prestressed Concrete: A Fundamental Approach, 5th ed., Prentice Hall, Upper Saddle River, NJ, 2006.)
 
 2. The strut and tie truss forces are Nue = 0.20 and Vu = 16,000 lb. The following are the truss member forces calculated from statics in Figure 36.11. Compression strut BC: Length BC = (7)2 + (14)2 = 15.652 in. FBC = 80, 000 ×
 
 15.652 = 89, 443 lb 14
 
 Tension tie BA: FBA = 80, 000 ×
 
 7 + 16, 000 = 56, 000 lb 14
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 Compression strut AC: FAC =
 
 56, 000 (8)2 + (14)2 = 112, 872 lb 8
 
 Tension tie AD: FAD =
 
 112, 872 × 14 (8)2 + (14)2
 
 = 98, 000 lb
 
 Compression strut CC′: FCC′ = 80,000 + 98,000 = 178,000 lb. Tension tie CD: FCD = 56,000 – 40,000 =16,000 lb Steel bearing plate design: fce = φ(0.85fc′), where φ = 0.75 for bearing in strut-and-tie models. Area of plate is A1 =
 
 80, 000 80,0000 = = 25.10 in.2 0.75( 0.85 f c′) 0.75 × 0.85 × 5000
 
 Use a 5-1/2 × 5-1/2-in. plate and select a thickness to produce a rigid plate. Tie reinforcement design: Ats , AB =
 
 56, 000 56, 000 = = 1.25 in.2 φf y 0.75 × 60, 000
 
 Use three #6 bars = 1.32 in.2 or, conservatively, three #7 bars = 1.80 in.2 These top bars in one layer have to be fully developed along the longitudinal column reinforcement: Ats ,CD =
 
 16, 000 0.36 in.2 0.75 × 60, 000
 
 Use two #6 tie bars = 0.88 in.2 to form part of the cage shown in Figure 36.12. Horizontal reinforcement Ah for crack control of shear cracks: Ah = 0.50(Asc – An) where An is the reinforcement resisting the frictional force Nue. An =
 
 N ue 16, 000 = = 0.36 in.2 φf y 0.75 × 60, 000
 
 Hence, Ah = 0.50(1.25 – 0.36) = 0.45 in.2. Three #3 closed ties, evenly spaced vertically as shown in Figure 36.12, give Ah = 3(2 × 0.11) = 0.66 in.2 > 0.45 in.2. Because βs = 0.75 is used for calculating the effective concrete compressive strength in the struts in the following section, where fcu = 0.85βsfc′, the minimum reinforcement provided also has to satisfy:
 
 ∑ A bs/ tie sin γ h
 
 t
 
 t
 
 ≥ 0.003 =
 
 2( 0.11) sin 60°155′ = 0.0045 > 0.003 14 × 3.0
 
 Hence, adopt three #3 closed ties at 3.0-in. center-to-center spacing.
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 Vu 10 in. 5 in.
 
 51/2 × 51/2 in.
 
 Primary tension steel Asc = 3 No. 6 8 in.
 
 3 in. 3 in.
 
 h = 18 in.
 
 9 in.
 
 d = 14 in.
 
 3 in.
 
 No. 3 welded anchor bar
 
 3 No. 3 closed ties
 
 2 No. 6 framing bars
 
 FIGURE 36.12 Corbel shear reinforcement details. (From Nawy, E.G., Prestressed Concrete: A Fundamental Approach, 5th ed., Prentice Hall, Upper Saddle River, NJ, 2006.)
 
 Strut capacity evaluation: Strut CC′—The width (ws) of nodal zone C has to satisfy the allowable stress limit on the nodal zones, namely node B below the bearing plate and node C in the re-entrant corner to the column. Both nodes are considered unconﬁned.  w  w FuCC ′ for  10 − s  = 80k (5 + 10) + 16 × 18 to give s = 1.64 in.  2 2 hence, strut width ws = 3.28 in. ﬁts within the available concrete dimension about the strut center line. Strut BC—Nominal strength is limited to Fns = fceAcs, where fce = 0.85βsfc′; thus, fce = 0.85 × 0.75 × 5000 = 3188 psi = 3.188 ksi. Acs is the smaller strut cross-sectional area at the two ends of the strut, namely at node C, while at node B, the node width can be assumed equal to the steel plate width of 5.50 in. Ac at node C = 14 × 3.28 = 45.92 in.2. Available factored Fus,C = φFns,C = 0.75 × 3.188 × 45.92 = 109.8 kip, which is greater than the required FBC = 89.4 kip. Strut AC Required width (w s ) of strut Ac =
 
 Fu , AC 112.87 kip = = 3.37 in. φf cub 0.75 × 3.188 × 14
 
 Examination of the corbel and the column depth of 12 in. suggest a minimum clear cover of 2.0 in. from the outer concrete surface; hence, the widths (ws) of all struts ﬁt within the corbel geometry. Adopt the design as shown in Figure 36.12.
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 36.3.5 Torsional Strength The space truss analogy theory is used for the analysis and design of concrete members subjected to torsion. It is based on the shear ﬂow in a hollow tube concept and the summation of the forces in the space truss elements (ACI Committee 318, 2008; Hsu, 1993; Nawy, 2002, 2006, 2008). ACI 318 stipulates disregarding the concrete nominal strength Tc in torsion and assigning all the torque to the longitudinal reinforcement (A) and the transverse reinforcement (At), essentially assuming that the volume of the longitudinal bars is equivalent to the volume of the closed transverse hoops or stirrups. The critical section is taken at a distance d from the face of the support for the purpose of calculating torque Tu. Sections that are subjected to combined torsion and shear should be designed for torsion if the factored torsional moment (Tu) exceeds the following value for nonprestressed members:  Acp2  Tu > φλ f c′    pcp 
 
 (36.35)
 
 where: Acp = area enclosed by the outside perimeter of the concrete cross-section. pcp = outside perimeter of the cross-section (Acp) (in.). Two types of torsion are considered: (1) equilibrium torsion, where no redistribution of torsional moment is possible––in this case, all the factored torsional moment is designed for; and (2) compatibility torsion, where redistribution of the torsional moment occurs in a continuous ﬂoor system––in this case, the maximum torsional moment to be provided for is:  Acp2  Tu = φ4λ f c′    Pcp 
 
 (36.36)
 
 The concrete section has to be enlarged if: 2
 
 2
 
  Vu   Tu ph   Vc   b d  +  1.7 A  ≥ φ  b d  + 8λ f c′ w oh w
 
 (36.37)
 
 where: ph = perimeter of centerline of outermost closed transverse torsional reinforcement (in.). Aoh = area enclosed by centerline of the outermost closed transverse torsional reinforcement (in.2). The transverse torsional reinforcement should be chosen with such size and spacing s that: At Tn = 2 2Ao f y cotθ
 
 (36.38)
 
 where: Ao = gross area enclosed by the shear path = 0.85 Aoh. θ = angle of compression diagonals (45° in reinforced concrete, 37.5° in prestressed concrete). The longitudinal torsional reinforcement (Ae) divided equally along the four faces of the beam is: At =
 
 A,min =
 
 At  f yv  2 ph   cot θ s  f y 
 
 5 f c′Acp  At  f yv −   ph  s  f y f y
 
 (36.39)
 
 (36.40)
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 where: fyv = yield strength of the transverse reinforcement. fy = yield strength of the longitudinal reinforcement. The minimum area of transverse reinforcement is: Av + 2At ≥
 
 50bw s fy
 
 (36.41)
 
 Maximum s is 12 in. In SI units, the following are equivalent expressions:
 
 Equation 36.35:
 
 Tu =
 
 φλ f c′  Acp 2   12  Pcp 
 
 Equation 36.36:
 
 Tu =
 
 φλ f c′  Acp 2   3  Pcp 
 
 For Equation 36.37, the right-hand expression is:  V   8λ f c′  φ c  +   MPa  bw d   12 
 
 For Equation 36.40:
 
 A,min =
 
 For Equation 36.41:
 
 5 f c′Acp  At −  s 12 f y 
 
 Av + 2At ≥
 
   f yv   ph  f   y 
 
 0.35bw s fy
 
 where fy is in megapascals. Maximum s is 300 mm.
 
 36.3.6 Compression Members: Columns 36.3.6.1 Nonslender Columns Columns normally fall within the compression-controlled zone of Figure 36.6—namely, in the strain limit condition of εt = 0.002 or less at the extreme tension steel reinforcement level. The three modes of failure at the ultimate load state in columns can be summarized as follows: • Tension-controlled state, by the initial yielding of the reinforcement at the tension side at c/dt = 0.375 • Transition state denoted by the initial yielding of the reinforcement at the tension side but with a strain εt less than 0.005 but greater than the balancing strain εt = 0.002 for Grade 60 steel, or εt = fy/Es for other reinforcement grades • Compression-controlled state by initial crushing of the concrete at the compression face, where the balanced strain state occurs when failure develops simultaneously in tension and compression, a condition deﬁned by the strain state εt = εy at the tension reinforcement at a strain level εt = 0.002 or less for Grade 60 steel
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 If Pnb is the axial load corresponding to the balanced limit strain condition—namely, when concrete at the compression face crushes simultaneously with the yielding of the extreme reinforcement at the tension face, then the modes of failure at ultimate load can also be deﬁned as follows, where eb is the eccentricity of the load at the balanced strain condition: Pn < Pnb, tension failure (e > eb) Pn = Pnb, balanced failure (e = eb) Pn > Pnb, compression failure (e < eb) In all of these cases, the strain-compatibility relationship must be maintained at all times through computation of the strain εs′ in the compression side reinforcement on the basis of linearity of distribution of strain across the concrete section depth. It should be noted that, for each limit strain case, there are unique values of nominal thrust Pn and nominal moment Mn. Consequently, a unique eccentricity e = Mn/Pn can be determined for each case. The expressions for load and moment for the balanced strain condition are: Pnb = 0.85 f c′bab + As′ f s′− As′ f y′
 
 (36.42)
 
  a  M nb = Pnbeb = 0.85 f c bab  y − b  + As′ f s′( y − d ′ ) + As f y (d − y )  2
 
 (36.43)
 
  0.003(c − d ′ )  f s′= E s   ≤ fy c  
 
 (36.44)
 
 where:
 
 The force Pn and the moment Mn at the ultimate for any other eccentricity level are: Pn = 0.85 f c′ba + As′ f s′− As f y
 
 (36.45)
 
  a M n = Pne = 0.85 f c′ba  y −  + As′ f s′( y − d ′ ) + As f s (d − y )  2
 
 (36.46)
 
  0.003(d − c )  f s = Es   ≤ fy c  
 
 (36.47)
 
 where:
 
 and c = depth to the neutral axis. y = distance from the compression extreme ﬁbers to the center of gravity of the section. a = depth of the equivalent rectangular block = β1c, where β1 is deﬁned in Equation 36.18b. The geometry of the compression member section and the forces acting on the section are shown in Figure 36.7. Equation 36.45 and Equation 36.46 are obtained from the equilibrium of forces and moments. 36.3.6.2 Slender Columns If the compression member is slender—namely, the slenderness ratio klu/r exceeds 22 for unbraced members and (34 – 12 × M1/M2) for braced members—then failure will occur by buckling and not by material failure. In such a case, if klu/r is less than 100, then a ﬁrst-order analysis such as the moment magniﬁcation method can be performed. If klu/r > 100, then the P – ∆ effects have to be considered and a second-order analysis has to be performed. The latter is a lengthy process and is more reasonably executed using readily available computer programs.
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 Moment Magnification Solution (klu/r < 100) The larger moment M2 is magniﬁed such that: M c = δns M 2
 
 (36.48)
 
 where δns is the magniﬁcation factor. The column is then designed for a moment Mc as a nonslender column. The subscript ns is non-sidesway; s is sidesway: δns =
 
 Cm ≥ 1.0 1 − ( Pu / 0.75Pc ) Pc =
 
 π 2EI
 
 (k )
 
 2
 
 (36.49)
 
 (36.50)
 
 u
 
 EI should be taken as: EI =
 
 0.2EC I g + E s I se 1 + βd
 
 (36.51)
 
 0.4Ec I g 1 + βd
 
 (36.52)
 
 or EI =
 
 C m = 0.6 + 0.4
 
 M1 ≥ 0.4 M2
 
 (36.53)
 
 C m = 0.6 + 0.4
 
 M1 ≥ 0.4 M2
 
 (36.54a)
 
 If there is side-sway,
 
 M 2 = M 2ns + δ s M 2s
 
 (36.54b)
 
 where: δs M s =
 
 Ms ≥ Ms ΣPu 1− 0.75Pc
 
 (36.55a)
 
 Ms ≥ Ms 1−Q
 
 (36.55b)
 
 δs M s = where:
 
 Stability index Q =
 
 ΣPu ∆o ≤ 0.05 Vuslc
 
 (36.55c)
 
 and ∆o = ﬁrst-order relative lateral deﬂection between the top and bottom of that story due to factored horizontal total shear (Vuc) of that story. lc = length of compression member. The non-sway moment M2ns is unmagniﬁed, provided that the maximum moment is along the column height and not at its ends; otherwise, its value has to be multiplied by the non-sway magniﬁer δns. If the stability index exceeds a value of 0.05, a second-order analysis becomes necessary. Effective length factor k when there is single curvature can be obtained from Figure 36.13a. For double curvature, length factor k can be obtained from Figure 36.13b. Discussion of the P-delta effect and the second-order analysis is given in Nawy, 2008).
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 (a)
 
 ψA ∞ 50.0 10.0 5.0 3.0 2.0
 
 k 1.0 0.9
 
 ψB ∞ 50.0 10.0 5.0 3.0 2.0
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 (b)
 
 ψA ∞ 100.0 50.0 30.0 20.0 10.0 8.0 6.0 5.0 4.0
 
 k ∞ 20.0 10.0 8.0 4.0 3.0
 
 2.0
 
 ψB ∞ 100.0 50.0 30.0 20.0 ∆
 
 2.0
 
 2.0 1.5
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 0
 
 FIGURE 36.13 Slender columns end effect factor k: (a) nonsway frames; (b) sway frames. (From ACI Committee 318, Building Code Requirements for Structural Concrete, ACI 318-08; Commentary. ACI 318R-08, American Concrete Institute, Farmington Hills, MI, 2008.)
 
 36.3.7 Two-Way Slabs and Plates Methods for designing two-way concrete slabs and plates include: • • • • •
 
 ACI direct design method ACI equivalent frame method where effects of lateral loads can be considered Yield line theory Strip method Elastic solutions
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 Proportioning Concrete Structural Elements by the ACI 318-08 Code TABLE 36.3 Minimum Thickness of Slabs without Interior Beams, αm = 0 Without Drop Panels
 
 With Drop Panels
 
 Exterior Panels
 
 Exterior Panels
 
 Yield Strength (fy) (psi)
 
 Without Edge Beams
 
 With Edge Beams
 
 Interior Panels
 
 Without Edge Beams
 
 With Edge Beams
 
 Interior Panels
 
 40,000 60,000 75,000
 
 n/33 n/30 n/28
 
 n/36 n/33 n/31
 
 n/36 n/33 n/31
 
 n/36 n/33 n/31
 
 n/40 n/36 n/34
 
 n/40 n/36 n/34
 
 Note: n = effective span.
 
 The subject is too extensive to cover in this overview; however, the important concept of serviceability as controlled by deﬂection and cracking limitation is brieﬂy presented. 36.3.7.1 Deflection Control The thickness of two-way slabs for deﬂection control should be determined as follows: Flat Plate Use Table 36.3. Slab on Beams If αm ≤ 0.2, use: αm > 0.2 < 2.0, h ≥
 
 (
 
  n 0.8 + f y 200, 000 36 + 5β ( αm − 0.2 )
 
 )
 
 (36.56)
 
 but slab or plate thickness cannot be less than 5.0 in., so: αm > 2.0,
 
 (  0.8 + f n
 
 y
 
 200, 000
 
 36 + 9β
 
 )
 
 (36.57)
 
 where: αm = average value of α for all beams on edges of a panel. α = (ﬂexural stiffness of beam section)/(ﬂexural thickness of slab width bounded laterally by the center line of the adjacent panels on each side of the beam). β = aspect ratio (long span/short span). 36.3.7.2 Crack Control For crack control in two-way slabs and plates, the maximum computed weighted crack width due to ﬂexural load (ACI Committee 224, 2001; Nawy, 2008) is as follows, where the parameter under the radical is the grid index (GI): w max (in.) = kβf s
 
 s1s 2dc 8 ⋅ db π
 
 (36.58)
 
 For wmax (mm), multiply Equation 36.58 by 0.145 and use megapascals for fs. Also, k = = = = β = fs =
 
 fracture coefﬁcient. 2.8 × 10–5 for a square uniformly loaded slab. 2.1 × 10–5 when the aspect ratio of short span/long span < 0.75 but > 0.5, or for a concentrated load. 1.6 × 10–5 for aspect ratio less than 0.5. 1.25 = (h – c)/(d – c), where c = depth to neutral axis. 0.40fy (kip/in2).
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 total slab or plate thickness. spacing in direction 1 closest to the tensile extreme ﬁbers (in.). spacing in the perpendicular direction (in.). concrete cover to centroid of reinforcement (in.). diameter of the reinforcement in direction 1 closest to the concrete outer ﬁbers (in.).
 
 The tolerable crack widths in concrete elements are given in Table 36.1. In SI units, Equation 36.58 therefore becomes: w max (mm) = 0.14kβf s G1 where fs is in megapascals, and s1, s2, dc , and db1 are in millimeters.
 
 36.3.8 Development of Reinforcement 36.3.8.1 Development of Deformed Bars in Tension The full development length (d) for deformed bars or wires is obtained by applying multipliers to a basic theoretical development length (db) in terms of the bar diameter (db) and other multipliers as follows: ld 3 f y ψl ψe ψ s = db 40 f c′  c b + K tr    d b The value of
 
 (36.59)
 
 f c′ should not exceed 100 psi (≤6.9 MPa) in all computations.
 
 36.3.8.2 Modifying Multipliers of Development Length for Bars in Tension • ψ1 = bar location factor. For horizontal reinforcement, when more than 12 in. of fresh concrete is below the development length or splice (top reinforcement), α is 1.3; for other reinforcement, α is 1.0. • ψe = coating factor. For epoxy-coated bars or wires with cover less than 3db or clear spacing less than 3db, β is 1.5; for all other epoxy-coated bars or wires, ψe is 1.2; for uncoated reinforcement ψe is 1.0. However, the product ψ1ψe should not exceed 1.7. • ψs = bar size factor. For No. 6 and smaller bars and deformed wires (No. 20 and smaller, SI), γ is 0.8; for No. 7 and larger bars (No. 25 and larger, SI), γ is 1.0. • c = spacing or cover dimension (in.). Use the smaller of either the distance from the center of the bar to the nearest concrete surface or one half the center-to-center spacing of the bars being developed. • Ktr = transverse reinforcement index, which is equal to (40Atr/sn), where Atr = total cross-sectional area of all transverse reinforcement within ld that crosses the potential plane of splitting adjacent to the reinforcement being developed (in.2). Also, fyt = 60,000 psi is the strength value used in the development of the Atr expression; s is the maximum spacing of transverse reinforcement within ld, center-to-center (in.) (mm); and n is the number of bars or wires being developed along the plane of splitting. The ACI 318 Code permits using Ktr as a conservative design simpliﬁcation even if transverse reinforcement is present. • λ = lightweight-aggregate concrete factor. When lightweight aggregate concrete is used λ is 0.75; however, when fct is speciﬁed, use λ = 6.7 f c′ f ct . For all other concrete, λ is 1.0. The minimum development length in all cases is 12 in. • λs = excess reinforcement factor. ACI 318 permits the reduction of d if the longitudinal ﬂexural reinforcement is in excess of that required by analysis except where anchorage or development for fy is speciﬁcally required or the reinforcement is designed for seismic effects. The reduction multiplier λs = (As required)/(As provided) and λs2 = fy /60,000 for cases where fy > 60,000 psi. In lieu of using a reﬁned computation for the development length of Equation 36.59, Table 36.4 can be utilized for typical construction practices by using a value of ψ1 and ψe = 1.0 and fc′ = 4000 psi.
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 TABLE 36.4a Simpliﬁed Development Length d Equations #6 and Smaller Bars and Deformed Wires Clear spacing of bars being developed or spliced not less than db, clear cover not less than db, and stirrups or ties throughout d not less than the Code minimum or Clear spacing of bars being developed or spliced not less than 2db and clear cover not less than db Other cases
 
 f y ψl ψe ld = db 25 f c′ when: fc′ = 4000 psi ψ1, ψe, λ, λs, γ = 1.0 ψs = 0.8 d = 38db ld 3 f y ψ l ψ e = db 50 f c′ d = 57db
 
 #7 and Larger Bars f y ψl ψe ld = db 20 f c′ when: fc′ = 4000 psi ψ1, ψe, ψs, λ, λs, γ = 1.0 d = (38/0.8)db = 48db ld 3 f y ψ l ψ e = db 40 f c′ d = 72db
 
 Note: This is a general table for usual construction conditions giving the required development length for deformed bars of sizes No. 3 to No. 18. Source: Nawy, E.G., Reinforced Concrete: A Fundamental Approach, 6th ed., Prentice Hall, Upper Saddle River, NJ, 2008.
 
 TABLE 36.4b SI Development Length Simpliﬁed Expressions ≤ No. 20
 
 ≥ No. 25
 
 f y ψl ψe ld = db 2 f c′
 
 ld 5 f y ψ l ψ e = db 8 f c′
 
 ld 3 f y ψ l ψ e = db 4 f c′
 
 ld 15 f y ψ l ψ e = db 16 f c′
 
 Table 36.5 gives minimum development length ld (in.) in lieu of calculations using Table 36.4. In these two tables, the following assumptions are made: (1) The side cover is 1.5 in. on each side; (2) No. 3 stirrups are used for bars No. 11 or smaller; (3) No. 4 stirrups are used for bars No. 14 or No. 18; and (4) stirrups are bent around four bar diameters, so the distance from the centroid of the bar nearest the side face of the beam to the inside face of the No. 3 stirrup is taken as 0.75 in. for bars No. 11 or smaller and is equal to the longitudinal bar radius for No. 14 and No. 18 bars. 36.3.8.3 Development of Deformed Bars in Compression and the Modifying Multipliers Bars in compression require shorter development length than bars in tension. This is due to the absence of the weakening effect of the tensile cracks; hence, the expression for the basic development length is: ldc = 0.02
 
 db f y λ f c′
 
 (36.60a)
 
 ldc = 0.0003db f y
 
 (36.60b)
 
 with the modifying multiplier for (1) excess reinforcement, λs = (As required)/(As provided); and (2) spirally enclosed reinforcement, λs1 = 0.75.
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 Concrete Construction Engineering Handbook TABLE 36.5 Tension Reinforcement and Development Length Development Length (d)a,b (in.) s ≥ 2db or db and Clear Cover ≥ db
 
 Other
 
 Bar Size
 
 Cross-Sectional Area (in.2)
 
 Bar Diameter (in.)
 
 ≤ #6, d = 38db ≤ #7, d = 48db
 
 ≤ #6, d = 57db ≤ #7, d = 72db
 
 3 4 5 6 7 8 9 10 11 14 18
 
 0.11 0.20 0.31 0.44 0.60 0.79 1.00 1.27 1.56 2.25 4.00
 
 0.375 0.500 0.625 0.750 0.875 1.000 1.128 1.270 1.410 1.693 2.257
 
 15 19 24 29 42 48 54 61 68 82 108
 
 21 29 36 43 63 72 81 92 102 122 163
 
 For compression development length, d multiplier × db. Multiply table values by α = 1.3 for top reinforcement, λ = 0.75 for lightweight aggregate, ψe = 1.5 for epoxy-coated bars with cover less than 3db or clear spacing less than 6db, and β = 1.2 for other epoxy-coated bars. Minimum d for all cases is 12 in. Note: For fc′ = 4000 psi normal weight concrete, fy = 60,000 psi steel (ψ1, ψe, λ = 1.0; γ = 0.8 for #6 bars or smaller and 1.0 for #7 bars and larger). For fc′ values different from 4000 psi, multiply table values by 4000 / f c′ . For fy = 40,000 psi, multiply by 2/3. f ′ should not exceed 100. Source: Nawy, E.G., Reinforced Concrete: A Fundamental Approach, 6th ed., Prentice Hall, Upper Saddle River, NJ, 2008. a
 
 b
 
 (
 
 )
 
 36.3.8.4 Development of Bundled Bars in Tension and Compression If bundled bars are used in tension or compression, ld has to be increased by 20% for three-bar bundles and 33% for four-bar bundles, and fc′ should not be taken as greater than 100 psi. A unit of bundled bars is treated as a single bar of a diameter derived from the equivalent total area for the purpose of determining the modifying factors. Although the splice and development lengths of bundled bars are based on the diameter of individual bars increased by 20 or 33% as applicable, it is necessary to use an equivalent diameter of the entire bundle derived from the equivalent total area of bars when determining the factors that consider cover and clear spacing and represent the tendency of concrete to split. 36.3.8.5 SI/Metric Conversion Where fyt, is in megapascals, Equation 36.59 becomes: 15 f y ψ l ψ e ψ s 1.6Atr and K tr =  c b + K tr  sn 16 f c′   db  36.3.8.6 Development of Welded Deformed Wire Fabric in Tension The development length (ld) for deformed welded wire fabric should be taken as the d value obtained from Equation 36.59 or Table 36.4 multiplied by a fabric factor. The fabric factor, with at least one cross wire within the development length and not less than 2 in. from the point of the critical section, should be taken as the greater of the following two expressions:
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 (f
 
 y
 
 )
 
 − 35, 000 f y
 
 (36.61)
 
 5db s
 
 (36.62)
 
 but should not be taken as greater than 1.0. Here, s is the spacing of wire to be developed or spliced (in.).
 
 36.4 Prestressed Concrete 36.4.1 General Principles Reinforced concrete is weak in tension but strong in compression. To maximize the utilization of its material properties, an internal compressive force is induced on the structural element through the use of highly stressed prestressing tendons to precompress the member prior to application of the external gravity live load and superimposed dead load. A typical effect of the prestressing action shown in Figure 36.14 uses a straight tendon, as is usually the case for precast elements (Nawy, 2006). For cast-in-place elements, the tendon can be either harped, or, as is usually the case, it can be draped in a parabolic form. Figure 36.15 illustrates the stress and strain distributions across the beam depth and the forces acting on the section in a prestressed concrete beam and the compressive stress block of the section. Stresses due to initial prestressing plus self-weight:
 
 ft =
 
 Pi Ac
 
  ec t  1 − r 2
 
  MD  − S t
 
 (36.63a)
 
 fb = −
 
 Pi Ac
 
  ec b  M D  1 + r 2  + S b
 
 (36.63b)
 
 ft =−
 
 Pe  ec t  M T 1− 2  − t Ac  r  S
 
 (36.64a)
 
 fb = −
 
 Pe Ac
 
  ec b  M T  1 + r 2  + S b
 
 (36.64b)
 
 Stresses at service load:
 
 y
 
 P + PeC A I
 
 θ x P
 
 P y
 
 cgc cgc
 
 –
 
 +
 
 P – PeC A I
 
 =
 
 –
 
 Mc I
 
 FIGURE 36.14 Stress distribution at service load in prestressed beam with constant tendon eccentricity. (From Nawy, E.G., Prestressed Concrete: A Fundamental Approach, 5th ed., Prentice Hall, Upper Saddle River, NJ, 2006.)
 
 (a)
 
 Tension side
 
 dp
 
 h
 
 ε1 + ε2
 
 (b)
 
 ε3
 
 ε3
 
 εc
 
 c
 
 0.85f΄c
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 (d)
 
 0.85f΄c
 
 T
 
 (d – a 2
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 C
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 C = 0.85f΄c ba jd = (d – a 2
 
 FIGURE 36.15 Stress and strain distribution across prestressed concrete beam depth: (a) beam cross-section; (b) strain across depth; (c) actual stress block; and (d) assumed equivalent block. (From Nawy, E.G., Prestressed Concrete: A Fundamental Approach, 5th ed., Prentice Hall, Upper Saddle River, NJ, 2006.)
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 36.4.2 Minimum Section Modulus for Variable Tendon Eccentricity St ≥
 
 Sb ≥ where: γ = MD = MSD = ML = fti = fc = ft = fci = St = Sb =
 
 (1 − γ ) M
 
 D + M SD + M L γf ti − γf c
 
 (1 − γ ) M
 
 (36.65a)
 
 + M SD + M L γf t − γf ci D
 
 (36.65b)
 
 percentage loss in prestress. self-weight moment. superimposed dead load moment. live load moment. initial tensile stress in concrete. service load concrete compressive strength. service load concrete tensile strength. initial compressive stress in concrete. section modulus at top ﬁbers (simple span). section modulus at bottom ﬁbers (simple span).
 
 36.4.3 Minimum Section Modulus for Constant Tendon Eccentricity St ≥
 
 M D + M SD + M L γf ti − f c
 
 (36.66a)
 
 Sb ≥
 
 M D + M SD + M L f t − γf ci
 
 (36.66b)
 
 36.4.4 Maximum Allowable Stresses 36.4.4.1 ACI 318 Code Concrete Stresses f ci′ ≅ 0.75 f c′ psi f ci ≅ 0.60 f ci′ psi f ti = f ci′ psii on span
 
 (
 
 )
 
 f ci′ 4 MPa = f ci′ psi on support
 
 (
 
 f ci′ 2 MPa
 
 )
 
 f c = 0.45 f c′ or 0.60 f c′ where permitted by ACI 318. f t = f c′ psi
 
 (
 
 )
 
 f c′ 2 MPa = 12 f c′ psi if deflection is verified
 
 36.4.4.2 Reinforcing Tendon Stresses Tendon jacking: fps = 0.94fpy ≤ 0.80fpu Immediately after prestress transfer: fps = 0.82fpJ ≤ 0.74fpu
 
 (
 
 f c′ 2 MPa
 
 )
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 Post-tensioned members at anchorage immediately after tendon anchorage: fps = 0.70fpu where: fps = ultimate design stress allowed in tendon. fpy = yield strength of tendon. fpu = ultimate strength of tendon. A prestressed concrete section is designed for both the service load and the ultimate load. A typical distribution of stress at service load at midspan is shown in Figure 36.15. Expressions for the ultimate load evaluation are essentially similar to those of reinforced-concrete elements, taking into consideration that both prestressing tendons and mild steel bars are used. Note the similarity between Figure 36.15 and Figure 36.7. For extensive design and analysis details, refer to Nawy (2006).
 
 36.5 Shear and Torsion in Prestressed Elements 36.5.1 Shear Strength: ACI Short Method When fpe > 0.40fpu The nominal shear stress of the concrete in the web is:  700Vud  Vc (lb) =  0.60λ f c′ + bw d M u  
 
 (36.67a)
 
 Vd Vc ≥ 2λ f c′bw d ≤ 5λ f c′bw d , u ≤ 1.0 Mu  λ f c′ V d  Vc (Newton) =  + 5 u  bw d Mu  20  Vc ≥
 
 (36.67b)
 
 λ f c′ Vd bw d ≤ 0.40λ f c′bw d , u ≤ 1.0 Mu 6
 
 36.5.2 Detailed Method The smaller of the two values obtained from ﬂexural shear (Vci) or web shear (Vcw) in the following expressions has to be used in the design of the web reinforcement in prestressed concrete members. 36.5.2.1 Flexural Shear Vci (lb) = 0.6λ f c′bw d + Vd +
 
 Vl M cr ≥ 1.7λ f c′bw d M max
 
 (36.68a)
 
 where: Vci = ﬂexural shear force. Mcr = M cr = Sb λ f c′ + f ce − f d . Sb = section modulus at the extreme tensile ﬁbers. Vd = shear force at section due to unfactored dead load. Vi = factored shear force due to externally applied load. fce = compressive stress in concrete due to effective prestress only at the tension face of the section. fd = stress due to unfactored dead load at extreme ﬁbers in tension.
 
 (
 
 )
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  λ f c′  Vi M cr Vci (Newton) =   bw d + Vd + 20 M max  
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 (36.68b)
 
 36.5.2.2 Web Shear VCW = web shear force
 
 ( (Newton) = ( 0.3λ
 
 ) f ′ + f )b d + V
 
 VCW (lb) = 3.5λ f c′ + f ce bw d + V p
 
 VCW
 
 c
 
 c
 
 w
 
 (36.69)
 
 p
 
 where: fc = compressive stress at center of gravity of section due to externally applied load. Vp = vertical component of prestressing force. The critical section for calculating Vu and Tu is taken at distance (h/2) from the face of the support.
 
 36.5.3 Minimum Shear Reinforcement For prestressed members subjected to shear, the minimum transverse web stirrups are the smaller of: 50bw s fy
 
 (36.70a)
 
 A ps f pu s d p 80 f y d bw
 
 (36.70b)
 
 Av (in.2 ) = or Av (in.2 ) =
 
 where fy is in psi and s is the web reinforcement spacing.
 
 36.5.4 Torsional Strength As discussed earlier, the nominal torsional strength (Tc) is disregarded, and all of the torque is assumed by longitudinal bars and the transverse closed hoops. The expressions used in the case of prestressed concrete elements are essentially the same as those for reinforced-concrete elements with the following adjustments for Equation 36.35 and Equation 36.36. Multiply the right side by: 1+
 
 3 f ce f c′
 
 For hollow sections, the left side of Equation 36.37 becomes:  Vu   Tu ph   b d  +  1.7 A 2  w oh The maximum spacing of the closed hoops is 1/8ph ≤ 12 in., and the longitudinal bar diameter is not less than 1/16s, where s is the spacing of the hoop steel.
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 36.6 Walls and Footings The design of walls and footings should be viewed in the context of designing a one-way or two-way cantilever slab in the case of footings and one-way vertical cantilevers in the case of reinforced-concrete walls. The criteria and expressions for proportioning their geometry are the same as those presented in earlier sections of this chapter. Shear Vu in one-way footings is taken at a distance d from the face of the vertical concrete wall or columns and at d/2 in the case of two-way footings. The nominal shear strength (capacity) Vc of the one-way slab footing is: Vc = 2λ f c′bw d
 
 (36.71)
 
 For two-way slab footings, the nominal shear strength Vc should be the smallest of: Vc = 4λ f c′bod
 
 (36.72a)
 
  4 Vc =  2 +  λ f c′bod βc  
 
 (36.72b)
 
  αd Vc =  s + 2 λ f c′bod   bo
 
 (36.72c)
 
 or
 
 or
 
 where bo is the perimeter shear failure length at distance d/2 from all faces of columns. If the column size is c1 × c2, then: bo = 2(c1 + d/2) + 2(c2 + d/2) for an interior column. βc = ratio of long side/short side of reaction area. αs = 40 for interior columns, 30 for end columns, and 20 for corner columns. The same requirement for shear in Equation 36.72 applies to the shear design of two-way action structural slabs and plates.
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 Index A abrasion, 2-16, 5-38, 27-5 losses, 20-11 resistance, 3-7, 3-17, 3-18, 5-17–5-20, 11-16, 13-19, 13-23, 16-12, 16-13 abrasive blasting, 30-20, 30-22–30-24, 30-32 absolute volume methods, for concrete proportioning, 5-32 absorption, 13-22, 13-23, 24-32 capacity, 1-16 abutments, 5-15, 11-43, 14-51, 15-3, 15-23, 20-7, 20-38, 20-48, 20-49, 20-56, 20-59, 20-60, 20-62, 20-65–20-66, 20-70, 27-25, 29-9, 32-51, 32-52, 32-53, 32-55, 32-57 precast concrete, 33-12, 33-14 stiffness, 32-52 acceleration, 32-48, 32-50, 32-51 parameters, 32-7, 32-8 spectral, 32-51 accelerators, 3-1, 3-3, 3-4, 3-7–3-9, 3-13, 4-11, 5-30, 5-31, 5-32, 6-5, 6-7, 8-21, 8-22, 15-11, 15-17, 28-15 calcium chloride, 3-7 accelerogram, 32-2, 32-3, 32-50 intensity, 32-3 accelerograph, strong motion, 32-2 accelerometers, 27-7, 27-8, 27-26 acceptance testing, 21-26–21-27 accidental torsion, 32-25 accuracy, of instrumentation, 27-14–27-16 acetylene torch, 12-40 ACI 116R, 15-7, 15-13 ACI 209, 4-2, 4-8, 4-12, 8-22, 8-28, 8-30, 8-31, 8-33, 9-6, 9-15 ACI 211, 5-32, 6-18 ACI 216.1, 31-5, 31-7, 31-8, 31-9, 31-11, 31-12, 31-13 ACI 224, 17-8, 17-10 ACI 228, 21-4, 21-8, 21-9, 21-12, 21-25, 21-26, 21-27, 21-28 ACI 302.1R, 17-13 ACI 318, 1-21, 3-8, 4-2, 4-19, 4-20, 4-24, 6-13, 8-12, 8-27, 8-28, 8-36, 8-41, 8-42, 8-43, 8-51, 8-55–8-58, 9-2, 9-3, 9-5, 9-6, 9-7, 9-13, 9-14, 9-15, 9-16, 9-17, 9-20, 10-4, 10-6, 10-8, 10-10, 10-12, 10-16, 10-17, 10-18, 10-19, 10-20,
 
 10-21, 10-39, 16-2, 16-10, 16-18, 16-33, 16-34, 17-2, 17-5, 21-25, 21-27, 25-4, 25-8, 25-9, 25-12, 26-17, 27-2–27-4, 27-28, 27-29, 31-5, 32-26, 32-34, 34-10, 34-22, 34-23, 35-4, 36-1–36-36 ACI 347, 7-21, 7-23, 7-24, 7-25, 7-27, 7-35, 7-43, 7-46, 8-6, 10-36 ACI 350, 17-1, 17-5, 17-8 ACI 357, 13-4, 13-14 ACI 435, 4-15, 4-17, 8-52, 9-6, 9-7, 9-10, 9-14, 9-20 ACI 437R, 27-2, 27-9 ACI 440.1R, 25-2, 25-4, 25-6, 25-7, 25-9 ACI 440.2R, 25-9, 25-12, 25-13, 25-14, 25-15, 25-16, 25-18, 25-19 ACI 440.3R, 25-3, 25-12 acid attack, 1-25–1-26 acid etching, 30-16, 30-20, 30-24, 30-30, 30-32, 30-68 acid wash, 30-17 acoustic impedance, 21-32 acrylic, in antiwashout admixtures, 15-10, 15-11 activation energy, 21-18–21-20, 21-24 active corrosion inhibitors, 3-9 active vs. passive failure mechanism, 14-44 actual dimension, masonry unit, 28-3 actuators, 27-10–27-13 adhesion factor, 14-60 admixtures, 1-22, 5-2, 5-40, 6-4–6-9, 6-18, 6-30, 6-40, 9-15, 9-20, 10-25, 10-27, 11-5, 11-16, 11-41, 12-9, 20-8, 20-20, 20-40, 33-2 accelerating, 3-7–3-9, 5-30, 5-31, 6-5, 6-7, 15-11, 15-17, 28-15; see also accelerators acrylic, 15-10, 15-11 activation energy, and, 21-18 air-entraining, see air-entraining admixtures antibleed, 11-19 antifreezing, 3-12–3-13 antiwashout, 3-13–3-14, 15-6, 15-7, 15-9–15-13 architectural concrete, 30-15–30-16 cellulose, 15-10, 15-11 chemical, 1-4, 2-20, 2-29, 3-1–3-18, 5-21, 5-30–5-31, 6-30, 6-33–6-36, 13-22, 15-2, 15-6, 15-9, 15-17, 15-20, 20-20–20-21 chloride-containing, 5-39 citric acid, 23-2 corrosion-inhibiting, 1-22, 5-38, 5-39, 11-5; see also corrosion protection
 
 I-1
 
 I-2 admixtures (cont.) defined, 30-73 expansive, 11-23 fine, 6-8 grouting, 11-23 high-range water-reducing, see high-range water reducers lateral pressure, and, 7-24 masonry, 28-14–28-15 mineral, 1-4, 1-9, 1-13, 2-1–2-42, 3-10, 3-12, 5-27, 6-5, 15-2, 15-20 mixing of, 6-39 mortar, 28-6, 28-8, 28-14–28-15 no-slump concrete, 6-5, 6-8 order of addition of, 11-6 polymer modifier, 3-14–3-18 retarding, 3-2–3-3, 5-30, 5-31, 6-23, 6-33, 7-43, 10-27, 11-5, 28-8, 28-15; see also retarders set-controlling, 6-5, 6-8, 7-26, 10-38, 30-15 shrinkage-reducing, 3-14, 4-11 sulfate attack, and, 1-25 superplasticizer, see superplasticizers thixotropic, 11-23 viscosity-modifying, 3-13, 3-14, 15-20 water-reducing, 3-3–3-4, 5-30, 5-31, 5-32, 6-5, 6-8, 6-21, 10-23, 10-27, 11-23, 15-3, 15-12, 15-13, 20-24, 30-15 water-repellent, 24-32, 24-33, 28-8, 28-14 workability-enhancing, 6-21 advancing-slope grouting, 15-5 aerial work platforms, 19-47, 19-48 aesthetics, 29-1–29-32 A-frame, crane, 19-26 age conversion factor, 21-18, 21-19 aggregate/cement ratio, 2-23 aggregate/cementitious materials ratio, 15-3, 15-4 aggregate interlock, 17-12, 17-15, 21-12, 25-17, 36-10 aggregate modulus, 4-8 aggregate/paste ratio, 4-8 aggregate ratio test, 28-33 aggregates, 1-1, 1-4, 1-13, 1-14–1-20, 2-20, 5-2, 5-6, 5-10, 5-17, 5-29–5-30, 5-34, 6-2, 6-18, 6-19, 6-22, 6-24, 6-30, 6-31, 6-36–6-38, 8-48, 9-15, 9-20, 10-27, 10-30, 11-4, 12-22, 13-19, 15-20, 17-12, 17-15, 20-2, 20-8, 20-10, 20-17, 20-45, 20-53, 21-55, 28-6 angularity of, 5-30, 5-32, 30-13 architectural concrete, 30-12–30-27, 30-30–30-32, 30-36, 30-48, 30-51, 30-54, 30-56, 30-57, 30-69, 30-71, 30-72, 30-73 ASTM standards for, 28-4 basalt, 20-10 bridge deck, 23-10
 
