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 Preface Nowadays, there is a race among investors for constructing high-rise buildings due to high profits from the real estate business worldwide. Therefore, the major challenge for structural engineers is how to achieve the goal for the investors and the architects as well. The aim of this book is to present the most advanced materials and construction techniques used in the reinforced concrete structure industry. Because advanced materials are growing parallel to the development of new structure systems, the advantages and disadvantages of the different structure systems are very important from durability, reliability, and construction points of view. This book is intended to serve as a guide to junior and senior engineers who work in design, construction, and maintenance of reinforced concrete structures to assist them in choosing the most reasonable structure system, materials, method of construction, and maintenance plan. Construction quality control is the main factor that allows a firm to be competitive in the market, so this book is written to be easy for structural engineers to understand the statistical parameters that govern quality control in concrete construction projects. Its aim is to avoid complicated statistical terms, and instead be more applicable by using strong theoretical background information to help analyze and meet concrete construction quality control criteria. This book consists of three main approaches: the first chapters present ways to control a project to achieve the owner’s target and discusses different loads that affect the buildings from the point of view of the international codes. In addition, the different structure systems that are used in traditional and high-rise buildings will be presented with their advantages and disadvantages to assist the designer in choosing the optimum structure system to meet stability, reliability, and architectural requirements. The second main approach is to describe the traditional and most recent materials used in concrete technology such as high strength concrete, high performance concrete, and self-compacted concrete. Moreover, the book presents the modern techniques used in all construction stages in temperate and hot climate regions. After construction, the structural engineers may face many problems with the durability of the concrete, which can be achieved by using modern materials to protect steel bars from corrosion and avoid problems in countries with hot climates. In the last chapter, the new approach for the integrity management system is presented by describing the advanced maintenance plan philosophy as risk-based for reinforced concrete structures. Recently, there is a movement toward maintaining the reliability of structures from safety and economic points of view by developing a structure integrity management system, which is also discussed in the final chapters.
 
 xv
 
 xvi 
 
 Preface
 
 This book provides a practical guide to advanced materials, design, and construction techniques in concrete structures for normal and high-rise buildings with different environmental conditions and the modern approach to a concrete structure maintenance plan. Mohamed Abdallah El-Reedy Cairo, Egypt [email protected]
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 1 Introduction The civilization of any country is measured by its advanced techniques and advanced materials used in constructing buildings. Concrete is the main element for construction materials, and its development follows developments in engineering research. Ancient Egyptians used concrete in buildings and temples along with crushed stone as an aggregate and clay as an adhesive. However, the Greeks used concrete in their buildings and called it Santorin Tofa (El-Arian and Atta 1974), and history mentions that the Romans used a concrete-like material called pozzolan. After that, concrete disappeared for long time and then appeared again in the 18th century. Following are famous scientists who worked with concrete: • • • • • 
 
 John Semitone used it to construct the Ediston lighthouse. Joseph Parker researched stones and their uses in concrete. Odgar researched cement made from limestone and clay. Vicat researched using cement from limestone and clay. Joseph Espedin used Portland cement.
 
 At the end of 19th century and the beginning of the 20th century, major changes affected the shapes of buildings as architectural engineers and builders changed their points of view to ideas previously used from the European Renaissance, such as using columns and arches. To consider the function required and to achieve the architectural intent economically, concrete was the best solution. Nowadays reinforced concrete is the most important material in the construction industry and is used for different types of civil engineering projects such as tunnels, bridges, airports, drainage and hydraulic projects, and others. Research focuses on increasing concrete’s strength and its performance to to match the varieties of applications. Reinforced concrete is considered cheap when compared to other building materials, so it has been used for high-rise buildings for mega-projects and also for small projects such as one-story buildings, and all these projects are performed by contractors and engineers with different capabilities. From here one can conclude that concrete is used for projects of different scale with competent and noncompetent laborers and contractors, so there are many precautions in different codes to overcome these variables. Due to expanding investment in real estate and industry and competition in constructing high-rise buildings worldwide, there is a trend to use modern materials and construction techniques that can match designers’ visions. Moreover, modern research aims for new structure systems to accommodate the needs of high-rise buildings and enhance the architectural point of view.
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 Culture, social life, and economics vary widely among different countries, especially between the rich countries and poor countries or between developed countries and countries on their way to development. So, it is difficult to apply the specifications and codes for one country to another as the loads required depend on the lives of the people and the laws of each country. For example, in some countries it is easy to convert residential buildings to commercial buildings, but other countries prohibit this conversion, so the probability of failure is different from one country to another. Moreover, the dead load value depends on the construction quality. On the other hand, the competency of the engineers, supervisors, and laborers differs from one country to another and this affects the quality of the concrete, and thus the probability of producing a good quality concrete is different. Therefore, the modern codes and the philosophy of the codes and specifications will be discussed to clarify the answers to the following questions: • What is the probability of structure failure? • What are the factors that affect this probability? In addition, a comparison of strength, loads, and design factors is presented for different international codes. The main challenge that faces the engineer working in the concrete industry is to increase the strength and performance of the concrete to enhance its durability along its lifetime. Therefore, high strength concrete (HSC), high performance concrete (HPC), and ultra high performance concrete (UHPC) are widely discussed in the literature. Moreover, studies in Japan focus on concrete without compaction, which is called self-compacted concrete (SCC). All these types of modern concrete depend on using the new, advanced materials and knowing their performance very well. These materials are the mineral compounds such as fly ash, silica fume, and blast slag, and synthetic materials, such as the superplasticizer and different types of admixtures that enhance the concrete’s properties. On the other hand, there are many development techniques focused on providing materials and new methodologies to protect steel reinforcement bars from corrosion. The concrete industry is spread worldwide from very cold countries to very hot countries, hence there are many practical ways to be used in providing new materials or new construction techniques to overcome the problems due to cold weather and hot weather. It is essential to clearly understand the problems in concrete construction in cold and hot weather, as it is a very important step to employ the new materials and new methods and techniques in construction procedures to overcome severe climatic conditions. There are traditional structure systems and new systems in concrete structures, and each system has advantages and disadvantages. The selection of any system depends on knowing the differences among systems and to choose the best from an economic view and to match the characteristics with the architectural and end user’s needs. The history of building tall buildings stretches from 1880 until now, as stated by Bryan Smith and Alex Coull in 1991. Nowadays, the high-rise building is frequently in demand in city centers due to the increased value of land and as a prestige symbol for a commercial organization. Therefore, usually there are many studies to develop
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 a structure system to reach the heights required. For high-rise buildings there are many structure systems, and combinations of systems are important to increase the height of the building while accommodating the lateral loads from wind and earthquake. All these system are discussed in Chapter 2. Chapter 3 discusses the philosophy of the codes and the probability of failure. Moreover, in this chapter there is a comparison of concrete’s strength from ACI, BS, and Egyptian codes of practice, and also a discussion of the differences among them in calculating the dead, live, wind, and earthquake loads. Chapter 4 discusses concrete materials and different tests that control the quality of the concrete, and also presents new materials that can be used to enhance the concrete’s strength and performance as well as the environment issues such as using recycled concrete. Concrete design mix is different from one code to another, and every code has its basis for calculating the required concrete strength, so concrete needs to be clearly understood, as is presented in Chapter 5. Chapter 6 discusses special concrete. It presents all the new, modern materials to be used to produce HPC, HSC, and SCC. Moreover, there are many development techniques to protect the steel reinforcement bars, and all the available practical methods on the market will be illustrated. Besides the new materials, there are traditional methods of concrete construction and new methods to produce better quality. The road map to reach higher concrete quality in the construction process using the modern construction technique is presented in Chapter 7. Recently, studies of the reliability of reinforced concrete structures have provided different techniques such as qualitative and quantitative risk assessment. These techniques are illustrated in the last chapter. All the methods that will assist one to implement the maintenance plan from an economic point of view and the most economic method among steel protection alternatives will be discussed in the final chapter.
 