 Concrete Construction Engineering Handbook carbonate, 30-24 coarse, 1-14, 1-15, 2-10, 2-20, 3-12, 4-18, 5-2, 5-17, 5-29, 5-30, 6-3, 6-8, 6-9, 6-20–6-21, 6-24, 6-29, 6-36, 6-37, 9-6, 10-24, 10-27, 11-4, 11-13, 11-16, 11-18, 11-23, 13-21, 15-2–15-6, 15-20, 15-25, 20-32, 20-46, 20-47, 22-4, 23-3, 23-13, 26-3, 26-9–26-10, 30-13, 30-14, 30-16, 30-21, 30-22, 30-24, 30-25, 30-26, 30-32, 30-48, 30-51, 30-57, 30-69, 30-73 artificial, 6-4 break-off test, and, 21-16 creep strain, and, 4-7 dry weight of, 6-24 maximum size of, 5-32, 10-24, 23-13, 30-17 preplacing, 15-4 probe penetration test, and, 21-8 crushed, 5-29 cylinder size, and, 5-33 defined, 30-73 density of, 5-16, 6-4 drying shrinkage, and, 5-21 durability of, 1-19–1-20 exposed, 3-2, 5-31, 10-29, 30-4, 30-12, 30-13, 30-16, 30-17, 30-19, 30-20, 30-21, 30-22, 30-25, 30-26, 30-27, 30-31, 30-54, 30-57, 30-69, 30-73 degrees of, 30-20, 30-22 feed rate of, 20-60 fine, 1-14, 1-15, 2-9, 5-2, 5-29, 5-30, 6-3, 6-4, 6-8, 6-9, 6-21, 6-37, 10-27, 11-4, 11-18, 11-30, 13-22, 15-9, 15-14, 15-20, 15-25, 20-2, 20-11, 20-12, 20-13, 20-14, 20-17, 20-23–20-25, 20-30, 20-34, 20-36, 20-40, 20-58, 20-59, 22-4, 26-3, 30-13, 30-14, 30-17, 30-19, 30-20, 30-21, 30-32, 30-73 fine/coarse ratio, 30-16 geopolymer concrete, 26-6 grading of, 1-15; see also gap grading hard, 21-9 hard vs. soft, 5-17 heavyweight, 1-14, 1-19, 6-4 high-performance concrete, and, 11-16 lightweight, 1-14, 1-17–1-18, 6-2–6-4, 9-15, 11-4, 11-17, 11-18, 13-21, 15-17, 23-10, 36-28 maximum size (MSAs), 20-12, 20-26, 20-60, 20-65 for break-off test, 21-15, 21-16 maximum size of, in offshore structures, 13-26 melting of, 12-40 modulus of elasticity, and, 9-15 moisture content of, 1-16–1-17, 5-30, 21-48 nominal maximum size of, 15-4 nonreactive, 30-13
 
 Index normal weight, 6-2–6-4 nuclear-shielding, 6-4 oven-dry, 1-16, 5-30, 20-17, 20-20 overlay, 23-3 placing, 15-4 Portland cement plaster, and, 15-16 probe penetration, and, 21-9 pulse velocity, and, 21-7–21-8 reactive, 5-40, 5-41, 5-42, 11-4, 15-4, 15-17, 20-11 cracking and, 5-39 roller-compacted concrete, 20-11–20-12, 20-57–20-58 saturated surface dry, 1-16, 5-30, 20-19, 20-69, 26-8 shape of, 5-30, 15-16 shrinkage, and, 4-11 sieve analysis of, 5-29 soft, 21-9 stockpiling of, 20-57 strength, and, 6-20–6-21 thermal expansion coefficient of, 20-22 transport of, 20-61 unit weight of, 5-30, 6-4 washed, 11-4, 20-11, 20-23, 20-24, 20-58 wetness of, 6-27 AHP, see analytic hierarchy process air content, 6-7, 6-8, 6-17, 6-22, 6-24, 6-29, 6-41, 9-15, 13-23, 15-3, 15-4, 15-11 concrete strength and, 3-10 roller-compacted concrete, 20-21 testing for, 6-42 air-detraining agents, 3-12 air-dry aggregates, 1-16, 5-30 air drying, 2-35, 8-36, 30-70 air-entrained concrete, 2-15, 2-37, 3-10, 5-35, 15-16, 20-66, 30-15 air-entraining admixtures, 2-10, 2-20, 2-34, 2-37, 3-10–3-12, 5-28, 5-30, 5-31, 6-5, 6-7, 15-4, 15-11, 15-17, 20-23, 20-49, 23-3, 30-15 air entrainment, 3-1, 3-2, 3-7, 3-10–3-12, 3-16, 5-32, 5-35, 6-7, 8-21, 10-2, 10-27, 11-5, 11-6, 11-7, 11-48, 13-22, 15-4, 15-9, 15-11, 15-14, 15-16, 15-17, 20-23, 23-3, 30-15 blast-furnace slag, and, 2-20, 2-27 fly ash, and, 2-10–2-11, 2-15 roller-compacted concrete, and, 20-20, 20-21 shrinkage, and, 4-11 silica fume, and, 2-34 air permeability test, 5-10 air voids, 2-10, 2-38, 5-7, 5-35, 12-22, 13-23, 20-21, 20-23, 21-31, 21-40, 27-5, 30-15, 30-17, 30-21, 30-22, 30-24, 30-54, 30-57 AirTrain JFK, 29-12, 29-16, 29-24
 
 I-3 alignment tolerances, 28-26 alkali hydroxides, 3-7, 5-39, 5-40 alkali nitrates, 3-7 alkali resistance, 22-19 alkali-activated cement, 6-2 alkali–aggregate reaction, 1-10, 1-14, 1-19–1-20, 1-23, 5-30, 8-48, 11-4, 13-23, 20-11 fly ash, and, 2-17 alkali–carbonate reaction, 1-20, 2-17 alkali–silica gel, 5-40 alkali–silica reaction, 1-20, 2-17, 2-26–2-27, 2-38, 3-8, 3-9, 3-10, 3-18, 5-29, 5-39–5-42, 5-43, 16-3, 16-12, 23-5, 24-27, 24-36, 27-5, 27-22 alkaline liquid/fly ash ratio, 26-7, 26-8 alkaline liquids, geopolymer, 26-2, 26-3, 26-4–26-5, 26-7 alkalinity, 5-11, 5-29 alkalis, 13-20, 13-21, 15-4, 30-15 aluminum powder, and, 15-3 alkyl aryl sulfonates, 3-11 allowable design values, 7-28 allowable stress design, 7-23, 28-41, 28-49–28-58, 28-60, 28-62 alloys, 2-30, 11-11 aluminum, 30-35 heat-treated, 11-9 magnesium, 30-35 silicon, 2-29, 5-27, 6-9 all-terrain cranes, 19-36, 19-39–19-40 alluvium, 32-5 alumina, 5-23, 5-42 alumina–silicate, 26-2 aluminate, 1-2, 1-3, 1-6, 1-7, 1-8, 5-25, 5-37, 6-33 aluminosilicates, 1-2, 2-2, 2-38, 5-27, 22-24 aluminum, 2-1, 2-24, 3-8, 26-2 aluminum chloride, 3-7 aluminum oxide, 2-38, 26-3 aluminum powder, 15-3, 15-4 aluminum sulfate, 3-13 American Concrete Institute formwork recommendations, 7-18 American National Standards Institute formwork standard, 7-21 American Society of Civil Engineers formwork standards, 7-22 amino acid, 3-11 ammonium ion, 3-10 ammonium salts, 2-37 amplitude, vibrator, 30-52, 30-53, 30-57 analytic hierarchy process (AHP), 19-12 anchor bolts, 7-16, 21-13, 28-49, 28-50, 28-51, 28-60, 28-61, 30-61, 30-63; see also bolted assemblages
 
 I-4 anchor plate, 11-60, 14-53 anchorage bearing plates, installation of, 11-20 anchorages, 11-8, 11-9, 11-11, 11-13, 11-14, 11-14–11-15, 11-18, 11-21, 11-23, 11-24, 11-33, 11-38, 11-41, 11-55, 11-60, 11-61, 12-2, 12-3, 12-6, 12-7, 12-8, 12-10–12-11, 12-21, 12-22, 12-23, 12-26, 12-42, 12-43, 13-26, 16-16, 16-18, 25-4, 25-16, 25-17, 27-4, 28-60–28-61, 30-45, 30-46, 32-28, 34-11, 36-18, 36-28 accessible, 11-46 hooked-bar, 10-17 masonry, 28-49–28-51 removal of, 16-19 storage of, 11-19–11-20 wedge-type, 30-48 anchored sheet piles, 14-53–14-55 anchors, 7-13, 7-14, 7-35, 10-13, 11-41, 12-4, 12-7, 12-9, 12-14, 12-18, 12-24, 12-28, 12-31, 12-38, 12-39, 13-1, 13-2, 13-9, 13-16, 13-25, 13-29, 20-49, 20-52, 28-5, 28-60, 28-61, 30-31, 30-48 ASTM standards for, 28-5 bent-bar, 28-60 ground, 14-55 in corrosive environment, 12-3 plate, 28-50, 28-60 post-tensioned, 11-18, 36-18 rock, 27-25 stressing, 16-16 tie rod, 14-53 wedge, 11-10, 11-25 andesite, 5-42 Ando, Tadao, 30-2 anodes, 5-37, 16-26 anodic corrosion inhibitors, 3-9; see also corrosion protection anodic reaction, 21-52 anodic ring effect, 16-14 anticollision systems for cranes, 19-40–19-43 antifoaming agent, 3-16 antifreeze admixtures, 3-12–3-13 antiwashout admixtures, 3-13–3-14, 15-6, 15-7, 15-9–15-13 appearance, of concrete, 10-3, 30-72; see also color, finishes, finishing, surface finishes uniform, 5-31 applied coatings, 30-30 aqua valves, 15-7 aragonite, 2-26 architectural concrete, 3-6, 20-7, 30-1–30-73 admixtures, 30-15–30-16 aggregates, see aggregates: architectural concrete appearance, acceptability of, 30-72
 
 Concrete Construction Engineering Handbook applications, 30-5–30-6 cast-in-place, 30-2–30-73 reinforcement, 30-41–30-48 cleaning, 30-70–30-72 color, 30-19 consolidation, 30-52–30-58 construction, 30-32–30-59 cracks, 30-70 curing, 30-58–30-59 discoloration, 30-3, 30-15, 30-18, 30-28, 30-35, 30-36, 30-52, 30-58, 30-59, 30-67, 30-68, 30-70 finish cleanup, 30-68–30-72 form ties, 30-38–30-40 forming, 30-7, 30-32–30-40 innovations, 30-72 materials–mixture design, 30-12–30-19 placement, 30-48–30-52 planning, 30-6–30-12 budget, 30-6–30-7 drawings, 30-7–30-8 mock-up construction, 30-11–30-12 prebid conference, 30-10–30-11 preconstruction conference, 30-11 quality control, 30-9–30-10 specifications, 30-8–30-9 precast, 30-4–30-73 production and installation of, 30-60–30-67 texture, 30-30–30-32 tolerances, 30-65–30-66 protection of, 30-59 release agents, 30-17, 30-18–30-19, 30-21, 30-25, 30-28, 30-30 repair of, 30-68–30-70 smooth surface, 30-20–30-21 texture, 30-16–30-17, 30-19–30-32 wood sealers, and, 30-17, 30-18 architectural details, 9-19 architectural prestressed concrete, 11-18–11-19 architectural surface, 10-3 architecture design/engineering/construction (A/E/C) industry, 18-12, 18-16 argillites, 5-40 Arrhenius equation, 21-17, 21-18–21-20, 21-24 ArtifexPlus, 18-13, 18-16 artificial islands, 13-15 as-cast concrete surface, 30-20, 30-21 as-produced silica fume, 2-29 ASCE 7, 10-5, 32-6, 32-7–32-29 ASD adjustment factors, 7-28–7-31 asphalt overlays, 23-1, 23-3 ASTM A 416, 12-3, 12-44, 30-47 ASTM C 1019, 28-10, 28-34
 
 I-5
 
 Index ASTM C 1040, 15-25, 21-61 ASTM C 1074, 21-17, 21-24, 21-25 ASTM C 1150, 21-15, 21-16 ASTM C 1157, 5-27, 5-36, 5-41 ASTM C 1170, 15-25, 20-17 ASTM C 1240, 5-28, 5-41 ASTM C 1293, 5-40, 5-41 ASTM C 1314, 28-36, 28-37, 28-38 ASTM C 1384, 28-8, 28-15 ASTM C 143, 5-2, 5-33, 6-9, 28-33 ASTM C 150, 3-12, 5-23, 5-36, 5-37, 5-41, 10-3, 10-26 ASTM C 1567, 5-40, 5-41 ASTM C 157, 16-12, 23-4 ASTM C 1611, 5-43, 6-35, 28-10 ASTM C 231, 5-33, 15-3 ASTM C 270, 28-6, 28-8, 28-9, 28-15, 28-32, 28-33, 28-36 ASTM C 31, 5-33, 6-41 ASTM C 33, 5-29, 10-27, 23-3, 31-7 ASTM C 39, 6-41, 6-42 ASTM C 476, 28-10, 28-34, 28-36 ASTM C 494, 3-1, 3-2, 3-3, 3-4, 3-5, 3-6, 3-7, 10-23, 10-27 ASTM C 595, 3-12, 5-27, 5-36, 5-41 ASTM C 618, 5-28, 5-41, 6-31, 10-26 ASTM C 642, 5-10, 24-32 ASTM C 666, 2-27, 2-37, 24-26 ASTM C 672, 2-39, 24-27 ASTM C 780, 28-32, 28-33 ASTM C 876, 21-53, 21-54 ASTM C 90, 28-11, 28-36 ASTM C 900, 21-12, 21-15 ASTM C 937, 15-3, 15-4 ASTM C 94, 6-38, 6-41 ASTM C 989, 5-28, 5-41 ASTM D 4580, 21-31, 21-40 ASTM D 4748, 21-44, 21-48 ASTM D 4788, 21-40, 21-42 ASTM standards, 5-43–5-44 attenuation, 21-47, 21-48, 32-3, 32-6 acceleration, 32-3, 32-4, 32-5 earthquake, 32-4 foundation stress, 14-28 ground motion, 32-5 load, 14-67 motion, 32-3 radiation, 21-60 site geology, and, 32-5 stress, 14-68–14-69 velocity, 32-4 measurement, 21-8 Atterberg limits, 14-2, 14-4–14-5 auger, 10-14
 
 autoclaved aerated concrete (AAC), 28-8, 28-20 compressive strength, 28-38 autogenous volume change, 20-22, 20-70 automatic sprinkler systems, 31-2–31-3 automation, 18-1–18-16 axial capacity, 25-12, 27-6 fiber-reinforced polymer systems, and, 25-18–25-20 axial compression, 7-38, 7-48, 28-47–28-48, 28-49, 28-51–28-53, 28-55–28-58, 28-60, 28-62–28-63, 28-65–28-67 axial creep, 35-3 axial load, 10-11, 28-27, 28-52, 28-53, 28-55, 28-58, 28-59, 28-60, 28-62, 28-63, 28-65, 28-66, 28-68, 32-36, 36-5–36-7, 36-10, 36-24 axial stress, 32-36, 32-37 axially loaded columns, 36-5–36-7
 
 B backfill, 14-43–14-44, 14-45, 14-46, 14-47, 14-48, 14-50, 14-51, 20-52 drainage of, 14-56 backhoes, 19-2, 20-3 backing, defined, 28-3 backlash, 27-13, 27-15, 27-16, 27-17, 27-18 backscatter, 21-61 backshores, 7-14 backup mix, 30-73 bag houses, 2-29 Baha’i Temple, 30-4 balanced cantilever bridge construction, 29-11–29-12, 29-16, 29-19 balanced strain state, 36-23 ball and crane demolition, 12-40 ballast, 13-25, 13-31 bar location factor, 36-28 bar size factor, 36-28 barges, 11-35, 11-40, 11-43, 11-44, 11-56, 13-27, 33-2 concrete, 13-2, 13-13–13-14 crane, 13-4 submersible, 13-26, 13-29 barite, 1-19, 6-4 base isolation, 32-45–32-46 base shear, 32-22–32-24, 32-27, 32-29 defined, 32-62 batch mixers, 20-59, 20-61 bays, column, 10-17, 10-19, 10-20 beam daps, 36-15 beam forms, 7-16 beam–slab systems, one-way, 10-17–10-19 beam-stability factor, 7-33
 
 I-6 beams, 9-3, 9-4, 9-7, 9-14, 9-22, 10-8, 10-9, 10-15, 10-19, 10-22, 11-29, 11-33, 12-2, 12-4, 12-8, 12-9, 12-27, 12-30, 12-31, 16-5, 18-8, 22-3, 32-19, 33-12, 36-7–36-10; see also joints: beam–column between columns, 8-16 bond, 28-3, 28-20, 28-42, 28-55 boundary, 8-7 box, prestressed, 33-3, 33-7–33-8 CAD, and, 18-8 cantilevered, 20-48 cast-in-place concrete, 30-46, 34-5, 34-6, 34-9 channel, 30-46, 30-47, 33-3, 33-4 coarse aggregates, and, 10-27 compression steel in, 9-17 compression strength, and, 8-21 continuous, 10-16, 36-15 crack control in, 36-4 cracked vs. uncracked, 9-7 cracking of, 12-28 dead load moments of, 9-13 deep, 36-15–36-21 demolition of, 12-40 displacement-controlled test of, 27-13 displacement of, 27-28 failure of, 8-27, 22-13, 36-10 fiberglass-reinforced, 22-19 fiber-reinforced polymer systems, and, 25-16 flexural cracking, and, 8-34, 8-36, 25-5 flexural strength of, 22-12, 26-17 grade, 32-38, 32-40, 32-45 high-strength concrete, 24-21 hybrid, 34-11, 34-12, 34-17, 34-20, 34-21 size of, 34-20, 34-24 impact-echo testing of, 21-35 internal strength of, 34-3, 34-4 maintenance of, 35-15 mechanized formwork for, 19-50 modeling of, 18-9, 18-10–18-11, 18-12 modulus of rupture of, 8-37 multi-stemmed, 33-4 post-tensioned, 4-28–4-29, 10-40, 30-45–30-47 precast, 19-4, 34-5, 34-11 prestressed, 10-38 bulb-tee, 33-8 inverted channel, 33-5–33-6 single-tee, 33-6 pretensioned, 10-40 prism-reinforced, 22-17–22-18 proportioning of, 10-16–10-17 rectangular, 9-6, 9-14 reinforced concrete, 24-12, 25-4, 25-6, 36-4–36-5 reinforced geopolymer, 26-14–26-18
 
 Concrete Construction Engineering Handbook reinforcement of, 12-11–12-12 retrofit of, 12-31 singly reinforced, 36-11 size of, 34-20 spacing of, 10-7 spandrel, see spandrels steel, 33-12 steel/engineered cementitious composite, 24-12 strengthening of, 12-30 tension-controlled, 36-10 twist in, 9-9 with fibers, 22-8 bearing, 7-30, 7-42, 7-45, 7-46 area, 7-40, 7-41, 7-42, 7-46 factor, 7-34 capacity, 10-14, 14-32–14-36, 14-37, 14-58 estimating, 14-76–14-79 mat footings, 14-37–14-40 pile group, 14-65 compression, 7-38 plates, 7-9, 7-11, 11-11, 11-20 strength, 13-22, 20-48 stress, 4-22, 7-42, 7-46, 11-57, 20-47, 21-15, 28-53, 32-36, 32-37, 34-10, 36-18 supports, 7-35, 7-36 wall, 7-14, 28-26, 28-47 construction, 10-29 system, 32-12, 32-45, 32-62 bed joints, 28-3, 28-6, 28-18, 28-26, 28-36, 28-42, 28-60, 28-62 bedding mixtures, 20-40, 20-43, 20-44, 20-47, 20-48, 20-49, 20-51, 20-52, 20-56, 20-63 bedrock, 14-2, 14-24, 14-28, 14-76, 14-77 belt conveyors, 19-45; see also conveyors bendable concrete, 24-8 bending, 7-28, 7-35, 7-36, 7-39, 7-46, 10-7, 10-8, 11-4, 11-40, 11-57, 30-34, 32-32, 36-15 deflection, 7-34 engineered cementitious composite (ECC), 24-8 flexural bending, 7-38, 7-40, 7-43, 7-44, 7-45, 7-46, 28-53 load, 24-6, 32-36 moment, 4-18, 4-25, 8-27, 8-47, 10-15, 10-18, 10-37, 11-50, 14-50, 14-57, 18-10, 18-11, 25-13, 28-52, 28-53, 28-57, 28-62, 28-67, 28-68, 31-6, 32-35, 32-38, 32-40 stress, 4-22, 11-57, 21-15, 28-53, 32-36, 32-37 bent cap bolsters, 32-61 benzoates, 3-7 berthing structures, 13-2 Big Canopy, 18-5 binders, 26-2, 26-3 engineered cementitious composite, 24-9
 
 Index Bingham fluid, 15-21 bituminous coal, 2-2, 2-17 bituminous fly ash, 2-13, 2-18 black iron oxide, 29-25 Blaine specific-surface method, 2-5, 2-6, 2-20, 2-29 blast-furnace slag, 1-11, 1-25, 2-18–2-27, 5-27, 5-29, 6-18, 11-5, 11-16; see also slags carbonation, and, 2-27 creep, and, 2-23 durability, and, 2-24–2-27 expansion, and, 2-26–2-27 flexural strength, and, 2-23 granulated, 2-19, 2-20, 2-21, 2-22, 2-23, 2-24, 2-25, 5-27, 5-28, 5-41, 6-33, 6-42, 15-23, 26-2 hardened cement, and, 2-21–2-24 modulus of elasticity, and, 2-23 permeability, and, 2-24 properties of, 2-20–2-21 proportioning, 2-20 shrinkage, and, 2-23 strength development, 2-21 sulfate attack, and, 2-24–2-25 blasting mats, 11-61 bleeding, 2-10, 2-20, 2-33, 2-34, 2-36, 3-4, 3-6, 3-7, 3-14, 3-16, 4-10, 5-2–5-6, 5-28, 5-31, 5-35, 6-40, 10-3, 10-17, 11-5, 11-23, 15-3, 15-4, 15-11, 20-17, 27-5, 30-57, 30-58 blended hydraulic cements, see cements: blended hydraulic blind lifts, 19-40 blisters, 11-41, 11-55 bloating, of raw materials, 1-17 blockouts, 12-8, 12-14, 20-51, 30-29 blow holes, 30-31, 30-56, 30-73; see also bug holes blowouts, 10-34, 10-36, 12-20, 12-24–12-27, 12-39, 12-42, 28-11 Blue Ridge Parkway, 29-2, 29-9–29-10, 29-20, 29-23, 29-25, 29-28 Bob Graham Sunshine Skyway Bridge, 29-2, 29-19 Bodkin connector, 14-51 bolsters, 11-41, 11-42 bolt ties, 30-39 bolted assemblages, 34-7–34-11, 34-18–34-20 bond, 8-41, 11-18 bond beam, 28-3, 28-20, 28-42, 28-55 bond breaker, 10-28, 10-29, 11-39, 11-42, 12-2, 16-14, 17-6, 17-15, 30-31, 30-39, 30-73 bond failure, 16-11, 23-5, 27-4 bond patterns, 28-16–28-18 bond splitting, 24-12, 24-14, 24-18, 24-19, 24-21, 24-22, 25-8 bond strength, 3-16, 8-20, 8-22–8-26, 8-41, 11-26, 11-56, 16-11, 23-3, 23-4–23-13
 
 I-7 overlay, 23-3, 23-4–23-13 revibration, and, 30-57 bond stress, 4-25 bonded concrete overlays, 23-1–23-16, 33-2, 33-16; see also overlays bonded foil gauges, 27-18 bonded post-tensioned concrete, 16-16 bonded prestressing, 10-38 bonding agent, 30-70, 30-73 boom, 19-15–19-17, 19-34, 19-44, 19-45, 19-46, 20-63, 21-40 articulated, 19-48 climbing, 19-3, 19-8, 19-50 extension, 19-38 knuckle, 19-43, 19-48 lattice, 19-35–19-36, 19-37, 19-38, 19-40 length of, 19-16–19-17 lifts, 19-48 luffing, 19-37 placing, 19-3, 19-4, 19-7, 19-8, 19-9, 19-17, 19-18 location of, 19-8 pump, 19-15, 19-17 rear-mounted, 19-43 telescopic, 19-35–19-36, 19-37, 19-43, 19-48 tower-mounted, 19-15, 19-17–19-19 trucks, 19-43–19-44 Z-type, 19-17 borax, 3-2 borescope, 21-30 boring, 14-28, 14-29 bottom-dump trailers, 20-64–20-65 bottom-founded structures, 13-2–13-9, 13-24, 13-25, 13-26 boundary elements, 32-45, 32-62 boundary members, 32-33 boundary representation, 18-9, 18-10 box girders, 11-43, 11-46, 27-27, 29-2, 29-5, 29-7, 29-14, 29-15, 29-17, 29-29, 29-32, 32-54 braced frames, 10-15 bracing, 7-3, 7-9, 7-16, 7-26, 7-27, 7-34, 7-42, 10-15, 10-28, 11-31 concrete, 13-11 crane, 19-28 cross-, 7-43 demolition, and, 12-40 design of, 7-43, 7-46–7-48 diagonal, 7-16, 7-42 excavation, 14-55–14-56 for precast elements, 30-60, 30-63 lateral, 10-15 pile, 13-4 seismic, 34-1–34-24 tilt-up, 11-55
 
 I-8 bracketed duration, 32-3 Bragg grating, 27-21 Branson’s creep evaluation model, 4-6, 4-7, 4-9 Brazilian split-cylinder test, 20-27, 20-28 breakaway parapet, 20-45 breakers, 12-40 break-off number, 21-15, 21-16 break-off test, 21-15–21-16, 21-26 failure, 21-16 B-regions, 36-15 brick, 8-48, 21-18–21-19, 27-9, 28-3, 28-4–28-5, 28-11, 28-13, 28-25, 30-27, 30-71, 30-31, 31-9, bridge coatings, 29-25 bridge decks, 1-22, 3-14, 3-15, 5-17, 5-25, 5-38, 6-21, 7-7, 11-12, 11-34, 13-14, 15-22, 16-4, 16-5, 21-40, 21-41, 21-42, 21-45, 21-47, 21-48, 21-61, 22-3, 22-21, 22-23, 27-25; see also bridges chain-drag testing of, 27-6 engineered cementitious composite (ECC), and, 24-12, 24-27, 24-31, 24-37 macro texture of, 23-8–23-10 overlays on, 23-1–23-16 precast concrete, 33-2, 33-3, 33-6–33-7, 33-9–33-12 bridge piers, 7-9, 10-34, 11-15, 11-46, 11-56, 13-9, 13-14, 14-57, 15-3, 15-7, 29-7, 29-8, 29-10, 29-12, 29-13, 29-16, 29-17, 29-21, 29-22, 29-23, 29-25, 29-26 bridges, 10-2, 10-7, 10-13, 10-26, 11-3, 11-17, 11-18, 11-20, 11-21, 11-25, 11-30, 11-33–11-46, 13-4, 13-9, 16-16, 18-9; see also bridge decks, bridge piers, cantilever bridge construction aesthetics of, 29-1–29-32 color, 29-24–29-26 texture, 29-24–29-26 alignment of, 29-5–29-6 cable-stayed, 13-14, 29-13–29-15, 29-30 cable-stayed concrete segmental, 11-40 cast-in-place, 7-5 cast-in-place cantilever segmental, 11-40–11-42 composite reinforced concrete, 22-19 conceptual design of, 29-4–29-8 context-sensitive design of, 29-10–29-11 continuous concrete slab, 27-26 demolition of, 11-60 detecting delamination in, 21-40 drainage for, 29-29 earthquake-damaged, retrofit of, 32-56–32-61 environmental sensitivity of, 29-9–29-11 float-in erection, 11-43–11-44 floating, 13-9, 13-14, 13-26 in urban environments, 29-15–29-17
 
 Concrete Construction Engineering Handbook incremental launching of, 11-43 inspection of, 16-3 lift-in erection of, 11-43–11-44 load testing of, 27-4 long-span, 11-60 long-span prestressed, 29-1–29-32 construction methods for, 29-11–29-23 performance evaluation of, 27-21–27-28, 27-29–27-31 post-tensioned precast segmental, 11-38–11-40 precast cantilevered segmental, 11-42–11-43 prefabricated elements for, 33-1–33-16 repair of, 16-2 seismic analysis/design of, 32-48–32-56 shapes of, 29-17–29-23 shear-key cracking in, 27-27–27-28 span length of, 29-6 span-to-depth ratio, 29-7–29-8 structural depth of, 29-7 three-span slab, testing of, 27-22–27-26 truck load testing of, 27-26 underside appearance of, 29-21 utilities, and, 29-29 widening of, 11-60 Brinell hardness test, 21-2 brittleness, 20-53, 24-1, 24-2, 24-4, 24-29, 24-39, 25-3 Broadway Bridge, 29-21, 29-29, 29-30 bromides, 6-7 brown coat, plaster, 15-19 bubble-spacing factor, 2-37, 15-11 buckets, 5-6, 8-6, 10-27, 11-6, 13-26, 15-7–15-8, 19-5, 19-6, 20-61, 20-67, 30-50 buckling, 7-41, 7-42, 7-43, 10-15, 34-6, 36-24 axes, 7-34, 7-42, 7-48 failure, 7-34, 36-24 lateral, 7-39, 7-40, 7-44, 7-45 side-sway, 10-15 stiffness factor, 7-31 strength, 7-16 bug holes, 30-13, 30-16, 30-18, 30-22, 30-27, 30-28, 30-31, 30-51, 30-52, 30-56, 30-69, 30-73 building-block geometry, 18-9 building codes, 10-4, 10-6, 10-32, 12-30, 13-18, 14-37 building dimensions, masonry and, 28-16 building frame system, 32-13 building loads, see load Building Research Establishment (BRE) pullout test, 21-13, 21-15 building separation, 32-28 building weight, 32-18, 32-22, 32-24, 32-29 bulb tee, 11-36
 
 Index bulk density, 5-30 bulkhead, 7-16 bulldozers, 20-2, 20-3, 20-62, 20-66, 20-67, 20-68, 20-69 Burgers rheological model, 4-5 burlap, 2-34, 5-15, 8-24, 11-58, 15-25, 23-12, 30-58 burnishing, 15-19 bursters, 12-40 bushhammering, 30-25–30-27, 30-32, 30-34, 30-68, 30-73 button-head wire tendons, 12-2
 
 C cable-stayed bridges, 13-14, 29-13–29-15, 29-30 caissons, 10-12, 10-13, 10-14, 13-2, 13-9, 13-15, 14-57, 14-76–14-79, 15-7, 15-8, 16-22, 16-23, 16-24, 16-26, 16-27, 16-31, 16-32, 16-38, 16-39 drilled, 16-20 integrity of, 21-33 lightweight aggregate concrete, 13-15 reinforcement of, 10-14 Calatrava, Santiago, 30-2 calcite, 1-3, 1-20, 30-26 calcium, 2-1, 2-2, 26-14, 30-24; see also fly ash: low-calcium calcium aluminate, 1-2, 1-10, 1-11, 2-15, 2-17, 2-24, 3-2, 3-6, 3-7, 3-14 hydrates, 5-35 calcium aluminoferrites, 1-2, 2-17 calcium carboaluminate hydrate, 2-26 calcium carbonate, 1-22, 2-15, 2-26, 5-10 calcium chloride, 2-15, 3-7, 3-8, 4-11, 5-31, 6-7, 8-21, 8-22, 8-23, 12-20, 12-27, 15-17, 16-19, 35-17 architectural concrete, and, 30-15–30-16 calcium formate, 3-7 calcium hydroxide, 1-22, 2-15, 2-24, 2-25, 2-26, 2-36, 5-27, 6-31, 6-33, 11-4 efflorescence, and, 1-25 calcium magnesium acetate, 35-17 calcium monosulfoaluminate, 5-42 calcium nitrate, 3-7 calcium nitrite, 3-8, 3-9, 5-38, 11-5 calcium oxide, 3-14, 26-3 calcium silicate, 1-2, 1-3, 1-4, 1-6, 1-7, 1-12, 2-15, 2-25, 3-2, 5-12, 5-23 calcium silicate glasses, 1-17 calcium silicate hydrate, 1-6, 2-2, 2-25, 2-32, 2-37, 5-12, 5-35, 5-42, 6-31 calcium silicocarbonate, 2-26 calcium sulfate, 1-10, 2-6, 2-18 calcium sulfoaluminate, 2-25, 3-14, 23-2
 
 I-9 calcium thiosulfate, 3-7 calcium-alumina-silicates, 6-33 calcium–aluminate cement, 1-10 Calgon®, 3-7, 14-2 Caltrans’ response spectra, 32-50–32-51 camber, 4-32, 8-49, 9-18, 9-19, 9-20, 9-21, 10-23, 11-4, 11-23, 11-32, 11-33 cameras, for cranes, 19-40 canopy, for high-rise construction, 18-5 cantilever, 9-7, 9-14, 9-19, 9-20, 9-22, 11-40–11-43, 12-43 cantilever bridge construction, 29-4, 29-6, 29-9, 29-10, 29-11, 29-12, 29-13 cantilever retaining wall, 14-48–14-50 cantilever sheet piles, 14-52–14-53 cantilever suspended spans, 11-36 cantilever wall system, 16-20, 16-28 cantilevered column system, 32-13 capacity-reduction factors, 16-10 capillary pores, 1-8 capillary suction, 24-31, 24-32–24-33 CAPO test, 21-15 carbohydrate esters, 3-5, 6-8 carbohydrates, 3-3 carbon content of fly ash, 26-3 carbon dioxide, 1-11, 1-22, 2-15, 2-17, 2-26, 2-27, 4-12, 5-10, 5-11, 11-58, 16-13, 26-1, 26-2 carbon-fiber fabrics, 25-11 carbon-fiber-reinforced cement-based composites, 22-14, 22-16, 22-20–22-24 carbon-fiber-reinforced epoxy laminates, 25-9, 25-10 carbon-fiber-reinforced polymer (CFRP), 22-21, 22-23, 22-24, 25-2, 25-3, 25-13 carbon-fiber sheets, 11-60, 16-15, 22-24 tow, 25-10–25-11 carbon–glass–polyester composites, 22-21 carbonates, 5-10, 6-7 carbonation, 1-22, 1-25, 5-10–5-11, 5-29, 5-37, 11-58, 16-13, 17-1, 21-4, 21-54, 24-30, 27-22, 28-38, 30-24 blast-furnace slag, and, 2-27 fly ash, and, 2-15, 2-18 shrinkage, 2-15, 4-10, 4-12 silica fume, and, 2-32, 2-36 carbonic acid esters, 3-12 carboxylates, 3-5, 3-10 carboxylic acid, 3-11 carnauba wax, 30-18 Casagrande’s liquid limit device, 14-4, 14-5 casing, 10-13–10-14 casing beads, 15-18 cast-in-place concrete, see concrete: cast-in-place
 
 I-10 cast-in-place pullout test, see pullout test cathead frame, 19-26 cathodes, 21-52 cathodic protection, 1-22, 3-9, 5-38, 5-39, 11-59, 11-60, 16-20, 16-26–16-27, 21-60 impressed current, 16-20, 16-23, 16-26, 16-27, 16-38 cathodic reaction, 21-54 cavity, 28-3, 28-4, 28-18, 28-19, 28-20, 28-21, 28-22, 28-50, 28-61 CEB-FIP creep model, 4-10 CEB-FIP shrinkage model, 4-16 cell, 28-3 cell decompositions, 18-9 cellulose, 15-10, 15-11 cement grout, 11-23, 11-24 cement paste, see paste, cement cementitious content roller-compacted concrete, 20-8, 20-10–20-20, 20-22–20-28, 20-32–20-35, 20-39, 20-41, 20-44, 20-45, 20-47, 20-49, 20-53, 20-58, 20-59, 20-62, 20-65, 20-66; see also cementitious materials permeability, and, 20-39 cementitious materials, 11-4–11-5, 20-7–20-15, 20-22–20-29, 20-33–20-35, 20-39, 20-43, 20-60, 20-70, 28-6, 28-38; see also cementitious content: roller-compacted concrete activation energy, and, 21-18 ASTM standards for, 28-4 permeability, and, 20-39 cements, 1-1, 6-30, 6-31, 9-15, 9-20, 11-16, 20-8, 20-10, 20-20, 20-25, 20-40, 20-43, 20-44, 20-45, 20-60 air-entraining, 5-23, 5-27, 15-17 alkali-activated, 6-2 architectural concrete, 30-12–30-13 blended, 5-37, 5-38, 5-41, 15-17, 15-18 blended hydraulic, 5-10, 5-23, 5-27, 5-39 cracking, and, 8-48 densified, 6-2 densified small-particle, 22-14, 22-15 expansive, 1-10, 23-4 fiber-reinforced, 22-14–22-17 green, 1-11 high-alumina, 1-10–1-11, 2-24 high-early-age, 8-41 high-early-strength, 2-14, 5-27 hydraulic, 1-2, 1-9, 2-5, 3-14, 15-17, 5-27, 6-2, 6-4, 15-2, 15-4, 15-9, 23-2, 33-2, 33-10, 33-16 blended, 5-10, 5-23, 5-27, 5-39 overlays, 23-1–23-16
 
 Concrete Construction Engineering Handbook lateral pressure, and, 7-24 low-alkali, 5-39, 5-40, 5-41–5-42, 15-17 macrodefect-free, 6-2, 22-14 magnesium phosphate, 27-27 masonry, 15-17, 28-8, 28-9 mortar, 28-8, 28-9 performance of in concrete, 1-11–1-12 perlite, 6-2 plastic, 15-17 Portland, see Portland cement rapid-hardening, 4-11 shrinkage in, 4-11 shrinkage-compensating, 17-10, 17-13 slag, 1-10 sulfate-resistant, 1-25, 2-15, 2-17, 11-4 superplasticizers, and, 1-4; see also superplasticizers supersulfated, 1-10, 1-11, 2-24 Type K, 23-4 types of, 5-36, 11-4 white, 11-18, 29-24, 30-12, 30-19, 30-21, 30-30 CEMROC, 1-11 centering, 7-16 ceramic glaze, 30-31 chain-drag technique, 16-3, 21-40, 27-6 chairs, 7-14, 11-9, 11-26, 12-7, 12-43, 30-42, 30-43, 30-44 chalcedony, 5-40 chamfer strips, 7-17 channel beam, prestressed, 33-3, 33-4 inverted, 33-5–33-6 charge-coupled device (CCD) cameras, 21-30 checkerboard loading, 10-16 checklist for structural inspection, 35-17–35-18 chemical shrinkage, 21-21; see also shrinkage silica fume, and, 2-33 chert, 1-19, 5-30, 5-40 Chesapeake and Delaware Canal Bridge, 29-4–29-5, 29-13–29-14, 29-29 chloride, 5-10, 6-2, 6-7, 11-5, 11-9, 11-46, 11-58, 11-59, 12-8, 12-9, 12-22, 12-27, 13-20, 21-47, 21-54, 23-14, 23-16, 27-22, 27-23, 30-24, 33-2, 33-12 corrosion, and, 5-38 diffusion, 24-31–24-32 ions, 1-22, 2-14, 2-18, 2-25, 2-36, 5-29, 5-37, 11-58, 11-59, 13-23, 16-4, 16-13, 16-22, 16-25, 23-1, 23-3, 24-27, 24-30, 35-15 penetration, in steel reinforcement, 24-34 ponding test, 5-10 salts, 5-38 chromates, 3-7, 30-45 citric acid admixtures, 23-2 city cranes, 19-24, 19-36
 
 Index cladding, 10-5, 10-6, 30-5, 30-8 Class C fly ash, 2-2, 2-10, 2-11–2-12, 2-15, 2-16 Class F fly ash, 2-2, 2-10, 2-11–2-12, 2-15, 2-16 clay, 1-2, 1-3, 1-14, 1-17, 1-20, 5-30, 6-4, 14-2, 14-5, 14-10, 14-11, 14-28, 14-76, 26-2, 31-8; see also soil: clayey ASTM standards for, 28-4–28-5, 28-11–28-13 calcined, 5-28 consolidation settlement, and, 14-18, 14-20, 14-22 earth pressure, and, 14-55 expansion of, 28-38 liners, 14-26, 14-27 sample, undisturbed, 14-29 saturated, 14-16–14-23 settlement in, 14-32 ultimate bearing capacity in, 14-31 undrained strength of, 14-12, 14-13 cleanouts, 7-17, 28-3, 28-21, 28-22 clearance, 11-13, 11-20, 18-13, 30-66 bridge, 29-7, 29-8 conveyor, 20-64 crane, 19-26, 19-37 material handler, 19-46 precast member, 30-63, 30-66 sawed joints, 17-5 under beams and joists, 7-9 climbing boom, 19-3, 19-8, 19-50 climbing cage, 19-8–19-9 climbing cranes, 19-4, 19-7, 19-8, 19-9, 19-18, 19-24, 19-25, 19-28 climbing forms, 7-13, 19-3, 19-4 climbing passenger hoist, 19-47 clinker, 1-3, 1-6, 1-9, 5-23 clip gauge, 27-19 closed-loop testing, 27-12, 27-18 closure strips, 12-41, 35-8–35-9, 35-13 coal, 2-1, 2-2, 2-6, 2-29, 5-27, 5-30, 6-9 coating factor, 36-28 coating, corrosion-preventive, 12-4; see also corrosion: protection coatings, 10-13 architectural concrete, 30-30 bridge, 29-25 codes, 8-55–8-58 coefficient of thermal expansion, 5-21, 13-22, 16-11, 16-13, 17-6, 20-22, 20-34, 20-70, 25-3–25-4, 27-21 cofferdams, 15-3, 15-7, 20-9 cohesion, 14-7, 20-34, 20-35, 20-48 coil ties, 7-11 cold weather, 5-32–5-33, 6-40, 16-13, 20-44, 20-53, 20-61, 21-23, 28-22, 28-23–28-24, 30-18, 30-40, 30-59, 30-63, 30-64
 
 I-11 collapse, 7-4, 11-32 progressive, 8-37, 11-32, 11-33, 12-38, 13-25 collar joint, 28-3, 28-4 colloidal underwater concrete, 15-10 color, 10-3, 30-19 accelerated concrete, 3-8 aggregates, and, 30-12, 30-14, 30-16, 30-19, 30-21, 30-32 blast-furnace slag concrete, 2-21 bridge, 29-24–29-26 silica-fume concrete, 2-32 uniformity, 29-24, 30-2, 30-4, 30-12, 30-13, 30-14, 30-16, 30-17, 30-18, 30-19, 30-20, 30-21, 30-22, 30-24, 30-27, 30-31, 30-35, 30-40, 30-58, 30-59, 30-68, 30-69, 30-72 variation, see color: uniformity coloring pigments, 30-4, 30-6, 30-12, 30-13, 30-14, 30-16 column bay, 10-17 column beams, fiber-reinforced polymer systems, and, 25-16 column capitals, 10-19, 10-21, 10-22 column cracks, 35-5–35-6 column displacement, 32-55 column forms, see forms: column column stability factor, 7-34, 7-42, 7-48 column stiffness, 32-53 column strips, 10-19, 10-20, 10-21 column-to-footing connections, 32-59 column-to-superstructure connections, 32-61 columns, 6-23, 6-40, 7-43, 8-31, 8-33, 10-11, 10-12, 10-15, 10-17, 10-20, 10-21, 10-28, 10-32–10-33, 10-38, 12-4, 12-8, 12-11, 12-30, 12-31, 13-4, 13-11, 16-5, 17-10, 17-12, 32-19, 36-18–36-21, 36-23–36-25, 36-36; see also joints: beam–column, joints: slab–column axially loaded, 36-5–36-7 cantilevered, 32-13 cast-in-place, 10-31 composite, 10-10 defined, 7-26, 28-3 ductility enhancement of, 25-11 edge, 9-15 effective length of, 10-16 engineered cementitious composite (ECC), 24-18–24-19 fiber-reinforced polymer systems, and, 25-18–25-19 fire resistance of, 31-11–31-13 flared, 32-56 free-standing, 10-32 geopolymer concrete, 26-14–26-18 impact-echo testing of, 21-35
 
 I-12 columns (cont.) interior, 6-35, 6-40 lateral drift of, 10-16 lift-slab construction, and, 10-31 maintenance of, 35-15 mechanized formwork for, 19-50 modeling of, 18-9, 18-10–18-11 nonslender, 36-23–36-24 offset of, 10-20 one-way slabs, and, 10-19 Portland cement, 26-16, 26-17 precast, 10-31, 11-33, 34-11 proportioning of, 10-15–10-16 rectangular, 25-19, 25-20 reinforced concrete, 24-18–24-19 retrofitting, 32-43 seismic resistance, and, 32-53 site-cast, 10-28 size of, 10-22, 34-23 slender, 10-15, 10-16, 36-24–36-25 square, 10-22 steel, 10-12, 10-28, 13-4 protected by masonry, 31-13 stiffness of, 32-51 sway vs. nonsway, 10-16 unbonded post-tensioned precast, 24-21 combined footings, 10-10, 10-11 compact reinforced composite (CRC), 22-14, 22-15 compact strand, 11-10; see also strands compacted silica fume, 2-29 compaction, 6-2, 15-19, 15-20, 15-23, 20-21, 20-34, 20-49, 20-61, 20-62, 20-65, 20-66 architectural concrete, 30-55, 30-56 compartmentation, for fire protection, 31-3–31-4 compatibility torsion, 36-22 complete quadratic combination (CQC) method, 32-27 components and cladding, 10-5 composite construction, 10-7–10-10 composite fiber wrap, 32-59 composite metal decking, 10-9 composite steel–concrete construction, 11-18 composites, 22-1–22-25 compressibility pile, 14-63 soil, 14-2, 14-5, 14-14–14-23 compression, 2-21, 7-30, 7-43, 7-48, 13-24, 14-14–14-23, 15-15, 20-32 -controlled strain limit, 36-10 cubes, 28-8 edge, of a beam, 7-33 face shell, 28-55, 28-56, 28-65, 28-66 members, 36-13
 
 Concrete Construction Engineering Handbook columns, 36-23–36-25 compression-controlled, 36-10 confinement of, 36-6 failure, 36-5 tensile strain in, 36-10 reinforcement, 4-18, 4-21–4-22, 9-4, 9-5, 9-13, 9-17, 28-64 splices, 11-9 steel, 9-17 stress, 7-41, 7-42, 7-48, 23-13; see also stress: compressive allowable, 7-41, 7-42, 7-48 strength; see also compressive strength overlay, 23-3 tests, 20-60 compressive block, 36-7–36-9, 36-13 compressive failure, 25-5, 25-14, 36-5 compressive force, 10-38, 28-54, 28-56, 28-57, 28-63, 32-51 axial, 7-48 compressive load, 4-5, 34-10 compressive strain, see strain: compressive compressive strength, 4-16, 4-18, 4-22, 4-29, 5-12, 5-30, 5-35, 6-8, 6-9–6-29, 6-37, 6-41, 8-20–8-27, 8-36, 8-41, 8-52, 9-15, 9-18, 10-9, 10-10, 10-23, 11-11, 11-17, 11-52, 12-8, 12-20, 12-22, 12-26, 13-19, 13-22, 14-67, 15-2, 15-13, 16-13, 16-34, 16-35, 21-18, 21-24, 21-25, 21-27, 22-3, 24-4, 24-23, 25-18, 26-9, 27-6, 36-9 3-day, 5-15 28-day, 4-18, 5-32 abrasion resistance, and, 5-17 admixtures, and, 15-11–15-12 air entrainment, and, 3-12 antiwashout admixtures, and, 3-14 architectural concrete, 30-26, 30-31 autoclaved aerated concrete, 28-8, 28-20 average, 6-15–6-18, 6-19, 6-22, 6-25, 6-29 blast-furnace slag, and, 2-21–2-23 bond strength, and, 23-5 break-off number, and, 21-16 cement-based composite, 22-14 clay, 14-13 column, 24-18 concrete, 14-77, 14-79, 36-6, 36-16, 36-33 concrete element, 33-2 cube, 21-2, 21-4 cylinder, 4-16, 4-29, 6-9–6-29, 8-21, 8-24, 8-27, 8-41, 8-43, 9-20, 13-19, 25-4, 36-2, 36-6 dam, 10-27 engineered cementitious composite (ECC), 24-8, 24-24
 
 Index epoxy-modified concrete, 3-17 estimating, 6-13–6-15 fiber-reinforced concrete, 22-9–22-10 fly ash, and, 2-12, 2-16 geopolymer concrete, 26-3–26-4, 26-5, 26-6, 26-7, 26-8, 26-9, 26-10, 26-11–26-12, 26-13, 26-14, 26-15, 26-16, 26-17 curing temperature, and, 26-5 grout, 15-3, 28-10, 28-34, 28-36 high-strength concrete, 5-2 indentation tests, and, 21-2 masonry, 28-35–28-38, 28-50, 28-53, 28-62, 28-64, 28-65, 28-66, 28-68 mass concrete, 10-27 modulus of elasticity, and, 5-16, 20-31, 36-2 modulus of rupture, and, 21-16 mortar, 28-6, 28-8, 28-9, 28-23, 28-32, 28-33 normal-strength concrete, 5-2 normal weight concrete, 36-18 overlay, 23-3 polymer modifier admixtures, and, 3-16 Portland cement, 26-4, 26-10 probe penetration, and, 21-8, 21-9 pullout tests, and, 21-10, 21-11, 21-12 pulse velocity, and, 21-6, 21-7 ratio, preplaced-aggregate concrete, 15-12 reactive powder concrete, 22-16, 22-17 rebound number, and, 21-4 rectangular column, 25-20 revibration, and, 30-57 rock, 14-79 roller-compacted concrete, 20-23–20-27, 20-34, 20-48, 20-61 saturated clay, 14-12 self-consolidating grout, 28-11 shocked concrete, 30-4 SIFCON, 22-15 silica fume, and, 2-34–2-35 slab, 8-35 specimens, 6-42 splitting tensile strength, and, 8-26 structural concrete, 36-1 temperature, and, 5-15 testing, 16-3 –time relationship, 8-43 ultimate load, and, 21-13 water/cement ratio, and, 5-12 compressive stress, see stress: compressive compressive wave, 10-13 computational errors, 9-11, 9-12 computer-aided design (CAD), 18-6, 18-8–18-16 Internet, 18-12–18-13 object-oriented, 18-12
 
 I-13 computer-aided design and drafting (CADD), 18-9 computer-aided design/computer-aided construction (CAD/CAC), 18-10 computer-integrated construction (CIC), 18-12 computerized engineering model, 18-11–18-16 Concepcion Dam, 20-9, 20-10, 20-11, 20-28, 20-33, 20-41, 20-62 concrete age, loading and, 8-32–8-33 air-entrained, 2-15, 2-37, 3-10, 5-35, 15-16, 20-66, 30-15; see also air-entraining admixtures, air entrainment architectural, 30-1–30-73 ASTM standards for, 28-5, 28-11 autoclaved aerated, 28-8, 28-20, 28-38 barriers, 29-28 bendable, 24-8 blowouts, see blowouts buildings, seismic-force-resisting, 32-29–32-34 cast-in-place, 7-20, 8-57, 10-2, 10-39, 11-5, 11-6, 11-14, 11-21–11-23, 11-29, 11-32, 11-36–11-38, 19-3, 19-4, 19-33, 19-48, 33-2, 33-6, 33-14, 34-5, 34-7, 35-2, 36-31 architectural, 30-2–30-73 cantilever segmental bridge construction, 11-40–11-42 post-tensioned, 11-33 colloidal underwater, 15-10 components of, 11-4–11-7 consistency, 5-32, 20-16–20-17 constituent materials, 1-1–1-26, 12-22 containment, 10-23 cover, 4-22, 4-24, 4-32, 5-38, 5-39, 9-15, 9-17, 11-8, 11-54, 11-59, 12-23, 12-24, 12-27, 12-38, 13-19, 13-23, 21-10, 24-12, 24-14, 24-29, 25-7, 26-16, 30-7, 30-15, 30-27, 30-43, 31-6, 31-12, 36-4 thickness of, 4-24 deck panels, 27-29–27-31 dental, 20-55, 20-67 early-age, 5-12–5-16, 8-19–8-37 elastic properties of, 2-12 over time, 4-16–4-18 epoxy-modified, 3-17, 33-2 equivalent thickness of, 31-8, 31-11 expansive, 10-25 exposed, 30-73 fiber-reinforced, 22-2–22-18 flowing, 5-31, 11-6, 11-13, 11-27, 11-54 fresh, 7-2, 7-5, 7-8, 7-10, 7-23, 7-38, 7-43, 11-32, 11-36, 11-41, 11-48 highly reactive metakaolin, 2-38–2-39 lateral pressure, and, 7-24
 
 I-14 concrete (cont.) plywood, and, 7-28 silica fume, properties of, 2-32–2-34 supplementary cementing materials, and, 5-28 weight of, 7-14, 7-23 geopolymer, 26-1–26-19 hardened, 5-34, 6-20, 13-22, 13-23 admixtures, and, 5-28–5-29 blast-furnace slag, properties of, 2-21–2-24 effect of retarders on, 3-2–3-3 entrained air in, 3-12 ettringite in, 5-42 fly ash, properties of, 2-11–2-14 metakaolin, properties of, 2-39 polymer modifier admixtures, and, 3-16 preplaced aggregate, 15-3 silica fume, properties of, 2-34–2-36 heavyweight, 5-17, 5-29, 6-2, 6-4 high-early-strength, 6-2, 16-19 high-performance, 6-9–6-29, 6-30–6-41, 11-5, 11-16–11-17, 11-38, 21-23, 33-2 testing of, 11-7 high-strength, 1-4, 1-9, 1-11, 1-13, 1-14, 2-35, 5-1–5-44, 6-8–6-9, 6-18–6-29, 6-30–6-41, 10-2, 11-38, 13-22, 36-1, 36-5, 36-7, 36-9 coarse aggregate, and, 5-29 cracking of, 2-33 creep, 2-13, 4-2, 5-22 density of, 5-16 drying shrinkage of, 5-21 mixture proportioning for, 6-23–6-29, 6-30 modulus of elasticity, 4-18 temperature rise in, 5-33 testing of, 11-7 ingredients, 5-22–5-31 jointed precast, 34-1 latex-modified, 2-36, 3-16, 3-17, 5-39, 11-23, 16-15, 23-2, 23-3, 33-10–33-12 leveling, 20-56, 20-67 lightweight, 1-17, 5-36, 6-2, 11-30, 30-56, 31-8, 36-2, 36-7 loads, and, 7-23 prestressed, 11-17 shrinkage in, 4-35 low-permeability, 33-2 low-shrinkage, 23-16 low-slump, 17-12, 30-43, 30-51, 30-57 masonry units, see masonry units mass, see mass concrete microsilica-containing, 10-23 mixers, see mixers mixing, 5-6–5-10, 6-39, 6-40, 11-6 mixtures, design of, 6-1–6-43
 
 Concrete Construction Engineering Handbook modified-density, 11-18 no-fines, 1-15 nondispersible, 15-10, 15-12–15-13 nonshrink, 35-8 normal-strength, 1-13, 5-1–5-44, 6-9–6-18, 6-19, 6-30, 36-5, 36-9 mixture proportioning for, 6-9–6-13 normal weight, 5-32, 5-36, 6-2, 6-9, 6-13, 6-20, 8-26, 8-27, 8-29, 12-10, 31-8, 36-7 density of, 5-16 shrinkage in, 4-35 no-slump, 6-5, 6-8, 20-2, 20-3, 20-20, 30-4 placement, 5-6–5-10, 6-1–6-43, 8-9, 10-14, 10-17, 10-25, 10-27, 10-28, 11-6, 11-13, 11-26–11-27, 11-41, 12-8, 15-9, 19-4, 19-15, 19-45, 19-50, 23-10, 30-48–30-52 underwater, 15-6 plastic, 2-11, 5-2, 15-21 polymer-modified, 3-14–3-18, 6-8, 33-2, 33-10, 33-16 post-tensioned, 10-25, 10-38, 10-39–10-40, 11-12 precast 10-2, 10-38–10-39, 11-5, 11-42–11-43, 19-3, 19-4, 20-49, 20-51, 26-7, 30-60–30-67, 33-1–33-16, 34-1–34-24, 36-32 architectural, 30-4–30-73 precast pretensioned, 11-25, 11-28, 11-29–11-33 preplaced-aggregate, 15-2–15-6, 16-13 prestressed, see prestressed concrete pretensioned, 10-25, 10-38–10-39, 10-40, 16-16 prism test, 5-40, 8-30, 8-52, 28-35, 28-36–28-38 pumping distance of, 19-15 reactive powder, 5-2, 22-14, 22-16–22-17 ready-mix, 19-14, 19-17 recycled, 5-29 reinforced, see reinforced concrete removal of, 23-6 resistivity, 21-54–21-56 roller-compacted, see roller-compacted concrete self-consolidating, see self-consolidating concrete shocked, 30-4 shrink-mixed, 5-6 silica fume, see silica fume site-cast, 10-28, 30-58, 33-3, 33-4, 33-5, 33-6, 33-8, 33-9, 33-10, 33-12, 33-14, 33-15, 33-16 slurry-infiltrated fiber, 22-14–22-15 stain, 29-26 structural, 10-1–10-40, 11-17 structural elements, 36-1–36-36 super-high-strength, 22-16 syrene–butadiene resin, 3-16, 3-17 transporting, 5-6–5-10, 11-6
 
 Index truck-mixed, 5-6 underwater, 3-13, 15-6–15-13 unit weight of, 5-29, 11-17, 13-23, 26-7, 26-9, 26-10 unreinforced creep, 8-31–8-34 shrinkage, 8-29–8-31 vacuum, see vacuum processing very high-strength, 6-18 weight of, 15-9 concrete–air interfaces, 21-44, 21-62 concrete-to-concrete friction coefficient, 34-7 condensed silica fume, 5-27 condition assessment, 16-3, 16-4 conduits, 12-8 cone penetration test, 14-7, 14-13–14-14, 28-32 cone snap ties, 30-38; see also ties: snap confined compressive strain, 25-19, 25-20 confinement, compressive strength and, 36-9 connectors, ASTM standards for, 28-5 consolidated drained/undrained tests, 14-8–14-11 consolidation, 5-2–5-6, 10-27, 11-6, 12-8, 12-22, 13-18, 13-22, 13-23, 13-26, 15-13, 15-20, 19-19, 23-10, 23-11, 23-16, 30-4, 30-16, 30-21 architectural concrete, 30-52–30-58 grout, 28-20–28-21 mobility slope, and, 21-36 settlement, 14-17, 14-18, 14-20, 14-22 test, one-dimensional, 14-17, 14-19 constant rate of penetration test, 14-73 constructability, 6-30, 6-40, 10-2–10-3, 16-11, 16-18, 19-4, 25-9, 29-19, 30-43, 33-3, 34-20 construction joints, see joints: construction construction load, see load: construction construction load factor, 8-41–8-42 Construction Robotics Management System (CREMS), 18-7 construction tolerances, masonry, 28-26–28-27 construction variations, 9-15 construction, masonry, 28-15–28-27 constructive solid geometry (CSG), 18-9–18-10 contact surface materials, 7-6–7-8 contact time, impact-echo testing, 21-34 contaminants, in water, 15-4 Context-Sensitive Design (CSD), 29-10–29-11 continuous beams, 4-20 continuous footings, 10-30 continuous members, 9-7, 9-19 continuous mixers, 20-59, 20-60, 20-62 continuous multiple-span bending members, 7-35, 7-38, 7-44, 7-45 contraction, 17-6, 17-10, 20-22, 20-54 thermal, 20-11, 23-14
 
 I-15 contraction joints, see joints: contraction control joints, see joints: control control tests, 5-33 conveyors, 5-6, 11-6, 15-8, 19-45, 20-2, 20-10, 20-54, 20-61, 20-61–20-65, 20-68, 20-70, 30-51 belt speed of, 20-63 crawler-mounted, 20-62 wheel-mounted, 20-62 coolants, 10-27 corbels, 10-39, 36-18–36-21 coring, 16-3, 16-4, 16-16, 16-22, 16-25, 20-38, 20-67, 27-5, 27-25 corner reinforcement, 15-18 correlation testing, 21-27–21-28 corrosion, 1-21–1-22, 1-23, 3-7, 3-8, 4-32, 5-10, 5-11, 6-7, 11-5, 11-9, 11-18, 11-19, 11-33, 11-34, 11-55, 11-58, 12-3, 12-4, 12-22, 12-23, 12-27, 13-19, 15-2, 16-14, 16-2, 16-17, 16-18, 16-23, 16-24, 16-25, 16-29, 16-37, 16-38, 16-39, 16-40, 17-13, 22-23, 22-24, 23-16, 24-29, 24-30, 27-2, 27-5, 27-22, 27-23, 30-15, 35-8, 35-15, 36-4 assessment of, 16-25 blast-furnace slag, and, 2-27 calcium chloride, and, 5-31 carbonation, and, 2-15, 2-27 chloride-induced, 16-20, 16-23 evaluation of, 21-52–21-60 fly ash, and, 2-17–2-18 inhibitors, 1-22, 3-8, 3-9, 5-38, 5-39, 11-5, 11-58, 11-59, 11-60, 12-4, 12-5, 16-16, 16-18 categories of, 3-9 setting times, and, 3-9 overlays, and, 23-3, 23-5 pavement, 11-58 pier, 27-23 pile, 11-46 potential, 21-53 protection, 5-37–5-39, 11-2, 11-10, 11-12, 11-19, 11-23–11-24, 11-38, 11-60, 12-2, 12-4, 12-9, 12-31, 16-14, 16-15, 16-18, 16-19 rate testing, 21-60 reinforcing bar, 13-20 reinforcing steel, see reinforcing steel: corrosion of resistance, 5-29 steel-reinforced engineered cementitious composite (R/ECC), 24-33–24-36 seasonal variation in, 21-59 steel reinforcement, 16-1, 16-2, 16-14, 16-20 rate of, 16-3, 24-34 strand, 12-23 strength, and, 16-2 water/cement ratio, and, 5-32, 5-39
 
 I-16 cost analysis, life-cycle, 16-23–16-24 cost estimates, equipment, 19-4–19-5, 19-6–19-10 Coulomb method, 14-9, 14-10, 14-46–14-47 Coulomb’s friction principle, 14-7 counterforts, 10-26 counter-jib, 19-25, 19-26 coupler, tendon, 12-20, 12-21, 12-43 cover dimension, 36-28 covermeters, 21-48–21-52, 21-58 crack comparator, 21-30 crack control, 4-30, 4-31–4-32, 4-34, 5-20–5-21, 5-33, 5-38, 17-5, 17-12, 17-13–17-14, 20-8, 22-3, 22-9, 22-17, 24-6, 24-22–24-23, 36-4–36-5, 36-27–36-28; see also joints crack evaluation, 35-12–35-13 crack, inclined, 27-4, 36-15 crack, moving, 16-14 crack repair, 16-14 crack resistance, 20-32, 20-33 crack spacing, 4-22, 4-25–4-26, 35-4 crack width, 4-18, 4-22–4-34, 5-21, 11-42, 12-31, 22-17, 35-4, 36-4, 36-5, 36-27, 36-28 architectural concrete, 30-70 engineered cementitious composite (ECC), 24-6, 24-9, 24-22–24-23, 24-24, 24-27, 24-32, 24-34, 24-36, 24-37 flexural, 4-22–4-34, 25-5, 25-7 maximum, 25-7 cracked second moment, 25-8 cracked stiffness, 9-16, 32-51 cracking, 2-33, 2-34, 4-2, 4-11, 4-18, 4-22, 5-34, 5-40, 6-39, 6-40, 8-51, 10-6, 10-7, 10-12, 10-16, 10-17, 10-23, 10-24, 10-26, 10-30, 10-38, 10-40, 11-4, 11-7, 11-14, 11-27, 11-30, 11-50, 11-52, 11-54, 11-57, 11-58, 11-59, 11-60, 11-61, 12-22, 12-24, 12-28–12-30, 12-32, 13-22, 15-16, 17-1, 17-2, 17-6, 20-18, 26-14, 27-2, 27-4, 30-36, 30-59 architectural concrete, 30-70 causes of, 35-2–35-6 chloride salts, and, 5-38 circular prestressed concrete tank, 4-33–4-34 column, 35-5–35-6 computing, 9-4–9-5 corner, 11-15–11-16 creep loading, and, 8-51 dam, 21-6 flexural, 4-30–4-31, 8-27, 8-34–8-37, 9-3, 9-6, 9-7, 25-5, 25-7, 25-14, 27-23, 27-25, 36-4–36-5 flexural stiffness, and, 9-12 Griffith, 24-7 groove, 17-5
 
 Concrete Construction Engineering Handbook high-strength prestressed beam, 4-29–4-30 laminar, 11-41 load, 4-25, 8-34, 8-35, 8-36 masonry, 28-38 mass concrete, 20-31 mitigation, 35-1–35-13 modulus of rupture, and, 9-19 moment, 4-18–4-22, 9-4, 9-12, 9-13, 28-67, 36-4 mortar, 28-9 negative moment zone, 11-36 notes on structural drawings regarding, 12-6, 12-9–12-10 overlay, 23-2, 23-4, 23-5, 23-12, 23-13, 23-14, 23-16 pavement, 11-58, 17-15 plastic, 5-28, 5-32 pozzolans, and, 20-30 precast concrete subdeck panels, and, 33-9 prestressing, and, 11-18 pulse velocity, and, 21-8 repair, 12-28–12-30, 16-12 restraint, 35-2, 35-7, 35-13 roller-compacted concrete, 20-7, 20-22 settlement, 30-56 shear, 25-14 shear key, 27-28 shinkage, 2-34, 3-14, 20-49, 20-51, 28-51, 28-62, 35-2, 35-4 silica fume, 2-34 slab, 8-4, 17-10, 17-11, 35-4 stress, 9-16, 14-27 sulfate attack, and, 5-42 surface, map-pattern, 5-39 tensile, 11-15, 36-29 thermal, 6-40, 13-23, 13-26, 20-10, 20-44, 20-51, 20-56, 30-16, 30-59 torsional, 9-8, 9-9 types of, 35-2–35-6 unbonded post-tensioned vs. reinforced-concrete slab, 35-4 vertical, 17-6, 17-8 volumetric change, 17-1, 17-2, 17-5, 17-8 wall, 35-6 wall–slab, 4-34 web-shear, 8-27 wedge, 12-21 crane employment table, 19-5, 19-6 crane trucks, 19-43–19-44 cranes, 5-6, 7-5, 7-9, 7-11, 11-31, 11-34, 11-44, 11-50, 12-38, 12-39, 12-40, 13-4, 18-5, 19-1–19-12, 19-21–19-43, 20-63 A-frame, 19-26 all-terrain, 19-36, 19-39–19-40 anticollision systems for, 19-40–19-43
 
 Index barge-mounted, 11-40, 13-4, 29-13 city, 19-24, 19-36 climbing, 19-4, 19-7, 19-8, 19-9, 19-18, 19-24, 19-25, 19-28 crawler, 11-35, 19-21, 19-37, 20-62, 20-63, 29-14 undercarriage, 19-35 creter, 20-62 cycle times for, 19-6, 19-34 daily employment of, 19-5 deployment of, 19-9 dismantling of, 19-9 fast-erecting, 19-22 flat-top, 19-26 hoist, 18-5 internal climbing, 19-4, 19-27, 19-28–19-29 lifting hook, 19-6 loader, 19-43 luffer, 19-26 mobile, 19-2, 19-9, 19-21, 19-26, 19-27, 19-28, 19-32, 19-34–19-40, 30-4 maximum lifting capacity, 19-36 types of, 19-35–19-40 pump use with, 19-15 rough-terrain, 19-37–19-38, 19-39, 19-44, 19-47 self-erecting, 19-22 service, 19-43 software for selection of, 19-40 specialized, 19-40 taxi, 19-43 topless, 19-26 tower, 10-33, 11-32, 18-5, 19-2, 19-3, 19-4, 19-8, 19-9, 19-18, 19-21–19-34, 19-37, 19-40, 30-72 American-type, 19-37 bottom-slewing, 19-22, 19-29–19-32, 19-33 classification of, 19-33 flat-top, 19-22 sectional, 19-24, 19-29 telescopic, 19-29 top-slewing, 19-22–19-29, 19-33 traveling, 19-22, 19-29 track-mounted, 19-21 truck, 11-30, 11-32, 11-35, 19-36, 19-39, 19-43 truck-mounted, 19-21, 19-29, 19-32, 19-36, 19-43 undercarriage of, 19-22–19-24 crazing, 30-21, 30-31, 30-59, 30-73 creep, 2-13, 2-23, 2-35, 3-8, 3-14, 4-1–4-10, 4-18, 4-21, 5-2, 5-21–5-22, 5-29, 8-48, 9-6, 9-11, 9-15, 9-18, 9-20, 11-2, 11-4, 11-17, 11-20, 11-23, 11-26, 11-30, 11-32, 11-40, 11-41, 11-42, 11-50, 12-6, 12-8, 12-10, 12-29, 12-31, 12-43, 13-22, 15-12, 16-11, 16-12, 17-1, 22-14, 23-2, 23-14, 25-7, 35-2, 36-2, 36-3
 
 I-17 age, and, 8-32–8-33 axial, 35-3 basic (true), 8-31 CEB-FIP model for, 4-10 coefficient, 9-6, 9-7, 9-15, 26-13, 36-2 defined, 20-70 deflection, and, 8-49–8-52, 9-4, 9-12, 9-17, 9-19, 10-8 deformation, 4-2–4-6, 14-51 drying, 4-8, 8-31, 8-32, 8-33 effects of, 4-5 factors affecting, 4-7–4-8 geopolymer concrete, 26-12–26-13, 26-18 high-range water reducers, and, 3-7 irreversible nature of, 8-33–8-34 leveling concrete, 20-56 long-term, 9-6 member size, and, 8-33 prediction, 4-6–4-10 prestressing, and, 11-4 recovery, 4-4, 8-33 relative humidity, and, 8-33 rheological models for, 4-5–4-6 roller-compacted concrete, 20-11, 20-22, 20-29, 20-32, 20-34, 20-53 rupture, 25-3, 25-8, 25-13 silica fume, 2-35 specific, 4-6, 8-31–8-32, 26-13 strain, 2-23, 2-35, 4-1, 4-2, 4-3, 4-6, 4-7, 4-8, 5-22, 8-49–8-51, 17-2, 26-13 temperature, and, 9-6 time, and, 8-33 unreinforced concrete, 8-31–8-34 wetting, 4-8 creter cranes, 20-62 cristobalite, 2-29, 5-40 critical damping, 32-48 critical depth ratio, 14-58 critical fiber length, 22-5–22-6 critical fiber spacing, 22-6–22-7 crossing-beam method, 9-7 cross-power spectrum, 21-38 cruise ship docks, 13-14 crumbling, 5-34 crushed stone, 1-15, 5-2, 5-29, 6-3, 6-36, 11-4, 13-21, 15-6, 15-9, 15-25, 31-7 crushing, of concrete, 10-40, 36-13, 36-23 cryogenic liquids, 11-55 crystalline phases, fly ash, 2-6 cube compressive strength, 13-19, 21-2, 21-4, 28-8 cube strength, 8-21, 8-24 cubes, 11-7, 20-20 culverts, precast, 33-15
 
 I-18 cure time, antiwashout admixtures, and, 3-14 curing, 2-26, 2-33, 5-15, 5-29, 6-2, 6-40–6-41, 8-49, 10-3, 10-27, 10-28, 10-39, 11-6–11-7, 11-16, 11-25, 11-27, 13-18, 13-26, 15-25, 16-14, 16-18, 20-34, 20-51, 26-2, 30-21 abrasion resistance, and, 2-16 accelerated, 3-15 air, 23-3 architectural concrete, 30-58–30-59 blast-furnace slag, and, 2-21 cold-weather, 30-59 compound, 2-34, 5-15, 20-55, 30-58 cracking, and, 17-14 creep, and, 9-18 deflection, and, 9-18 dry, 2-35, 4-35, 23-4, 26-5 fly ash, and, 2-15 fog, 15-16 geopolymer concrete, 26-5–26-6 heat, 11-27, 22-17, 26-4, 26-5–26-6, 26-7, 26-11, 26-12, 26-13, 26-14, 26-15 hot-weather, 30-59 membrane, 11-6, 30-59 methods of, 5-32 moist, 2-12, 2-15, 2-16, 2-23, 2-35, 2-36, 4-13, 5-10, 5-11, 5-32, 5-35, 8-20, 8-21, 8-22, 8-29, 8-31, 15-19, 20-69, 23-3, 23-4, 23-12, 30-58–30-59, 36-3 overlay concrete, 23-11–23-12 prism, 28-37 repairs, 30-69 roller-compacted concrete, 20-69–20-70 shrinkage, and, 4-35, 9-18 steam, 3-8, 4-13, 11-6, 11-15, 11-18, 11-27, 11-28, 11-39, 21-17, 26-5, 26-6, 26-7, 26-13, 26-15, 36-3 temperature, 2-12, 2-15, 2-21, 2-35, 5-15, 8-20–8-22, 8-24, 21-17, 21-18–21-24, 23-2, 26-5, 26-7, 26-11–26-12, 26-14, 26-15, 27-20, 30-58 test specimen, 21-3 time, overlays and, 23-2 water, 2-35, 3-17, 6-40, 8-20, 15-15 wet, 11-5, 11-6, 23-4, 24-11, 24-26 wet burlap, 5-15, 8-24, 11-58, 15-25, 23-12 curtain walls, 30-8, 31-4 cushion block, 11-53, 11-54 cut and pullout (CAPO) test, 21-15 cyclic quasi-static loading, 27-9 cylinder compressive strength, 4-16, 4-29, 6-9–6-29, 8-21, 8-24, 8-27, 8-41, 8-43, 9-20, 13-19, 25-4, 36-2, 36-6 cylinder splitting test, 26-10
 
 Concrete Construction Engineering Handbook cylinders, 5-33, 8-24, 8-29, 8-32, 8-33, 8-37, 8-43, 8-57, 11-7, 11-28, 11-32, 12-8, 13-2, 20-27, 20-28, 20-30, 20-42, 20-43, 20-61, 21-9, 21-10, 21-12, 21-21, 23-3, 24-11, 26-4, 26-5, 26-10, 26-11, 26-12, 26-14, 27-6, 27-25, 28-34 servohydraulic, 27-10–27-13
 
 D D’Arcy’s law, 14-24 damage tolerance, 24-22 damping, 32-48, 32-49, 32-50 dams, 10-27, 13-9, 14-10, 14-11, 14-24, 15-14, 15-23, 20-22, 20-32, 20-33, 20-38, 20-39 cementitious materials, and, 20-8 cracking in, 21-6 downstream slope of, 20-44 fill and embankment, 20-7 horizontal zones of, 20-48 resurfacing of, 15-3 roller-compacted concrete, 20-1–20-14, 20-41–20-70 width of, 20-45 dashpots, 4-5, 4-6 data acquisition, structural test, 27-13–27-21 Davisson’s offset limit method, 14-74, 14-75 D-cracking, 27-5, 27-22 De Beer’s method, 14-74 dead load, 7-14, 7-27, 8-6, 8-41, 9-7, 9-17, 10-9, 10-10, 10-20, 10-31, 11-38, 11-40, 20-40, 27-3, 27-26, 28-41, 36-31, 36-33, 36-34 balancing, 9-18 classifying, 10-4 compressive stresses, 28-52, 28-62 concrete, 7-23, 7-24, 9-12, 9-18 concrete beam, 12-36 deflection, and, 8-43, 11-36, 11-38, 25-8 demolition, and, 12-39, 12-41 diaphragm, 32-34 distribution, 8-42, 11-21 engineered cementitious composites, and, 24-4 factor, 25-9, 25-12 factored, 8-34, 25-13, 34-9 formwork, 7-23, 7-38, 8-2 gravity load, and, 10-5 load factor for, 10-4 moments, 9-13 offshore structure, 13-23 reinforcement, 7-2 seismic, 32-12, 32-22, 32-23, 32-27, 34-2, 34-3, 34-9, 34-10, 34-21 slab, 7-23, 7-38, 8-13, 8-38–8-39, 11-34, 12-30, 12-41
 
 Index spans, and, 10-16 temporary supports, and, 11-23, 11-32 use of for load testing, 27-9–27-10, 27-28 deadman, 7-16, 14-53 deaerating agent, 3-14 debond length, 34-16, 34-17 debonding, 34-5 fiber-reinforced polymer systems, 25-14, 25-16 decentering, 7-16 decompression load, 4-26, 4-27 deconstruction analysis, 12-39 decorative surface, 7-7 deemed-to-comply design, 28-41 deep-draft concrete floaters (DDCFs), 13-9, 13-11–13-13 deflection, 4-5, 4-18, 4-20, 4-21, 4-32, 7-39, 7-43, 9-1–9-22, 10-17, 10-19, 10-23, 10-30, 11-30, 11-32, 11-33, 11-36, 11-41, 11-43, 11-48, 11-60, 12-28, 12-30, 12-31, 12-32, 12-38, 16-29, 20-32, 22-17, 22-21, 22-23, 25-6, 25-8, 25-14, 27-4, 28-38, 28-66, 30-61 allowable, 9-20–9-22 amplification factor, 32-13, 32-26 angle, engineered cementitious composite (ECC), and, 24-19 beam, 36-9 bending, 7-34 calculating, 28-67 construction techniques for, 9-18–9-19 control, 36-3–36-4, 36-27 creep, 8-49–8-52, 9-12, 9-19, 10-8, 36-2 dead load, 10-10, 11-38 design techniques for, 9-16–9-18 engineered cementitious composite (ECC), 24-8, 24-19 factors affecting, 9-10–9-15 flexural, 9-14, 25-13 formwork, 30-34–30-35 frame, 10-6 horizontal, 16-40 hydraulic testing, and, 27-13 incremental, 9-4, 9-5, 9-20, 9-21, 9-22 lateral, 10-15, 10-16, 36-25 limits, 7-39, 7-40, 7-41, 7-44, 7-46, 9-18, 9-20, 9-21 load testing, and, 27-3–27-4 long-term, 8-49–8-51, 9-4, 9-6–9-7, 9-12, 9-17 materials selection, and, 9-20 maximum, 25-7, 25-8 midbay, 9-7 mid-span, 10-8, 26-17 modal testing, and, 27-9 overlays, and, 23-15 pile, 14-73
 
 I-19 plate, 14-31 reducing, 9-16–9-20 remote monitoring of, 27-28 response, 9-1, 9-2, 9-3, 9-16, 9-18 second-order, 16-28 seismic activity, and, 10-7 shear, 7-34 shrinkage, and, 8-49, 8-51, 8-52 slab, 4-5, 8-2, 8-11, 8-52–8-55 causes of, 8-48–8-49 control of, 8-52–8-55 story drift, and, 32-25–32-26 strand, 11-28 temperature, 9-9–9-10 torsional, 9-7–9-9, 32-25 deflectometers, 27-28 defoaming agents, 3-12 deformability, 5-43 deformability factor, engineered cementitious composite (ECC), 24-10–24-11 deformation, 4-1–4-6, 4-18, 4-22, 5-21–5-22, 11-9, 11-36, 11-38, 11-56, 11-61, 12-31, 12-43, 13-25, 20-27, 20-30, 20-32, 22-10, 22-17, 32-12, 32-18 axial load, 25-3 column, 8-11, 8-12 compatibility, 32-43 creep, 4-2–4-6 8-34, 14-51 cyclic inelastic, 32-18 dams, 20-32 elastic, 11-41 embankment, 20-48 engineered cementitious composite (ECC), and, 24-2, 24-3, 24-6, 24-22, 24-24, 24-31 epoxy, 16-11 ground movement, 14-55 in tanks, 11-54 post-yield, 34-1, 34-7, 34-8, 34-11 remote control sensing of, 27-21 roller-compacted concrete, 20-17 shores, 8-2 slab, 8-2, 8-48, 17-11 surface, 4-31 temperature, and, 8-51, 12-6 tensile, 24-6 deformed bars, 1-21, 8-23, 36-29 deicers, 1-22, 2-15, 2-17, 2-37–2-38, 2-39, 3-7, 3-10, 5-10, 5-29, 5-31, 5-32, 5-34–5-35, 5-37, 5-38, 5-39, 5-40, 11-20, 11-34, 11-58, 12-5, 16-13, 23-5, 24-27, 27-23, 35-15, 35-16 delamination, 11-8, 11-18, 11-38, 11-50, 11-55, 11-59, 12-22, 15-17, 16-6, 16-20, 16-24, 16-25, 16-27, 21-28, 21-35, 21-37, 21-40
 
 I-20 delamination (cont.) causes of, 23-2, 23-4, 23-12, 23-13, 23-14 chain-drag test, and, 27-6 detection of, 21-31, 21-40, 21-47 fiber-reinforced polymer strengthening system, 25-14 randomly distributed, 16-30 spall, 35-15 stress, 11-8 delayed ettringite formation (DEF), 5-42 delta frame, 29-5, 29-13, 29-14 demolition, 11-60–11-61, 12-36–12-42 ball and crane, 12-40 engineered vs. nonengineered, 12-39 explosives, and, 12-40 grit blast, 23-6 high-rise structure, 12-41 hydro, 23-6, 23-8 pressure bursting, 12-40 shot blast, 23-6 thermal lance, 12-40 torch, 12-40 densification, 5-11 densified cement, 6-2 densified small-particle (DSP) cement, 22-14, 22-15 Densit®, 24-12 density, 5-16–5-17, 21-5, 21-31, 21-32, 24-9 maximum achievable, 20-21 meter, 21-60, 21-61 roller-compacted concrete, 20-21 theoretical air-free, 20-21, 20-71 dental concrete, 20-55, 20-67 derricks, 19-28, 19-29 deshoring, 12-9 design, of concrete mixtures, 6-1–6-43 destressing, 11-61 destructive testing, 12-23, 12-27, 12-28, 16-4 detensioning, 12-27, 12-38, 12-41, 12-43 detergents, synthetic, 3-11 deterioration, 5-34, 5-38, 5-39, 12-22, 12-29, 12-30, 12-42, 13-19, 16-2, 16-3, 16-4, 16-8, 16-10, 16-11, 16-12, 16-13, 16-14, 16-15, 16-17, 16-19, 16-20, 16-22, 16-23, 16-24, 22-24, 24-29, 27-2, 35-15 assessment of, 16-4, 16-25 bridge, 27-22 engineered cementitious composite (ECC), 24-35 freeze–thaw, 20-22 load testing, and, 27-3 pavement, 17-15 removal of, 23-6 see also repair, of concrete structures deviation points, 11-28, 11-29
 