 References El-Arian, A. A., and A. M. Atta. 1974. Concrete technology. World Book. Smith, B. S., and A. Coull. 1991. Tall building structures: analysis and design. New York: John Wiley & Sons.
 
 Concrete 2 Reinforced Structures 2.1  Introduction In general, engineering projects have more than one stage to pass through, and these stages are the idea, the feasibility study, feed engineering, detailed engineering and construction, and the last stage known as commissioning and startup. The feasibility study stage mainly depends on an earlier economic study as in this phase the owner will decide whether a project is profitable or not and also if the profit is within limits. The stage of feed engineering is the most critical for the project from an engineering point of view as in this phase the engineering office will define the structure system. The office experience in these types of projects and the main reason for project success is choosing the correct structure system in this phase.
 
 2.2 Feed (Preliminary) Engineering This stage is critical from an engineering view as the project’s success depends on this stage. Due to this criticality we usually consult an international engineering office that has lots of experience in these types of projects, as these projects vary according to their function and many differences surround projects for the petroleum industry, hotels, and hospitals. In the case of small projects such as housing, an administration building, or a small factory, the preliminary engineering will be to define the types and whether they will be reinforced concrete or steel structures. In the case of reinforced concrete structures, will they be traditional reinforced concrete, or precast or prestress concrete? In addition, preliminary engineering defines whether the project will use solid slab, flat slab, or hollow block. The structure system may be beams and columns, frames, or shear wall. The study of all these alternatives depends on other factors such as the building location and the owner’s requirements. In the case of big projects such as tourist resorts, housing compounds, or petroleum projects this stage will be more complicated from the survey, planning, and study of the different roads needed to leveling the earth and performing the soil investigation. Foundation alternatives include shallow foundation or raft or deep foundation and whether it will require driven piles or rotating. Study the best in the market and use the most advanced techniques that match project requirements.
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 Based on the criticality of this phase to the project and the engineers’ competency, in huge projects, the owner must have qualified engineers and a strong organization with the capability to follow up the preliminary engineering in pre-feed and feed engineering in an accurate manner to achieve the project target, and join the different disciplines such as civil, mechanical, electrical, and in some projects chemical studies as all these disciplines will interface at this stage. The owner should prepare the statement of requirement (SOR) document that accurately covers all the requirements of the project such as the project’s goals and the owner’s requirements. The preparation of this document begins the circulation of important documents in the quality assurance system as this document must define all the owner’s requirements, so the preparation of this document takes skill as it contains the project goals, target, owner recommendations and standards and specifications, and technical information such as the land location and coordinates, expected weather conditions, and the project lifetime. As in the example of building a hotel, the number of rooms should be identified, as well as the size of the rooms and their level of finishing, and the required facilities such as a swimming pool, cinema, cafeteria, or game room. In the case of a liquefied natural gas project, identify the gas quantity, specifications, and type, and the temperature and pressure and all the other technical data concerning the final product that will be exported. The very critical information in the document is the project lifeline as the study of the structure alternatives depends on this information. When the engineering office receives the SOR document, they will reply with a basis of design (BOD) document. Using this document the engineering office defines the codes and specifications that will be used in the design along with the equations and theory in the design calculations, and the software that will be used in the structure analysis and design. Moreover, this document identifies the number of drawing copies that will be sent to the owner; the sizes of the drawings may be requested in the document, as well as third party requirements such as the geotechnical data and metocean data in offshore projects. Now, we are in the stage of feed engineering so all the alternatives of the structure system will be on the table for discussion. In choosing the best structure type and suitable structure system, we must focus on the ways of maintaining it in the future. The location of the building and the environmental conditions surrounding the building will define the ways of protecting the structure during its lifetime and the types and frequency of maintenance needed. In some special structures we can use very expensive systems like the cathodic protection system to protect the steel bars. On the other hand, we can use different types of steel such as stainless bars, which are very expensive but will not need any maintenance in future. The building’s operation and maintenance affect the preliminary design, for example, in the case of a petrochemical plant project we must ask whether we can repair the water tank or perform maintenance or clean it? By answering this question, we can make a decision as to whether to construct spare tanks in case of emergency or maintenance, or additional tanks are not needed. All these alternatives and decisions must be made at this stage. This needs highly qualified engineers with
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 strong experience in the field of the project, as correction of any mistake will cost more after commissioning and startup of the project. The choice of the structure system depends on selecting the suitable economic system that matches with the project goals and the skills of the people who will perform the future maintenance.
 