 Concrete Construction Engineering Handbook deviators, 11-24, 11-46 dewatering, 15-3, 15-6 excavations, 14-25–14-26 dial gauges, 27-13, 27-16 diamond saws, 12-40 diaphragm, 32-34, 33-6, 33-8 abutments, 32-53 defined, 32-62 flexible vs. rigid, 32-18 floor, 32-28 horizontal, 32-45 roof, 32-28 stiffness, 32-18 diatomaceous earth, 5-28 dibutylphthalate, 3-12 dicalcium silicate, 23-2 dielectric constants, 21-44, 21-47, 21-48 diesel hammer, 11-52, 11-53 differential settlement, 10-14 diffusion coefficients, 2-14, 2-24 diffusion constant, overlay concrete, 23-14 digital video cameras, 21-30 dinky, 20-61 direct costs, equipment, 19-7 direct-design method, 10-20 direct-member strengthening, 12-30–12-31 discoloration, architectural concrete, 30-3, 30-15, 30-18, 30-28, 30-35, 30-36, 30-52, 30-58, 30-59, 30-67, 30-68, 30-70 discrete footings, 10-30 disintegration, 6-3 dispersion curve, 21-38, 21-39 dispersion resistance, 15-11 dispersion, uniform, 22-4 displacement, 7-3, 9-19, 10-14, 10-15, 11-8, 27-28, 32-49, 32-50, 32-51, 32-52, 32-58, 32-61 analysis, 32-57 capacity, 32-58 column, 32-55 ductility analysis, 32-58–32-59 incremental, calculating, 16-28 lateral, 35-10 longitudinal, 32-52 post-tensioned member, 35-8 spectral, 32-51 strand, 11-50 distance from energy release, ground motion and, 32-3–32-5 dobie blocks, 11-9, 11-26 docks, 13-4 floating, 13-9, 13-14 dolomite, 1-20, 30-26 crushed, 5-17
 
 I-21
 
 Index domes, 7-9 double-tee, 11-30, 11-36 prestressed, 11-29, 33-4 dowels, 11-60, 12-7, 17-7, 17-11, 17-12, 17-13, 17-15, 32-45, 35-5, 35-10 dozer, see bulldozers drainage, bridge, 29-29 drainage, soil, 14-7 drains, 11-20 dam, 20-38, 20-41, 20-42, 20-47, 20-49, 20-51 dredged channels, 13-30, 13-31 D-regions, 36-15 drift error, 27-16, 27-17, 27-19 drift ratio, 34-14, 34-15, 34-18 drilling rigs, 13-9 drip screeds, 15-18 drop caps, 10-19, 10-21, 10-22, 10-23, 12-8, 12-30 drop hammer, 11-53 drop panels, 8-16 drop shoots, 5-7 drop tables, 30-4 drophead, 7-14 drum mixers, 20-59 dry docks, 13-4, 13-14, 13-15, 13-26–13-28, 13-31 dry mixtures, 20-16, 20-17, 20-20, 20-59, 20-68 dry-pipe placement, 15-8–15-9 dry-rodded unit weight (DRUW), 6-24 dry sample boring, 14-28 drying flexural cracking, and, 8-34–8-37 time required, 4-11 drying shrinkage, 1-10, 1-22, 3-8, 3-14, 3-15, 4-1–4-2, 4-10, 4-11, 4-12, 5-11, 5-21, 5-29, 5-31, 11-15, 11-27, 11-49, 11-55, 15-3, 15-13, 16-11, 17-1, 17-3, 17-10, 17-13, 17-14, 20-56, 22-14, 23-4, 23-12, 28-35, 28-38 blast-furnace slag, and, 2-23 fly ash, and, 2-14 geopolymer concrete, 26-12–26-13, 26-18 metakaolin, and, 2-39 silica fume, and, 2-35 drypack, 30-63, 30-64, 30-66, 30-69 duct, 16-16 Ductal®, 24-3–24-4, 24-12 ductile moment, 10-2 ductile rod, 34-7, 34-8, 34-10, 34-18, 34-19 ductility, 10-6, 10-14, 10-17, 10-39, 11-43, 13-25, 16-34, 16-40, 22-9, 22-16, 22-17, 24-2, 24-4, 24-5, 24-6, 24-7, 24-8, 24-21, 24-23–24-24, 24-27, 24-29, 24-37, 24-38, 25-9, 25-11, 25-18, 32-29, 32-43, 34-7–34-18, 36-9, 36-10 analysis, 32-57, 32-58–32-59 carbon fiber, 22-21
 
 carbon-fiber-reinforced plastic, and, 22-23 enhancement of, 25-19–25-20 factor, 32-51 index, 36-9 ducts, 11-21, 11-23, 11-33, 11-36–11-37, 11-38, 11-39, 11-42, 11-43, 11-55, 12-2 installing, 11-20 metal, 16-16 plastic, 16-16 polyethylene, 11-46 post-tensioning, 11-5, 11-12–11-13 prestressing, 11-41 durability, 1-23–1-26, 2-6, 2-9, 2-11, 2-14–2-18, 2-20, 2-24–2-27, 2-36–2-38, 2-39, 3-1, 3-3, 3-4, 3-6, 3-7, 5-2, 5-6, 5-10, 5-30, 5-31, 5-38, 6-30, 10-2, 10-38, 11-2, 11-3, 11-4, 11-17, 11-61, 12-1, 12-23, 13-19, 13-22, 13-23, 16-2, 16-8, 20-70, 25-9 admixtures, and, 5-29 concrete cover, and, 11-8 corrosion, and, 16-2 gap grading, and, 30-15 limit state, 16-2, 16-27 mortar, 28-6 repair, 16-12–16-13 vacuum processing, and, 15-14 water/cement ratio, and, 5-32 duty-cycle work, 19-35 dynamic increase factor, 20-45 dynamic load, cracking, and, 22-14 dynamic load test, 14-73 Dywidag Ductile Connector (DDC®), 34-8, 34-11, 34-18, 34-19, 34-20
 
 E early-age concrete, 5-12–5-16, 8-19–8-37 earth pressures, 14-43, 14-44–14-48, 14-50, 14-52, 14-53, 14-55, 14-60, 16-34 lateral, 16-33 earthquake ground motion, see ground motion earthquake loading, 16-29, 16-33, 16-35, 16-36, 16-37 earthquake magnitude, 32-3, 32-5 earthquakes, 10-14, 11-31, 11-54, 11-60, 13-25, 16-23, 16-24, 20-45, 22-21, 24-22, 28-41, 28-42, 28-43, 34-7, 35-10; see also ground motion force, and, 32-49 ECC, see engineered cementitious composite eddy currents, 21-48, 21-49–21-50, 21-51 edge form, 10-28, 12-17, 12-18, 12-20, 12-43 effective absorption, 1-16
 
 I-22 effective chloride diffusion coefficient, 24-31, 24-34 effective length, 10-16 effective seismic weight, 32-22 effective stress, 14-7, 14-9–14-10, 14-16 efflorescence, 1-25, 11-19, 28-14, 30-70, 30-70–30-71 effluent leakage, 17-7, 17-8 elastic calculation methods, 9-2–9-5 elastic modulus, see modulus of elasticity elastic shortening, 4-27, 35-2, 35-3 elastic springs, 4-5, 4-6 elastic stiffness, 21-37 elastic strain, 4-1, 4-2, 4-3, 4-4, 4-5, 5-21, 5-22, 17-2, 26-13 delayed, 4-5 delayed recoverable, 4-5 electrical conductance–rapid chloride permeability test, 5-10 electrical instrumentation, 27-17–27-21 electrical resistance strain gauges, 27-18–27-19 electrical resistivity, 11-5, 11-56 electrodes, 21-57, 21-58 electrolytes, 16-26 electromagnetic induction, 21-48 electromagnetic waves, 21-42 elevator shaft, 19-4, 19-8, 19-28 elevator, crane, 19-25 Elk Creek Dam, 20-63, 20-66 elongation, 12-9, 12-19, 12-20, 12-21, 12-43, 17-6 embankments, 14-10, 14-11, 20-1, 20-17, 20-48, 20-66 embedment depth, pile, 14-52, 14-53, 14-54, 14-55, 14-74, 14-78, 14-79 embedment gauges, 27-19 embedment length, anchors, 28-50, 28-61 embedment, maximum length of, 14-77 embedments, 11-15–11-16 empirical design, 28-41, 28-46–28-49 emulative systems, 34-1 end gates, 11-49 end-region stiffness, 9-14, 9-15 engineered cementitious composite (ECC), 24-1–24-39; see also steel-reinforced engineered cementitious composite (R/ECC) alkali–silicate reaction resistance, 24-27 chloride diffusion coefficients, 24-31–24-32 damage tolerance, 24-22 deformability factor, 24-10–24-11 design considerations, 24-6–24-8 durability of, 24-24–24-37 green (G-ECC), 24-4 high-early-strength (HES-ECC), 24-4, 24-7 lightweight (LW-ECC), 24-4, 24-7 long-term performance, 24-36–24-37
 
 Concrete Construction Engineering Handbook material processing, 24-8–24-12 mixture proportioning, 24-8–24-12 physical properties of, 24-5 polyvinyl alcohol (PVA-ECC), 24-5, 24-7, 24-9, 24-24 precasting, 24-12 quality control, 24-8–24-12 self-consolidating, 24-4, 24-8 self-healing (SH-ECC), 24-4 strain capacity, 24-25–24-26 structural elements, behavior of, 24-12–24-24 tensile characteristics, 24-5–24-6 transport properties of, 24-30–24-33 tropical climate exposure, 24-26 engineering model, computerized, 18-11–18-16 Engineering News-Record (ENR) equation, 14-69 enstatite, 2-29 entringite, 11-6 environmental reduction factor, 25-4, 25-13 environmental sensitivity, bridges and, 29-9–29-11 epicentral distance, 32-2, 32-3, 32-5 epoxy, 11-12, 11-18, 11-20, 11-23, 11-39, 11-40, 11-42, 11-50, 11-54, 11-58, 11-59, 11-60, 11-61, 12-10, 12-30, 16-11, 16-14, 16-15, 16-19, 17-13, 20-56, 21-14, 21-53, 22-24, 23-14, 25-9, 25-10, 25-13, 27-27, 28-51, 30-17, 30-18, 30-31, 30-68, 30-70, 32-43, 32-45, 36-28 asphalt, 11-55 -coated rebar, 1-23, 11-9 -modified concrete, 3-17, 33-2 mortar, 33-10 overlays, 33-2, 33-16 equal energy theory, 32-58 equilibrium torsion, 36-22 equipment, 19-1–19-50 direct costs of, 19-7 employment times, 19-5–19-6 fixed costs, 19-7 indirect costs, 19-7 production-dependent costs, 19-7 selection of, 19-2–19-12 time-dependent costs, 19-7 weight, 10-4 equipotential line, 14-23 equivalent frame method (EFM), 8-12, 8-13, 8-14, 8-18, 8-40, 10-20, 10-21 equivalent lateral force analysis, 32-19, 32-20, 32-21–32-26, 32-27 erection, 11-30–11-33, 11-38, 11-39, 11-42, 12-41 float-in, 11-43–11-44 gantry, 11-42 lift-in, 11-43–11-44
 
 Index precast bridge elements, 33-5, 33-12, 33-15, 33-16 precast elements, 30-60–30-69, 30-72 trusses, 29-10, 29-12, 29-16 erosion, 2-16, 14-24 protection, 20-41, 20-48 resistance, 3-7 ettringite, 1-6, 1-10, 1-25, 2-25, 2-36, 5-42, 26-14 Euler buckling load, 10-15, 28-52 evaluation, of concrete structures, 12-22–12-23, 16-3–16-8 testing, 16-4–16-8 evaporation, 2-34, 8-29, 8-30, 23-11–23-12, 23-16 excavations, 20-44, 20-55 braced, 14-55–14-56 dewatering of, 14-25–14-26 repair, 16-13, 16-18 excess reinforcement factor, 36-28 expansion, 6-8, 17-6, 17-10, 17-13, 20-22, 26-14 alkali–silica reactions, and, 2-26–2-27, 2-38 chemical attack, and, 2-36 clay masonry, 28-38 fly ash, and, 2-17 grout, 15-4 heat-induced delayed, 5-42–5-43 joints, see joints: expansion overlay, 23-4 seawater, and, 2-25 expansive cement, 1-10, 23-4 experience factor, 7-34 explosives, 11-60, 11-61, 12-40 exposed aggregate, see aggregates: exposed external tendons, 11-24, 11-40, 11-43, 11-46, 11-60, 12-31 extreme tension fibers, 4-18 extrusion, 24-12 sheathing, 12-3
 
 F Fabry–Perot sensor, 27-21 facades, 10-6 maintenance of, 35-15 face, dam, 20-3, 20-7, 20-8, 20-20, 20-22, 20-38, 20-40, 20-41, 20-42, 20-43, 20-44, 20-45, 20-49–20-52 face mix, 30-73 failure, 8-19–8-20, 8-37, 16-28, 16-29, 17-2 anchor pullout, 28-60 anchorage splitting, 27-4 anchor-controlled, 28-50, 28-60, 28-61 beam, 8-27, 22-13, 36-10 bearing-capacity, 14-32, 14-33, 14-37, 14-38 bond, 16-11, 23-5, 27-4
 
 I-23 brittle, 25-12, 32-12, 36-10 buckling, 7-34, 36-24 column, 36-23 column-shear, 32-43 compression, 36-23, 36-24 compressive, 25-5, 25-14, 36-5 crushing of concrete, 27-3, 27-4 debonding, 25-14, 25-16 ductile, 25-12 engineered cementitious composite (ECC), 24-6 fiber springs, 24-7 flexural, 8-47, 25-6 high-strength concrete, 36-5, 36-9, 36-10 joint, 17-13 limit states, and, 16-2 loads, geopolymer concrete, 26-17, 26-18 masonry-controlled breakout, 28-50, 28-60, 28-61 overlay, 23-4, 23-5, 23-16 pavement, 17-15 premature, 8-27, 16-2 progressive, 11-32, 11-33 punching shear, 8-27, 8-37, 8-38, 27-25, 27-29 repair, 16-3 seawall, 16-20, 16-38, 16-40 shear, 8-47, 10-22, 27-4 splitting bond, 25-8 strain design, 25-4, 25-12–25-13 guaranteed, 25-4 strand, 16-16, 16-18 strength, 8-20 structural, 8-19–8-20 tension, 36-23, 36-24 wedge, 14-47 zone, probe penetration, 21-9 false yokes, 10-35 falsework, 7-5, 11-21–11-23, 11-36–11-38 -supporting forms, 7-28 fast-erecting cranes, 19-22 fast Fourier transform, 16-5, 21-34, 27-8 fast-load strain capacity, 20-32 fatigue, 25-3, 25-5, 25-7, 25-8, 25-13 behavior, 27-9 fatigue cracking, 24-12 fatigue resistance, 11-17 fatigue strength, 13-22 fc′, see compressive strength fcr′ , see compressive strength: average feldspar, 2-38 felt, waterproof, 15-18 ferric oxide, 3-9 ferric sulfate, 3-13 ferrite, 1-6, 1-7
 
 I-24 ferrophosphorous, 1-19 ferrosilicon alloys, 2-29 ferry terminals, concrete, 13-15 FeSi-50%, 2-29 fiber efficiency factor, 22-8 fiber–matrix interface, 1-21 fiber orientation, 22-8 fiber-reinforced concrete, 1-21, 9-20, 22-2–22-18, 24-1–24-2, 24-12, 24-22, 24-23 mechanical properties of, 22-8–22-14 fiber-reinforced Densit® (FRD), 24-12 fiber-reinforced polymer [plastic](FRP), 1-21, 21-42, 25-2–25-20 composites, 22-18–22-25 material reduction factors, 25-12 reinforcement ratios, 25-4 reinforcing bars, 25-2–25-9 design of, 25-4–25-9 flexural capacity, 25-4, 25-5–25-6 properties of, 25-2–25-4 serviceability, 25-7–25-8 shear capacity, 25-4, 25-6–25-7 strengthening systems, 25-9–25-20 design of, 25-12–25-20 fiber reinforcement, 1-21 fiber saturation point, 7-33 fiber shape, effect of, 22-11 fiber spacing, 22-6–22-7, 22-9 fiberglass reinforcement, 22-2, 22-3, 22-18, 22-19–22-24 fiberoptic sensors, 27-21 fiberscope, 21-30 fill, dam, 20-44, 20-48 fillet, 20-47, 20-67 final set, 5-12 fly ash, and, 5-28 fineness cement, 1-5, 2-14, 2-23, 3-6 cementitious materials, 6-20 fly ash, 2-5, 2-6, 2-10, 2-13 sand, 6-9 silica fume, 2-29, 6-32 slag, 2-20, 2-23 fineness modulus, 1-15, 1-15–1-16, 6-21, 6-24, 6-37 fines, see aggregates: fine finish cleanup, architectural concrete, 30-68–30-72 finish coat, plaster, 15-19 finishes architectural, 10-28 fire resistant, 31-11 finishing, 13-23, 15-6 finite-element modeling, 18-9, 20-53, 27-7, 27-9, 27-23, 27-25
 
 Concrete Construction Engineering Handbook fir, as liner, 30-28 fire compartments, 31-3–31-4 fire detectors, 31-2 fire endurance, defined, 31-5 fire protection, 10-15, 11-11, 11-33, 12-34, 12-35, 12-36, 25-13; see also fire resistance, fire suppression, fireproofing joint, 31-9 fire resistance, 11-17, 12-31, 13-25, 22-24, 28-9, 31-1–31-14; see also fire protection, fire suppression, fireproofing balanced design for, 31-2–31-4 column, 31-11–31-13 defined, 31-5 finishes, and, 31-11 floor, 31-8 joints, and, 31-9 lintel, 31-14 ratings, 31-5–31-8 single-wythe masonry walls, 31-6–31-7 fire suppression, 31-2–31-3 fireproofing, 10-28, 11-17, 11-60, 16-15; see also fire protection, fire resistance clearance, and, 30-66 first cracking load, 22-5, 22-12 first-generation superplasticizers, 3-5 fixed earth support, 14-53 fixity, 9-11, 9-14–9-15, 10-30, 10-32 point of, 10-13 fjords, floating concrete pontoons in, 13-14 flanges, 9-6, 9-14, 9-16, 9-18, 10-8, 10-13, 10-31, 11-24, 11-30, 11-36, 11-38, 11-41, 11-43, 15-18, 30-66, 32-34, 33-4, 33-6, 36-14, 36-16 thin, 9-6 use of rubber gaskets with, 11-6 width of, 22-18 flare towers, 13-16 flares, column, 32-56 flashing, 28-25, 28-39 flashover, 31-2 flat crack propagation, 24-7 flat-plate construction, 8-57, 8-58, 9-3 flat-plate floors, 7-8, 7-38 flat-plate slabs, 7-38, 8-16 flat-plate structures, 8-6, 8-27, 8-37, 8-38, 8-43, 8-53 flat plates, 10-19–10-23 two-way, 10-31 flat slabs, 7-8 flat ties, 7-11 flat-top cranes, 19-26 flat-use factor, 7-33 Flatkin, 18-3–18-5
 
 Index flaw detection, 21-28–21-62 flexibility, 27-7 flexibility matrix, 27-8, 27-9 flexural bending, 7-38, 7-40, 7-43, 7-44, 7-45, 7-46, 28-53 maximum moment, 7-38, 7-40, 7-41, 7-44, 7-45, 7-46 flexural breaks, 8-21 flexural capacity, 25-4, 25-5, 25-6, 25-9, 25-12, 28-56 flexural crack control, 4-30 flexural crack width, 4-22–4-34, 25-5, 25-7 flexural cracking, 4-30–4-31, 8-27, 8-34–8-37, 9-3, 9-6, 9-7, 25-5, 25-7, 25-14, 27-23, 27-25, 36-4–36-5 drying, and, 8-34–8-37 flexural load, 28-55, 28-59, 28-60, 36-27 flexural members, 9-13 cracking of, 9-3, 9-6, 9-7 size of, 9-1, 9-16 tension-controlled, 36-10 flexural reinforcement, 16-20, 32-54, 32-55, 32-56, 34-5, 34-6, 36-28 flexural shear, 36-34 flexural stiffness, 8-2, 8-48, 9-4, 9-5, 9-7, 9-8, 9-11, 9-12, 9-13–9-14, 9-18, 9-19, 36-27 flexural strength, 3-16, 5-15, 5-16, 6-9, 8-21, 8-22, 8-23–8-24, 9-6, 15-12, 16-13, 21-16, 22-12–22-13, 22-24, 24-35, 25-13, 25-14, 25-16, 26-17, 28-56, 28-59, 28-65, 28-66, 34-4, 34-11, 34-15, 34-22, 36-10, 36-11–36-14 antiwashout admixtures, and, 3-14 blast-furnace slag, and, 2-23 engineered cementitious composite (ECC), 24-8 static, 22-8 flexural stress, 8-27, 10-13, 10-14, 10-23, 10-24, 10-30, 12-28, 28-53, 36-14 flexural tension, 28-62, 36-4 strength, 8-27, 8-36 flexure, 2-21, 2-23, 3-7, 8-41, 8-43, 8-47, 9-6, 10-21, 13-24, 17-2, 22-19, 28-51–28-53, 28-55–28-58, 28-62–28-63, 28-65–28-67, 32-56, 36-14 flint, 1-19 floating (troweling), 19-20 floating bridges, 13-14 floating structures, 13-2, 13-3, 13-4, 13-9–13-15, 13-24, 13-25, 13-26 prestressed, 11-56–11-57 flooding, for load testing, 27-28 floor-forming systems, 7-8–7-9 floor loading ratio, 8-2, 8-4 floor slabs, see slabs: floor floor-to-floor depth, 10-7
 
 I-25 floors, 30-6, 31-8 cast-in-place, 7-9 existing, examination of, 12-22–12-23 fire resistance of, 31-8 flat-plate, 7-8, 7-38 post-tensioned concrete, 35-2 strengthening of, 12-30 unstressed, 34-20 flowability, 15-10, 15-12, 15-13, 15-20 grout, 15-4 flowing concrete, see concrete: flowing flownets, 14-23–14-24 fluidifiers, 15-3, 15-4 fluorides, 3-7 fluorosilicates, 3-7 fly ash, 1-11, 1-20, 2-1–2-18, 3-6, 5-27, 5-28, 5-32, 5-39, 5-41, 6-7, 6-8, 6-9, 6-18, 6-20, 6-23, 6-25, 6-26, 6-27, 6-29, 6-31, 6-32, 6-33, 6-34, 6-42, 10-26, 11-4, 11-5, 11-6, 11-16, 11-19, 11-23, 13-20, 15-2, 15-20, 15-23, 20-2, 20-10, 20-23, 20-25, 20-26, 20-27, 20-29, 20-30, 20-33, 20-34, 22-4, 22-15, 23-2, 23-3, 23-14, 24-27, 24-32, 31-7 abrasion resistance, and, 2-16 air entrainment, and, 2-10–2-11 bituminous, 2-4, 2-5, 2-6, 2-13, 2-18 calcium content of, 2-5 Class C, 2-2, 2-10, 2-11–2-12, 2-15, 2-16 Class F, 2-2, 2-10, 2-11–2-12, 2-15, 2-16 classes of, 2-2 composition of, 2-6 effect of on carbonation, 2-15, 2-18 effect of on creep, 2-13 effect of on durability, 2-14–2-18 effect of on elastic properties, 2-12 effect of on hardened concrete, 2-11–2-14 effect of on permeability, 2-14 effect of on reinforcing steel corrosion, 2-17–2-18 effect of on seawater-exposed concrete, 2-18 effect of on volume change, 2-14 erosion resistance, and, 2-16 freeze–thaw resistance, and, 2-15–2-16 high-calcium, 2-6, 2-9, 2-11, 2-13, 2-17 low-alkali, 5-41 low-calcium, 2-10, 2-11, 2-17, 26-1–26-19 Portland cement setting time, and, 2-9–2-10 properties of, 2-3–2-6 proportioning, 2-6–2-9, 2-11 roller-compacted concrete, and, 20-25 strength development, and, 2-11–2-12 subbituminous, 2-4, 2-5, 2-6 sulfate resistance, and, 2-16–2-17 fly jib, 19-36
 
 I-26 flying forms, 7-9, 8-38 flying-truss forming system, 8-18 fog curing, 15-16 footings, 7-35, 10-10–10-12, 10-30, 15-23, 16-32, 16-35, 16-36, 32-56, 32-59 cantilevered, 32-56 culvert, 33-15 design of, 36-36 discrete, 10-30 eccentricity, and, 14-36 joints, and, 17-7 mat, 14-37–14-43 one-way, 36-36 precast concrete, 33-12 prestressed, 32-59 reinforcement for, 10-12 roller-compacted concrete, 20-54–20-55 seawall, 16-32 seismic retrofit of, 32-45 shallow, 14-32–14-37 bearing capacity of, 14-32–14-36, 14-58 shear wall, 32-35, 32-40, 32-40–32-42 spread, 14-37, 14-40 square, 20-55 strip, 10-10 thickness of, 10-12 two-way, 36-36 force, 32-27, 32-28, 32-29, 32-48, 32-49, 32-50, 32-51 axial, 32-19, 32-35 compressive, 32-51 earthquake motion, 32-13 gravity, 32-35 inertia, 32-12, 32-28 lateral, 32-7, 32-11, 32-12, 32-18, 32-19, 32-20, 32-21–32-27, 32-29, 32-31–32-34, 32-42, 32-43, 32-44, 32-45 levels, design, 32-9 longitudinal, 32-53 restoring, 34-20 seismic, 32-12, 32-13, 32-20, 32-21, 32-26, 32-27, 32-28, 32-29, 32-34, 32-43, 32-44, 32-45, 32-46, 32-48 shear, 32-34, 32-35, 32-40, 32-43 shear transfer, 32-38 static, 32-18 story, 32-45 tensile, 22-12, 32-35, 34-22 transfer, 32-28 transverse, 32-53 force equation, 32-48–32-51 Ford Island Bridge, 13-14 forklifts, 19-2 form liners, see liners
 
 Concrete Construction Engineering Handbook form pressures, 15-5 form ties, 7-9, 7-11, 7-22, 7-26, 7-35, 7-42, 7-45, 30-7, 30-38–30-40, 30-68 design of, 7-46 removal of, 30-40 stainless steel, 30-68 form vibrators, 30-53, 30-56–30-57, 30-72 formed-in-place FRP strengthening systems, 25-9, 25-10, 25-10–25-11 forming systems, 19-1, 19-2 forms, 11-27, 11-28, 15-3, 19-10, 20-68; see also formwork, slip-form construction architectural concrete, 30-7, 30-32–30-40 beam, 7-16 bottom, 7-4 cast-in-place, 30-5 circular, 17-3 climbing, 7-13 column, 7-9, 7-11, 7-14, 7-17, 7-24, 7-26 concrete, 11-6, 30-32 construction sequence, and, 8-4 curing, and, 6-40 double tee, 11-36 dye-transfer, and, 12-22 edge, 10-28, 12-17, 12-18, 12-20, 12-43 elastomeric rubber, 30-33 end, 11-49 estimating cost of, 7-5 fiberglass, 30-7, 30-72 flying, 7-9, 8-38 foam plastic, 30-33 gang, 7-11 jump, 7-13, 11-54 mechanized systems for, 19-48–19-50 metal deck, 7-7 mock-ups of, 30-12 one-sided, 32-45 overuse of, 30-33 panel, 7-11–7-12 permanent, 7-7, 30-4 piling, 11-48 plaster, 30-32, 30-33 plastic, 30-32 plywood, 30-32 polyethylene-lined, 8-37 precast concrete deck, 7-7 prefabricated, 7-5 removal of, 8-53, 10-3, 19-49, 21-24, 23-13, 30-40; see also forms: stripping of from flexural members, 8-36, 8-37 premature, 7-4 reuse of, 7-3, 7-4, 7-5, 7-14, 7-28, 8-4, 10-3, 10-37, 20-52, 30-34, 33-2
 
 Index roller-compacted concrete, and, 20-49 sculptured sand, 30-33 self-climbing, 19-50 side, 7-4 slab, design example, 7-38–7-43 slip, 7-12, 11-54, 13-25, 13-26; see also slip-form construction steel, 10-27, 11-6, 11-26, 11-27, 11-30, 15-14, 30-7, 30-32, 30-43, 30-59, 30-72 release agents, and, 30-18 stripping of, 7-4, 7-5, 7-38, 8-2, 8-4, 8-6, 8-9, 8-37, 8-42, 8-43, 10-3, 11-11, 11-26, 30-18, 30-40, 30-57; see also forms: removal of surface of, flexural cracking and, 8-37 table, 7-9 timber, 15-4 tunnel, 19-49 void, 11-48, 11-50 wall, 7-10–7-14, 32-45 bracing for, 7-27 washing aggregate in, 15-4 weight of, 7-24 with oiled plywood bottoms, 8-37 wood, 30-32, 30-56 formwork, 7-1–7-48, 9-18, 9-19, 10-15, 10-39, 12-6, 12-43, 15-20, 18-12, 19-2, 22-14, 22-15, 25-9; see also forms, slip-form construction break-off tests, and, 21-15 chairs, and, 12-7 cost of, 10-2, 10-2–10-3, 10-28 defined, 7-5 deflections, and, 8-49 design, 7-35–7-38 design criteria for, 7-27–7-28 failure of, 7-3, 8-37 geopolymer concrete, and, 26-6 horizontal load, and, 7-27 leak-free, 10-3 loads, 7-23–7-27 objectives of, 7-2 precast concrete units as, 30-6 pressures, 7-23–7-27 recommended practices, 7-17–7-23 scheduling, 7-5 self-weight, calculation of, 7-24 smooth-surfaced concrete, 30-21 standards, 7-17–7-23 suppliers, 7-22 supports, 8-2 textured, 30-25 two-sided wall, 19-50 types of, 7-5–7-17
 
 I-27 foundation, 6-41, 8-2, 8-3, 8-9, 8-11, 8-12, 10-3, 10-6, 10-10–10-14, 11-36, 11-46, 14-1–14-79, 20-38, 20-67, 32-43, 32-59 below water level, 10-14 clay and weathered-rock, 20-48 dam, 20-41 deep, 10-10, 10-12–10-14, 14-58 engineering, 14-1–14-27 flaw detection in, 21-33 ground motion, and, 32-29 lift-slab construction, and, 10-31 load transfer to, 20-47 mat, 10-12, 15-23 medium stiff clayey, 14-10 medium, strength of, 14-5 pile, 14-57–14-75 post placement in, 20-55 restraint, 20-48 roller-compacted concrete, 20-55, 20-56 roller-compacted conctete, and, 20-67–20-68 settlement, see settlement shallow, 10-10–10-12 shear-wall, 32-38–32-40, 32-42 subsea, 13-25 underwater, 15-4–15-5, 15-7, 15-8 walls, 28-48–28-49 Four Bears Bridge, 29-7, 29-10–29-11, 29-25 fracture test, 21-3 fractured surface texture, 30-25 frame bays, 34-19 frame systems, seismic moment-resisting, 34-7–34-18 frames, 10-6 braced vs. unbraced, 10-15 modeling of, 18-9 ordinary moment-resisting, 32-13 rigid, 10-14–10-15 structural, 10-14–10-17 sway vs. nonsway, 10-15, 10-16 free earth support, 14-53 free-water content of aggregates, 5-30 freeboard, 20-45 freefall mixers, 19-14 freeze–thaw attack, 1-19, 1-23, 2-10, 2-18, 3-2, 3-8, 3-10, 3-11, 3-12, 5-29, 5-31, 5-32, 5-34–5-35, 5-38, 6-8, 6-21, 10-23, 11-5, 11-47, 11-48, 11-55, 11-59, 13-19, 13-22, 13-23, 15-2, 15-11, 15-13, 15-14, 15-17, 15-22, 16-12, 16-13, 20-20, 20-21, 20-23, 22-14, 23-5, 24-26, 24-27, 24-29, 24-37, 27-5, 30-31, 35-15 blast-furnace slag, and, 2-27 fly ash, and, 2-15–2-16 roller-compacted concrete, and, 20-22–20-23 silica fume, and, 2-37
 
 I-28 frequency, 10-6 analysis, 21-33, 21-34 content, 32-2, 32-3 defined, 32-48 vibrator, 30-52, 30-53, 30-57 friction, 7-24, 11-21, 11-26, 11-27, 11-28, 11-33, 11-50, 11-53, 11-54, 11-55, 12-2, 12-21, 14-52, 15-20, 20-34, 20-47, 20-48 angle, 14-14, 14-60, 14-78, 14-79, 20-35, 20-36 coefficient, 11-43, 34-6, 34-7 internal, 12-24, 14-7, 14-60 ratio, 14-13 shear, see shear friction side, 14-58 skin, 10-12, 14-60, 14-62, 14-67, 14-70, 14-71 wall, 14-46 wobble, 12-44 frictional losses, 11-21, 11-28, 12-8, 12-43, 35-9 frictional resistance, 4-5, 28-60 frictional slip, 1-21 front-end loaders, 20-65, 20-67 frost, 5-39 frost resistance, 6-7, 15-3, 15-4 accelerators, and, 3-7 polymer-modified concrete, and, 3-17 silica fume, and, 2-37–2-38 fungus, 11-19 fuse plug, 20-45
 
 G galleries, 20-7, 20-8, 20-38, 20-45–20-47, 20-70 galvanized reinforcement, 30-44–30-45 galvanizing, 11-10, 11-12 galvanostatic pulse method, 21-59 gamma ferric oxide, 2-27 gamma rays, 15-25, 21-60, 21-61, 21-62 gang forms, 7-11 gantry, 11-42, 11-50 gap grading, 1-15, 30-14, 30-15, 30-16, 30-17, 30-26, 30-55, 30-57, 30-73 garages, 27-3 gas reactors, 11-55 gaskets, neoprene, 30-37 gates, bucket, 15-8 gauges dial, 27-13, 27-16 mechanical, 27-13, 27-14, 27-16–27-17 strain, 27-16, 27-18–27-21 gehlenite, 1-10 gel, 2-27, 4-10, 6-3, 6-20, 6-31 gel pores, 1-8 generic primitive, 18-9
 
 Concrete Construction Engineering Handbook geocomposites, 14-56 geogrid-reinforced walls, 14-51–14-52 geomembranes, 14-26, 14-27, 14-50, 20-49 geonets, 14-56 Geopak®, 18-13–18-16 geopolymer concrete, 26-1–26-19 beams, 26-14–26-18 casting of, 26-4–26-5 columns, 26-14–26-18 load-carrying capacity of, 26-17 compaction of, 26-4–26-5 compressive strength, 26-3–26-4, 26-5, 26-6, 26-7, 26-8, 26-9, 26-10, 26-11–26-12, 26-13, 26-14, 26-15, 26-16, 26-17 curing temperature, and, 26-5 constituents of, 26-3 creep, 26-12–26-13, 26-18 curing of, 26-5–26-6 design of, 26-6–26-8 drying shrinkage, 26-12–26-13, 26-18 economic benefits of, 26-18 long-term properties of, 26-11–26-14 mixing of, 26-4–26-5 mixture proportions, 26-3–26-4, 26-7–26-8, 26-15 modulus of elasticity, 26-9, 26-18 short-term properties of, 26-8–26-10 slump, 26-8, 26-15 sulfate resistance of, 26-14, 26-18 sulfuric acid resistance of, 26-14 unit weight of, 26-9, 26-10 geopolymers, 26-2–26-3 geosynthetics, 14-56 geotechnical engineering, 14-1 geotextile reinforcement, 14-52, 14-56, 22-19 GGBFS, see ground granulated blast-furnace slag girders, 7-5, 11-13, 11-15, 11-17, 11-20, 11-25, 11-27, 11-28, 11-29, 11-33, 11-40, 11-42, 11-46, 12-38, 15-22, 15-23, 18-2, 18-3, 24-12, 27-27, 27-28, 27-29, 27-31, 30-45, 32-55, 33-2, 33-8 box, 11-43, 11-46, 27-27, 29-2, 29-5, 29-7, 29-14, 29-15, 29-17, 29-29, 29-32, 32-54 bridge, 11-34–11-36 horizontal plate, 32-34 I-beam, 11-34, 11-36 post-tensioned, 11-36–11-38 precast box, 27-27 precast pretensioned, 11-34–11-36 prestressed concrete, 7-7 glass, 28-29 ASTM standards for, 28-5 glass-fiber-reinforced polymer (GFRP), 22-19, 22-21–22-23, 22-24 glass-fiber-reinforced vinylester bars, 25-2
 
 Index glass transition temperature, 3-17, 25-3, 25-11, 25-12 Glenwood Canyon Bridges, 29-10 global warming, 26-1, 26-2 Glomar Beaufort Sea I, 13-26 gneiss, crushed, 20-27 go-devil, 15-8–15-9 goethite, 1-19 grade beams, 32-38, 32-40, 32-45 grading curves, 1-15, 11-4, 26-3, 26-7 grading, of aggregates, 1-15, 5-29, 5-30, 5-32, 6-2, 6-4, 11-4 grain direction, 7-28, 7-34, 7-38, 7-41, 7-42, 7-43, 7-48 granite, 1-19, 5-17, 5-21, 5-40, 20-11, 26-10, 30-13, 30-26, 30-32 graphic recorder, 21-45–21-47 gravel, 1-15, 5-2, 5-29, 5-40, 6-4, 6-36, 11-4, 13-21, 14-2, 14-14, 14-27, 14-56, 15-6, 15-25, 20-11, 20-12, 20-21, 20-68, 30-26; see also pea gravel weight of, 6-12 graving docks, 11-58, 13-14, 13-15, 13-26 gravity-base structures, 13-2, 13-3, 13-15, 13-25 dry dock construction of, 13-28 skid-way construction of, 13-29 gravity dam section, 20-44–20-45 gravity-fill polymers, 23-14 gravity load, see load: gravity gravity mixer, 19-14 gravity retaining wall, 14-48 graywacke, 1-19, 5-40 grease, 11-11, 11-19, 11-24, 11-33, 11-38, 11-46, 11-60, 12-2, 12-3, 12-5, 12-6, 12-9, 16-16, 16-18, 16-19, 17-12, 17-15 green cement, 1-11 greenhouse gases, 1-11 grid index, 4-31, 4-34, 36-27 Griffith cracking, 24-7 grooves, 17-5, 17-15, 23-14 gross area, 28-3 ground acceleration, peak, 32-2, 32-3, 32-4, 32-5, 32-6 ground displacement, peak, 32-2, 32-5 ground granulated blast-furnace slag (GGBFS), 1-10, 2-24, 5-27, 5-41, 6-42, 15-23, 28-4; see also blast-furnace slag: granulated ground motion, 32-2–32-6; see also earthquakes, seismic characteristics of, 32-2–32-3 distance from energy release, and, 32-3–32-5 duration of, 32-2, 32-3 estimating, 32-6 factors influencing, 32-3–32-5 recorded, 32-2 Ground Motion Parameter Calculator, 32-7
 
 I-29 ground-penetrating radar, 21-42–21-48 ground velocity, peak, 32-2, 32-5 groundwater seepage, 14-23–14-24 groundwater table, 14-34, 14-36 grout, 11-5, 11-12, 11-13, 11-19, 11-20, 11-23, 11-24, 11-33, 11-39, 11-43, 11-54, 11-55, 11-60, 11-61, 12-8, 12-9, 12-22, 12-27, 16-13, 20-8, 20-38, 20-47, 20-51, 20-56, 20-63, 21-14, 27-31, 28-3, 28-4, 28-9–28-11, 28-14, 28-16, 28-36, 28-49, 28-59, 30-24, 30-64, 30-66, 31-9, 31-14, 33-16 admixtures, 28-14 ASTM standards for, 28-5 coarse, 28-10 compressive strength, 15-3, 28-10, 28-34, 28-36 curtain, 20-47, 20-70 -enriched roller-compacted concrete, 20-20–20-21, 20-49, 20-52 expansive, 20-47 field-mixed, 15-4 fine, 28-10 fluidifier, 15-3, 15-4 fluidity, 15-5 fly-ash, 15-2 freezing of, 28-24 high-slump, 28-34 high-strength, 34-11 injection, 15-5 intrusion, 15-3, 15-4, 15-6 lifts, 28-3, 28-20, 28-33 modulus, 27-29 pad, 34-11 pipes, 20-56 placement, 28-19–28-22 pour, 28-3 pumping of, 15-5 self-consolidating, 28-10–28-11 slump, 28-20, 28-33, 28-34 steel shims, and, 30-64 strength, 12-20 testing of, 28-33–28-34 tubes, 20-47 vs. concrete, 28-9 vs. mortar, 28-9 grouting procedure, for preplaced-aggregate concrete, 15-5–15-6 Grundy–Kabaila method, 8-9, 8-11, 8-12, 8-13, 8-38, 8-39, 8-41, 8-43 gunite, 32-45 gypsum, 1-3, 1-6, 1-7, 1-25, 2-9, 2-25, 5-23, 11-5, 26-14 drywall, 9-22, 31-11 gyration, of masonry element, 28-52, 28-62, 28-65
 
 I-30
 
 H HAC, see high-alumina cement hairpins, 32-54 half-cell oxidation reaction, 21-52 half-cell potential method, 21-53–21-54 half-cell reduction reaction, 21-52 half-stress design, 28-28 hammer, 14-11, 14-12, 14-69, 14-71, 14-75 pneumatic, 23-6 rebound, 21-3–21-5, 21-9, 21-27, 27-5 spring-loaded, 21-3 hammerhead jib, 19-25 hand-held magnifier, 21-30 Hansen’s expression for bearing capacity, 14-33, 14-35 Harbour Cay Condominiums, 8-37, 8-38–8-40 hardening, rapid, 4-11; see also strain: hardening hardware, for precast concrete elements, 30-63–30-64 hazardous waste pond, 14-27 he bolts, 7-11, 30-39 head joints, 28-3, 28-6, 28-18, 28-26, 28-52, 28-62 head, water, 14-23, 14-24 headache ball, 11-60, 12-40 headers, 10-19 heat-induced delayed expansion, 5-42–5-43 heat liberation, 1-7 rate of, 1-5 heat of hydration, 1-10, 2-6, 5-23, 5-25, 5-27, 5-28, 5-42, 6-34, 6-41, 10-26, 11-5, 15-23, 16-13, 17-5, 20-33–20-34, 20-52, 20-53, 20-70, 27-20, 30-29 heat of reaction, 3-2 heat-shrink tape, 11-12, 11-36, 11-38 heat transfer, 20-53 heavy lifter, reinforced concrete, 13-17 hematite, 1-19, 2-6 hexagonal hydrates, 1-7 high-alumina cements, 1-10–1-11 high-density polyethylene (HDPE), 11-59 high-lift grouting, 28-3, 28-22 high-performance fiber-reinforced cementitious composites (HPFRCC), 24-2–24-4 high-performance, high-volume fly ash concrete, 1-11 high-pressure water blasting, 30-27 high-range water reducers, 1-4, 2-32, 3-2, 3-4, 3-5–3-7, 3-14, 5-31, 5-43, 6-8, 6-9, 6-18, 6-21, 6-23, 6-24, 6-28, 6-29, 6-30, 6-35, 6-40, 6-41, 10-23, 10-27, 11-5, 11-16, 11-41, 13-22, 13-26, 15-20, 20-51, 23-3, 24-9–24-10, 26-3, 30-15 generations of, 3-5–3-6 naphthalate-based, 6-35
 
 Concrete Construction Engineering Handbook high-rise building, testing after collapse of, 27-28–27-29 high-strength concrete, see concrete: high-strength highly reactive metakaolin, 2-38–2-42 highway, 5-2, 5-29, 10-2, 14-40, 15-22 dividers, 10-38 slabs, 2-14 hinge line, 12-32 hinge, bridge, 11-41 hinges, plastic, 32-51, 32-55, 32-56, 32-57, 32-58, 34-4, 34-5, 34-9 length, 34-15, 34-17 order of, 32-58 hoisting speed, 19-6, 19-34 hoists, 7-5, 19-1, 19-47–19-48 Hokie Stone, 29-26–29-28 hollow-core plank, 10-39 honeycombing, 10-25, 10-27, 11-13, 11-27, 12-20, 21-28, 21-35, 30-7, 30-41, 30-52, 30-54, 30-56, 30-68, 30-69 honing, 30-31–30-32 and polishing, 30-20 Hood Canal Bridge, 13-14 Hooke’s law, 8-28 hoop, 32-43, 32-54, 36-6, 36-22, 36-35 defined, 32-62 hopper, 20-64 intake, 19-15, 20-61, 20-63 horizontal flow time, nondispersible underwater concrete, 15-12–15-13 horizontal lacing, 7-16 horizontal layer grouting, 15-5 hot weather, 5-32–5-33, 6-34, 10-27, 11-5, 15-25, 16-13, 20-10, 21-23, 24-26, 28-22, 28-23, 28-24, 30-59 HRWRs, see high-range water reducers hulls barge, 11-35 concrete, 11-57, 13-2, 13-4, 13-11, 13-14 leakage into, 13-25 Hungry Horse Dam, 2-2 hurricanes, 11-31, 29-19 hybrid system, of seismic bracing, 34-11, 34-12, 34-15, 34-17, 34-20, 34-22 hydrates, hexagonal, 1-7 hydration, 1-5, 1-6–1-9, 2-25, 2-39, 3-4, 4-16, 5-10, 5-12, 5-23, 5-25, 5-27, 5-28, 5-30, 6-20, 6-41, 15-15, 15-23, 15-25, 26-2 accelerators, and, 3-1, 3-13 chemistry of, 1-6–1-7 curing, and, 2-21 degree of, 1-8, 21-20, 21-21, 21-23, 21-24 heat of, see heat of hydration
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 Index high-range water reducers, and, 3-5, 3-6 kinetics, 21-21 polymers, and, 3-15 products, 1-6, 1-7–1-9 retarding admixtures, and, 3-2 water-reducing admixtures, and, 3-4 hydraulic breakers, 12-40 hydraulic bursters, 12-40 hydraulic cement, see cements: hydraulic hydraulic cement concrete (HCC) overlays, 23-1–23-16; see also cement: hydraulic, overlays hydraulic gradient, 14-24, 14-25 hydraulic testing, 27-10–27-13 hydraulicity, latent, 2-18 hydrocalumite, 2-26 hydrochloric acid, 30-71 hydrometer analysis, soils, 14-2–14-4 hydroxide ions, 5-38 hydroxyethylcellulose (HEC), 3-14, 15-10 hydroxyethylmethylcellulose (HEMC), 3-14, 15-10 hydroxyl, 2-27 hydroxylated carboxylic acids, 3-3 hydroxypropylmethylcellulose (HPMC), 3-14, 15-10 hypophosphates, 3-7 hysteresis, 27-15, 27-17, 27-18, 27-25
 
 I I.M. Pei and Partners, 30-2, 30-20 I-beam, prestressed, 33-2, 33-3, 33-6–33-7 ice, 3-5, 10-27, 11-5, 11-55, 20-53, 30-15 ice control, 35-16–35-17 ICES-STRUDL II, 8-38 ICRI molded standards, 23-9 illmenite, 1-19 immersion vibrator, 30-53 impact ball, 12-39 impact-echo testing, 16-4–16-7, 16-20, 16-22, 16-23, 16-24, 16-24–16-25, 16-29, 16-30, 16-38, 16-39, 16-40, 21-33, 21-34, 21-35, 21-37, 21-44, 27-7 impactor, 27-7, 27-8 impedance testing, 21-35 impermeability, 15-17 importance factor, 32-8–32-9 impressed current, 16-20, 16-23, 16-26, 16-27, 16-38, 21-56 impulse radar, 21-42 impulse–response testing, 21-35, 21-36, 21-37 impurities, 1-3, 1-7, 1-14 incising factor, 7-31 inclined cracks, 27-4, 36-15 incremental launching, 11-43
 
 indentation tests, 21-2, 21-3 Indiana limestone, 30-17, 30-20 indirect-member strengthening, 12-31 induction stage, of hydration, 1-7 industrial plantships, 13-9, 13-13 influence line, 10-16 infrared themography, 21-39–21-42, 27-7 infrastructure, concrete, 16-2, 21-29 initial rate of absorption (IRA), 28-25 initial set, 5-12 fly ash, and, 5-28 in-place strength, estimating, 21-2–21-28, 21-62 inshore concrete structures, 13-1, 13-2, 13-3, 13-23, 13-25 inspection checklist, 35-17–35-18 masonry, 28-27–28-38 instrumentation, 27-13–27-21 accuracy, 27-14–27-16 electrical, 27-17–27-21 precision, 27-14 range, 27-13–27-14 types of, 27-16–27-21 intake hopper, 19-15, 20-61, 20-63 integrity tests, see nondestructive testing interfacial zone, 1-13 intermediate moment-resisting frames (IMRFs), 32-13 intermediate stressing joints, 12-41 internal fracture test, 21-13 internal friction, 14-7 International Building Code (IBC), 8-55, 10-4, 28-2, 28-40, 32-6, 32-7–32-29 inverted channel beam, 33-5–33-6 iron, 2-1, 2-2, 2-29, 5-23, 5-27, 30-12, 30-40, 30-58 scrap, 1-19 iron chloride, 5-38 iron hydroxide (FeOH), 5-38 iron ions, 5-38 iron oxide, 1-2, 1-22, 5-30, 5-38, 16-26, 21-52, 26-3 black, 29-25 irradiation, 6-8 irregular structures, 32-18–32-19 islands, caisson-retained, 13-15 Isola di Porto Levante LNG terminal, 13-6 isolation joints, 17-1, 17-2, 17-3, 17-7, 17-12–17-13, 17-15
 
 J jack, 7-14, 11-28, 11-49, 11-60, 12-21, 12-43 center-pull, 11-60 feet, 12-21 hang-up of, 12-19–12-20
 
 I-32 jack (cont.) heavy lift, 11-43 hydraulic, 10-34, 11-25, 11-28, 11-43, 11-60, 14-73, 16-18, 12-21, 12-40, 21-15, 30-47 lifting, 10-31, 10-32, 10-33, 10-34 multistrand, 11-21, 11-24, 11-25, 11-26, 34-23 pneumatic, 10-34 post-tensioning, 27-29 screw, 10-34, 11-32 shores, 7-14 single-strand, 11-21, 11-25, 11-48 stressing, 12-2, 12-17, 35-8 types of, 10-34 jack-up rigs, 13-13 jackhammer, 16-18, 30-25, 30-26 jacking force, 10-38, 12-43 jacking rods, 10-34 Java, 18-12–18-13 jetting, 11-53, 11-54 jib, 19-4, 19-5, 19-9 bottom-slewing tower crane, 19-29 length, 19-32, 19-33 luffing, 19-26, 19-29 top-slewing tower crane, 19-25–19-26 jobsite control, 6-40, 6-41 joint filler, 17-8–17-9 joint formers, 17-3 joint sealants, 17-13, 30-67 joint shear reinforcement, 32-54 jointed precast concrete, 34-1 joints, 5-21, 10-17, 10-23, 10-24, 10-28, 12-13–12-14, 17-1–17-15, 20-8, 35-8–35-9 beam–column, 10-6, 10-15, 10-17, 12-11, 12-39, 24-19, 24-21, 34-5, 34-8, 34-16, 34-17–34-18, 34-20 size of, 34-20, 34-23 bed, 28-3, 28-6, 28-18, 28-26, 28-36, 28-42, 28-60, 28-62 butt, 17-2, 30-30, 30-33, 30-37, 30-38 architectural concrete, 30-11 horizontal, 30-28 cast-in-place, 11-38, 11-50 cold, 10-33, 15-5, 15-23, 20-47, 20-48, 30-7, 30-37, 30-69, 35-4, 35-9 collar, 28-3, 28-4 congestion of, 10-17 construction, 11-36, 17-1, 17-2, 17-7, 17-14, 20-59, 20-69, 23-2, 23-12–23-13, 23-14, 23-16, 29-26, 30-37, 30-38, 35-4, 35-8–35-9 in seawall, 16-20, 16-22, 16-24, 16-25, 16-29, 16-39 construction of, 15-5
 
 Concrete Construction Engineering Handbook contraction, 17-1, 17-2, 17-3–17-6, 17-8, 17-10–17-12, 17-15, 20-56, 31-9 effectiveness of, 17-5–17-6 formed, 17-3 joint former placement, and, 17-3 sawed, 17-3, 17-5 tooled, 17-3, 17-5 control, 17-2, 17-3, 28-16, 28-38, 30-7, 30-36, 30-37, 30-38, 31-9 dowelled, 17-11, 17-12 dry, 11-38, 11-39 expansion, 17-1, 17-2, 17-3, 17-6–17-10, 17-12–17-13, 17-15, 22-3, 23-13, 27-28, 28-38, 31-9, 32-51, 32-53, 32-57, 35-7, 35-15 spacing of, 17-7–17-8 width of, 17-6 fire protection of, 31-9 formed, 20-56 full-height, 35-5–35-6 half-height, 35-5–35-6 head, 28-3, 28-6, 28-18, 28-26, 28-52, 28-62 horizontal, 10-36, 20-49 horizontal bed, 28-3, 28-13 inside corner, 15-18 insulated, 31-9 isolation, 17-1, 17-2, 17-3, 17-6, 17-7, 17-12–17-13, 17-15 keyed, 17-12, 17-15 lift, see lift joints longitudinal, 17-15, 20-47, 20-56 monolith, 10-17, 20-3, 20-38, 20-48, 20-54, 20-55, 20-57 mortar, 28-9, 28-19, 28-26, 28-37 tolerances, 28-26 pavement, 17-10–17-15 pour, 30-37 preformed, 17-12 reinforcement of, 10-17 release, 35-9–35-11 sawed, 17-12 sealing, 17-13 seepage at, 20-40, 20-41 seismic, 17-9–17-10 shear, 32-54 shore–slab, 8-9 slab, 12-4, 17-2, 17-10–17-15 slab–column, 8-11, 8-16, 8-37, 8-40, 8-43, 10-6, 10-17, 10-21, 10-32 slip, 35-11 spacing of, 10-25, 17-2, 17-5, 17-6, 17-7–17-8, 17-10, 17-11–17-12 stiffness of, 9-14
 
 Index tank, 11-55 tongue-and-groove, 17-2, 17-3, 17-12 tooled, 17-12 transverse, 17-15, 20-56 treatment of, 20-69 tremie, 15-8, 15-9 vertical, 11-38, 20-49, 20-51, 20-56 vertical head, 28-3 wall, 35-10–35-11 wall–slab, 4-34, 17-8, 17-10 water penetration, and, 28-39 watertight, 20-51 width of, 17-6, 17-8, 17-9, 30-65–30-66, 30-67 joists, 7-8, 7-9, 7-34, 7-35, 7-38, 7-40, 7-41, 9-17 design of, 7-39–7-40 lateral buckling of, 7-39 steel, 10-30 J-ring test, 5-43 jump forms, 7-13
 
 K kaolinite, 26-2 Kevlar®, 22-21 keys, 20-47, 20-48, 30-45 shear, 11-38, 11-44, 11-54, 27-27–27-28, 33-8 keyways, 17-12, 33-4, 33-6, 33-10, 33-12 kiln, 1-2–1-3
 
 L laboratory, prequalification of, 6-43 lacing, 7-16 lagging, 7-6 laminated veneer lumber (LVL), 7-35 laminated strand lumber (LSL), 7-35 landfill liners, 14-26–14-27 landfills, 14-26 landscaping, around bridges, 29-30 lap splices, 11-8–11-9, 25-9, 27-4, 28-51, 28-61 lateral displacement capacity, 25-19–25-20 lateral-force-resisting system, 32-11, 32-12, 32-13, 32-18, 32-25, 32-26, 32-29, 32-31–32-34, 32-42, 32-43, 32-44–32-46, 32-62 vertical, 32-45–32-46 lateral forces, 7-3, 11-23, 14-43, 14-45, 14-46, 14-47, 14-48, 28-42, 28-46, 32-7, 32-12, 32-18, 32-19, 32-20, 32-21–32-27, 32-29 lateral loads, 7-16, 10-5–10-7, 10-13, 10-14, 10-16, 10-30, 10-34, 10-35, 12-39, 16-28, 16-29, 28-62, 30-5, 32-7, 32-12, 32-13, 32-29, 32-34, 32-43, 32-57, 32-59, 32-62, 34-3 lateral pressure, 7-10, 7-16
 
 I-33 latex-modified concrete (LMC), 3-16, 3-17, 16-15, 23-2, 23-3, 23-15 high early strength, 23-2, 23-4, 23-15 very early strength, 23-2, 23-4, 23-12, 23-15 laths, 15-16, 15-18, 15-19 lay-up, 25-10 L-box test, 5-43 leachate, 14-26, 14-27 ledges, 10-39 Lee Roy Selmon Crosstown Expressway, 29-15, 29-17, 29-25, 29-29 length factor, 22-5–22-6 leveling concrete, 20-56, 20-67 life-cycle cost analysis, 16-23–16-24 lift-joint quality index (LJQI), 20-34–20-35, 20-70 lift joints, 20-2, 20-8, 20-10, 20-12, 20-13, 20-14, 20-17, 20-20, 20-22, 20-34–20-37, 20-38, 20-40, 20-41–20-42, 20-45, 20-47, 20-51, 20-66, 20-67, 20-68, 20-69 seepage, 20-41, 20-42, 20-49 lift-off test, 12-21 lift-slab construction, 10-28, 10-30–10-33, 11-29, 11-33, 12-41 lifting capacity, crane, 19-32, 19-33, 19-36, 19-38, 19-40, 19-43 lifting collars, 10-32, 10-33 lifting height, crane, 19-32, 19-33 lifting hook, crane, 19-6, 19-21, 19-33, 19-40 lifting inserts, 11-50 lifting jacks, 10-31, 10-32, 10-33, 10-34 lifting lugs, 10-39 lifting moment, 19-33 lifting points, 11-51 lifts, 19-1, 19-47–19-48, 29-26, 30-52, 30-53, 30-54, 30-57 grout, 28-3, 28-20, 28-33 passenger, 19-4 roller-compacted concrete, 20-8, 20-10, 20-14, 20-17, 20-18, 20-21, 20-34, 20-38, 20-40, 20-43–20-47, 20-51–20-53, 20-55, 20-57, 20-58, 20-62, 20-64–20-70 scissor-type, 19-2, 19-47 thickness of, 20-67 lighting, bridge, 29-29 lightweight-aggregate concrete factor, 36-28 lignin, 3-2, 3-11 lignite, 2-2, 2-4, 2-6, 2-11, 2-17 lignosulfonates, 3-3, 3-7, 6-8 lime, 1-10, 2-11, 2-23, 2-32, 2-36, 2-39, 5-23, 6-8, 28-6, 28-8, 28-10 limestone, 1-2, 1-3, 1-19, 5-17, 5-21, 11-4, 20-25, 30-14, 30-26 limit-state analysis, 32-57–32-58
 
 I-34 limit states, 16-2–16-3, 16-27, 34-2, 34-3, 34-10 shear stress, 34-21 strain, 36-10 strength, mechanism approach to, 34-2, 34-3 limonite, 1-19, 6-4 line pump, 19-17 linear hyperbolic function, 21-21, 21-22, 21-23 linear kinetics, 21-21 linear polarization, 21-56–21-60 linear variable differential transformers (LVDTs), 27-17, 27-18, 27-25, 27-28 linearity, of an instrument, 27-15 liners, 20-38, 30-27–30-30, 30-32, 30-34, 30-55 elastomeric, 30-18–30-19, 30-28–30-29, 30-40 landfill, 14-26–14-27 metal, 30-30 plastic, 7-7, 30-18, 30-21, 30-28, 30-29 polystyrene foam, 30-29–30-30 polyurethane, 30-29 polyvinyl chloride, 30-29 rubber, 30-18–30-19, 30-28 wood, 30-28 lintels, fire resistance of, 31-14 liquefied natural gas (LNG), 11-3, 11-55, 13-5–13-6, 13-13, 13-14, 13-27 liquefied petroleum gas (LPG), 13-13 liquid-containing structures, 10-23–10-26, 16-2; see also liquid-retaining structures, tanks liquid head, 7-24 liquid limit, 14-4–14-5, 20-12 liquid nitrogen, 11-5, 11-55 liquid-retaining structures, 4-34, 14-23, 17-2, 17-6, 17-7, 17-8; see also liquid-containing structures, tanks lithium compounds, 3-18 live end, 16-16 live load, 4-21, 7-2, 7-8, 7-10, 7-14, 7-23, 7-24, 7-38, 8-6, 8-9, 8-34, 8-41, 8-42, 8-43, 8-47, 9-7, 9-12, 10-9, 10-16, 10-20, 10-31, 10-34, 11-18, 11-36, 11-41, 24-37, 25-8, 25-9, 25-13, 27-3, 28-41, 32-12, 32-22, 32-27, 32-28, 33-10, 34-2, 34-3, 34-9, 34-10, 34-21, 36-4 deflection, 9-17, 9-18, 9-20 demolition, and, 12-39 design, 10-5, 27-28 vs. service, 9-12 gravity, 10-5 lateral, 10-5–10-7 factor, 10-4, 12-39 moments, 9-13 permanent, 9-12 repeated cycles of, 8-51 roof, 27-3
 
 Concrete Construction Engineering Handbook load, 4-4, 4-5, 4-6, 4-7, 7-3, 7-8, 7-9, 7-12, 7-13, 7-14, 7-15, 7-16, 7-17, 7-18, 7-21, 7-22, 7-23–7-27, 7-35–7-36, 9-12, 10-3–10-7, 10-39; see also loading accidental, offshore structure, 13-25 axial, 10-11, 28-27, 28-52, 28-53, 28-55, 28-58, 28-59, 28-60, 28-62, 28-63, 28-65, 28-66, 28-68, 32-36, 36-5–36-7, 36-10, 36-24 axial compressive, 28-52 bending, 24-6, 32-36 buckling, 10-16, 28-52 column, 10-11 compression, 7-16 compressive, 4-5, 34-10 construction, 8-1–8-19, 9-13, 9-19, 10-10, 10-33 serviceability consequences of, 8-47–8-55 strength consequences of, 8-37–8-47 cracking, 4-25, 8-34, 8-35, 8-36 dead, see dead load decompression, 4-26, 4-27 deformation, offshore structure, 13-25 design, 8-6, 8-7, 8-19, 8-49, 9-18, 10-3, 10-31, 28-46 dynamic, 11-31 earth, 10-4, 10-5 environmental, offshore structure, 13-25 equipment, 12-38 Euler buckling, 10-15 external, 4-10, 4-18, 4-22, 4-25, 17-2 flexural, 28-55, 28-59, 28-60, 36-27 floor, 8-2 gravity, 8-12, 8-16, 10-5, 10-15, 10-20, 10-21, 12-30–12-31, 32-13, 32-38, 32-40 horizontal, 7-26, 7-27, 7-43, 10-15, 12-38, 36-18 horizontal brace, 7-47 hydrostatic, 10-4, 10-5 lateral, 7-16, 10-5–10-7, 10-13, 10-14, 10-16, 10-30, 10-34, 10-35, 12-39, 16-28, 16-29, 28-62, 30-5, 32-7, 32-12, 32-13, 32-29, 32-34, 32-43, 32-57, 32-59, 32-62, 34-3 line, 7-47 live, see live load offshore structure, 13-25 partition, 32-22 permanent, offshore structure, 13-25 pile failure, 14-74, 14-75 pullout, 21-12 rain, 27-3 reshore, 8-7 seismic, 10-4, 10-5, 10-6, 16-23, 16-29, 32-19, 32-43, 34-7 combinations, 32-27–32-28
 
 I-35
 
 Index service, 9-3, 9-4, 9-12, 10-3, 10-4, 10-5, 10-6, 10-9, 10-31, 10-39, 16-37, 16-38, 16-40, 25-7, 25-8, 25-13, 25-16, 25-19, 26-18, 27-10, 28-67, 36-4, 36-31, 36-33, 36-34 shear, 10-8, 24-6, 28-50, 28-60, 34-8, 36-15 shore, 8-7, 8-9, 8-11, 8-12, 8-13, 9-18 slab, 8-4, 8-7, 8-9, 8-11, 8-14, 8-15, 8-18, 8-19 snow, 10-4, 27-3, 32-22 static, 32-7, 32-29 stringer, 7-40 sustained, 4-1, 4-2, 4-4, 4-8, 25-7, 36-3 tensile, 14-5, 24-7, 34-10 tension, 24-6 transverse, external, 36-14 ultimate, 10-17, 10-39, 21-12, 22-2, 22-19, 36-34 variable functional, offshore structure, 13-25 vertical, 7-16, 7-23–7-24, 10-11, 10-13, 10-34, 10-35, 12-38, 32-12, 32-26, 32-34, 32-35, 32-38, 32-57, 32-59, 32-62, 34-4, 36-18 wind, 7-27, 10-4, 10-5, 10-6, 28-41, 28-46 working, 7-14, 27-4 load and resistance factor design (LRFD), 7-23, 25-4, 25-12, 33-2, 34-9 load-bearing capacity, presumptive, 14-37 load cell, 8-9 load combinations, seismic, 32-27–32-28 load distribution, 8-7, 8-16, 14-43, 14-50, 14-65 factors, 8-4 load duration, 7-34 factor, 7-31, 7-34 load factors, 7-31, 7-34, 8-4, 10-3, 10-4, 25-9 load path, 32-42, 32-43, 32-45, 32-46, 32-57–32-58, 34-10, 34-20 load ratio, 8-2–8-7 load testing, 14-73–14-75, 16-10, 27-3–27-4, 27-6, 27-9–27-13, 27-28, 27-29 truck, 27-26 vehicle, 27-10 load transfer, 10-21, 10-30, 10-39, 14-74, 17-12, 17-15, 19-8, 20-47, 21-13, 25-11, 27-27, 27-28, 34-8, 34-10–34-11, 35-4 loader crane, 19-43 loading, 9-12–9-13; see also load checkerboard, 10-16 concrete age, and, 8-32–8-33 earthquake, 16-29, 16-33, 16-35, 16-36, 16-37 hydraulic, 27-10–27-11 in high-rise buildings, 8-1–8-58 pattern, 9-12, 10-16 seawall, 16-28–16-29, 16-31, 16-33–16-34 skip live, 10-16 loading buoys, offshore, 13-16 lock chambers, resurfacing of, 15-3
 
 lofting, of piles, 11-51 Lok-Test, 21-10, 21-12, 21-15 long-span prestressed bridges, 29-1–29-32 longitudinal force, 32-53 loop ties, 7-11 low-calcium fly ash, 26-1–26-19 luffing boom, 19-37 luffing jib, 19-26, 19-29 lugs, load-resisting, 10-13 lumber, 7-27 air-dried, 7-33 bracing, 10-28 failure stress of, 7-33 form, 7-28 laminated strand, 7-35 laminated veneer, 7-35 moisture content of, 7-33 parallel-strand, 7-35 presoaking, 10-36 rough, 7-28 sawn, 7-33, 7-34 shores, 7-14 stresses, adjustment factors for, 7-28–7-31 structural composite, 7-35 unit price of, 7-5
 
 M macrocracks, 4-22, 4-24 macrodefect-free cement, 6-2, 22-14 macropores, 1-8 magnesium, 2-2 magnesium carbonate, 1-20 magnesium oxide, 2-29 magnesium phosphate, 27-27 magnesium sulfate, 2-25, 5-35 magnetic reluctance, 21-48–21-49, 21-51 magnetite, 1-19, 2-6, 6-4 magnifier, hand-held, 21-30 main wind force-resisting systems, 10-5 maintained load test, 14-73 maintenance, 35-13–35-18 costs, for repaired structures, 16-20 mandrels, 11-12, 11-20, 11-36, 11-38, 11-41, 11-42, 11-50 manganese oxide, 30-12 manufactured wood products, 7-35 mapped acceleration parameters, 32-7, 32-8 marble, 30-26, 30-32 Marina del Rey Seawall, 16-20–16-40 marine environments, 10-13, 11-46 marine structures, 13-2, 13-31 marlstone, 20-11
 
 I-36 Marsh cone flow test, 24-11 masonry, 9-22, 28-1–28-68 admixtures, 28-14–28-15 bond patterns, 28-16–28-18 bracing of, 28-22 buildings, seismic-force-resisting, 32-34–32-38 cement mortar, 28-9 clay, 31-7 cleaning of, 28-25 codes and standards, 28-2 compressive strength, 28-35–28-38, 28-50, 28-53, 28-62, 28-64, 28-65, 28-66, 28-68 construction, 28-15–28-27 environmental factors, 28-22–28-25 tolerances, 28-26–28-27 cracking, 28-38 detailing, 28-38–28-39 equivalent thickness of, 31-7, 31-11 grout, 28-3, 28-4, 28-5, 28-9–28-11, 28-14, 28-16, 28-19–28-22 inspection, 28-27–28-38 lateral support of, 28-48, 28-49 lintels, fire resistance of, 31-14 materials, 28-4–28-15 modular layout of, 28-16–28-18 moisture migration, 28-38–28-39 painting of, 35-16 partially grouted, 28-55, 28-56, 28-64, 28-65, 28-66 plain, 28-4 project specifications, 28-39–28-40 quality assurance levels, 28-29–28-31 reinforced, 28-4, 28-13, 28-24, 28-41, 28-42, 28-43–28-45, 28-54–28-58, 28-59, 28-60, 28-63–28-68 sample panels, 28-25 shear walls, 32-34–32-38 approximate period of, 32-24 seismic detailing of, 28-43–28-45, 32-35–32-38 structural design, 28-40–28-68 testing, 28-27–28-38 unreinforced, 28-4, 28-13, 28-41, 28-42, 28-43–28-44, 28-51–28-54, 28-59, 28-60, 28-61–28-63 walls, fire-resistance rating of, 31-6–31-7 masonry units, 28-59, 31-14 clay, 28-11–28-13 concrete, 28-11 defined, 28-3 equivalent thickness of, 31-7 hollow, 28-3, 28-11, 28-13, 28-18, 28-37, 28-39, 28-45, 28-47, 31-7
 
 Concrete Construction Engineering Handbook solid, 28-3, 31-7 testing, 28-35 mass, 32-49, 32-50 defined, 32-48 mass concrete, 10-26–10-27, 15-22–15-23, 20-3, 20-11, 20-34, 20-38, 20-40, 20-42, 20-53, 20-64, 30-59 cracking analysis of, 20-31 materials for, 10-26–10-27 mixture design of, 10-27 quality control, 10-27 Soniscope testing of, 21-6 mast-climbing passenger hoist, 19-47 masts, crane, 19-4, 19-8, 19-9, 19-19, 19-22, 19-24, 19-25, 19-26, 19-28, 19-29, 19-40 types of, 19-29 mat blasting, 11-61 timber, 11-32 vacuum, 15-14 mat footings, 14-37–14-43 bearing capacity of, 14-37–14-40 flexible, design of, 14-40–14-43 mat foundations, 10-12, 15-23 match casting, 11-38, 11-39, 11-42 material allowances, 12-10 material handlers, 19-1, 19-45–19-47 material weights, 10-5 maturity, 8-25, 8-26, 21-17, 21-24 degree-hr, 20-69 maturity index, 21-18, 21-23, 21-24 maturity, lift-joint, 20-34, 20-36 maturity meters, 21-26 maturity method for estimating strength, 21-16–21-25 maturity rule, 21-17 maximum considered earthquake (MCE), 32-7, 32-8, 32-23 maximum distributed pressure, 7-43 maximum practical achievable density (MPAD), 20-21 mechanical gauges, 27-13, 27-14, 27-16–27-17 mechanically stabilized earth, 14-56 mechanized form systems, 19-48–19-50 medians, bridge construction within, 29-15 melamine formaldehyde, 6-8 member size creep, and, 8-33 shrinkage and, 8-30 membrane curing, 11-6, 30-59 -curing compounds, 11-50 electrometric, 35-15
 
 Index PVC, 20-49, 20-51 -sealing compounds, 11-5 traffic-bearing, 35-15 upstream, 20-38, 20-40, 20-42, 20-44 waterproof, 33-2 mesopores, 1-8 metakaolin, 11-4, 26-2 metakaolin, highly reactive, 2-38–2-42 composition of, 2-38 metal deck forms, 7-7 metal decking, composite, 10-9 methacrylate, 23-14 surface treatment, 5-38 methylcellulose, 3-17 metric dimensions, of masonry units, 28-18 microcracking, 3-15, 4-4, 4-22, 11-7, 11-16, 11-55, 22-2, 22-3 engineered cementitious composite (ECC), and, 24-4, 24-6, 24-7, 24-8, 24-12, 24-14–24-15, 24-21, 24-22, 24-24, 24-27, 24-31, 24-32, 24-34 micromechanics, 24-4, 24-5, 24-6 micrometers, 27-16 micropores, 1-8 microsilica, 5-27, 10-23, 11-5, 11-6, 11-16, 11-17, 11-19, 11-55; see also silica fume microwaves, 21-42 midbay deflection, 9-7 midspan shoring, 11-36 midspan moment, 9-3, 10-8, 10-16 midspan stiffness, 9-7, 9-14, 9-15 mild steel reinforcement, 10-38, 10-39, 10-40, 11-2, 11-36, 11-42, 16-17, 22-19, 34-11, 34-15, 34-16, 34-20, 34-21, 34-22, 34-23, 35-11, 35-13, 36-34 locating, in concrete, 16-8 mineral admixtures, 2-1–2-42 minimum-thickness tables, 9-3 mixed corrosion inhibitors, 3-9 mixers, concrete, 19-12–19-15 batch, 20-59 continuous, 20-59, 20-60, 20-62 drum, 20-59 pugmill, 20-59, 20-60, 20-62, 20-63 self-propelled mobile, 19-15 mixing concrete, 5-6–5-10, 6-39, 6-40, 11-6 mixing water, 5-29, 5-40, 6-8, 6-21, 6-22, 6-24, 6-25, 9-6, 10-23, 10-27, 13-22, 15-14, 15-17, 15-18, 20-70 architectural concrete, 30-15 mobile cranes, see cranes: mobile mobility, 21-36, 21-37 modal response spectrum analysis, 32-19, 32-20, 32-27
 
 I-37 modal testing, 27-7–27-9, 27-26 modeling beams, 18-9, 18-10–18-11, 18-12 columns, 18-9, 18-10–18-11 creep, 4-5–4-6, 4-10 finite-element, 18-9, 20-53, 27-7, 27-9, 27-23, 27-25 frames, 18-9 rebar, 18-10, 18-11, 18-13–18-16 roller-compacted concrete, 20-53 semirigid, 32-18 slabs, 18-9, 18-10, 18-11 solid geometric, 18-9–18-11 trusses, 18-9 modification coefficient, 8-11, 8-12 modification factor, 10-16 modified lignosulfonate (MLS), 3-5 modulus of elasticity, 1-21, 2-12, 2-23, 2-35, 3-14, 4-10, 4-11, 4-18, 5-16, 6-9, 6-36, 7-28, 7-30, 7-34, 8-4, 8-6, 8-9, 8-26, 8-27–8-29, 8-32, 8-48, 8-49, 8-52, 9-8, 9-12, 9-13, 9-15, 9-18, 9-19, 9-20, 10-8, 10-24, 11-2, 11-17, 11-18, 11-21, 11-32, 13-22, 14-40, 15-2, 16-13, 21-5, 21-6, 21-31, 22-14, 22-16, 24-6, 25-19, 28-3, 36-2 accelerators, and, 3-7 defined, 20-71 engineered cementitious composite (ECC), 24-8, 24-22 geopolymer concrete, 26-9, 26-18 masonry, 28-52, 28-56, 28-67 mild steel reinforcement, 28-54 pile, 14-63, 14-74 Portland cement, 26-9, 26-10 reinforcement, 28-56, 28-59, 28-64 roller-compacted concrete, 20-19, 20-27, 20-29–20-31, 20-32, 20-34, 20-47, 20-61 self-consolidating concrete, 15-22 settlement, and, 14-15–14-16, 14-21 soil, 14-63, 14-67 subgrade, 14-41 static, 8-28, 20-29 sustained, 8-50, 20-71 temperate–time factor, and, 21-24 underwater concrete, 15-12, 15-13 modulus of rupture, 4-17, 5-15, 8-22, 8-27, 8-36, 8-37, 9-6, 9-13, 9-15, 9-18, 9-19, 9-20, 10-24, 10-26, 13-22, 17-1, 17-10, 28-62, 28-67, 36-2 compressive strength, and, 21-16 engineered cementitious composite (ECC), 24-8 Mohr circle diagram, 14-9, 14-10 Mohs hardness, 21-8
 
 I-38 moisture content, 1-16–1-17, 20-23, 20-27, 20-30, 20-33, 21-48, 21-54 aggregate, 11-6, 20-21, 20-58, 20-59 dielectric constants, and, 21-44 optimum, 20-17, 20-19 pulse velocity, and, 21-8 moisture factor, 7-33 mold, 6-9, 6-42, 11-7 break-off test, 21-15 grout, 28-34 moment capacity nominal, 34-8, 34-12 probable, 34-17 moment coefficient, 10-16 moment distribution, 9-14, 9-15 moment frames, 10-14 moment-magnifier method, 10-16, 36-24, 36-25 moment of inertia, 4-18, 4-18–4-22, 8-51, 9-3, 9-12, 9-13, 10-9, 10-10, 10-21, 28-52, 28-53, 28-54, 28-63, 28-67, 36-4 cracked, 9-13, 9-14, 9-15, 36-3 gross vs. effective, 32-58 uncracked, 9-14 moment ratio, 31-6 moment-resisting frames, 10-6, 32-13, 32-29, 32-34, 32-43, 32-45 defined, 32-62 seismic, 34-7–34-18 moment strength, 36-8, 36-9, 36-11 moments, 10-2, 10-12, 10-14, 10-15, 10-16, 10-17, 10-37, 10-38, 32-58, 36-24 antisymmetrical, 24-18 applied service load, 25-8 beam, 10-21 bending, 4-18, 4-25, 8-27, 8-47, 10-15, 10-18, 10-37, 11-50, 14-50, 14-57, 18-10, 18-11, 25-13, 28-52, 28-53, 28-57, 28-62, 28-67, 28-68, 31-6, 32-35, 32-38, 32-40 column, 10-16 construction load, 10-10 cracked second, 25-8 cracking, 28-67, 36-4 design, 10-16 distributed load, 14-43 distribution of, 10-20, 10-21 elastic, 10-16 envelopes, 10-16 first, 10-9 horizontal, 16-34, 16-36, 16-37 internal, 10-39 lifting, 19-33 magnified, 10-16 maximum, 7-38, 7-39, 7-40
 
 Concrete Construction Engineering Handbook maximum allowable, 7-43, 7-44, 7-45 midspan, 10-8 negative, 10-8, 10-16, 10-17, 10-18, 10-21, 11-36, 11-38, 11-40, 11-50, 12-11, 16-34, 16-36, 16-37, 18-11, 22-17, 31-6, 36-14 overturning, 32-40 positive, 10-16, 10-17, 10-21, 11-41, 16-36, 16-37, 18-11, 27-26, 31-6, 36-14 radial, 14-43 redistribution of, 12-23 release, 32-43 secondary bending, 10-15 seismic, 32-38 service, 9-3–9-4, 9-12, 25-7 shear, 14-50, 32-29–32-30 static, 10-21 superimposed load, 10-10 torsional, 10-21, 32-25, 32-29–32-30, 36-22 transfer, 10-23, 10-33, 27-26, 34-5, 34-8 unbalanced, 10-21 vertical, 16-34, 16-35, 16-36, 16-37 monostrand tendons, see tendons: unbonded monostrand mooring, 13-2, 13-9, 13-11, 13-13, 13-14, 13-25, 13-28, 13-30 mortar, 2-10, 2-24, 2-27, 2-36, 3-12, 3-15, 5-43, 6-7, 6-8, 6-18, 6-31, 11-12, 11-18, 11-20, 11-49, 11-50, 11-54, 11-60, 15-13, 16-13, 20-18, 20-56, 21-12, 21-16, 21-18, 21-21, 21-23, 23-13, 24-2, 24-6, 24-11, 24-31, 24-35, 28-2, 28-3, 28-4, 28-5–28-9, 28-10, 28-18–28-19, 28-36, 28-49, 28-59, 30-22, 30-30, 30-32, 30-68, 31-14 activation energy of, 21-18 aggregate ratio test, 28-33 ASTM standards for, 28-5 bars, expansion of, 2-27 bedded area, 28-3 cement–lime, 28-6 compressive strength, 28-6, 28-8, 28-9, 28-23, 28-32, 28-33 cubes, 6-31, 20-20 epoxy, 33-10 field-prepared, 28-6–28-8, 28-32, 28-33 for overlays, 23-10, 23-11 freezing of, 28-23 high-early-strength, 33-16 joints, 28-9, 28-19, 28-26, 28-37, 30-30 tolerances, 28-26 laboratory-prepared, 28-6–28-8, 28-32 Portland cement, 28-6, 28-8, 28-9, 30-68 reinforced, 24-31, 24-32, 24-35, 24-36, 24-37 sand–lime, 28-6
 
 I-39
 
 Index selecting, 28-8–28-9 stains, 30-71 testing of, 28-32–28-33 volume/stone volume ratio, 6-18 Mo-Sai process, 30-4 motion attenuation, 32-3 motor-in-head vibrators, 30-53 moving-counterweight system, for cranes, 19-26 mudsills, 7-3, 7-16, 7-35 Mueller–Breslau principle, 10-16 mullite, 2-6 multi-bay model, 8-13, 8-14, 8-15, 8-16, 8-39, 8-40 multiple fine cracking fiber-reinforced cementitious composite, 24-4 multi-stemmed beam, 33-4 muriatic acid, 30-71 mushrooming, 6-40
 
 N nanopores, 26-2 naphthalene formaldehyde, 6-8 Natchez Trace Parkway Arches, 29-2 native materials, use of for bridge construction, 29-26–29-28 natural period, 32-48, 32-51 near-surface-mounted (NSM) strengthening rods, 25-3 negative moment, 10-8, 10-16, 10-17, 10-18, 10-21, 11-36, 11-38, 11-40, 11-50, 12-11, 16-34, 16-36, 16-37, 18-11, 22-17, 31-6, 36-14 neoprene bearing pads, 11-23, 11-32, 11-36, 11-54, 30-47, 30-64 net area, 28-3 neural network analysis, 21-35 Newton’s second law, 32-48 nitrogen injection, 5-32 No. 4 sieve, 1-14, 1-15, 6-4, 20-11, 30-17 No. 8 sieve, 1-15, 30-17 No. 16 sieve, 1-15 No. 30 sieve, 1-15 No. 50 sieve, 1-15, 30-17, 30-21 No. 100 sieve, 1-14, 1-15, 5-43, 6-4, 14-2, 30-14, 30-17 No. 200 sieve, 20-23, 20-58 nodal zone, 36-16, 36-18, 36-21 nodes, 36-15, 36-16 no-fines concrete, 1-15 noise error, 27-16, 27-18, 27-19 nominal dimension, masonry unit, 28-3 nominal maximum size aggregate (NMSA), 15-4, 20-60, 20-61 nominal moment strength, 22-12, 36-24
 
 nominal shear strength, 36-14 nondestructive testing, 11-32, 16-3, 16-4, 16-20, 16-24, 16-38, 16-39, 16-40, 21-1–21-63, 27-2, 27-5, 27-6–27-9 condition assessment, 21-28–21-62 flaw detection, 21-28–21-62 modal, 27-7 to estimate in-place strength, 21-2, 21-2–21-28 to evaluate integrity, 21-2 nondispersible concrete, 15-10 horizontal flow time of, 15-12–15-13 non-engineered design, 28-41 nonprismatic members, 9-14 nonsway frames, 10-15 Norhordland Bridge, 13-14 normal-strength concrete, see concrete: normal-strength no-slump concrete, 20-2, 20-3, 20-20 nuclear power reactors, 11-55 nuclear reactors, 11-24 nuclear test methods, 21-60–21-62 Nurse–Saul maturity function, 21-17, 21-18 nylon fibers, 22-19
 