 2.3 Detailed Engineering After completing this stage the owner will have a complete engineering package with construction drawings, project specifications, and material lists. This stage needs more time and resources to finish along with a good communication system and strong cooperation among different disciplines to achieve a successful project. The deliverables for this stage are the final construction drawings with complete specifications, including materials requirements and project specifications that will be included in the tender package.
 
 2.4 Different Structure Systems Selection of the structure system depends on the architectural design and the loads that affect the building along its lifetime; moreover, the building’s height and dimensions define the structure system that resists the wind and earthquake load in an economic and safe matter. In this section, traditional and advanced structure systems are discussed by clearly presenting the advantages and disadvantages for every system. The choice among the different alternatives will be aided by knowing the various structure systems.
 
 2.4.1  Beam and Slab System This type of structure system is traditional, and this type of slab is used in most projects as it is easy to fabricate (Figures 2.1–2.3). All laborers have strong knowledge about this system because of its common use. From a design view construction is easy and is known by all engineers, so the probability of error is very small. It is usually used in domestic buildings as the average room dimensions are 4 m and the live load is about 200 kg/m2 so it is considered lighter weight than other systems. The maximum length of the small span is about 5–6 m and the slab thickness is often 100, 120, 140, or 150 mm and in some minor cases the slab thickness will reach 160 mm. If the calculations present the need for more thickness, it is better to select another system to be more economical.
 
 2.4.2  Hollow Block Slab This slab system depends on increasing the slab depth to increase its inertia against the bending momentum and decrease the weight of the slab itself (Figure 2.4). This slab type has a minimum thickness of 250 mm, so it can accommodate high load or it can cover a higher span than what can be covered by the beam and slab system.
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 Slab carries load In this direction
 
 Figure 2.1  One-way slab.
 
 Figure 2.2  Two-way slab.
 
 Figure 2.3  Load distribution in two-way slab.
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 Rips
 
 Figure 2.5  Hollow block slab.
 
 The decrease of the dead load depends on placing hollow blocks as in Figure 2.5 or plastic blocks to reduce the slab self weight and the bigger thickness rips with a width of 100 mm to carry the stress load at the bottom of the slab, which is usually under tension stresses. These types of slabs can cover dimensions of rooms 7 m by 7 m in residential buildings and can be used in administration buildings with heavier live loads and smaller dimensions. When you choose this system, you must be sure that there is no vibration due to machines or rotating equipment. In the hollow block system the rips can be in one direction or two directions according to the beam location and the columns. Figure 2.5 shows the location of the rips in two directions and it can also be seen that execution of the hollow blocks of rips in one direction is easier than execution of the hollow block slabs with rips in two directions. Therefore, if you are concerned about the quality of the contractor or the competence of the supervising engineer on site, it is recommend that you avoid putting rips in two directions.
 
 2.4.3  Pan Joist Floor This system is the same as the hollow block slab without filling between rips with cement bricks or plastic blocks.
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 Figure 2.6  Pan joist floor.
 
 Figure 2.7  Pan joist floor system.
 
 Figures 2.6 and 2.7 show the location of the rip, which is like a small beam with small width. One can see from the figures that this is reasonable for a special structure. The architectural solution is to cover the floor above using a false ceiling, so it is reasonable for commercial and administration buildings. Figure 2.8 shows a section of a three-story building with a joist floor system and shows that the distance between joists is approximately 2.1 m.
 
 2.4.4  Flat Slab Figures 2.9 and 2.10 illustrate the difference between the slab and beam system and slab without beam and hollow block system. The slab without beam, which is
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 Figure 2.8  Cross section in joist floor building.
 
 Drop panel Capital
 
 Figure 2.9  Slab with beam and flat slab with head.
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 Figure 2.10  Flat slab without head and hollow block slab.
 
 the flat slab, is used for span length up to 8 m and can carry high live load at the same time. There are two methods for design: the first method needs certain dimensions between columns and certain distribution. The second method is to perform the structure analysis as in the frame design but it is less accurate. Now, using finite element methods with software that is available and easy to use, one can reach reasonable accuracy. This system is used more widely now than previously, as the calculation is made easier by using the new software with higher accuracy. It is worth mentioning that the execution of the flat slab is easier than the beam and slab system and hollow block slab system. Unfortunately, the percentage of steel is higher and can reach to 250 kg/m3 compared with the slab beam system where the steel percentage is about 90–100 kg/m3. The disadvantage of this system is that it is weaker in the case of earthquakes than the slab beam system, which provides rigidity against lateral forces; therefore, the designer in designing a flat slab system should consider earthquake load.
 