 O Objective MicroStation, 18-12, 18-13 object-oriented CAD, 18-12 occupancy category, 32-8–32-9, 32-11 occupancy, changes in, 8-49 Occupational Safety and Health Administration formwork standards, 7-19–7-21 ocean spray, 5-38 octyl alcohol, 3-12 Odyssey™, 18-5–18-6 offshore structures, 11-3, 11-15, 11-17, 11-18, 11-56, 13-1–13-31, 14-50 construction of on barges, 13-29 cost of, 13-31 service life of, 13-19 steel, removal of, 13-17 surface of, 13-23 oil-storage facilities, 13-13 oil-storage tanks, subsea, 13-15 omega strain gauge, 27-19 one-way joist construction, 7-9 onshore concrete structures, 13-1, 13-2, 13-3, 13-6, 13-25 precast, 13-26 on-site precasting, 10-28–10-30 onyx, 30-32 opal, 5-40 opaline cherts, 5-28
 
 I-40 operator cab, crane, 19-25, 19-29, 19-36, 19-37, 19-39 optical fiber strain gauges, 27-21 ordinary least squares, 21-25 ordinary moment-resisting frames (OMRFs), 32-13 O-ring gasket, 11-39, 11-40 oscillographs, 21-45 out-of-plumb tolerances, 28-26 outriggers, 11-32, 11-35, 19-17, 19-29, 19-32, 19-36, 19-37, 19-38, 19-46 oven-dry aggregates, 1-16, 5-30, 20-17, 20-20 overburden pressure, 14-11, 14-12, 14-14, 14-16, 14-21, 14-22 overcompression, 11-34 overconsolidation ratio, 14-60 overdesign, 6-13, 6-38, 20-42–20-43 overlays, 23-1–23-16 aggregates used in, 23-3 bonded concrete, 23-1–23-16, 33-2, 33-16 bond strength of, 23-4–23-13 compressive strength of, 23-3 cost of, 23-15 delamination of, 23-2, 23-4, 23-12, 23-13, 23-14 joints, and, 23-12–23-13 material properties of, 23-2–23-4 mixture proportions of, 23-2–23-3 permeability of, 23-3–23-4, 23-14 protection characteristics of, 23-14 rapid construction of, 23-15 service life of, 23-16 shrinkage of, 23-4 surface characteristics of, 23-14 surface preparation for, 23-6–23-10 test patches of, 23-8 thickness of, 23-4, 23-13 over-reinforced beams, 25-4, 25-5, 25-8 overstrength factor, 32-13, 32-20, 32-27, 32-28, 34-8, 34-10, 34-21 overstress, 10-14, 11-36, 12-27, 16-35, 16-36, 16-37 overvibration, 30-56, 30-57 oxide film, 5-11, 5-37 on steel, 1-22, 2-17 oxides, 1-3, 1-4 oxidization, 12-29
 
 P pachometer, 16-18 pads neoprene bearing, 11-23, 11-32, 11-36, 11-54, 30-47, 30-64 vacuum, 15-14 pan joist, 7-9
 
 Concrete Construction Engineering Handbook panel forms, 7-11–7-12 panel thickness, 10-30 pans, 7-9 paper, waterproof, 15-18 parabolic hyperbolic model, 21-21, 21-22 parallel strand lumber (PSL), 7-35 parallel structural system, 32-52 parallel-to-grain loading, 7-28 parapets, 20-45 precast concrete, 33-2, 33-3, 33-12 parking structures, 1-25, 4-25, 4-30, 5-10, 5-38, 9-9, 10-19, 10-23, 11-33, 11-58, 12-4, 12-31, 16-2, 16-11, 16-16, 23-1, 32-43, 35-3, 35-5, 35-16 particle grading, 1-14, 1-15–1-16, 5-30, 5-32, 20-11 particle-size distribution, 1-14, 1-15, 2-5, 2-32, 14-3, 26-3 partition, 9-22 load, 32-22 passenger hoists/lifts, 19-4, 19-47 passivation, 2-18 passive–active corrosion inhibitors, 3-9 passive corrosion inhibitors, 3-9 passive vs. active failure mechanism, 14-44 paste, 1-6, 1-7, 1-8, 1-9, 1-13, 1-14, 1-15, 1-23, 2-10, 2-14, 2-15, 2-20, 2-21, 2-23, 2-24, 2-25, 2-26, 2-27, 2-30, 2-33, 2-34, 2-36, 2-37, 3-3, 3-4, 3-6, 3-10, 3-13, 3-14, 3-16, 4-7, 4-8, 4-11, 4-12, 5-2, 5-10, 5-16, 5-30, 5-34, 5-35, 5-40, 5-42, 10-3, 10-25, 11-50, 12-6, 15-14, 15-20, 20-35, 20-47, 20-48, 20-51, 20-58, 20-62, 20-68, 20-69, 21-55, 22-15, 22-16, 24-2, 27-22, 28-25, 30-14, 30-20, 30-24, 30-25 color, 30-12 defined, 20-71 geopolymer, 26-3, 26-5 permeability, 5-10, 5-11 roller-compacted concrete, 20-2, 20-14, 20-18, 20-20 paste–aggregate interface, 21-31 paste/aggregate ratio, 6-18 patching, 11-59, 12-20 pavement, 17-14–17-15, 20-1, 22-3 bonded overlays for, 23-15 flaw detection in, 21-36 measuring thickness of, 21-47 overlay mixtures on, 23-3 prestressed concrete, 11-58 stiffness, 23-15 paving lanes, 20-66 PCI Plant Certification, 30-10 P-delta effect, 10-15, 10-16, 10-30, 28-67, 32-20, 32-26, 32-27, 32-56, 36-25 pea gravel, 11-23, 28-10, 31-7
 
 Index peak ground acceleration, 32-2, 32-3, 32-4, 32-5, 32-51 ratios, 32-6 peak ground displacement, 32-2, 32-5 peak ground velocity, 32-2, 32-5 peak plotting, 21-46 pedestrian walkways, 29-25, 29-26 pelletization, 2-19, 2-22 penetration blow count, 14-37 penetration resistance, soil, 14-11 penetrations, in beams or drop caps, 12-8 Penobscot Narrows Bridge and Observatory, 29-14–29-15 percussion tools, hand-held, 12-40 performance evaluation, 27-1–27-31 bridges, 27-21–27-31 pretest planning, 27-4–27-6 performance specifications, 30-9 period, 10-6 defined, 32-48 natural, 32-48, 32-51 perlite, 1-17, 6-2, 15-17, 31-8 permanent forms, 7-7, 30-4 permeability, 2-15, 2-24, 2-25, 3-2, 3-7, 3-15, 5-2, 5-10, 5-29, 5-35, 5-38, 5-39, 6-8, 10-23, 11-5, 11-7, 12-22, 13-22, 14-29, 16-12, 24-31 blast-furnace slag, and, 2-24 clay liner, 14-26 coefficient, 14-24, 14-26, 14-27 defined, 20-71 fly ash, and, 2-14 overlay, 23-3–23-4, 23-14 polymer-modified concrete, 3-16 roller-compacted concrete, 20-38–20-40 silica fume, and, 2-36 water/cement ratio, and, 5-10 permeation, 24-31, 24-33 petrographic testing, 5-42, 11-5, 11-7, 11-48, 16-3, 27-5, 27-22 petroleum acid salts, 3-11 pH, 1-22, 1-25, 2-17, 2-27, 5-11, 5-37, 15-11, 24-27, 27-22 phase velocities, 21-38 phases, mineral, 1-3 phosphates, 3-7 phyllites, 5-40 pier bent, precast, 33-14 pier-cap segment, 11-40–11-41 piers, 10-10, 10-12, 10-13, 10-14 bridge, 7-9, 10-34, 11-15, 11-46, 11-56, 13-9, 13-14, 14-57, 15-3, 15-7, 29-7, 29-8, 29-10, 29-12, 29-13, 29-16, 29-17, 29-21, 29-22, 29-23, 29-25, 29-26
 
 I-41 shape of, 29-19–29-20, 29-25 corrosion of, 27-23 defined, 28-3 drilled, 14-76–14-79 floating, 13-9, 13-14, 13-15 precast concrete, 33-12, 33-14 reinforcement of, 10-14 shape of, 29-11, 29-15 sheet piling, 15-3 pigment, see coloring pigments pilasters, 10-10, 28-48, 28-49 pile capacity, estimating, 14-58–14-62, 14-64, 14-65, 14-73–14-75 pile caps, 10-12, 10-13, 14-64, 14-65, 32-58, 33-12, 36-15 precast concrete, 33-12 pile-driving analyzer (PDA) method, 14-75 pile-driving equations, 14-69 pile failure load, 14-74, 14-75 pile foundations, 14-57–14-75 pile groups, 14-64–14-69, 14-73, 14-76 bearing capacity of, 14-65 efficiency of, 14-65, 14-67 settlement of, 14-65–14-69 pile load tests, 14-73–14-75 piles, 10-12, 10-13, 11-4, 11-25, 11-26, 11-58, 11-59, 13-1, 13-2, 32-61 anchored sheet, 14-53–14-55 auger cast, 10-14 batter, 10-13, 10-14, 11-54, 32-56 bearing, 11-46 cantilever sheet, 14-52–14-53 cylinder, 11-48, 11-49, 11-50, 11-54, 13-4 driving, 11-52, 11-53, 11-54 durability of, 11-46–11-48 fender, 11-46 filled with concrete, 10-13 hollow-core, 11-48 installation of, 11-51–11-54 integrity of, 21-33 length of, calculating, 21-36 lofting of, 11-51 manufacture of, 11-48–11-50 mobility plot for, 21-36 precast, 10-13, 13-26, 33-12 prestressed, 10-13, 11-46–11-54, 13-24 seismic force resisting, 32-56 settlement of, 14-62–14-63, 14-65 sheet, 11-46 skin-friction capacity of, 14-60 spud, 13-4 steel, 10-13, 14-57 stiffness of, 32-52
 
 I-42 piles (cont.) testing of, 32-59 timber, 10-13, 14-57 types of, 14-57 pipe delivery, of roller-compacted concrete, 20-61 pipe strut, 11-34 pipeline, 19-9, 19-15, 19-17–19-19 piping, 14-24 pitch-catch testing, 16-25 placement architectural concrete, 30-48–30-52 concrete, see concrete: placement tolerances, 28-27 grout, 28-19–28-22 placing boom, 19-3, 19-4, 19-7, 19-8, 19-9, 19-17, 19-18 plain masonry, 28-4, 28-43–28-44 plan irregularities, 32-18 plank, hollow-core, 10-39 plaster, 9-22, 31-11; see also Portland cement: plaster plaster of Paris, 24-37 plaster stops, 15-18 plastic design, 34-2 plastic hinges, 32-51, 32-55, 32-56, 32-57, 32-58, 34-4, 34-5, 34-9 length, 34-15, 34-17 order of, 32-58 plastic limit, 14-4 plastic liners, 7-7, 30-18, 30-21, 30-28, 30-29 plastic molds, 21-15, 28-34, 30-18, 30-19, 30-21 plastic moment capacity, 32-58 plastic sail batten, 30-57 plastic shims, 30-64 plastic shrinkage, 4-10, 30-58, 30-59 plastic strips, 17-3, 17-12 plasticity, 6-8, 15-14, 15-21, 20-12 index, 14-5, 14-27, 20-12 plasticizers, 3-2, 3-3, 5-2, 5-7, 6-8, 6-28, 15-18, 22-15 plate compactors, 20-68 plate load tests, 14-15, 14-31–14-32, 14-40 plates, 1-21, 10-17–10-23, 10-40, 16-5, 21-37, 36-26–36-28 anchor, 14-53 anchorage bearing, 11-20 bearing, 7-9, 7-11, 11-11, 11-20 deflection, 14-31 flat, 10-19–10-23, 10-31 horizontal, 32-34 impact-echo testing of, 16-6, 21-33, 21-34, 21-35 impulse–response testing of, 21-36, 21-37 post-tensioned two-way, 10-23 two-way action, 4-30, 4-31, 4-33 washer, 7-11
 
 Concrete Construction Engineering Handbook platforms, climbing, 19-50 plinth, 20-49 plugs, 11-18 for tie holes, 30-68 plywood, 15-14, 30-21 cushion blocks, 11-53 deflection, 7-34 fiberglass-overlaid, 30-21 forms, 7-11, 7-28, 7-38, 7-43, 30-28 liners, 30-28 sheathing, 7-6, 7-7, 7-9, 7-38, 7-42, 7-44, 8-53 stresses, 7-34, 7-38 pneumatic breakers, 12-40 pneumatic jack, 10-34 pocket former, 12-2, 12-7, 12-18, 12-19, 12-20, 12-44, 30-45 point capacity clay, 14-60 sand, 14-59 ultimate, 14-58 point resistance, 14-62, 14-70, 14-71 limiting, 14-59 Poisson’s ratio, 13-22, 14-15, 14-40, 14-41, 14-63, 14-78, 14-79, 16-13, 21-5, 21-31, 21-32, 21-39, 26-10 defined, 20-71 roller-compacted concrete, 20-22 poker vibrator, 30-53 polarization, 21-56 resistance, 21-56–21-59 polishing, 30-31–30-32 polyacrylamide polymer, 15-10 polycarboxylate, 3-6, 24-10 ethers, 5-43 polymers, 6-35 polyethylene, 11-46, 11-58, 11-60, 12-2, 23-10, 23-12, 24-5 caps, 11-46 ducts, 11-12, 11-46 pigmented, 11-46 sheathing, 11-6, 11-21, 11-24, 11-33, 11-46, 12-3, 12-4 sleeves, 11-46, 11-59 polymer, 5-38, 6-5, 6-8, 6-18 concrete, 6-8 overlays, 23-1 gravity-fill, 23-14 -modified admixtures, 3-14–3-18 polycarboxylate, 6-35 thermosetting, 25-2, 25-4, 25-9, 25-10 polymer/cement ratio, 3-16 polymer/concrete ratio, 6-8 polyoxyethylenated compounds, 3-10
 
 Index polypropylene, 24-5 fibers, 22-19 sheathing, 12-4 polyreference modal testing, 27-7 polystyrene liners, 30-29 polyurethane, 3-17, 11-55, 11-58, 30-17, 30-29 polyvinyl acetates, 3-17 polyvinyl alcohol fiber, 24-5, 24-7, 24-9, 24-24, 24-27, 24-37 polyvinyl chloride, 30-39 liners, 30-29 water stops, 17-8 ponding, 35-15 pontoons, 13-2, 13-11, 13-14 cast-in-place concrete, 13-14 precast concrete, 13-14 prestressed concrete, 13-14 pop-outs, 5-30 pore pressure, 14-7, 14-9, 14-10, 14-13, 14-14, 14-16, 14-24, 20-16, 20-18 settlement, and, 14-14 pore sizes, 1-8, 1-13, 2-24, 2-25 pores, 1-8, 1-13 porosity, 1-8, 1-9, 1-14, 1-17, 1-19, 1-23, 1-25 accelerators, and, 3-7 strength, and, 1-12–1-13 Portland cement, 1-2–1-10, 1-14, 2-3, 2-6, 2-10, 2-12, 2-14, 2-15, 3-1, 5-2, 5-12, 5-23–5-27, 5-28, 5-29, 5-30, 5-35, 5-37, 6-2, 6-7, 8-41, 8-42, 8-43, 10-23, 10-26, 11-4, 11-5, 17-13, 20-25, 22-14, 23-2, 23-3, 24-32, 24-37, 26-1, 26-2, 30-15 air entrainment of, 2-37 blast-furnace slag, and, 2-18, 2-20, 2-21, 2-23, 2-24, 2-25, 2-26, 2-27 carbonation of, 2-15, 5-10, 5-11 columns, 26-16, 26-17 greenhouse gases, and, 1-11 hydration of, 1-6–1-9 –lime mortar, 28-9 low-alkali, 5-41 manufacture of, 1-2–1-5 marine, 13-19, 13-20 modified, 1-9–1-10 monomers, and, 3-2 mortar, 28-6, 28-8, 28-9, 30-68 ordinary, 15-20 patches, 35-15 plaster, 15-16–15-19 application of, 15-19 metal bases for, 15-18 mixing, 15-18 proportioning, 15-17–15-18
 
 I-43 surface preparation, 15-19 technical aspects of, 15-17 weather barrier backing for, 15-18 pozzolanic reaction, and, 2-32 roller-compacted concrete, and, 20-2 seawater, and, 2-25 setting time, fly ash and, 2-9–2-10 stress–strain relationship, 26-8 surface-area measurement of, 2-5 surface area vs. silica fume, 2-29 surface area vs. slags, 2-20 tensile strength, 26-10 types of, 1-4, 5-23–5-26 vs. geopolymer concrete, 26-2, 26-3, 26-4, 26-5, 26-6, 26-7, 26-8, 26-10, 26-13, 26-14, 26-16, 26-17, 26-18 vs. silica fume, 2-29, 2-32, 2-33, 2-34, 2-35, 2-36, 2-38 white, 5-27, 30-12 positive moment, 10-16, 10-17, 10-21, 11-41, 16-36, 16-37, 18-11, 27-26, 31-6, 36-14 post-and-beam construction, 10-14 post-tensioned assemblages, 34-11–34-17, 34-20–34-24 post-tensioned beams, 4-28–4-29, 10-40, 30-45–30-47 post-tensioned cast-in-place concrete, 11-21–11-23; see also concrete post-tensioned concrete, 10-25, 10-38, 10-39–10-40, 11-12; see also concrete post-tensioned two-way plates, 10-23 post-tensioning, 10-23, 11-12, 11-14, 11-18, 11-19–11-24, 11-29, 11-33, 11-40, 11-41, 11-42, 11-43, 11-44, 11-46, 11-60, 17-10, 17-13–17-14, 27-27 architectural concrete, 30-45–30-48 bonded, 16-16 concrete pavement, 11-58 external, 16-15 jacks, 27-29 longitudinal, 33-10 precast concrete elements, 33-2, 33-9 precasting, and, 30-5 sequence, 27-31 shortening, and, 35-3 slabs, 33-3, 33-10 strain, 27-29 systems, 11-9 tank, 11-55 tendons, 11-20, 27-11 transverse, 27-27, 33-10, 33-12 unbonded, 12-1–12-44 repair of, 16-16–16-19
 
 I-44 potable water, 1-12, 6-38, 13-22, 23-10, 30-15 potassium, 5-40 potassium carbonate, 3-7 potassium hydroxide, 26-2 potassium oxide, 1-3 potassium silicate, 26-2 pour sequencing, 35-8–35-9, 35-13 pour strip, 10-31, 35-4, 35-8 power-driven fasteners, 12-6, 12-21–12-22 power mixers, 19-14 power vibrator, 30-53 power washing, 23-6 pozzolanic activity index, silica fume, 2-29 pozzolanic reaction, 2-32 pozzolans, 1-10, 1-20, 1-25, 2-2, 2-5, 2-10, 2-11, 2-17, 2-25, 2-26, 2-33, 2-36, 5-27, 5-28, 5-32, 5-38, 5-39, 5-40, 5-41, 6-7, 6-8, 6-30, 10-26, 11-4, 13-20, 15-4, 15-9, 15-20, 20-17, 20-20, 20-23, 20-27, 20-29, 20-33, 20-40, 20-45, 20-60, 20-61, 22-14, 24-27, 33-2, 36-1 defined, 20-71 permeability, and, 20-39 roller-compacted concrete, 20-2, 20-8, 20-10, 20-11, 20-13, 20-14 shrinkage, and, 4-11 precast concrete, 10-2, 10-38–10-39, 11-5, 11-42–11-43, 19-3, 19-4, 20-49, 20-51, 26-7, 30-60–30-67, 33-1–33-16, 34-1–34-24, 36-32 architectural, 30-4–30-73 piles, 14-57 seismic bracing systems, 34-1–34-24 precasting, 11-25 bridge segments, 29-12–29-13 on-site, 10-28–10-30, 11-25 post-tensioning, and, 30-5 precision, of instrumentation, 27-14 precompression, 10-13, 10-23, 10-38, 10-39, 11-61, 35-2, 35-4, 35-12 preconstruction meetings, 6-30 precured FRP strengthening systems, 25-9, 25-10, 25-11 prefabricated bridge elements, 33-1–33-16 types of, 33-3–33-15 preloading, 16-16 preplaced-aggregate concrete, 15-2–15-6, 16-13 prescriptive detailing, 28-41 seismic, 28-41–28-45 prescriptive specifications, 30-9 preshores, 7-14, 8-53 pressure, 7-12, 7-17, 7-18, 7-22, 7-23–7-27 internal concrete, 7-9, 7-23, 7-26 lateral, 7-10, 7-16, 7-24–7-26, 7-43 maximum distributed, 7-43
 
 Concrete Construction Engineering Handbook pressure bursting demolition, 12-40 prestress, 34-20 loss of, 4-5 release of, 11-27–11-28 prestressed bent caps, 32-61 prestressed concrete, 4-15, 5-39, 10-37–10-40, 11-1–11-62, 24-2, 36-4, 36-10, 36-22, 36-31–36-34 architectural, 11-18–11-19 beams, 4-21, 4-25–4-30 box, 33-3, 33-7–33-8 bulb-tee, 33-8 channel, 33-3, 33-4 inverted channel, 33-5–33-6 cracking of, 4-29–4-30, 9-17–9-18 I-beam, 33-3 load balancing, and, 9-7 single-tee, 33-6 bridge girders, 11-34–11-36 buildings, 11-29–11-33 circular tanks, 4-33–4-34 demolition of, 11-60–11-61 elements, 4-5, 22-17–22-18 existing, strengthening of, 11-60 floating structures, 11-56–11-57 maintenance of, 11-58–11-59 pavement, 11-58 piles, 11-46–11-54, 14-74; see also piles pretensioned, erection of, 11-30–11-33 prism elements, 22-17–22-18 post-tensioned segmental bridges, 11-38–11-40 repair of, 11-59–11-60, 16-16 sleepers, 11-55–11-56 special provisions for, 11-13–11-19 tanks, 10-25, 11-54–11-55 prestressed tie-downs, 32-61 prestressing, 5-38, 9-7, 9-17–9-18, 10-25, 11-23, 11-40, 11-41, 13-25, 13-26, 17-14 bonded, 10-38 external, 12-30–12-31 for gravity-load strengthening, 12-30–12-31 force, 12-38, 12-39, 12-42, 12-43, 12-44 steel, 1-22, 11-8, 11-10, 11-18, 11-46, 11-58, 11-59, 12-1, 12-3, 12-4, 12-7, 12-9, 12-42, 12-43, 12-44 systems, 11-8–11-13 tendons, 11-9–11-10, 11-11, 11-12, 11-14, 11-18, 11-19, 11-21, 11-36, 11-58, 11-59, 25-3, 28-13, 36-31 corrosion protection of, 11-23–11-24 storing of, 11-19–11-20 unbonded, 12-36 pretensioned beams, 4-27–4-28
 
 I-45
 
 Index pretensioned concrete, see concrete: pretensioned pretensioning, 11-14, 11-24–11-29, 11-46 systems, 11-9 primitive instancing, 18-9, 18-10 principal stress, 20-48, 20-71 prism construction of, 28-36–28-38 curing, 28-37 defined, 28-4 test, 5-40, 8-30, 8-52, 28-35, 28-36–28-38 prismatic members, 10-16, 22-17–22-18 ProActiveM, 18-12, 18-13 probe penetration test, 21-8–21-10 progressive failure, 7-3, 12-38, 13-25, 16-38 property specification, 28-32 proportion specification, 28-32 proportioning, 13-18 proportioning concrete mixtures, 5-31–5-32, 5-41, 6-2, 6-9–6-29, 13-18, 22-4–22-5, 22-15, 23-2, 23-16, 30-12 engineered cementitious composite (ECC), 24-8–24-12 geopolymer concrete, 26-3–26-4 procedure for, 6-22–6-23 public exposure, seawall panel, 16-38 pugmill mixers, 20-59, 20-60, 20-62, 20-63, 20-71 pull-off test, 21-26 pullout, 1-21, 11-14, 11-32, 11-42, 24-7 fiber, 22-5, 22-6, 22-13, 24-7, 24-26 resistance, 22-9 strength, 8-26, 21-11, 21-12, 21-24 test, 21-3, 21-10–21-15, 21-26, 24-27 cast-in-place, 21-10, 21-13 coefficient of variation for, 21-12 failure mechanism of, 21-12, 21-13 post-installed, 21-13–21-15 pulse-echo testing, 16-25, 21-31 pulse velocity, 21-5–21-8, 21-27, 27-7 pumice, 1-17, 31-7 pumpability, 13-23 pump-and-boom combination, 19-15–19-17 pump-delivery system, 10-27 pumps, 5-6, 11-6, 12-8, 13-26, 15-7, 15-8, 15-13, 19-1, 19-2, 19-3, 19-4, 19-6, 19-9, 19-15–19-19, 30-21, 30-32, 30-51–30-52 boom, 19-17 line, 19-17 stationary, 19-9, 19-17 trailer, 19-17 truck-mounted, 19-17 vacuum, 15-15 vs. belt conveyors, 19-45 with pipelines, 19-17–19-19
 
 punch diameter, 8-27 punching shear, 8-12, 8-27, 8-37, 8-38, 8-40, 8-43, 10-22, 10-23, 11-8, 11-14, 27-25, 27-29 failure, 8-27, 8-37, 8-38, 27-25, 27-29 strength, 8-27, 8-37, 8-38, 8-40, 8-43 stresses, 8-43, 8-46, 8-47 test, 21-3 two-way, 10-12 PUNDIT, 21-8 purlins, 8-53 pushover analysis, 32-58 P-waves, 16-4–16-7, 21-31, 21-32, 21-33, 21-34, 21-35 pylons, 29-13, 29-14, 29-15, 29-26
 
 Q quality assurance architectural concrete, 30-9–30-10 defined, 30-73 masonry, 28-29–28-31, 28-35 quality control architectural concrete, 30-9–30-10 defined, 30-73 quartz, 1-2, 2-6, 2-29, 2-38, 5-21, 5-40, 6-9, 22-16, 30-14, 30-26, 30-32 quartzite, 1-19 quasi-static load testing, 27-9–27-13, 27-17, 27-20 quays, floating, 13-14 quick load test, 14-73
 
 R R/ECC, see steel-reinforced engineered cementitious composites radar, ground-penetrating, 21-42–21-48, 21-63 radiation shielding, 1-19, 5-17, 6-4 radioactive test methods, 21-60–21-62 radiography, 21-60, 21-61–21-62, 27-5 radiometry, 21-60–21-61 raft foundation, 10-12 railroad ties, 11-55–11-56 rain, 5-15, 7-43, 8-48, 11-20, 11-21, 11-33, 11-40, 11-41, 14-26, 15-17, 20-34, 28-24–28-25, 28-39, 30-40, 30-59 load, 27-3 release agents, and, 30-18 roller-compacted concrete, and, 20-10, 20-17, 20-69–20-70 ramp loading, 7-48 ramps, 20-56 Rankine method, 14-44–14-45, 14-46 rapid chloride permeability test, 11-7, 15-22, 16-3
 
 I-46 rapid load test, 14-73 rapid mortar bar test, 5-40 rate constant model, of relative strength development, 21-23 rate of reaction, 1-5, 1-7 RCC, see roller-compacted concrete reaction frame, 27-11 reactive powder concrete, 5-2, 22-14, 22-16–22-17 ready-mix trucks, 11-6, 15-8, 19-4, 19-13, 19-17, 23-3; see also truckmixers architectural concrete, and, 30-48 rebar, see reinforcing bars rebound hammer, 21-3–21-5, 21-9, 21-27, 27-5 rebound number, 21-3, 21-4, 21-9, 21-27 rectangle adjacency graph (RAG), 18-10–18-11 rectangular beam analysis, 28-56, 28-66 red mud, 26-2 redistribution of moments, 12-23 redundancy, 9-12 redundancy factor ρ, 32-12, 32-18, 32-20–32-21, 32-27, 32-28 reeding, 30-25 reference design values, lumber, 7-28 reference temperature, 21-17 reflection, 21-32, 21-33, 21-34, 21-44, 21-47, 24-37 refusal, 14-69 regular structures, 32-18–32-19, 32-21 rehabilitation, 16-2 reinforced concrete, 5-39, 11-60, 13-2, 16-16, 17-2, 24-12, 24-14, 24-18, 24-19, 24-20, 24-22, 24-23, 24-34, 25-15, 30-4, 32-29–32-34, 36-4–36-5, 36-22, 36-31, 36-35; see also reinforcement, reinforcing bars, steel reinforcement beams, 4-18–4-21, 4-24–4-25 columns, eccentricity of, 4-5 shrinkage of, 4-11, 5-21 strength design of, 36-10–36-31 reinforced walls, 14-51–14-52 reinforcement, 1-1, 1-21–1-23, 10-6, 10-13, 10-14, 10-17, 10-19, 11-8–11-13, 13-22, 28-49, 28-59, 36-28–36-31; see also reinforcing bars, steel reinforcement anchored, 9-14 assessment of, 16-4 ASTM standards for, 28-5 cast-in-place architectural concrete, 30-41–30-48 composite, 22-17–22-18 compression, 4-21–4-22, 9-6, 28-64, 36-9, 36-10, 36-13, 36-29, 36-30 continuous, 22-2, 22-3 corner, 15-18 crack control, 24-22–24-23
 
 Concrete Construction Engineering Handbook deterioration of, 12-42 electrical/magnetic methods for evaluating, 21-48–21-60 end-span, 9-15 excess, 36-28, 36-29 fiber, 1-21 flexural, 16-20, 32-54, 32-55, 32-56, 34-5, 34-6, 36-28 footing, 14-39 galvanized, 30-44–30-45 geotextile, 14-52 hoop, 32-43, 32-54, 32-62, 36-6, 36-22, 36-35 horizontal, 4-34, 10-30, 17-2, 17-8, 28-27, 28-42, 28-44, 28-45, 32-34, 32-35, 32-54, 36-20, 36-28 geopolymer concrete, 26-14 joint shear, 32-54, 32-55 loads, and, 7-23 longitudinal, 10-15, 10-17, 18-10, 26-14, 26-16, 27-25, 31-11, 31-12, 31-14, 36-17, 36-22, 36-23, 36-28, 36-35 long-term, 4-34 masonry, 28-13, 28-67 mild steel, see mild steel reinforcement negative vs. positive, 31-6 overlays, and, 23-5 passive, 11-19 polarization resistance of, 21-58 prestressed, 36-17 prestressing carbon fiber, 22-21 pulse velocity, and, 21-8 retaining wall, 14-50 shear, 10-32, 11-30, 24-21, 25-4, 25-6–25-7, 26-16, 28-58, 28-67, 28-68, 32-38, 34-10, 36-35 shear-head, 10-22 shear-moment transfer, 10-19 shrinkage, 10-17, 17-8 slab, 17-10 solid modeling of, 18-10–18-11 special, 11-14–11-15 spiral, see spiral reinforcement steel, see steel reinforcement stress, 4-24, 4-31, 28-57, 28-59, 36-4 tank, 10-24 tensile, 9-6, 34-16, 36-9, 36-10 tensile stress in, 28-54–28-55 tension, 9-17, 28-52, 28-62, 28-64, 28-66, 36-10, 36-14, 36-23, 36-29, 36-30 tie, 10-10, 11-18, 25-18; see also ties tolerances for, 28-27 torsional, 36-22 transverse, 27-4, 36-22, 36-23, 36-35 index, 36-28
 
 Index transverse closed-tie, 10-17 two-way, 20-52 vertical, 10-24, 17-2, 28-16, 28-21, 28-27, 28-42, 28-44, 28-45, 32-54 web, 10-12, 36-5, 36-34, 36-35 weight of, 7-8, 7-14 reinforcement index, 22-17, 36-11 reinforcement ratio, 9-13, 25-18, 25-19, 25-20, 26-16, 26-17, 28-56, 28-64, 36-8, 36-10, 36-13 balanced, 25-15 reinforcing bars, 7-38, 10-2, 10-10, 10-17, 11-8–11-9, 11-13, 11-15, 11-23, 11-26, 11-37, 13-19, 13-23, 16-8, 16-15, 16-25, 17-7, 18-8, 18-12, 20-51, 22-3, 26-16, 32-37, 34-11, 34-22; see also reinforcement, steel reinforcement automated manufacturing of, 18-16 bent, 11-30 bundled, 11-8, 11-13, 30-42, 36-30 cathodic protection of, 1-22 congestion, 10-17 contraction joints, and, 17-5, 17-6 corrosion of, 13-20 detection of by covermeters, 21-48–21-52 detection of by radiometry, 21-60–21-61 development length, 28-51, 28-61 eddy currents, and, 21-49–21-50 epoxy-coated, 1-23, 5-38, 5-39, 11-9, 36-28 fiberglass, 22-19 fiber-reinforced polymer (FRP), 25-2–25-9 graphic recorders, and, 21-46–21-47 magnetic-reluctance meters, and, 21-48–21-49 modeling of, 18-11, 18-13–18-16 negative moment, 31-6 nominal moment strength, and, 22-12 positioners, 28-27 replacement of, 11-59, 35-15 resistivity measuremenets, and, 21-56 size, measuring, 27-5 space occupied by, 30-43 spacing of, 4-24, 4-30, 4-32, 5-32, 21-51, 21-52, 21-56, 22-9, 25-7, 27-5, 30-43, 30-50, 36-4–36-5, 36-35 strength design, and, 28-63–28-64 zone of influence, and, 21-50–21-51 reinforcing steel, see steel reinforcement relative humidity, 2-33, 2-36, 4-8, 4-9, 4-11, 4-12, 4-15, 5-15, 5-21, 5-42, 8-20, 8-33, 9-13, 9-15, 11-20, 11-58, 23-12, 28-24 carbonation, and, 5-11 creep, and, 8-33 shrinkage, and, 8-29, 8-30 strength development, and, 8-21 relaxation, 12-27, 12-28
 
 I-47 release agents, 30-18–30-19, 30-21, 30-25, 30-28, 30-30 release joints, 35-9–35-11 released connections, 35-9–35-11, 35-13 reluctance, 21-48, 21-49 repair, of concrete structures, 12-24–12-30, 13-19, 15-3, 16-1–16-41 case study, 16-20–16-40 limit states design for, 16-2–16-3 long-term performance of, 16-20 material selection for, 16-11–16-14 repeatability, 27-15, 27-17 repetitive-use factor, 7-34 reshores, 7-4, 7-14, 7-15, 7-38, 8-4–8-19, 8-38, 8-42, 8-43, 8-52, 8-53, 9-12, 12-9, 12-41 resin, inorganic, 22-24 resistance factors, 25-4, 25-12 resistivity, 21-54–21-56 resolution vs. accuracy, 27-14 response modification factor, 32-12, 32-13, 32-18 response spectra, 32-50–32-51 ground motion, 32-2, 32-8 restoration, 16-2 restrainers, 32-61 restraint cracks, 35-2, 35-7, 35-13 retaining walls, 14-43–14-56 design of, 14-48–14-50 drainage, and, 14-50 rough, nonvertical, 14-46 retarders, 2-29, 3-2–3-3, 3-4, 3-5, 3-6, 3-11, 5-30, 5-31, 6-33, 6-39, 6-40, 10-23, 11-5, 20-20, 20-56, 20-66, 28-8, 28-15, 30-20, 30-22 chemical surface, 30-24–30-25, 30-27, 30-29 retempering, 6-41 retrofitting, 12-22, 12-24, 12-30–12-36 seismic, 32-42–32-46, 32-56–32-61 reuse, of forms, 7-3, 7-4, 7-5, 7-14, 7-28, 8-4, 10-3, 10-37, 20-52, 30-34, 33-2 revibration, 30-57, 30-58 rheology, concrete, 5-43, 15-21, 15-22 creep models, 4-5–4-6 rheometer, 15-21 rhyolite, 5-42 ribs, 8-53 rice-husk ash, 2-25, 11-5, 26-2 Richter magnitude, 32-5 rigid frames, 10-14–10-15 rigidity flexural, 8-47 foundation, 8-11, 8-12 of shores, 8-9 RILEM, 2-18, 3-2, 21-7 rip-rap, 11-54, 16-22
 
 I-48 roads, haul, 20-65 ROBCAD, 18-16 robotics, 18-1–18-8 rodding, 16-13 rods, 11-9 ductile, 34-7, 34-8, 34-10, 34-18, 34-19 Roll’s rheological model, 4-6 roller-compacted concrete, 15-23–15-25, 20-1–20-71 adiabatic temperature rise in, 20-33–20-34, 20-53 advantages/disadvantages, 20-7–20-10 aggregates for, 20-11–20-12 air content, 20-21 autogenous volume change, 20-22, 20-70 bulldozers, and, 20-66 cavitation, 20-23 cementitious content of, see cementitious content, roller-compacted concrete coefficient of thermal expansion, 20-22 compaction, 20-68–20-69 compressive strength, 20-23–20-27 consistency of, 20-16–20-17 construction, 20-54–20-70 conventional concrete, and, 20-67 costs, 20-7–20-9 creep, 20-32 curing, 20-69–20-70 dams, 20-3 delivery, 20-60–20-65 spreading, 20-65–20-68 density, 20-21 design, 20-40–20-53 design section options, 20-43–20-53 equipment, 20-10 erosion resistance, 20-23 grout-enriched, 20-20–20-21, 20-49, 20-52 history of, 20-3–20-7 inspection, 20-69 joint treatment, 20-69 mixing, 20-58–20-60 mixtures, 20-12–20-21, 20-68–20-69 modulus of elasticity, 20-29–20-31 permeability, 20-38–20-40 placing, 20-65–20-68 plants, 20-59, 20-60 Poisson’s ratio, 20-22 scheduling, 20-9 seepage, 20-38–20-40 shear strength, 20-34–20-37 tensile strain, 20-32–20-33 tensile strength, 20-27–20-29 thermal conductivity, 20-22 thermal considerations, 20-52–20-53
 
 Concrete Construction Engineering Handbook thermal diffusivity, 20-22 thermal stress in, 20-34 time limit for placing, 20-61 watertightness, 20-38–20-40 weather, and, 20-10 rollers, 20-69 selection of, 20-68 vibratory, 20-2, 20-16, 20-67, 20-69, 23-10 walk-behind, 20-68 rolling shear, 7-28 roofs, fire resistance of, 31-8 Ross rheological model, 4-5 rotation, 10-12, 10-14, 10-32, 11-32, 16-32, 17-8, 27-4, 30-61, 32-53, 34-1, 34-4, 34-5, 35-10 post-yield, 34-7, 34-16 sheet pile, 14-53 torsional, 30-64 wall, 16-30 rotors, 19-19, 19-20, 19-21 rough lumber, 7-28 running bond, 28-16, 28-18, 28-37, 28-49, 28-54, 28-55, 28-63 rupture fiber-reinforced polymer systems, 25-14 tendon, 12-27–12-28 rust, 5-38, 11-18, 12-6, 16-26, 21-52, 30-59 rust-inhibiting paint, 12-9 rust staining, 10-2, 10-30, 30-40, 30-42, 30-44, 30-58, 35-15 rustications, 30-7, 30-21, 30-22, 30-28, 30-30, 30-32, 30-36, 30-39, 30-40 R-waves, 21-31, 21-32, 21-33, 21-37, 21-38
 
 S S4S, 7-27 saddle jib, 19-25 saddles, 12-34 duct, 11-20 safety analysis, 8-41–8-47 sag, 4-2, 7-4, 9-18, 9-19, 9-20, 11-60 salts, 11-12 sample panels, masonry construction, 28-25 samples, number of, 27-5–27-6 sampling, 6-41–6-42 sand, 1-15, 3-6, 5-2, 5-29, 5-40, 6-4, 6-11, 6-23, 6-24, 6-25, 6-28, 6-37, 10-24, 10-25, 10-29, 10-30, 11-4, 11-16, 11-17, 11-18, 11-23, 11-30, 11-58, 13-22, 14-2, 14-5, 14-14, 14-28, 14-56, 14-62, 14-76, 15-2, 15-14, 15-17, 15-18, 15-20, 15-25, 20-11, 20-21, 22-14, 22-15, 24-9, 24-27, 26-7, 28-6, 28-8, 30-14, 30-16, 31-8; see also soil: sandy
 
 Index absorption, 6-27 earth pressure, and, 14-55 embedment, 30-30–30-31 point resistance for, 14-62 settlement in, 14-32 silty, 14-5 ultimate bearing capacity in, 14-31 weight of, 6-12, 6-25, 6-26 sand/binder ratio, 24-9 sandblasting, 30-4, 30-6, 30-9, 30-12, 30-13, 30-16, 30-17, 30-20, 30-22–30-24, 30-27, 30-28, 30-30, 30-32, 30-34, 30-35, 30-36, 30-40, 30-44, 30-46, 30-47, 30-59, 30-68, 30-71 sandstone, 1-19 saturated surface dry aggregates, 1-16, 5-30, 20-19, 20-69, 26-8 saturation, 5-10 of soils, 14-7, 14-20, 14-69 saws, 17-5 scaffolding, 7-14, 7-19, 8-9, 10-34, 10-36, 11-21–11-23, 12-6 Scaffolding, Shoring, and Forming Institute guides, 7-22 scaling, 5-31, 5-34, 5-35, 15-22, 16-14, 22-14, 30-25, 30-26 resistance, 2-15, 2-37, 2-39, 3-7, 3-8, 3-12, 5-29, 5-34–5-35 scarification, 23-6 schists, 1-19 Schokbeton, 30-4 scoria, 1-17, 31-7 scrapers, 20-64–20-65 scratch coat, plaster, 15-19 screeds, 15-18, 18-2–18-3, 23-10, 23-14, 23-15 screw jack, 10-34, 11-32 sea salts, 13-21 sealants/sealers, 5-35, 17-8, 30-17, 30-18, 30-28, 35-15 acrylic, 30-69–30-70 joint, 17-13, 30-67 precast concrete, 30-67 silane, 23-14, 35-15 surface, 5-38, 5-39 wood, 30-17, 30-18, 30-28 seat extensions, 32-61 seawalls, 13-9, 14-50 repair of, 16-20–16-40 seawater, 1-22, 1-25, 2-14, 2-17, 2-18, 2-24, 3-7, 5-10, 5-29, 5-37, 5-38, 11-9, 11-58, 11-59, 13-2, 13-19, 13-20, 13-22, 13-25, 16-20, 16-26 blocking inflow of, 11-59 galvanizing, and, 11-10 resistance to, 2-25–2-26
 
 I-49 secant modulus, 8-28 second-generation superplasticizers, 3-5 section modulus, 7-39, 7-40, 7-41, 9-3 beam, 10-10 composite member, 10-10 sectional tower crane, 19-24, 19-29 seepage, 14-10 groundwater, 14-23–14-24, 14-25 joint, 20-40, 20-41 lift-joint, 20-42, 20-49 roller-compacted concrete, 20-7, 20-38–20-40 segmental concrete construction, 33-9 segregation, 5-2, 5-6, 5-31, 5-43, 6-40, 10-3, 10-27, 15-2, 15-18, 15-20, 15-25, 20-11, 20-14, 20-23, 20-34, 20-61, 20-63, 20-65, 20-66, 27-5, 30-21, 30-51, 30-52 seismic activity/events, 7-27, 10-14, 10-30, 11-17, 16-24, 16-27, 20-46 base shear, 32-22–32-24 bracing systems, 34-1–34-24 hybrid system of, 34-11, 34-12, 34-15, 34-17, 34-20, 34-22 strength criterion for, 34-2–34-4 design, bridges, 32-48–32-56 design categories, 32-7, 32-11–32-21, 32-29 detailing, masonry, 28-41–28-45 detailing, prescriptive, 28-41–28-45 detailing, shear walls, 28-43–28-45, 32-35–32-38 -echo method, 21-33 effects, analysis of, 32-19–32-20 force, 32-12, 32-13, 32-20, 32-21, 32-26, 32-27, 32-28, 32-29, 32-34, 32-43, 32-44, 32-45, 32-46, 32-48 design, code-specified, 32-12, 32-13, 32-28 horizontal, 32-27 -resisting piles, 32-56 -resisting system, 32-12, 32-13, 32-20, 32-21, 32-29–32-34 vertical distribution of, 32-24 joints, 17-9–17-10 load, see load: seismic moment-resisting frame systems, 34-7–34-18 regions, 11-54, 36-9 resistance, 16-22, 16-23, 24-39, 32-1–32-61 columns, 32-53 response history, 32-19 retrofit, 32-42–32-46, 32-56–32-61 footings, 32-45 risk evaluation, 32-6 wave, 17-10 weight, effective, 32-22 zones, 22-24
 
 I-50 self-consolidating concrete, 3-6, 3-14, 5-2, 5-43, 6-35, 7-26, 11-6, 11-54, 15-19–15-22, 30-16 applications, 15-22 mix design, 15-20 testing methods, 15-20–15-22 self-consolidating grout, 28-10–28-11 self-erecting cranes, 19-22 self-propelled mobile mixer, 19-15 semirigid modeling, 32-18 sensitivity, of an instrument, 27-15 sensors, embedded, 16-20 series conveyor, 19-45 series structural system, 32-52 service crane, 19-43 service load, see load: service service moments, 9-3–9-4, 9-12, 25-7 service torsional moment, 9-8 serviceability, 4-18–4-34, 12-23, 12-28, 12-29, 12-31, 16-2, 16-3, 16-8, 27-4, 35-14, 35-15, 36-3, 36-27 corrosion, and, 16-2 failures, 8-20 limit state, 16-2, 16-27 servohydraulic cylinders, 27-10–27-13 setting, 10-23, 10-26; see also setting time rapid, 8-21 rate, 5-31, 5-32 setting time, 3-3, 5-12, 5-33, 6-7, 6-8, 6-34, 7-26; see also retarders admixtures, and, 5-28 antiwashout admixtures, and, 3-14, 15-11, 15-13 calcium chlorides, and, 3-7 corrosion inhibitors, and, 3-9 maturity method, and, 21-24 Portland cement, 2-9–2-10 silica fume, 2-34 slags, and, 2-20 settlement, 10-14, 10-17, 11-32, 14-14–14-23, 17-10, 20-44, 28-38 consolidation, 14-17, 14-22, 14-62, 14-68, 14-69 cracks, 30-56 differential, 14-23, 17-6, 30-36 elastic, 14-74 immediate, 14-21–14-22, 14-68, 14-69 in clay, 14-32 in granular soils, 14-15–14-16 in saturated clays, 14-16–14-23 mat footing, 14-40 maximum allowable, 14-22, 14-23 pile, calculation of, 14-62–14-63 pile group, 14-65–14-69 secondary, 14-14 shadowing, 30-21
 
 Concrete Construction Engineering Handbook shadows, on bridges, 29-22–29-23 shale, 1-14, 1-17, 1-19, 5-28, 5-30, 6-4, 20-11, 31-7, 31-8 ASTM standards for, 28-4–28-5 shape, aggregate, 1-14, 1-15, 5-30, 6-7, 6-36, 6-37, 20-11, 21-16 she bolts, 7-11, 30-39 shear, 3-14, 7-30, 8-27, 8-41, 8-47, 10-7, 10-8, 10-11, 10-15, 10-16, 10-17, 10-24, 10-33, 10-37, 10-38, 11-15, 11-18, 11-32, 11-36, 11-57, 12-38, 13-24, 14-5, 16-34, 17-2, 20-43, 25-11, 28-58, 28-63, 28-67–28-68, 32-23, 32-38, 32-56, 36-10 base, 32-22–32-24, 32-27, 32-29, 32-62 beam–column joint, 34-17, 34-20 bond-reduction coefficient, 25-16 capacity, 25-4, 25-6, 25-7, 25-9, 25-12, 25-16–25-18, 32-26, 32-43 allowable, 10-22 nominal, 34-9 coefficient, 10-16 column, 34-21 connectors, 10-8, 10-9 cracks, 36-14 deflection, 7-34 demand, 32-26 distribution, 32-30 engineered cementitious composite (ECC), 24-14–24-15 failure, 8-47, 10-22, 27-4 flexural, 36-34 flow, 10-8 footings, and, 10-12 force, 10-9, 10-16, 10-33, 14-39, 18-10, 18-11, 28-51, 28-54, 28-58, 28-61, 28-63, 32-34, 32-35, 32-40, 32-43, 36-34 column, 34-17 maximum, 7-36, 7-39, 7-40, 7-41, 7-43, 7-44, 7-45, 7-46, 8-12, 14-50 modulus of rupture, and, 8-27 radial, 11-4 total, 8-16 friction, 13-22, 22-18, 34-6, 36-10 interlock, 22-9 heads, 10-22, 10-32 horizontal, 10-7, 10-8, 11-36, 11-41, 32-34, 32-35, 36-25 distribution of, 32-27 horizontal torsional moments, and, 32-25 joint, 32-54 keys, 11-38, 11-44, 11-54, 27-27–27-28 lag, 11-43 lateral, 32-34
 
 Index load, 10-8, 24-6, 28-50, 28-60, 34-8, 36-15 mixers, 11-6 modulus, 21-39 moment, 14-50, 32-29–32-30 nominal, 36-10 perimeter, 8-27, 10-22 plywood, 7-38 prestressed elements, 36-34–36-35 punching, see punching shear reinforcement, 10-32, 11-30, 24-21, 25-4, 25-6–25-7, 26-16, 28-58, 28-67, 28-68, 32-38, 32-54, 34-10, 36-35 rolling, 7-28 solid rectangular beam, 7-36 story, 32-25, 32-26, 32-27, 32-29, 34-19 strength, 5-15, 8-20, 8-41, 10-22, 11-17, 13-22, 20-34–20-37, 22-13, 22-24, 28-50, 28-61, 28-68, 36-14–36-15, 36-36 foundation soil, 14-7, 14-11 nominal, 36-14 pullout strength, and, 21-12 roller-compacted concrete, 20-34–20-37 stress, see stress: shear torsional, 32-34 transfer, 10-10, 10-19, 10-21, 11-18, 11-41, 32-34, 32-38, 32-40, 33-4, 33-10, 34-6, 34-8, 34-9, 34-10, 35-11 upward, 14-39 vertical, 10-21, 11-36 walls, 10-6, 10-14, 10-15, 10-16, 10-34, 12-38, 15-23, 28-42, 28-58, 28-64, 30-5, 30-45, 32-12, 32-13, 32-29, 32-30, 32-31, 32-34, 32-34–32-42, 32-43, 32-45, 35-11 approximate period of, 32-24 calculating number of bays for, 32-21 defined, 32-62 deflection of, 10-6 discontinuous, 32-19 empirical design of, 28-46–28-49 foundation analysis/design, 32-38–32-40 seismic detailing requirements for, 28-43–28-45 yield stress, 15-21 shear span/depth ratio, 22-13 sheathing, 7-6–7-8, 7-10, 7-11, 7-34, 7-35, 10-34, 10-36, 12-4, 12-7, 12-17, 12-22, 12-24, 12-27, 16-19 design of, 7-38–7-39, 7-44 electrically isolated, 12-3 minimal thickness of, 12-4 nailing to joists, 7-39 plastic, 16-16, 30-48 plywood, 7-6, 7-7, 7-9, 7-38, 7-42, 7-43–7-44, 8-53
 
 I-51 polyethylene, 11-6, 11-21, 11-24, 11-33, 11-46, 12-3, 12-4 repair, 12-18 slippage, 12-6 swelling of, 10-36 sheet pile, 14-50, 14-52–14-55 sheeting, see sheathing Shelby tube, 14-29 shims, 30-62, 30-63, 30-64, 30-66 steel, 30-64 ships, reinforced concrete, 13-2 shoots, 5-6 shop drawings, 12-6, 12-10, 12-38 shored construction, 10-9–10-10 shores, 7-5, 7-8, 7-14–7-16, 7-34, 7-38, 8-1–8-19, 8-36, 8-52, 11-32, 11-36, 11-59, 12-9, 12-27, 12-39, 12-41, 27-29, 30-47, 30-64 aluminum, 7-14 compressible, 8-19 demolition, 12-38, 12-41, 12-42 design of, 7-41–7-42 floor slabs, and, 8-2, 8-7, 8-9 for demolition, 11-61 horizontal, 7-9 jack, 7-14 levels of, 8-2, 8-3, 8-4, 8-6, 8-7, 8-9, 8-13, 8-14, 8-19, 8-42, 8-43, 8-52 number of per bay, 8-18 permanent, 8-53 premature removal of, 7-4 removal of from flexural members, 8-36, 8-37 rigidity of, 8-9 temporary, 7-8 vertical, 7-21 shoring and reshoring, 7-14, 8-4, 8-6, 8-7, 8-19, 8-38, 8-41, 8-42, 8-43, 8-49, 8-52, 8-53, 9-15, 9-18–9-19, 12-42 short-pulse radar, 21-42 shortening, 11-4, 11-14, 11-19, 11-23, 11-27, 11-32, 11-38, 11-58, 11-60, 12-6, 12-8, 12-28, 12-29, 12-43, 23-13, 35-2, 35-3, 35-4, 35-7–35-8, 35-10, 35-13 pile, 14-62 shot blasting, 23-6–23-8 shotcrete, 3-17, 11-54, 11-55, 11-60, 14-56, 16-13, 16-15, 20-56, 22-3, 24-12 shrinkage, 2-15, 4-1–4-2, 4-6, 4-7, 4-10–4-16, 4-18, 4-27, 5-2, 5-30, 5-31, 8-48, 8-49, 8-52, 9-11, 9-13, 9-15, 9-17, 9-18, 9-20, 10-12, 10-23, 10-24, 10-25, 10-26, 11-2, 11-4, 11-15, 11-17, 11-23, 11-30, 11-33, 11-41, 11-42, 12-6, 12-8, 12-10, 12-29, 13-22, 13-25, 15-22, 22-14, 23-2, 23-14, 30-7, 30-15, 30-36, 35-2, 35-3, 36-3
 
 I-52 shrinkage (cont.) antiwashout admixtures, and, 3-14 autogenous, 4-35, 20-22, 20-70, 23-4 CEB-FIP model for, 4-16 chemical, 21-21 silica fume, and, 2-33 cracking, 2-34, 3-14, 20-49, 20-51, 28-51, 28-62, 35-2, 35-4 creep, and, 8-51 deflection, and, 8-49, 8-51, 8-52, 9-4 drying, see drying shrinkage due to carbonation, 2-15, 4-12 high-range water reducers, and, 3-7 long-term, 4-34 member size, and, 8-30 mortar, 28-9 overlay, 23-4, 23-12 plastic, 5-43, 6-40, 23-4, 23-12, 23-14, 30-58, 30-59 prediction, 4-12–4-15 -reducing admixtures, 3-14 reinforcement, 10-17, 17-8 relative humidity, and, 8-30 slab, 17-13 slump, and, 4-16 strain, 4-2, 4-3, 4-10, 4-11, 4-13, 4-14, 4-15, 4-16, 4-35, 9-6, 17-2 stress, 30-36 strips, 17-2 thermal, 11-27, 11-50 time, and, 8-30–8-31 ultimate, 8-29–8-30 unreinforced concrete, 8-29–8-31 volume/surface ratio, and, 9-6 water, and, 4-16 water-reducing admixtures, and, 3-4 side form spacers, 7-14 side-grain loading, 7-28 side-sway, 34-4, 36-25 sieve analysis, of soils, 14-2 SIFCA®, 22-14 SIFCON, 22-15, 22-18 signalers, 19-40 silane, 5-39, 11-58 sealer, 23-14, 35-15 surface treatment, 5-38 silica, 5-23 silica fume, 1-25, 2-22, 2-23, 2-29–2-38, 3-6, 5-10, 5-27, 5-28, 5-29, 5-38, 5-39, 5-41, 6-8–6-9, 6-18, 6-20, 6-25, 6-32, 9-20, 11-4, 11-5, 11-16, 11-17, 11-23, 11-56, 13-20, 15-20, 22-14, 22-16, 22-17, 23-2, 23-3, 23-14, 23-15, 26-2, 36-1
 
 Concrete Construction Engineering Handbook air entrainment, and, 2-37 as-produced, 2-29 bleeding of, 2-33, 2-34, 2-36 carbonation, and, 2-32, 2-36 characteristics of, 2-29–2-30 chemical composition of, 2-30 chemical resistance, 2-36–2-37 compressive strength, and, 2-34–2-35 condensed, 2-33, 2-37 cracking of, 2-34 creep, 2-35 durability, and, 2-36–2-38 freeze–thaw resistance, 2-37 physicochemical mechanisms, 2-30–2-32 production of, 2-29 setting time, 2-34 types of, 2-29 water demand, 2-32–2-33, 2-34 workability, 2-33 silicates, 3-7, 5-27, 6-7, 6-33 silicon, 2-1, 5-27, 11-5, 24-32, 26-2 silicon alloys, 2-29 silicon dioxide, 2-38, 6-9 silicon oxide, 26-3 silt, 1-2, 5-30, 14-2, 20-26 siltstones, 5-40 silty sand, 14-5 single-bay model, 8-12, 8-13, 8-14, 8-15, 8-16, 8-39, 8-40 single-span bending members, 7-35 single-tee beam, 11-30 prestressed, 33-6 single-wythe masonry walls, fire-resistance ratings of, 31-6–31-7 site-cast concrete, see concrete: site-cast site class, 32-7–32-8 site exploration, 14-27–14-32 site geology, ground motion and, 32-5 size factor, 7-33 skid derricks, 11-40–11-41, 11-42, 11-43 skid ways, 13-26, 13-29–13-30, 13-31 skin friction, 10-12, 14-60, 14-62, 14-67, 14-70, 14-71 skip live-loading, 10-16 Skyline Plaza Project, Bailey’s Crossroads, Virginia, 27-28–27-29 slab, 1-21, 2-14, 4-24, 4-33, 6-40, 7-11, 9-7, 9-17, 9-18, 9-19, 9-22, 10-17–10-23, 12-9, 12-30, 12-38, 14-39, 16-5, 16-6, 19-49, 21-37, 32-19, 36-7–36-10; see also floors, lift-slab construction advancing-slope grouting, and, 15-5 apron, 20-44
 
 Index as rigid diaphragm, 32-18 casting, 11-25 cast-in-place, reinforcement of, 12-32 –column joints, see joints: slab–column –column released connections, 35-10 compressive strength of, 8-35 compressive stresses in, 10-9 conduit embedment in, 12-8 connecting, 19-50 contraction joints, 17-3 control of deflections in, 8-52–8-55, 36-27 cracking, 4-34, 8-35, 9-18, 10-17, 12-9, 17-6, 17-8, 35-4 curling, 17-11, 17-13, 17-14 dam, 20-49 dead load of, 7-23 deflection, 4-5, 8-2, 8-11, 8-52–8-55 causes of, 8-48–8-49 control of, 8-52–8-55 demolition, 12-40 diameter, 8-27 drying, 17-11 equivalent thickness, 31-9 finishing of, 19-19 flat, 7-8, 10-19–10-23, 17-10, 27-29 flat-plate, 7-38, 8-16 flaw detection in, 21-33, 21-34, 21-36, 21-40, 21-60 flexural cracking, and, 8-34, 8-36 floor, 4-10, 4-32, 7-7, 7-8, 7-38–7-43, 8-1–8-20, 8-47, 9-18, 10-28, 10-31, 11-18, 11-25, 11-29 shores, and, 8-2, 8-9 -forming systems, 7-14 foundation, 4-34; see also foundation free vs. fixed edges of, 8-12 ground-supported post-tensioned, 12-4 heat transmission in, 31-6 heaving, 10-29 highway, 14-40 hollow-core, 11-30 irregular geometry, 35-7 joints, 12-4, 17-2, 17-10–17-15 load, 8-4, 8-7, 8-9, 8-11, 8-14, 8-15, 8-18, 8-19 maintenance of, 35-15 modeling of, 18-9, 18-10, 18-11 negative bending moment, and, 18-11 number of, 8-19 on grade, 17-10–17-14, 17-15, 22-3 one-way, 4-24, 4-25, 8-52, 9-3, 10-17–10-19, 10-40, 12-30, 18-11, 22-3, 36-4, 36-5, 36-36 failure of, 8-27
 
 I-53 post-tensioned, 8-48, 10-31, 10-32, 10-33, 12-6, 12-9, 12-23, 35-2, 35-3, 35-4, 35-6, 35-8, 35-9, 35-13 precast bridge deck, 33-2, 33-3, 33-9–33-12; see also bridge decks precast prestressed, 11-36 precast pretensioned, 11-32 pullout tests, and, 21-11 rectangular tank, 10-26 reinforced-concrete, 8-12, 35-2, 35-4 reinforcement in, 17-15 repair of, 16-14 retrofit of, 12-32–12-36 ribbed, 9-6, 9-17 robotic screeding of, 18-2–18-3 roller-compacted concrete, 15-25 roof, 7-7, 9-14, 10-28, 10-31, 10-32, 11-25, 11-29, 11-33 safety analysis of, 8-42–8-47 sawed joints, and, 17-5 settlement of, see settlement shortening of, 35-2, 35-3, 35-7–35-8, 35-10, 35-13 shrinkage-compensating cement, and, 17-13 site-cast, 10-28 spans, 8-47, 10-19 precast and prestressed, 33-3 steel-reinforced, 17-14 stiffness, 8-2, 8-9, 8-16, 8-18, 8-49 stripping time for, 8-9 supported, 10-31–10-32 tank, 10-24 T-beams, and, 10-8 temperature differentials and, 8-51, 15-23 thickness of, 8-16, 8-27, 8-47, 8-48, 9-3, 10-9, 10-18, 10-19, 10-22, 14-40 two-way, 4-24, 4-30–4-33, 8-47, 8-52, 9-7, 10-19, 10-20, 10-31, 10-40, 12-11, 12-30, 16-34, 18-11, 22-3, 27-4, 35-2, 35-4, 36-26–36-28, 36-36 fiberglass-reinforced, 22-19 post-tensioned, 12-7 unbonded monostrand tendons, and, 12-2 underwater, 15-7 vacuum processing, and, 15-15 warping of, 8-48 weight of, 10-9 without joints, 17-13 slags, 1-10, 1-11, 1-14, 1-17, 1-25, 2-15, 5-27, 5-32, 5-39, 5-40, 5-41, 6-4, 6-8, 6-9, 6-20, 13-20, 15-20, 15-23, 20-40, 20-61, 23-2, 23-3, 23-14, 26-2, 31-7, 31-8; see also blast-furnace slag glassy, 2-19 roller-compacted concrete, and, 20-2
 
 I-54 slate, 1-17, 31-7, 31-8 sledgehammer, 27-8, 27-26 sleepers, prestressed, 11-55–11-56 sleeves, 11-9, 11-12, 11-20, 11-24, 11-36, 11-38, 11-46, 11-59, 11-60, 12-15 slenderness effects, 10-15 slenderness ratio, 36-24 slewing handlers, 19-46 slewing platform, crane, 19-29 slewing ring, 19-25, 19-29, 19-36 slewing speed, 19-34 sliding, 20-35, 20-41, 20-44, 20-45, 20-47, 20-48, 20-69 slings, 11-9, 11-34, 11-35, 11-50, 11-51 slip-form construction, 10-33–10-37, 13-25, 13-26, 19-49–19-50, 20-51, 20-52, 20-68, 21-61, 23-15 materials for, 10-34–10-36 slippage, 35-9 slope-layer method, 20-67 slow-load strain capacity, 20-32 slump, 2-10, 2-16, 2-21, 2-33, 3-4, 3-5, 3-12, 5-2–5-3, 5-7, 5-28, 5-31, 6-8, 6-9, 6-17, 6-23, 6-24, 6-27, 6-28, 6-29, 6-30, 6-31, 6-35, 6-40, 6-41, 6-42, 7-25, 7-43, 9-15, 9-20, 10-14, 10-23, 10-27, 10-34, 11-5, 11-6, 15-9, 15-12, 15-18, 15-20, 15-21, 16-13, 20-16, 20-52, 24-10, 30-51; see also no-slump concrete antiwashout underwater concrete, 15-10 as-cast concrete, 30-21 effect on shrinkage, 4-16 flow test, 5-43 geopolymer concrete, 26-4, 26-5, 26-8, 26-15 grout, 28-20, 28-33, 28-34 high-range water reducers, and, 3-6–3-7, 6-21 loss, 6-40 temperature, and, 8-21 tests, 5-2, 5-32, 5-33, 6-9 grout, 28-33–28-34 variations, 30-19 zero, 10-34, 15-23, 15-25 slurry-infiltrated fiber concrete (SIFCON), 22-14–22-15, 24-2 Smart Road Bridge, 29-6, 29-20, 29-26 smooth rods, see tendons: single-bar snap ties, 7-11, 30-38, 30-39, 30-40 snow load, 10-4, 27-3, 32-22 snow removal, 35-16–35-17 sodium, 5-40 sodium bentonite, 14-27 sodium benzoate, 3-9 sodium chloride, 3-7 sodium chromate, 3-9
 
 Concrete Construction Engineering Handbook sodium hexametaphosphate, 14-2 sodium hydroxide, 3-11, 26-2, 26-3, 26-4, 26-7, 26-8 sodium nitrite, 3-9 sodium oxide, 1-3, 2-27, 5-42, 13-20, 15-4 sodium silicate, 14-2, 26-2, 26-3, 26-4, 26-7, 26-8 sodium sulfate, 26-14 sodium thiocyanate, 3-8 soil aggressive, 10-14 Atterberg limits, 14-2, 14-4–14-5 classification of, 14-2–14-5, 14-13, 14-29 clayey, 14-10, 14-19, 14-29, 14-31, 14-32, 14-50, 14-60, 14-62, 14-65, 14-67, 14-76; see also clay coarse-grained, 14-2, 14-5 compressibility, 14-2, 14-5, 14-14–14-23 conditions, ground motion and, 32-3 dry, 14-7 fine-grained, 14-2, 14-4, 14-5 granular, 14-14, 14-15–14-16, 14-26, 14-29, 14-37, 14-58, 14-60 liquid, 14-4–14-5 mechanical analysis of, 14-2–14-4 nailing, 14-56 partly saturated, 14-7 plastic, 14-4 pores, 14-7 pressure, 10-11, 10-13, 32-39–32-40 profile type, 32-7–32-8 resistivity, 21-55 sampling, 14-29 sandy, 14-5, 14-9, 14-31, 14-32, 14-34, 14-35, 14-56, 14-59, 14-60, 14-76 saturated, 14-7, 14-20, 14-69 semisolid, 14-4 settlement, 9-19 shear strength, 14-7 springs, 32-59 strength, 14-5–14-14 stress ratio (SSR), 32-38 subsea, 13-25 suction, 14-7 unified soil classification system (USCS), 14-2, 14-5 voids, 14-7 wet, 14-7 soils approach, 20-20 solid modeling, 18-9–18-11 solid waste, 14-26 sonic-echo method, 21-33 Soniscope, 21-6, 21-7 sorptivity index, 24-32–24-33 sorptivity test, 24-32
 
 Index sound abatement, 28-9 sounding, 21-31 devices, 15-5–15-6 soundness, 1-19 space factor, 22-6–22-7 space frames, 32-45 space truss elements, 36-22 spacing dimension, 36-28 spading, 30-57–30-58 spalling, 5-38, 10-7, 11-23, 11-50, 11-54, 11-55, 11-59, 11-61, 12-22, 12-29, 23-16, 24-12, 24-19, 24-21, 24-22, 24-29, 24-34–24-36, 26-14, 27-2, 27-4, 30-25, 30-29, 30-40, 30-42, 30-64, 30-70, 30-71, 35-5, 35-15 span-by-span bridge construction, 29-11–29-13, 29-16 span/deflection ratio, 9-20 span/depth ratio, 9-18, 29-7–29-8, 32-18 span length, 29-6 spandrels, 7-4, 35-15 precast, 30-64, 30-65 spans, 7-16, 7-39, 7-46, 7-48, 10-16 clear, 7-9 direction of, 7-28, 7-38 falsework, and, 11-40 float-in, 11-44 length of, 7-9, 10-20 lifted-in, 11-43 long, 10-17, 11-40 maximum, 7-43, 7-44 maximum allowable, 7-44, 7-45, 7-46 number of, 7-35, 7-36, 7-38, 7-40, 7-44 post-tensioned, 11-38 short, 11-30, 11-36 slab, 8-47, 10-19 precast and prestressed, 33-3 suspended, 11-36 spar buoy platform, 13-13 spatial occupancy enumeration (SOE), 18-9 special moment-resisting frames (SMRFs), 32-13 specialized applications, 15-1–15-25 specific creep, 4-6, 8-31–8-32, 26-13 specific gravity, 1-19, 2-5–2-6 aggregate, 5-30, 20-21 fly ash, 6-25 highly reactive metakaolin, 2-38 of slags, 2-20, 2-23 sand, 6-24 silica fume, 2-29 soil, 14-69 specific surface, 2-37 of fly ash, 2-5, 2-6 of highly reactive metakaolin, 2-38
 
 I-55 specifications, architectural concrete, 30-8–30-9 specified dimension, masonry unit, 28-3 spectral acceleration, 32-51 spectral analysis of surface waves (SASW), 21-37, 21-39 spectral displacement, 32-51 spectral response acceleration parameters, 32-8, 32-23, 32-27 spectral velocity, 32-51 spider, 19-19 spillways, 20-3, 20-7, 20-8, 20-41, 20-52 spiral reinforcement, 11-8, 11-9, 11-11, 11-12, 11-13, 11-21, 11-48, 11-49, 11-54, 25-18, 25-19, 36-6, 36-7, 36-10, 36-11, 36-29 splices/splicing, 11-11, 11-12, 11-20, 11-36, 11-38, 11-58, 12-20, 12-21, 12-27, 12-38, 12-39, 28-51, 34-23 bundled bar, 36-30 lap, 11-8–11-9, 25-9, 27-4, 28-51, 28-61 tendon, 16-17, 16-18 tension, 30-42 split-cylinder strength, 8-24, 8-27 estimating, 8-27 test, 27-5 split spoon sampler, 14-11, 14-29 splitting tensile strength, 6-8, 6-9, 8-22, 8-26, 20-27–20-29 compressive strength, and, 8-26 estimating, 8-26 mortar, 28-32 temperature–time factor, and, 21-24 splitting tension, 11-14 test, 21-14 spread footings, 10-10, 10-11, 10-12 spreader, 7-11 spreader beam, 11-34 sprinkler systems, 31-2–31-3 Spruce–Pine–Fir (SPF), 7-38, 7-40 spud piles, 13-4 spud vibrator, 30-53 square root sum of the squares (SRSS) method, 32-27, 32-28 stability analysis, 12-39 stabilized maximum/minimum crack spacing, 4-25 stabilizers, 5-43, 19-46 stable correlation, 21-26 stack bond, 28-16, 28-37, 28-45, 28-52, 28-54, 28-55, 28-63 stair and elevator towers, 35-16 stairs, metal pan with concrete infill, 35-16 stairwells, 19-8 standard penetration test (SPT), 14-7, 14-11–14-12, 14-21, 14-34, 14-38, 14-60
 
 I-56 standards, 8-55–8-58 static cone penetration test, 14-7, 14-13–14-14 static fatigue, 25-3 static flexural strength, 22-8 static force, 32-18 static load, 32-7, 32-29 test, 14-73, 14-74, 27-9–27-13, 27-17, 27-20 static moment, 10-21 static pile capacity, 14-58–14-62, 14-73 statistical methods for estimating in-place strength, 21-25–21-28 staves, concrete, 11-54, 11-55 steel columns, 10-12, 10-28, 13-4, 31-13 steel–concrete construction, 10-7–10-10 steel fibers, 22-2, 22-3, 22-4, 22-6, 22-9, 22-10, 22-11, 22-12, 22-13, 22-14–22-17, 24-1, 24-12 steel, prestressing, 1-22, 11-8, 11-10, 11-18, 11-46, 11-58, 11-59, 12-1, 12-3, 12-4, 12-7, 12-9, 12-42, 12-43, 12-44 steel punchings, 6-4 steel-reinforced engineered cementitious composite (R/ECC), 24-4, 24-6, 24-12–24-24, 24-38, 24-39 cast-in-place, 24-39 corrosion resistance, 24-33–24-36 durability of, 24-27–24-36 spall resistance, 24-34–24-36 steel reinforcement, 1-21–1-23, 4-28, 4-24, 4-27, 5-2, 5-11, 5-31, 5-32, 6-7, 8-49, 10-17, 10-18, 10-23, 10-24, 10-26, 10-35, 10-37, 11-8–11-9, 11-28, 11-38, 11-58, 11-59, 12-22, 12-40, 12-42, 13-22, 14-40, 15-2, 15-3, 15-11, 15-22, 16-1, 16-2, 16-3, 16-14, 16-34, 17-14, 19-50, 24-22, 25-3, 25-5, 25-6, 25-8, 25-9, 25-12–25-19, 30-41–30-43; see also reinforcement, reinforcing bars chloride penetration in, 24-34 cladding panels, and, 30-5 concrete cover for, 30-43 contraction joints, and, 17-5 corrosion of, 2-17–2-18, 2-27, 3-7, 3-8, 3-9, 16-14, 16-18, 16-20, 16-22, 16-23, 16-25, 16-26, 16-29, 16-31, 16-34, 16-37, 16-38, 16-40 cracking load, and, 8-35 ducts, and, 11-20 engineered cementitious composite (ECC), and, 24-4, 24-6, 24-12–24-24, 24-38, 24-39 epoxy, and, 5-38, 16-14, 16-18, 16-20, 16-25 galvanized, 5-38 horizontal, 16-26 live load, and, 8-34 loss of, 16-29, 16-30, 16-32, 16-38, 16-40 mass loss of, 24-36
 
 Concrete Construction Engineering Handbook modulus of elasticity, 28-56 offshore structure, 13-26 overlays, and, 23-3 probe penetration test, and, 21-10 pulse-echo testing, and, 21-31 removing concrete around, 23-6 service stress levels in, 17-8 tensioned, 16-16 unstressed, 11-26 vertical, 16-20, 16-22, 16-23, 16-26, 16-29, 16-37 vs. fiberglass reinforcement, 22-19 steel shells, column, 32-59 steel shims, 30-64 steel stress, 4-24, 4-25, 4-27, 4-30, 8-51, 32-36, 32-37 steel stringer bridge, testing of, 27-29–27-31 steel-to-concrete friction factor, 34-6 steel-to-steel friction factor, 34-6, 34-7 steel yielding, 24-22, 25-3, 25-5, 25-12, 25-13, 25-14, 25-15 Stefan–Boltzman law, 21-41 stiffening, 15-3 rate of, 11-50 stiffness, 4-18, 4-19, 4-32, 6-41, 6-42, 7-28, 9-14, 9-20, 10-6, 10-13, 11-33, 11-48, 14-40, 16-28, 20-29, 20-30, 20-33, 20-41, 20-43, 20-53, 21-4, 21-36, 21-37, 21-39, 22-3, 24-9, 24-12, 24-22, 24-27, 25-11, 25-13, 27-7, 27-9, 27-26, 32-29, 34-14–34-15, 35-2 abutment, 32-52 beam, 10-15, 10-20 bridge deck, 23-15 bridge design, and, 32-48, 32-49, 32-50, 32-51 coefficients, 8-12, 10-21 column, 10-15, 32-51, 32-53 composite floor system, 10-7 cracked, 9-16, 32-51 defined, 32-48 diaphragm, 32-18 distribution of, 10-6 end-region, 9-14, 9-15 estimating, 9-3–9-4 fiber-reinforced polymer systems, 25-14 flexural, 8-2, 8-48, 9-4, 9-5, 9-7, 9-8, 9-11, 9-12, 9-13–9-14, 9-18, 9-19, 36-27 joint, 9-14 leveling concrete, 20-56 member width, and, 9-17 midspan, 9-7, 9-14, 9-15 pavement, 23-15 pile, 10-13 shore, 8-12, 8-18 shoring system, 8-15–8-18 slab, 8-2, 8-9, 8-16, 8-18, 8-49
 
 Index torsional, 9-9, 9-14 torsional beam, 10-21 uncracked, 9-16 vertical framing, 32-18 stirrups, 9-8, 10-12, 11-8, 11-13, 11-14, 11-36, 11-41, 11-43, 18-10, 18-11, 18-12, 18-13, 22-8, 22-13, 24-19, 24-21, 25-4, 25-6, 25-7, 25-9, 26-16, 28-55, 32-54, 32-55, 34-10, 35-5, 36-9, 36-10, 36-15, 36-22, 36-29, 36-35 Stokes’ law, 14-3 stone, ASTM standards for, 28-5 stone, crushed, 1-15, 5-2, 5-29, 6-3, 6-36, 13-21, 15-6, 15-9, 15-25, 31-7 story drift, 32-11, 32-12, 32-25–32-26, 32-46, 34-14 defined, 32-62 design, 32-25, 32-26 story shear, 32-25, 32-26, 32-27, 32-29, 34-19 strain, 4-1, 4-4, 4-8, 4-10, 4-15, 4-22, 4-24, 4-27, 4-35, 8-27, 11-15, 20-22, 20-32, 22-17, 24-2, 25-13, 25-17, 25-19, 36-23 anchorage zone, 11-14–11-15 at sharp corners, 11-15 balanced, 36-23, 36-24 compressive, 25-15, 36-10 confined, 25-19, 25-20 limiting, 36-9 confined concrete, 36-9 creep, 2-23, 2-35, 4-1, 4-2, 4-3, 4-6, 4-7, 4-8, 5-22, 8-49–8-51, 17-2, 26-13 elastic, 4-1, 4-2, 4-3, 4-4, 4-5, 5-21, 5-22, 17-2, 26-13 fiber-reinforced polymer system, 25-14–25-15, 25-17 gauges, 27-16–27-21 gradient, 4-24 hardening, 24-2–24-3, 24-5, 24-6, 24-9, 24-22, 24-24, 24-30 -hardening cementitious composite (SHCC), 24-4 irrecoverable, 4-5 limit states, 36-10 limits, 36-10–36-11, 36-23 load-induced, 4-7 masonry, 28-49 maximum usable, 28-59 post-tensioning, 27-29 recoverable, 4-5 reduction factor, 36-10 shrinkage, 4-2, 4-3, 4-10, 4-11, 4-13, 4-14, 4-15, 4-16, 4-35, 9-6, 17-2 softening, 20-41 steel, 28-59 tempering, 12-27
 
 I-57 tensile, 4-22, 4-31, 4-34, 11-15, 11-54, 20-27, 25-14, 25-15, 36-10 thermal, 11-55, 11-57, 11-58 total, 17-2 transverse, 11-54 transverse cracking, 25-18, 25-19 ultimate, 34-15 ultimate, fiber-reinforced polymer systems, 25-15 strands, 11-26, 11-28, 11-42, 11-46, 11-54, 11-56, 11-60, 12-21, 12-44, 33-2; see also tendons bundled loops of, 11-50 burning of, 11-28 cable-stay, 29-15 compact, 11-10 corrosion of, 12-23 coupling of, 12-20 creased, 12-24 deflected, 11-28, 11-29, 11-30, 11-34 failure of, 16-16, 16-18 fatigue of, 11-52 installing, 11-21 number of per bundle, 12-7 pile, 11-49 polyethylene-sheathed, 11-33 post-tensioning elongation of, 34-16 prestressing, 5-38, 5-39, 10-13, 10-38, 11-2, 11-10, 11-12, 11-13, 11-23, 30-47–30-48 pretensioned, 11-18, 11-24, 11-32 relaxation of, 12-27, 12-28 rupture of, 12-27 seven-wire, 11-9, 11-10, 11-25, 12-2, 12-3, 12-25, 12-27, 12-44, 16-16, 16-18, 16-19, 27-25, 30-47 side-by-side, 11-38 slipping of, 12-19–12-20 tensioning, 10-23 transverse post-tensioning, 27-27 unbonded, 12-6 post-tensioning, 34-11, 34-13, 34-22 unsheathed, 12-17 Strategic Highway Research Program (SHRP), 16-3, 16-41 strength, 3-1, 3-2, 3-3, 3-4, 3-6, 3-10, 3-17, 5-2, 5-6, 5-31, 6-30, 6-41, 7-28, 8-20–8-27, 9-12, 10-14, 11-2, 11-4, 16-2, 16-8 admixtures, and, 6-4–6-9 age, and, 21-21, 21-22, 21-23, 21-24 assessment of, 16-4 bearing, 13-22, 20-48 bond, 3-16, 8-20, 8-22–8-26, 8-41, 11-26, 11-56, 16-11, 23-3, 23-4–23-13 overlay, 23-3, 23-4–23-13 revibration, and, 30-57
 
 I-58 strength (cont.) break-off, 21-16 compressive, see compressive strength compressive cylinder, 8-41, 8-43 concrete, 8-43, 12-8, 12-20, 36-8–36-9 construction loads, and, 8-37–8-47 corrosion, and, 16-2 cube, 8-21 cylinder, 8-21, 8-24, 8-27, 9-20 defined, 32-62 design, 8-41, 8-42, 8-43, 9-15, 9-18, 9-19, 14-51, 20-42–20-43, 25-4, 25-12–25-13, 28-41, 28-59–28-68 reinforced-concrete members, 36-10–36-31 design yield, 10-10 ductility, and, 24-23–24-24 early-age, 5-12–5-16, 5-25, 8-41, 21-12, 21-16 evaluation, 27-2–27-4 uses for, 27-2 failures, 8-20 first-crack, 22-5 flexural, see flexural strength fly ash, and, 2-11–2-12 gain, see strength gain grout, 12-20 guaranteed, 25-4 in-place, 21-2, 27-5 estimating, 21-2–21-28 insufficient, 8-37 material, 24-23 maturity, and, 21-25 maturity index, and, 21-23 modulus of elasticity, and, 8-29 nondestructive testing for, see nondestructive testing offshore structure concrete, 13-2 overdesign, 20-42–20-43 porosity, and, 1-12–1-13 pozzolans, and, 20-14–20-15 pullout, 8-26, 21-11, 21-12, 21-24 punching shear, 8-27, 8-37, 8-38, 8-40, 8-43 reduction factors, 28-60, 28-62, 34-8 relationship, 21-25, 21-28 establishing, 21-27 in-place testing of, 21-26 relative, 21-23 shear, 8-20, 8-41, 11-17, 13-22, 20-34–20-37, 28-50, 28-61, 28-68 soil, 14-2, 14-5–14-14 split-cylinder, 8-24, 8-27 splitting tensile, see splitting tensile strength strut, 36-16 tensile, see tensile strength
 