 2.4.5  Prestressed Concrete The use of prestressed concrete began in 1928 by Eugène Freyssinet. This method is the way to overcome the weakness of concrete to resist tensile stresses. Concrete can resist high compressive stresses and very low tensile stresses. Due to this fact, cracks generally appear in the tension zone of reinforced concrete elements under working loads. For this reason, it is assumed in reinforced concrete design that concrete in tension does not act statically and steel reinforcement resists all the tensile stresses. The tension zone in reinforced concrete elements subjected to axial tension covers a whole section, and in elements subject to simple bending or eccentric forces it generally covers a big part of the cross section, which means that a large amount of the concrete used in such elements is cracked and not acting statically, although it adds more dead weight to the structure and consequently on the columns and foundation.
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 Figure 2.11  Pre-tensioned cables.
 
 Tensioned steel cables are made from high-strength steel, and this tensioning to the steel bars results in compression stresses that resist the tensile stresses due to loads affecting the elements that provide flexural strength. Prestressed concrete is used in beams, slabs, and bridges, especially in the case of large spans as it is more economical than regular reinforced concrete. There are three ways to prestress concrete and they vary in the method of execution. These methods are • Pre-tensioned concrete • Bonded post-tensioned concrete • Unbonded post-tensioned concrete 2.4.5.1  Pre-tensioned Concrete Pre-tensioned concrete is cast around already tensioned tendons. This method produces a good bond between the tendon and concrete, which both protects the tendon from corrosion and allows for direct transfer of tension. The cured concrete adheres to the bars and when the tension is released it is transferred to the concrete as compression by static friction. However, this system requires strong anchoring points between which the tendon is to be stretched. The tendons are usually in a straight line. Thus, most pre-tensioned concrete elements are prefabricated in a factory and must be transported to the construction site, which limits their size. Pre-tensioned elements may be balcony components, lintels, floor slabs, beams or foundation piles and bridge decks. Figure 2.11 shows the tension cables in pretensioned concrete. 2.4.5.2  Bonded Post-tensioned Concrete Bonded post-tensioned concrete results from applying compression after pouring concrete and curing in situ. The concrete is cast around a plastic, steel, or aluminium curved duct, to follow the area where otherwise tension would occur in the concrete element. Tendons are fished through the duct and the concrete is poured. Once
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 Figure 2.12  Tensioning tendon.
 
 the concrete has hardened, the tendons are tensioned by hydraulic jacks that react against the concrete members (Figures 2.12–2.15). When the tendons have stretched sufficiently, according to the design specifications based on Hooke’s law, they are wedged in position and maintain tension after the jacks are removed, transferring pressure to the concrete. The duct is then grouted to protect the tendons from corrosion. This method is commonly used to create monolithic slabs for house construction in locations where expansive soils create problems for the typical perimeter foundation. All stresses from seasonal expansion and contraction of the underlying soil are taken into the entire tensioned slab, which supports the building without significant flexure. Post-stressing is also used in the construction of bridges, both after Top of Beam or Girder
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 Figure 2.13  Elevation and end views of tendon.
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 Figure 2.14  Placing tensioning wire in bridge girder.
 
 Figure 2.15  Pre-stress bridge girder.
 
 concrete is cured after support by falsework and by the assembly of prefabricated sections, as in a segmental bridge. The advantages of this system over unbonded post-tensioning are 
 
 1. Large reduction in traditional reinforcement requirements as tendons cannot destress in accidents. 2. Tendons can be easily “woven,” allowing a more efficient design approach. 3. Higher ultimate strength due to bond generated between the strand and concrete. 4. No long-term issues with maintaining the integrity of the anchor/dead end.
 
 A standard strand is made from seven individual cold-drawn wires, six helically wound outer wires, and one center wire called a king wire. Strands can be galvanized
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 Table 2.1 Technical Data for Tendons in Different Codes and Specifications Type
 
 Code Specifications Yiels strength, N/ mm2 Ultimate strength, N/mm2 Nominal diameter, mm Cross sectional area, mm2 Weight, kg/m Ultimate load, KN Modulus of elasticity, N/mm2 Relaxationc after 1000 h at 0.7x ultimate load a b c 
 
 13 mm (0.6”) ASTM A416 Grade 270
 
 prEN 10138 BS5896 Super
 
 15 mm (0.5”) ASTM A416 Grade 250
 
 prEN 10138 BS5896 Super
 
 ASTM A416 Grade 270
 
 prEN 10138 BS58
 
 1670a
 
 1580b
 
 1550b
 
 1500b
 
 1670a
 
 1580b
 
 1860
 
 1960
 
 1725
 
 1770
 
 1860
 
 1860
 
 12.7 98.71 0.775 183.7
 
 12.9
 
 15.24
 
 15.7
 
 15.24
 
 15.7
 
 100
 
 139.35
 
 150.0
 
 140
 
 150.0
 
 0.785 186.0
 
 1.094 240.2
 
 1.18 265
 
 1.102 260.7
 
 1.18 279
 
 195,000 Max 2.5
 
 Yield measured at 0.1% residual elongation. Yield measured at 1% effective elongation. Application for relaxation class 2 according to Eurocode prEN 10138/BS5896, or low relaxation complying with ASTM A416, respectively
 
 or epoxy coated without any loss in strength including the wedge anchorage. For maximum corrosion protection a thin-walled polyethylene/polypropylene (PE/PP) plastic duct provides long-term secondary protection especially in aggressive environments such as waste-water treatment plants, acid tanks, and silos. The plastic duct is an integral part of so-called double corrosion protection tendons. Technical data for tendons is shown in Table 2.1. 2.4.5.3 Unbonded Post-tensioned Concrete Unbonded post-tensioned concrete differs from bonded post-tensioning by providing each individual cable permanent freedom of movement relative to the concrete. To achieve this, each tendon is coated with a grease (generally lithium based) and covered by a plastic sheathing formed in an extrusion process (Figures 2.16 and 2.17). The transfer of tension to the concrete is achieved by the steel cable acting against steel anchors embedded in the perimeter of the slab. The main disadvantage over bonded post-tensioning is the fact that a cable can de-stress itself and burst out of the slab if damaged (such as during repair on the slab). The advantages of this system over bonded post-tensioning are
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 Figure 2.16  Pre-stress and pre-cast bridge girders.
 
 Figure 2.17  Installing pre-stress bridge girder.
 
 
 
 1. The ability to individually adjust cables based on poor field conditions (for example, shifting a group of four cables around an opening by placing two to either side). 2. Post-stress grouting is eliminated. 3. The ability to de-stress the tendons before attempting repair work.
 
 2.4.6  Hollow Slab This is a structure system that relies on a concrete slab with hollows as shown in Figure 2.18 and putting steel cables in the slab through holes that will be subject to tension force as in the previous method. There are different dimensions of the slabs, as well as each type having a specific thickness as shown in Figures 2.19–2.22. They have a thickness of 200 mm up to 400 mm. Consequently, select the thickness based on the distance between the two
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 205 mm
 
 Figure 2.18  Shape of hollow slab.
 
 187.6
 
 187.6
 
 187.6
 
 187.6
 
 187.6
 
 223
 
 223
 
 223
 
 220 mm
 
 Figure 2.19  205 mm hollow core.
 
 223
 
 223
 
 300 mm
 
 Figure 2.20  220 mm hollow core.
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 276
 
 276
 
 283
 
 283
 
 400 mm
 
 Figure 2.21  300 mm hollow core.
 
 283
 
 Figure 2.22  400 mm hollow core.
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 Figure 2.23  Pouring concrete on hollow slab.
 
 supports as the load distribution through one direction, and in the transverse direction there is an edge with the dimensions shown in the drawings. After installing the hollow slab, light steel bars will placed on it and then concrete will be poured, as shown in Figure 2.23.
 
 2.4.7 Composite Section The composite combines a reinforced concrete section with a hot rolled steel section, taking the advantages of the two systems in maintaining the steel section’s durability, as it does not need continuous coating for corrosion protection, and resisting fire (Figures 2.24 and 2.25). Moreover, this system is usually used to reduce the size of the sections where steel strength is high in compression and tensile stress (around 140 N/mm2) but in the case of concrete its compression strength in usual work is 25–40 N/mm2 at 28 days. The
 
 Figure 2.24  Two types of composite slab systems.
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 Figure 2.25  Haunch detail for composite slab. A End closure
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 Figure 2.26  Relationship between concrete slab and studs.
 
 compression design strength will be 7–10 N/mm2, and in the case of tensile strength it will be around 2.5 N/mm2. The steel section can carry 20 times more than concrete so the section dimensions will be reduced around 20 times. The method of fixing the stud will be through welding or by using a stud that has special materials in its bottom (Figure 2.26). By using a special machine at high temperature the special materials will melt and then weld the stud of the steel floor, as shown in Figures 2.27 and 2.28. The stud is a very important element to create a bond between the concrete slab and the steel. Therefore, it has specified dimensions that should be considered. Figure 2.29 shows the required dimensions. In some cases, the channel section can be used rather than the stud and it welds to the steel floor. Figure  2.30 illustrates the process of pouring concrete on the roof after installation of the studs as well as reinforcing steel bars. A composite section beam consists of an I-beam with stirrups as shown in Figure 2.31, based on the Egyptian specifications as a guide. Concrete is then poured to fully surround the steel beam. Composite columns have three traditional shapes as shown in Figure  2.32. In most cases, an I-beam is surrounded by stirrups and then concrete is poured to completely surround the I-beam. The other two types consist of rectangular or circular steel and are filled with concrete.
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 Figure 2.27  Fixing stud to floor steel sheet.
 
 Figure 2.28  Fixation of stud.
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 Figure 2.29  Different types of connectors.
 
 Figure 2.30  Pouring concrete after fixing studs.
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 Figure 2.31  Composite beam.
 
 Concrete encased I-section
 
 Concrete filled rectangular tube
 
 Concrete filled circular tube
 
 Figure 2.32  Types of composite columns.
 
 2.5  High-Rise Building The high-rise building needs different structure systems to resist wind and earthquake loads. In areas with high seismic activity, the structur should have more than one structure system to resist the earthquake load. These structure systems have been developed through scientific experiments and represent practical ways to achieve adequate safety with an acceptable economic cost. Each system can be used separately, such as shear walls or frames, or they can be used in a combined system. It is a great challenge for the structural engineer to choose the proper structure system, so in the following sections all the structure systems and how to select a suitable system are illustrated. In the early use of reinforced concrete there were limits to building heights, but experience and research led to an increase in knowledge about the properties of concrete and the structure systems that allow taller buildings. Fazlur Khan started a revolution in the area of high-rise building from steel and concrete when he initiated the structure system for high-rise buildings. There are several systems for the structure of reinforced concrete buildings and every system has an approximate number of floors to carry from an economic point of view as shown in Figure 2.33.
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 Figure 2.33  Different structure systems of high-rise buildings.
 