 Concrete Construction Engineering Handbook tenth-percentile, 21-28 test, 5-33 time, and, 4-16–4-18 torsional, 36-22–36-23, 36-35 ultimate, 4-4 ultimate, fiber-reinforced polymer systems, 25-15 vacuum processing, and, 15-14 water/cement ratio, and, 5-32 yield, see yield strength strength gain, 1-7, 1-8, 1-10, 2-11, 2-12, 2-13, 2-22, 2-23, 2-35, 5-12, 5-15, 5-28, 6-9, 6-31, 7-4, 7-38, 9-6, 11-5, 11-6, 11-27, 13-19, 16-13, 20-30, 21-17, 36-7 at anchors, 7-13 calcium chloride, and, 5-31 ettringite, and, 5-43 load tests, and, 14-73 slab, 7-15 superplasticizers, and, 3-6 temperature, and, 5-33, 8-25, 21-17, 21-18–21-24 strengthening, 16-2, 16-15 stress, 1-21, 4-2, 4-4, 4-5, 4-6, 4-8, 4-21, 4-35, 7-33, 7-44, 8-27, 9-3, 9-16, 9-22, 10-6, 10-7, 10-13, 10-24, 10-37, 11-21, 11-26, 17-2, 21-31, 25-5, 25-13, 36-4 actual, 7-41, 7-46 allowable, 28-41, 28-49–28-58 allowable compression, 7-48 axial, 32-36, 32-37 bearing, 4-22, 7-42, 7-46, 11-57, 20-47, 21-15, 28-53, 32-36, 32-37, 34-10, 36-18 bending, 4-22, 11-57, 21-15, 28-53, 32-36, 32-37 bond, 4-25 bond interface, 23-13 bursting, 11-8 compression, allowable, 7-41, 7-42, 7-48 compressive, 4-21, 8-28, 8-49, 10-9, 10-38, 10-39, 11-25, 11-27, 11-60, 20-43, 20-47, 28-43, 28-47, 28-51, 28-52, 28-55, 28-59, 28-62, 32-35, 32-37, 36-13, 36-18, 36-33, 36-34, 36-35 concrete, 10-24 crack spacing, and, 4-28 cracking, 9-16, 14-27 creep, and, 5-22, 8-31 delamination, 11-8 design, 10-24, 28-28, 28-41 direct, 4-22 distribution, 10-38, 11-43 effective soil, 14-7, 14-9–14-10, 14-16 fiber-reinforced polymer systems, 25-15 flexural, 8-27, 10-13, 10-14, 10-23, 10-24, 10-30, 12-28, 28-53, 36-14
 
 Index flexural bending, 28-53, 28-62 longitudinal yield, 10-10 lumber, ASD adjustment factors for, 7-28–7-31 maximum allowable, 7-39, 10-25, 36-33–36-34 maximum, in fiber-reinforced polymer bars, 25-7 nonuniform, 8-50 pile group, 14-69 principal, 20-48, 20-71 pullout tests, and, 21-12 punching shear, 8-43, 8-46, 8-47 radial, 11-14, 11-55 rebar, 25-5 reducers, 3-10 reinforcement, 4-24, 4-31, 28-57, 28-59, 36-4 relaxation, 11-10, 20-32, 20-53 rust, and, 5-38 service, 10-3, 10-39, 17-8 shear, 8-27, 10-14, 10-18, 10-24, 10-26, 11-57, 14-78, 20-43, 21-12, 21-15, 21-31, 22-13, 23-13, 24-22, 25-14, 28-54, 28-58, 30-34, 32-32, 32-37, 34-18, 34-21, 36-14 beam–column joint, 34-18 horizontal, 30-34 limit states, 34-21 shrinkage, 30-36 soil, effective vs. total, 14-51 steel, 4-24, 4-25, 4-27, 4-30, 8-51, 32-36, 32-37 stripping, 10-39 sustained, 8-50 tendon, 12-8 tensile, 4-18, 4-22, 4-26, 8-28, 9-3, 9-13, 9-16, 10-13, 10-24, 10-25, 10-39, 11-32, 11-52, 11-53, 12-44, 14-48, 14-52, 17-1, 17-3, 17-5, 17-10, 17-14, 20-34, 20-45, 20-47, 20-52, 21-12, 25-8, 28-52, 28-54, 28-62, 28-63, 32-35, 35-2, 36-14, 36-33 tension, 10-18, 10-38 thermal, 5-21, 10-24, 20-29, 20-32, 20-34, 20-43, 20-45, 20-48, 20-52, 20-53, 30-36 roller-compacted concrete, 20-34 torsional, 11-57 transfer of, 11-9, 11-25 transport, 10-39 ultimate, 10-3, 10-4, 10-5, 10-6 ultimate design, 36-34 vertical effective, 14-35 waves, 16-6, 16-25, 21-5, 21-31–21-39, 21-43, 21-62 working, 10-10 stress–strain curves, 24-3, 24-5 geopolymer concrete, 26-8 Portland cement, 26-9
 
 I-59 stress–strain relationship, 4-3, 4-5, 4-10, 4-18, 8-27, 8-28, 12-27, 13-22, 20-41, 22-9, 22-10, 22-15, 22-19, 25-3, 25-6, 36-5, 36-7, 36-11, 36-31 stress/strength ratio, 2-23, 9-6, 9-15 stress-wave propagation testing, 21-31–21-39 stressing, 12-13, 12-21, 35-8, 35-9 stage, 12-44 stringers, 7-8, 7-9, 7-14, 7-35, 7-38, 7-40, 7-41, 7-42, 8-52, 8-53 design of, 7-40–7-41 grain direction of, 7-42 lateral buckling of, 7-40 strip footings, 10-10 stripping, 7-4, 7-5, 7-38, 8-2, 8-4, 8-6, 8-9, 8-37, 8-42, 8-43, 10-3 stress, 10-39 strong-backs, 7-11, 16-20, 16-22, 16-23, 16-27, 16-31–16-38, 16-40 spacing of, 16-37 strong-motion accelerograph, 32-2 strong-motion duration, 32-3, 32-5 structural concrete, 10-1–10-40, 11-17; see also concrete structural depth, bridge, 29-7 structural drawings, 12-6 structural elements, proportioning of, 36-1–36-36 structural evaluation, see performance evaluation structural failure, 8-19–8-20 structural frames, 10-14–10-17 structural inspection checklist, 35-17–35-18 structural irregularies, 32-18–32-19, 32-28 structural separation, to prevent cracks, 35-7–35-8 structural steel, 10-2, 10-10, 10-28 structural system, seismic-force-resisting, 32-12–32-13 STRUDL analysis, 32-55 strut-and-tie method, 36-15–36-21 struts, 7-11, 7-48, 36-10 capacity evaluation of, 36-21 compressive, 34-10, 36-15 design of, 14-55, 14-56 strength of, 36-16 stucco, 15-16, see also Portland cement: plaster studs, 7-10–7-11, 7-34, 7-35, 7-42, 7-43, 7-44, 7-45, 7-46 design of, 7-44 headed, 10-9 length of, 10-9 welded, 10-9 styrene–butadiene latex, 23-2, 23-14 styrene–butadiene resin concrete, 3-16, 3-17 subbituminous coal, 2-2, 2-11, 2-17 subdeck panels, precast, 33-2, 33-3, 33-6, 33-8, 33-9
 
 I-60 sugars, 3-2 sulfate, 5-25, 5-26, 5-39, 12-22, 13-20 sulfate attack, 1-10, 1-25, 5-10, 5-42, 11-4, 13-20, 13-23, 24-29, 26-18 Portland cement, and, 26-14 resistance, see sulfate resistance sulfate esters, 3-10 sulfate ions, 11-5, 11-59 sulfate resistance, 2-16–2-17, 2-20, 2-24–2-25, 2-36, 3-7, 3-8, 3-10, 5-27, 5-29, 5-35–5-37, 16-12 geopolymer concrete, 26-14 Type V cement, 5-25 water/cement ratio, and, 5-36 sulfonated lignins, 3-6, 3-11 sulfonated melamine formaldehyde (SMF), 3-5, 6-8 sulfonated naphthalene formaldehyde (SNF), 3-5, 6-8 sulfonates, 3-10, 3-11, 6-8 sulfonic acid esters, 3-5, 6-8 sulfuric acid resistance, geopolymer concrete SuperBent, 32-59 superplasticizers, 1-4, 2-27, 2-29, 2-32, 2-34, 2-35, 2-38, 3-2, 3-5, 3-6, 5-30, 5-31, 5-38, 6-5, 6-8, 6-18, 6-21, 6-30, 6-31, 6-32, 6-35, 6-39, 10-23, 10-25, 10-27, 11-5, 11-6, 11-41, 13-22, 13-26, 15-20, 26-3, 26-4, 26-5, 30-19, 30-51, 30-56, 30-72 first, second, third generations of, 3-5 vibration, and, 30-56 super-strength reactive powder concrete, 22-14, 22-16–22-17 supersulfated cement, 1-10, 1-11 surface finishes, 3-6, 5-17, 5-43, 7-3 architectural concrete, 30-12 robotic application of, 18-2, 18-3–18-5 surface flatness, 20-34 surface moisture, 1-17 surface-penetrating radar (SPR), 16-4, 16-7–16-8 surface sealers, 5-38, 5-39 surface temperature, 21-39, 21-40, 21-42 surface tightness, 20-34 surface vibrators, 30-53 surface waves, 21-37–21-39 surfaced on four sides (S4S), 7-27 surfactants, 3-10 surficial materials, 14-1 sustained load, 4-1, 4-2, 4-4, 4-8, 25-7, 36-3 sustained modulus, 20-32 sustained modulus of elasticity, 8-50 S-waves, 16-4–16-7, 21-31, 21-32, 21-33 sway frames, 10-15 sweep representations, 18-9, 18-10 swelling, 4-10
 
 Concrete Construction Engineering Handbook swelling-strip water stops, 20-51 synthetic air, 20-20 synthetic aperture focusing technique (SAFT), 21-31 synthetic detergents, 3-11
 
 T table forms, 7-9 tamping compactors, 20-68 tanks, 11-54–11-55, 15-23, 16-16; see also liquid-containing structures, liquid-retaining structures aeration, 17-8 buried, 11-55 circular, 10-24–10-25, 11-54 prestressed concrete, 4-33–4-34 flaw detection in, 21-36 oil-storage, subsea, 13-15 rectangular, 10-26 repair of, 11-60 water, 17-8 tape, 30-38 duct, 30-33 masking, 30-31 plastic, 30-31, 30-37 Tarsuit Caisson Retained Island, 13-15 tartaric acids/salts, 3-2 taxi crane, 19-43 T-beam, 9-14, 10-8 analysis, 28-56, 28-66 bulb, 11-36 compression steel for, 9-17 inverted, 33-6 section modulus of, 9-3 uncracked, 9-16 tee beam, see T-beam telehandlers, 19-2, 19-4, 19-15, 19-45–19-47 telescopic tower crane, 19-29 temperature, 4-27, 5-32–5-33, 6-39, 9-15, 9-17, 10-12, 10-26, 10-27, 10-36, 11-5, 20-17, 35-2 aggregate stockpile, 20-53, 20-57 alkali–silica reactivity, and, 5-42 carbonation, and, 5-11 changes, see temperature: gradient compressive strength, and, 2-11, 5-15 concrete, 5-31, 7-25, 7-43 control of, 15-23 corrosion rate testing, 21-60 cracking, and, 4-34 creep, and, 4-8, 9-6 curing, 2-12, 2-15, 2-21, 2-35, 5-15, 8-20–8-22, 8-24, 21-17, 21-18–21-24, 23-2, 26-5, 26-7, 26-11–26-12, 26-14, 26-15, 27-20, 30-58
 
 Index deflection, and, 8-51, 9-9–9-10 deformations, 12-6 differential, see temperature: gradient drop in, 17-3 engineered cementitious composite (ECC), and, 24-11 ettringite formation, and, 5-42 factor, 7-31 fluctuations, see temperature: gradient freezing and below, 3-12 glass transition, 25-3 gradient, 5-38, 8-48, 11-32, 15-23, 16-11, 17-6, 17-10, 17-11, 17-13, 17-14, 27-7, 28-38, 30-16, 35-3 grout, and, 15-4 history, of concrete, 21-16, 21-24 mass concrete, and, 15-23 maximum curing, 11-6 polymer-modified concrete, and, 3-16 radiant energy, and, 21-41 reinforcement, 10-17, 17-8 roller-compacted concrete, and, 15-25, 20-33–20-34 sensitivity factor, 21-20 setting time, and, 2-20, 5-12, 21-24 shrinkage, and, 4-11 slump, and, 3-7 strain, and, 17-2 strain gauges, and, 27-19, 27-20 strength development, and, 2-11, 2-12, 8-20–8-26 strength gain, and, 21-18–21-24 surface, 11-7, 21-39, 21-40 tests for, 6-42 –time factor, 21-17, 21-24, 21-25 vacuum processing, and, 15-14 variation, see temperature: gradient water demand, and, 5-32 workability, and, 5-2–5-3 working, increase in, 3-2 templates, 7-16 tendon anchorage zone, 12-10–12-11 tendon ducts, voids in, 21-35 tendon force, 35-4 tendons, 11-36, 11-38, 11-42, 35-4; see also strands banded, 12-9, 12-11 beam, 12-9 bonded, post-tensioning, multi-strand, 11-61 bundles of, 12-12 button-head wire, 12-2 carbon-fiber-reinforced plastic (CFRP), 22-24 continuity, 11-41 crack mitigation, and, 35-12
 
 I-61 damaged, 11-60 detensioning of, 12-19, 12-20, 16-18, 16-19 external, 11-24, 11-40, 11-43, 11-46, 11-60, 12-31 harped, 12-7, 12-30, 12-34, 12-35 heat-sealed, 12-2, 12-3, 12-24 installation of, 11-25–11-26 internal, 11-43 locating, 16-18 low-relaxation, 12-8 monostrand, 12-2, 12-3, 12-4, 12-10, 12-44 multistrand, 12-2, 16-16 multiwire, 12-2 paper-wrapped, 12-2, 12-3 placement of, 12-7 polyethylene-sheathed, 11-33 post-tensioning, 11-24, 11-38, 11-41, 11-61, 27-11, 30-48 prestressing, 11-9–11-10, 11-11, 11-12, 11-14, 11-18, 11-19, 11-21, 11-36, 11-58, 11-59, 25-3, 28-13, 36-31 corrosion protection of, 11-23–11-24 storing of, 11-19–11-20 profile of, 11-28–11-29 push-through, 12-2, 12-3 repair of, 16-17, 16-18 retensioning, 16-19 rupture of, 12-27–12-28 short, 12-21 single-bar, 12-2 single-strand, 16-16 slab, 12-9 spacing of, 11-37, 12-7 splicing, 12-20–12-21 stress-relieved, 12-8 stressing of, 11-25–11-26, 12-8–12-10 stuffed, 12-2, 12-3 tank, 11-55 two-way slab, 12-11 unbonded, 11-61, 12-1–12-44 durability of, 12-4–12-5 environmental considerations for, 12-5 installation of, 12-7 prestressing, 34-23 single-strand, 30-47 uniform, 12-9, 12-11 variable-eccentricity, 36-33 tensile bond strength, for overlays, 23-8 tensile coupon test, 24-11, 24-27 tensile cracks, 36-29 tensile face, 4-28, 4-31, 4-32 tensile force, 22-12, 32-35, 34-22 tensile load, 14-5, 24-7, 34-10 tensile rebound wave, 11-52
 
 I-62 tensile splitting, 21-13 strength, 8-24, 26-10 tensile strain, 4-22, 4-31, 4-34, 11-54, 20-27, 25-14, 25-15 roller-compacted concrete, 20-32–20-33 tensile strength, 3-15, 3-16, 4-17, 4-25, 5-15–5-16, 5-20, 5-34, 8-20, 8-22–8-26, 8-27, 8-41, 11-16, 11-17, 11-18, 11-25, 11-28, 11-54, 12-3, 12-22, 13-22, 15-12, 15-17, 16-13, 20-32, 20-40, 20-48, 20-61, 21-10, 21-13, 21-24, 22-3, 22-6, 22-9, 24-2, 24-3, 24-4, 24-9, 24-15, 24-27, 27-5, 35-2, 36-14 bolts, high-strength, 34-8 carbon fibers, 22-16 elastomeric liners, 30-28 fiber-reinforced polymer systems, 25-3, 25-14 geopolymer concrete, 26-10 masonry, 28-53, 28-59 nominal axial, of headed anchor bolts, 28-60 nominal, ductile rod, 34-8 overlay, 23-8 roller-compacted concrete, 20-27–20-29, 20-32, 20-33 split, 20-27–20-29 temperature–time factor, and, 21-24 tensile stress, 4-18, 4-22, 4-26, 8-28, 9-3, 9-13, 9-16, 10-13, 10-24, 10-25, 10-39, 11-32, 11-52, 11-53, 12-44, 14-48, 14-52, 17-1, 17-3, 17-5, 17-10, 17-14, 20-34, 20-45, 20-47, 20-52, 21-12, 25-8, 28-52, 28-54, 28-62, 28-63, 32-35, 35-2, 36-14, 36-33 tensile surface strength, for overlays, 23-8 tension, 13-24 bars, 9-15 cracks, 4-18, 14-47 fibers, 4-19 leg platforms (TLPs), 13-9–13-11, 13-16, 13-29 members, 36-16 reinforcement, 9-5, 9-13, 9-17, 28-52, 28-62, 28-64, 28-66 ties, 7-26, 36-15 wave, 10-13 terrazzo, 31-11 Terzaghi’s bearing capacity expression, 14-32 Terzaghi’s consolidation theory, 14-14, 14-18 tests/testing, 6-41–6-43, 11-7 acceptance, 21-26–21-27 aggregate ratio, 28-33 air permeability, 5-10 Brazilian split-cylinder, 20-27, 20-28 break-off test, 21-15–21-16, 21-26 CAPO, 21-15 closed-loop, 27-12, 27-18
 
 Concrete Construction Engineering Handbook cone penetration, 14-7, 14-13–14-14, 28-32 consolidated drained/undrained, 14-8–14-11 constant rate of penetration, 14-73 control, 5-33 correlation, 21-27–21-28 cylinder splitting, 26-10 destructive, 12-23, 12-27, 12-28, 16-4 dynamic load, 14-73 electrical conductance–rapid chloride permeability, 5-10 fracture, 21-3 hydraulic, 27-10–27-13 impact-echo, 16-4–16-7, 16-20, 16-22, 16-23, 16-24, 16-24–16-25, 16-29, 16-30, 16-38, 16-39, 16-40, 21-33, 21-34, 21-35, 21-37, 21-44, 27-7 impedance, 21-35 impulse–response, 21-35, 21-36, 21-37 indentation, 21-2, 21-3 internal fracture, 21-13 J-ring, 5-43 L-box, 5-43 lift-off, 12-21 load, see load testing maintained load, 14-73 Marsh cone flow, 24-11 masonry, 28-27–28-38 modal, 27-7–27-9, 27-26 polyreference, 27-7 mortar, 28-32–28-33 nondestructive, see nondestructive testing petrographic, 5-42, 11-5, 11-7, 11-48, 16-3, 27-5, 27-22 pile load, 14-73–14-75 pitch-catch, 16-25 plate load, 14-15, 14-31–14-32, 14-40 probe penetration, 21-8–21-10 pull-off, 21-26 pullout, see pullout: test pulse-echo, 16-25, 21-31 ultrasonic, 21-31 quasi-static load, 27-9–27-13, 27-17, 27-20 quick load, 14-73 rapid chloride permeability, 11-7, 15-22, 16-3 rapid load, 14-73 rapid mortar bar, 5-40 sorptivity, 24-32 standard penetration, 14-7, 14-11–14-12, 14-21, 14-34, 14-38, 14-60 static cone penetration, 14-7, 14-13–14-14 stress-wave propagation, 21-31–21-39 tensile coupon, 24-11, 24-27 transient dynamic response, 21-35
 
 Index triaxial, 14-7, 14-8–14-11 U-box, 5-43 ultrasonic, 21-31, 27-6–27-7 unconsolidated undrained, 14-8–14-11, 14-36 vehicle load, 27-10 water permeability, 5-10 tethers, 13-9 thaumasite, 2-26 theoretical air-free density, 20-21, 20-71 thermal coefficient of expansion, 10-24 thermal conductivity masonry, 31-13 roller-compacted concrete, 20-22 thermal cracking, 20-10, 20-44, 20-51, 20-56, 30-16 thermal diffusivity roller-compacted concrete, 20-22 thermal expansion, coefficient of, 5-21 thermal gradients, 6-40, 6-41, 13-23, 13-25 thermal lance demolition, 12-40 thermal stress, 5-21, 10-24, 20-29, 20-32, 20-34, 20-43, 20-45, 20-48, 20-52, 20-53, 30-36 roller-compacted concrete, 20-34 thermography, infrared, 21-39–21-42 thickness frequency, 21-33, 21-34, 21-35 thiocyanates, 3-7 third-generation superplasticizers, 3-5 thixotropic agents, 11-5, 11-23 Threadbars®, 34-10 three-sided U-wrap, 25-16, 25-17 three-span continuous arrangement, 7-39, 7-40, 7-44, 7-45 through-bolts, 30-39 tidal zone, 11-50, 13-20 tie hole repair, 30-38, 30-39, 30-68 tie reinforcement, 10-10, 11-18, 25-18 tie rods, 14-53, 14-54, 14-55 ties, 7-11, 7-43, 7-48, 11-18, 18-10, 18-11, 18-13, 19-8–19-9, 19-28, 19-47, 25-19, 28-4, 28-5, 28-55, 36-6, 36-15–36-21 ASTM standards for, 28-5 bolt, 30-39 closed, 26-15, 36-20 coil, 7-11 continuous, single-member, 30-39 crane, 19-9 deviator, 11-46 flat, 7-11 footing, 32-56 form, 7-9, 7-11, 7-22, 7-26, 7-35, 7-42, 7-46, 30-7, 30-38–30-40, 30-68 design of, 7-46 removal of, 30-40 stainless steel, 30-68
 
 I-63 he bolt, 7-11, 30-39 load transfer, 34-11 loop, 7-11 railroad, 11-9, 11-25, 11-55–11-56 removable, 30-38 roof, 28-47 she bolt, 7-11, 30-39 snap, 7-11, 30-38, 30-39, 30-40 spacing of, 10-10, 36-6, 36-9 spiral, 18-13 steel, 11-11, 11-18, 30-44, 30-68 strength of, 36-17 tension, 7-26, 36-15 through-bolt, 30-39 vertical, 32-56 tilt-up construction, 10-28–10-30 timber mats, 11-32 time creep, and, 8-31, 8-33 -domain analysis, 21-33, 21-43 shrinkage, and, 8-30–8-31 titania, 2-38 tongue-and-groove joints, 17-2, 17-3, 17-12 tooling, 30-20, 30-25–30-27, 30-32, 30-68 tornado, 11-31 torque, 36-22, 36-35 torsion, 36-15 accidental, 32-25 prestressed elements, 36-34–36-35 stirrups, 36-9 torsional deflection, 9-7–9-9 torsional moment, 9-9, 10-21, 32-25, 32-29–32-30 torsional stiffness, 9-9, 9-14 torsional strength, 36-22–36-23, 36-35 total range, 27-13–27-14 toughness, 1-21, 22-9, 22-10, 22-12, 24-23 index, 22-10 roller-compacted concrete, 20-33 tower belt, 20-63 tower cranes, 10-33, 19-2, 19-3, 19-4, 19-8, 19-9, 19-18, 19-21–19-34; see also cranes American-type, 19-37 bottom-slewing, 19-29–19-32, 19-33 crawler-mounted, 19-32 dismantling of, 19-32 erection of, 19-32 stationary truck-mounted, 19-32 transport of, 19-32 classification of, 19-33 flat-top, 19-22 sectional, 19-24, 19-29 telescopic, 19-29 top-slewing, 19-22–19-29, 19-33
 
 I-64 tower cranes (cont.) dismantling of, 19-27, 19-28 erection of, 19-27 freestanding, 19-29 internal climbing, 19-28–19-29 transport of, 19-27 traveling, 19-29 traveling, 19-22, 19-29 tower-mounted booms, 19-15, 19-17–19-19 Trace Parkway Arches, 29-4 tracking, dozer, 20-66 traffic barriers, 29-28 trailer pump, 19-17 transformed area, 28-3 transient dynamic response testing, 21-35 translation, 16-32 transport stress, 10-39 transporting concrete, 5-6–5-10, 6-40 transverse cracking strain, 25-18, 25-19 transverse force, 32-53 transverse reinforcement index, 36-28 travel times, 19-5, 19-6 traveling speed, crane, 19-34 tremies, 3-6, 11-14, 15-6, 15-7, 15-8, 15-8–15-9, 30-50 trial batches, 3-3, 3-4, 3-7, 3-9, 3-18, 6-16, 6-19, 6-23, 6-25, 6-27, 6-29, 6-30, 6-31 design strength of, 6-17–6-18 trial-wedge method, 14-47–14-48 triaxial test, 14-7, 14-8–14-11 tributylphosphate, 3-12 tricalcium aluminate, 5-25, 11-4, 13-20, 30-15 tridymite, 5-40 triethanolamine, 6-7 triple-tee, 11-36 trolleying, 19-26 speed, 19-34 troubleshooting split anchor, 12-19, 12-20 troweling architectural concrete, 30-13 trowels power, 19-19–19-21 robotic, 18-2–18-5 truck cranes, 11-30, 11-32, 11-35, 19-36, 19-39, 19-43 truck loaders, 19-43–19-44 knuckle-boom, 19-43 stiff-boom, 19-43 truck pump, 19-17 truckmixers, 5-6, 6-39, 6-40, 19-12, 19-13, 19-14, 19-15, 19-17 front- vs. rear-discharge, 19-13 sizes of, 19-14 trumpets, 11-13, 11-20, 16-19
 
 Concrete Construction Engineering Handbook trusses, 7-9, 7-31, 8-38, 11-34, 11-38, 11-46, 32-19, 36-10, 36-15 erection, 29-10, 29-12, 29-16 modeling of, 18-9 tubes, 11-20 as column forms, 7-9 tuffs, 1-17, 5-28 tunnel forms, 19-49 tunnels, underwater, 13-15 turbine mixers, 11-6 Twaron®, 22-21 28-day strength, 2-12, 2-13, 2-14, 2-21, 2-22, 2-23, 2-25, 2-35, 5-15, 5-32, 6-2, 6-9, 6-13, 6-16, 6-19, 6-23, 6-29, 7-14, 8-16, 8-20, 8-21, 8-22, 8-35, 8-41, 8-42, 8-43, 8-52, 10-9, 10-27, 13-15, 21-20, 21-22, 21-23, 21-24, 24-26, 28-37 twisting members, 9-7–9-9 twisting, of wires/strands, 12-7 two-sided wrap, 25-16, 25-17 two-way joist construction, 7-9
 
 U U-box test, 5-43 ultimate limit state, 16-2, 24-4, 24-6 ultimate modulus, 20-30, 20-31, 20-71 ultimate point capacity, 14-58 ultrasonic pulse velocity, 21-5–21-8, 27-7 ultrasonic testing, 27-6–27-7 pulse-echo, 21-7, 21-31 unbonded post-tensioning, 12-1–12-44, 24-21 demolition, and, 12-36–12-42 evaluation/repair of, 12-22–12-36 external, retrofit of, 12-31–12-36 field shortcomings of, 12-14–12-22 general notes for, 12-6–12-10 standard details for, 12-10–12-14 unbraced frames, 10-15 unconsolidated undrained tests, 14-8–14-11, 14-36 uncracked stiffness, 9-16 undercarriage, crane, 19-22–19-24, 19-29, 19-32, 19-37 types of, 19-35 undercoating, slab, 31-6 under-reinforcement, 10-38, 25-4, 25-5, 25-6, 25-8, 36-9 underwater concrete tunnels, 13-15 underwater placement, 10-13, 11-5 underwater structures, 15-3, 15-4–15-5, 15-6–15-13 undrained strength parameters, 14-9, 14-10, 14-12 uniaxial geogrids, 14-51 unified method, 36-10 unified soil classification system (USCS), 14-2, 14-5 uniform appearance, 5-31
 
 I-65
 
 Index un-inspected design, 28-28 unit mass, 5-30 unit strength method, 28-35–28-36 unit weight, tests for, 6-42 unloading, 8-27 unshored construction, 10-9–10-10 uplift, 20-38, 20-40, 20-41, 20-42, 20-47, 20-49, 20-51 Upper Stillwater Dam, 20-8, 20-14, 20-28, 20-38 urethane, 23-14, 30-28 utilities, carried on bridges, 29-29
 
 V vacuum mats, 15-14 vacuum processing, 15-13–15-16 Valdez, Alaska, dock, 13-14 vapor barrier, 30-30 variable vs. constant, 8-9 Vebe times, 20-17, 20-66 vehicle load testing, 27-10 velocity, 32-48, 32-50, 32-51 spectral, 32-51 veneer, 28-3, 28-4, 28-11, 28-29, 31-8 anchored, 28-4 stone, 30-31, 30-71 ventilating screeds, 15-18 vents, 11-20, 11-23 vermiculite, 1-17, 15-17, 31-8 Vernier calipers, 27-16 vertical irregularities, 32-18, 32-19, 32-20, 32-28 vertical load, see load: vertical vertical plant, 19-50 vertical tendon blowout, 12-24 vibrating tables, 30-53 vibrating wire strain gauge, 27-20, 27-29, 27-31 vibration, 5-6, 5-7, 5-31, 5-43, 6-40, 7-3, 7-24, 7-25, 7-43, 10-14, 11-6, 11-7, 11-27, 11-41, 11-49, 12-8, 15-14, 15-15, 15-19, 15-23, 18-2, 22-5, 23-10, 28-20, 30-4, 30-15, 30-52–30-58 external, 30-53 form, 30-56–30-57 fundamental period of, 32-23 impact, 27-7, 27-8, 27-26 in floors, 9-20 internal, 30-53, 30-54–30-56, 30-57 measurements, 12-41 screed, 23-10 -sensitive equipment, 9-19, 9-21 vibrators, 11-13, 11-14, 11-20, 11-27, 11-29, 12-18, 19-19, 20-3, 23-10, 30-7, 30-41, 30-52–30-58 external, 30-53, 30-56, 30-57, 30-58 form, 30-53, 30-56–30-57, 30-72
 
 internal, 30-53, 30-54–30-56, 30-57, 30-58 motor-in-head, 30-53 qualities of, 30-52–30-53 reciprocating, 30-53 rotary-type, 30-53, 30-54 Victory Bridge, 29-7–29-8, 29-11 Vinsol™, 2-10, 3-10 vinylester, 25-9, 25-10 viscosity, 5-43, 15-21 antiwashout underwater concrete, 15-10, 15-13 control, 11-5 -enhancing admixtures, 3-13, 3-14 -modifying admixtures, 15-20 self-consolidating concrete, 15-19 viscous damping, 32-48 visual inspection, 16-4, 21-29–21-31 visual stability index (VSI), 28-10 void ratio, 6-21 volcanic ashes, 5-28 volcanic glasses, 1-19, 5-40, 5-42 voltmeter, 21-53 volume change, 2-14, 5-20–5-21 autogenous, 20-22, 20-70 cracking, 17-1, 17-2, 17-5, 17-8 effect of fly ash on, 2-14 volume of permeable voids, 5-10 volume/surface ratio, 8-30, 8-31, 8-33, 9-6, 9-15, 9-18 voxels, 18-9
 
 W w/c, see water/cement ratio Wabasha Freedom Bridge, 29-8, 29-19, 29-25 waffle joist, 7-9 wales, 7-11, 7-35, 7-42, 7-43, 7-44, 7-48, 10-34, 10-36 design of, 7-45 spacing of, 7-48 wall cladding, precast, 9-10 wall cracks, 35-6 wall footings, 10-10 wall-forming system, 19-3, 19-4, 19-6, 19-8, 19-9–19-10 wall forms, 7-10–7-14, 19-49 design of, 7-43–7-48 mechanized, 19-50 wall joints, 35-10–35-11 wall panels, 10-28, 10-29, 10-38, 10-39, 11-25, 11-29, 16-20, 16-22, 16-23, 16-25, 16-27, 16-28–16-38 architectural precast, 30-5, 30-45 engineered cementitious composite (ECC), 24-20 installation of, 30-64
 
 I-66 wall/slab released connections, 35-9–35-10 wall thicknesses, 10-10 wall tie, 28-4 walls, 2-14, 8-31, 10-10 cast-in-place, 11-54 defined, 7-26 design of, 36-36 fire rating of, 31-11 fire resistance of, 31-8 flaw detection in, 21-33, 21-34, 21-36 geotextile-reinforced, 14-52 half-height, 35-5 reinforced, 14-51–14-52 sheet pile, 14-52–14-55 thickness of, 10-26 warping, 9-6, 9-9, 9-17, 11-39, 17-11, 17-14 wash boring, 14-28 washer plates, 7-11 water blasting, 30-27 content, 15-20, 20-17–20-19, 20-20 demand, 3-4, 5-32, 6-9, 6-20, 6-21, 11-4 roller-compacted concrete, 20-14 silica fume, 2-32–2-33, 2-34 for prestressed concrete, 11-5 jetting, 12-41 mixing, see mixing water penetration masonry, 28-38–28-39 permeability test, 5-10 preplaced-aggregate concrete, and, 15-4 quality, 1-12 reducers, 3-2, 3-3–3-4, 3-6, 3-11, 5-28, 5-30, 5-31, 5-32, 6-5, 6-8, 6-21, 6-33, 15-3, 15-11, 15-12, 15-13, 20-20, 20-24 super, 3-5 stops, 17-2, 17-7, 17-8–17-9, 20-40, 20-49, 20-51 swelling-strip, 20-51 weight of, 6-9, 6-12 water-based silica fume slurry, 2-29 water/binder ratio, 15-20 water/cement + blast-furnace slag ratio, 2-23 water/cement + fly ash ratio, 2-18 water/cement ratio, 1-4, 1-8, 1-9, 1-11, 1-12–1-13, 1-17, 1-23, 1-25, 6-4, 15-16 activation energy, and, 21-18 air-entraining admixtures, and, 2-20, 6-7 aggregates, and, 5-30 antiwashout admixtures, and, 3-14 architectural concrete, 30-21, 30-28 bleeding, and, 5-6 bond strength, and, 8-24 bonded concrete overlays, and, 23-2
 
 Concrete Construction Engineering Handbook carbonation, and, 2-36, 5-11 chemical resistance, and, 2-36 compressive strength, and, 5-12–5-14, 6-9, 6-13, 6-16, 6-17, 8-20, 26-4, 28-33, 36-1 color of concrete, and, 30-17, 30-19 containment concrete, 10-23 corrosion protection, and, 5-38, 5-39 engineered cementitious composites, and, 24-27, 24-32 deflection, and, 9-20 drying shrinkage, and, 2-23 durability, and, 5-32, 10-2 fly ash concrete, 2-9, 2-13, 2-15, 2-18 grout, 28-9, 28-34 mass concrete, 10-27 permeability, and, 5-10 Portland cement plaster, and, 15-17 preplaced aggregate concrete, 15-3 pulse velocity, and, 21-7 relative humidity, and, 5-42 repairs, and, 16-13 roller-compacted concrete, 15-23, 20-17–20-20, 20-29 shrinkage, and, 4-11, 4-16 shrinkage-reducing admixtures, and, 3-16, 3-17 slag, and, 2-24, 2-27 slump, and, 6-41, 8-21 strength, and, 2-11, 5-32 sulfate attack, and, 5-36, 5-37 temperature, and, 5-32 tensile strength, and, 8-24 water demand, and, 2-32–2-33 water-reducing admixtures, and, 3-3, 3-4, 3-5, 3-6, 5-31, 6-33, 15-12 water/cement + silica fume ratio, 2-33, 2-34, 2-35, 2-36, 2-37, 2-38 water/cement + slag ratio, 2-20, 2-22, 2-23, 2-27 water/cementitious materials ratio, 5-6, 5-32, 6-2, 6-30 admixtures, and, 11-5 carbonation, and, 2-36 compressive strength, and, 6-18, 6-20, 6-22, 6-25, 6-28, 36-1 creep, and, 2-35, 4-8 curing, and, 6-40 engineered cementitious composites, and, 24-32 fiber-reinforced composites, and, 22-4, 22-15 fly ash concrete, 1-11, 2-16, 2-18 high-performance, high-volume fly ash concrete, 1-11 high-range water reducers, and, 6-9, 6-41 maturity method, and, 21-23 offshore concrete structures, 13-19
 
 Index permeability, and, 2-36 pile durability, and, 11-47, 11-48 plasticized concretes, and, 2-38 prestressed concrete, 11-5 setting time, and, 2-34 shrinkage, and, 4-11, 4-16, 4-35 silica fume, and, 2-38 slag, and, 2-21 sulfate attack, and, 5-36 superplasticizers, and, 6-31 vs. strength, 1-13 Young’s modulus of elasticity, and, 2-35, 20-29 water/concrete ratio, 30-33 water/geopolymer solids ratio, 26-4, 26-7, 26-8 water/Portland cement ratio, 5-35 water-treatment facilities, 17-8 waterfall plot, 21-45 waterproofing, 11-33, 12-8 watertightness, 12-4, 13-26, 15-14, 20-8, 20-42, 20-44, 20-47, 20-49, 20-51, 20-52, 20-69, 24-6 roller-compacted concrete, 20-38–20-40 wave equation, 14-69–14-73 weather barrier, plaster, 15-18 weather protection, 20-69–20-70 weathervane, 19-26 web shear, 36-34, 36-35 cracks, 8-27 wedges, 11-10, 11-11, 11-24, 11-25, 11-28, 11-32, 12-3, 12-8, 12-9, 12-19, 12-20, 12-21, 12-27, 12-43, 12-44, 14-53 cracked, 12-21 weep holes, 14-50, 28-18 weight, of equipment, 10-4 weight, of structure, 32-18, 32-22, 32-24, 32-29 welan gum, 3-14 weldable gauges, 27-19 welded deformed wire fabric, 36-30–36-31 wet mixtures, 20-16, 20-17, 20-19, 20-59, 20-68 wet-pipe placement, 15-8–15-9 wet use factor, 7-34 wetting–drying cycles, 2-18 wheelbarrows, 5-6, 13-26, 30-50 wheeled undercarriage, 19-35 white cement, see cements: white Whitney stress block, 25-5, 25-15 Willow Creek Dam, 20-8, 20-11, 20-14, 20-22, 20-28, 20-38 wind, 7-27, 7-46, 10-4, 12-38, 13-25, 13-30 force, 10-5–10-6 load, 7-27, 10-4, 10-5, 10-6, 28-41, 28-46 pressure, 7-47, 10-5 speed, 10-5 top-slewing tower cranes, and, 19-26
 
 I-67 Windsor probe, 21-8–21-9 wing walls, precast concrete, 33-12 wire, 1-21, 4-24, 8-58, 10-39, 12-7, 12-22, 12-24, 16-16, 26-15; see also strands, tendons broken, 12-23, 16-19 chicken, 15-18 closed ties, 26-15 cold-drawn, 11-9 deformed, 36-28 development length, 28-51, 28-61 epoxy-coated, 28-51, 36-28 fabric reinforcement, 1-21, 10-39, 36-30 failure, 12-27 lath, 15-16, 15-18 mesh, 7-21, 14-56, 15-18, 16-15, 24-37 pinched, 12-27 potentiometers, 27-18, 27-25 prestressing, and, 10-25, 10-38, 11-2, 11-8, 11-9, 11-10, 11-12, 11-13, 11-21, 11-23, 11-24, 11-26, 11-30, 11-54 reinforcement, 8-52, 28-13, 28-42, 28-44, 28-55, 28-61, 30-44, 8-58, 22-2 rope, 12-27 shape, 22-2 screen, 15-14 size, in composites, 22-2 ties, 30-40, 30-43, 30-44 vibrating, strain gauge, 27-20 yield strength, 28-51 wobble, 11-12 wobble friction, 12-43, 12-44 wood sealers, 30-17, 30-18, 30-28 workability, 2-6, 2-9, 2-11, 2-32, 3-1, 3-4, 3-5, 3-6, 3-12, 5-2–5-6, 5-30, 5-31, 6-3, 6-20, 6-21, 6-23, 6-29, 6-30, 6-34, 6-37, 6-40, 10-25, 10-26, 11-5, 13-22, 13-23, 15-9, 15-14, 20-17, 20-43, 20-67, 20-68, 22-6, 23-3, 26-2, 28-14, 30-14, 30-16, 30-19 accelerators, and, 3-7 admixtures, and, 6-4–6-9 antiwashout admixtures, and, 3-14 fly ash, and, 2-10 geopolymer concrete, 26-3–26-4, 26-8 mortar, 28-6, 28-8, 28-9, 28-33 plasticizers, and, 3-3 polymer-modified concrete, 3-16 retarders, and, 3-2 silica fume, and, 2-33 slags, and, 2-23 superplasticizers, and, 3-5 working platform, 10-36 working range, 27-13–27-14 working stress design, 28-41, 28-49
 
 I-68 wrapped sections, 25-16–25-19 wrapping, 22-24 wrecking strips, 7-17 wythes, 28-3, 28-4, 28-9, 28-47, 28-48, 28-49, 31-6–31-7, 31-8
 
 X x-rays, 21-60, 21-61, 21-62
 
 Y yield point, 10-4, 24-5 yield strength, 11-54, 26-14, 26-16, 27-5, 28-59, 34-18 anchor bolt, 28-50, 28-60 mild reinforcement, 28-13 reinforcement, 28-51, 28-63, 28-64, 28-65, 36-6, 36-23 tension, 28-66 shear, 28-68 spliced, 28-51 steel, 1-21, 36-15
 
 Concrete Construction Engineering Handbook tendon, 36-34 Threadbars®, 34-10 wire, 28-51 yielding system, 34-1 precast seismic system, 34-6 premature, 8-48 reinforcement, 36-13, 36-23, 36-24 yokes, 10-34–10-35, 10-36 Young’s modulus of elasticity defined, 8-28 blast-furnace slag, 2-23 metakaolin concrete, 2-39 silica fume, 2-35
 
 Z Z-booms, 19-17 zinc, 30-45 zinc anodes, 16-26 zinc bracelets, 11-59 zinc silicate, 11-59 zirconium, 22-19
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