 2.5.1  Frames A frame concrete structure is one of the systems used in high-rise buildings. It is worth mentioning that the connection between the column and beam is rigid to carry the flexural momentum. Recently, using new software it has become easy to analyze and design this structure system. On the other hand, the very critical issue is constructing this rigid connection from a steel detailing point of view. We are lucky that the design is very simple, especially with the use of the software available on the market. What is important in this system is the construction, especially in the connection between column and beam to avoid honeycomb as the column steel bars will be continuous inside the beam. One can see that the system consists of beam and columns and force is transferred from slabs to beams and then to columns. The beam is designed to carry a shear force and bending momentum at its end so the beam and column section will be significantly bigger. Figure 2.34 presents the structure deformation due to horizontal load. Figure  2.35 illustrates the distribution of the steel bars between beams and columns in the case of a frame structure system, and from this one can imagine
 
 Figure 2.34  Deformation of frame system.
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 Figure 2.35  Generic distribution of steel bars.
 
 the complexity of the steel detailing in the connection, which is the key in frame structures.
 
 2.5.2  Shear Wall The use of shear walls started in 1940, and they are vertical walls made from reinforced concrete that act as cantilevers. They act vertically in the form of separate planner walls or non-planner assemblies of connected walls around elevators. The shear walls transfer the horizontal loads from slabs to the foundation and increase the inertia of the building. There are several forms of shear walls. The most traditional form is a reinforced concrete box in the core of the building, which contains the elevators or stairs, walls, or storage area. Also, shear walls can be used internally to carry the vertical gravity loads plus the horizontal load due to wind and earthquake. There is an advantage of the shear walls as they absorb sound and also act as fire insulators between rooms and apartments, so they are usually used in hotels and residential buildings. The shear wall system is stiffer than the frame system so it can be practical for 35–40 stories. In contrast to rigid frames, the shear wall is a solid form that tends to restrict architectural planning when open internal spaces are required.
 
 2.5.3  Shear Wall and Frame System This system has shear walls with frames structure and through a study by Fazlur Khan became a main step in the development of the high-rise building. This structure system is a combination of shear walls inside the building that uses the beam or slabs with the columns as a frame system to provide high rigidity to the beams or slabs.
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 This combination system is reasonable for buildings between 40 and 60 stories.
 
 2.5.4  Framed Tube Structure The framed tube structure system was developed by Khan in the early 1960s. The definition is a structure system of three-dimensions consisting of three, four, or more frames or shear walls connected at their ends to resist the lateral load from any direction and acts as a cantilever and transfers the load to the foundation. The tube structure system provides stiffness in three dimensions between frames or inside the building to resist the overturning momentum and the tube makes the shear walls, columns, and beams work as one unit. The characteristics of the tube structure are that the external columns will be spaced near each other (2–4 m) and connected by a deep beam to create a special reinforced concrete structure system to resist the lateral load through three-dimensional construction. The external windows are around 50% of the external wall area. In the case of buildings that need big openings, such as malls or parking garages, internally there will be a rigid beam to transfer the lateral load and the tube system will be weak in this point. The tube structure system is acceptable architecturally and structurally.
 
 Figure 2.36  DeWitt-Chestnut apartment building in Chicago.
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 Figure 2.37  The Ontario Center in Chicago.
 
 In 1962, the first building using this tube system was the DeWitt-Chestnut apartment building in Chicago, as shown in Figure 2.36. Several configurations of tubes exist: framed, braced, solid core-wall tubes, tubein-tube, and bundled tubes. The framed or boxed tube is the one most likely associated with the initial definition. The DeWitt-Chestnut apartment building in Chicago is a framed tube. A braced tube is a three-dimensionally braced or a trussed system. Its unique feature is that structure members have axial but little or no flexural deformation. Figure  2.37 is a photo of the Ontario Center in Chicago as an example of such a system in concrete. The John Hancock Center in Chicago, on the other hand, is a remarkable example of this system in steel. Tubular core walls can either carry full lateral load or they may interact with frames. The Brunswick building (Figure 2.38) in Chicago is an example where the core walls interact with the exterior frame, comprising closely spaced columns. This gives the building a tube-in-tube appearance, although it was designed using the shear wall–frame interaction principle. Tube-in-tube is a system with a framed tube and an external and internal shear wall core, which act together in resisting lateral loads. One Shell Plaza (Figure 2.39) in Houston is a tube-in-tube building. Bundled tubes are used in very large structures as a way of decreasing the surface area for wind resistance and creating intimate
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 Figure 2.38  Brunswick Building in Chicago.
 
 spaces for occupants. Multiple tubes share internal and adjoining columns, depending on their adjacencies. One Peachtree Center in Atlanta is an example of a concrete bundled tube design. Similarly, One Magnificent Mile in Chicago is another example as shown in Figure 2.40. Choosing a structural system is very complex in today’s market. In the early years of commercial construction, only post-and-beam construction existed. Concrete’s formwork was complex but putting the building together was not as complex as today’s systems demand. Developments in the world of concrete since 1960 have been mostly in new systems such as tube and composite construction. The challenge for engineers and architects today is to make all the systems work together to their maximum capacity and create a habitable environment. The Marina City Towers were built in 1962 in the center of an industrial park. Architect Bertrand Goldberg knew that whoever lived there would need 24-hour services, entertainment, parking, and offices all in one structure. Marina City contains a movie theater, bowling alley, shops, offices, restaurants, meeting rooms, gym, skating rink, parking for cars and boats and, finally, apartments. Originally marketed to single adults and couples without children, the apartment complex was a success. The towers were two of the first new mixed-use structures in downtown Chicago and were the tallest reinforced concrete buildings in the world for that year at 588 feet (179 m). Goldberg’s plan in building a circular structure, which was very innovative
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 Figure 2.39  One Shell Plaza in Houston.
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 Figure  2.40  One Magnificent Mile in Chicago.
 
 at the time, was based on the efficiency of HVAC systems and reducing the service core of the structure. Another innovation was the 20-story parking garage directly below the 900 apartments. He introduced a circular core wall in hopes that it would take the entire lateral load from cantilevering floors. This was actually modified with two rows of columns so that the depth of the cantilever and beams between “petals” could be reduced. Even with these modifications, the circular core area carries 70% of the total lateral loads. The core, which acts as a circular concrete shear wall, was carefully designed with staggered openings and by minimizing their size in an effort to maintain enough stiffness.
 
 2.5.5 Cases of High-Rise Buildings The Water Tower Place as shown in Figure 2.41 is yet another high-rise structure of concrete located in the downtown area of Chicago and was designed in 1975 by Loebl, Schlossman, Dart & Hackl. It stands 262 m in height and serves as another mixed-use building with a mall on the interior and offices and apartments above. The strength of concrete used in this building took a dramatic jump to 62.1 MPa. This was, however, only one of 11 mixes placed by 6 cranes. Mix strengths could vary from 20.7 MPa for slabs to 62.1 MPa for columns. This building demonstrates
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 Figure 2.41  Water Tower Place.
 
 concrete technology’s ability to rival steel for tall buildings as it was two-thirds the height of the tallest steel building of the time. The structural system for Water Tower combines “reinforced concrete peripheral framed tube, interior steel columns, and a steel slab system with a composite concrete topping.” Three Eleven South Wacker Drive, built in 1990, is a super tall reinforced concrete building in Chicago (Figure 2.42). It stands at 295 m with 82.7 m as its highest concrete strength. The structural system is a modified tube with a reinforced concrete peripheral frame, interior steel columns, and a composite steel and concrete slab. Three Eleven South Wacker Drive is a good example of shear wall–frame interaction systems. The building is engineered in such a way that the relative stiffnesses of both internal and external elements remain the same for the entire height of the building. Three strengths of concrete were used: 10,000 and 68.9 and 82.7 MPa. A self-climbing pump with a separate, mounted, placing boom delivered concrete to the top of the structure. Post-tensioned floor slabs reduced the amount of steel while concrete consumption was reduced with thinner elements due to the material’s high strength. Two sets of flying forms were cycled every five days through the structure. One Peachtree Center, built in 1991 in Atlanta, Georgia, is a 62-story, 257 m tall, bundled-tube design with three strengths of concrete used in its columns and shear walls: 58.6, 68.9, and 82.7 MPa. Designers used technology developed in the 1960s
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 Figure 2.42  311 South Wacker Drive.
 
 and 1970s by Material Service Corporation in Chicago. Architectural requirements dictated a column-free interior and thus a 15.2 m floor span was accomplished with HSC and post-tensioned steel bars. Silica fume and granite aggregates were used to achieve the necessary strengths. Each floor has about 36 rentable corner offices. This building is remarkable because of its design allowing multiple spaces for renters, the structural details, and its use of high-strength concrete. Two buildings constructed around the turn of the 20th century where concrete was primarily used as the structural material in conjunction with steel are the Petronas Towers shown in Figure 2.43 in Kuala Lumpur, Malaysia (currently the tallest building in the world) and the Jin Mao building as shown in Figure 2.44 in Shanghai, China. These are good examples to show that concrete has greatly advanced as a material in only a century. The structural frames for the 452 m tall Petronas Towers use columns, core and ring beams of HSC, and floor beams and decking of steel to provide cost effectiveness, fast construction, and future adaptation to the internal and external environment. The core and frame together provide adequate lateral stiffness for such a tall building. The recently built 421 m-high Jin Mao building of 1999 is a mixed system that has a number of steel outrigger trusses tying the building’s concrete core to its exterior composite mega-columns. A summary of the different structure systems used to resist the lateral load is shown in Figure 2.45.
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 Figure 2.43  Petronas Towers.
 
 Figure 2.44  Jin Mao Building.
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 Figure 2.45  Different lateral force structure systems.
 
 2.6 Foundations The foundation type depends on the nature of the building structure, the number of stories, loads, and the soil type in the building location. The first step is to perform the soil boring and analyze the soil with field and laboratory tests to define in general the ability of the soil to carry the load in a safe manner. Generally, there are two types of foundations: shallow and deep and these two types will be discussed.
 
 2.6.1  Shallow Foundation These foundations are called rafts as they are close to the ground surface at a distance of about not less than 1.5 m and are often not more than 4 m in the case of a basement. This type of foundation is often used in the case of strong and cohesive soil, as well as when the number of building stories is few. 2.6.1.1  Isolated Footing This type of foundation is easier to design and construct and more common as it is a less costly type of foundation. Figure 2.46 shows the shapes of the isolated footing. 2.6.1.2 Combined Footing This is usually used in the case of adjacent columns and if it is designed as isolated columns will be merged so it needs a different design (Figure 2.47). The disadvantage of this type of foundation is more steel is necessary than in the case of the isolated footing. Therefore, the good engineering design is to avoid this expensive type of footing, especially in a small building. 2.6.1.3 Strap Footing This type of foundation involves connecting two isolated footings by a rigid beam to carry the distributed load that affects it. This type of footing is usually used in a
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 Columns
 
 Elevation
 
 Plan
 
 Figure 2.46  Isolated footing.
 
 Figure 2.47  Combined footing.
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 Figure 2.48  Strap footing.
 
 column near a neighbor footing as shown in Figure 2.48. Because the column cannot be in the middle of the footing, overturning will occur, so this rigid beam will prevent occurrences of overturning.
 
 2.6.2 Raft Foundation Raft foundation is usually used in multi-story buildings, where the size of the shallow footings will be increased and combined with each other so it is essential to choose the raft foundation option (Figure 2.49). In the past there were different methods used to design the raft foundation, but they were not realistic and did not present the soil footing interaction in a good manner. Nowadays, by using a computer, the solution of the raft foundation by using finite element methods is realistic. It should be noted, however, that even with the most sophisticated techniques of raft analysis, the actual stresses may be different from the calculated values. The main reason is the difference among the soil behaviors assumed in the analysis. For example, the linear elastic continuum model, which may be considered as the most realistic model in raft analysis, is based on the assumption that the soil is homogeneous, elastic, and isotropic. Also, it does not differentiate between the behavior of clayey and sandy soils. The calculated momentums and shears in the raft should be treated with caution. A generous amount of reinforcement should be provided to account for any variation from the calculated values. But in the case of a high-rise building reinforcement is a function of strong and moderate soil, but if the soil is too weak to carry the load by raft foundation, it is essential to use the deep foundation.
 
 2.6.3 Deep Foundation Pile foundation is the most common type of deep foundation used to transmit the structural loads into the deeper layers of firm soil in such a way that these layers of
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 Columns Footing Elevation
 
 Plan
 
 Figure 2.49  Raft foundation.
 
 soil or rock can sustain the loads. A pile foundation, in general, is more expensive than an ordinary shallow foundation, and is used where soil at or near the surface is of poor bearing capacity or settlement problems are anticipated. The main functions of piles are 
 
 
 
 
 
 1. To carry more load from the superstructure to the lower, more resistant soil strata, thus increasing the load capacity of the site. 2. To reduce the settlements to the minimum value and consequently the differential settlements. They are most effective in the case of sensitive structures, which by virtue of their sensitive structural statical systems cannot undergo appreciable differential settlements. 3. To avoid excavation under water for sites where ground water table (GWT) is high. This may represent an expensive item in the cost of foundation and may also cause reduction of strength of some certain soils. 4. To increase the density of the soil by driving compaction piles in loose cohesion-free soil deposits.
 
 Generally, piles are made of timber, steel, concrete, or a combination of these materials. Technically, there are two types of piles: end bearing piles and friction piles. The two options have advantage and disadvantages. Figure 2.50 presents the end bearing pile; most of the load transfers to the rock layer by the end bearing of the pile. The heaviest load will be taken by its base and the rest of the load is taken by the section friction. The skin friction along the system
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 Piles
 
 Soft Soil
 
 Rock
 
 Figure 2.50  End bearing pile.
 
 of the pile could be neglected and the bearing capacity of the pile is derived only from the point bearing resistance of the soil under the pile tip. In order to obtain the full benefit of the ultimate strength of the firm layer under the pile tip, the pile should penetrate the bearing stratum to a depth at least three times the pile diameter. Figure 2.51 presents the friction piles that transfer their loads to the surrounding soil by friction developed along their sides. If the pile penetrates a clay layer, the skin friction is equal to the cohesion, C, of that layer. In the case of granular material, the skin friction is proportional to the intensity of earth pressure and can vary linearly with enough accuracy.
 
 Piles
 
 Figure 2.51  Friction pile.
 
 Soft Soil
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 Figure 2.52  Preparing wood piles.
 
 2.6.3.1 Timber Piles Timber piles are widely used in wooded countries and are made of tree trunks of good quality and size (not less than 300 mm in diameter) as shown in Figures 2.52 and 2.53. After the timber pile is driven into the ground, the top end should be cut off square, so that the foundation is in contact with soil wood. If a timber pile will be subjected to alternate wetting and drying, it should be treated with a wood preservative to increase its useful life. Timber piles can safely carry loads between 15 and 25 tons for usual conditions. They are of relatively low cost and easy to handle. 2.6.3.2 Steel Piles These are usually rolled sections of H shapes or steel pipes. Wide-flange and I-beams may also be used. Splices in steel piles are made in the same manner as for steel
 
 Figure 2.53  Wood pile with steel cap.
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 Figure 2.54  Steel pile with cone tip.
 
 columns, i.e., by welding, riveting, or bolting. Pipe piles are welded or made of seamless steel which may be driven either open-ended or closed-ended. 2.6.3.3 Concrete Piles These types of piles consist of two types: the cast-in-place piles and the precast concrete piles. 2.6.3.3.1  Cast-in-Place Piles Cast-in-place piles are formed by making a hole in the ground and filling it with concrete. They may be drilled or formed by driving a shell. The steel piles, shown in Figures 2.54 and 2.55, are either driven or used to make a hole and then fill concrete
 
 Figure 2.55  Raymond shell piles.
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 Figure 2.56  Lifting of concrete pile.
 
 inside it. The steel shell is usually withdrawn during or after pouring concrete and sometimes is left to protect the concrete from mixing with the mud or to prevent the cement from erosion by ground water. 2.6.3.3.2  Precast Piles Piles are formed to the specified length, cured, and then shipped to the construction site. A primary consideration is the handling stress. To take care of handling stresses, some of which are tensile, the piles are reinforced and in some cases pre-stressed. Precast reinforced concrete (RC) piles may have square or octagonal cross sections. They should be adequately reinforced to withstand driving and handling stresses. Long precast piles should be driven with careful guides to prevent their buckling during driving in the part of the pile in the driving rig. To overcome the driving stresses the lateral steel reinforcements should be closely spaced at the top and bottom of the pile to resist the stress wave concentration at the ends. To avoid bending momentum due to handling for relatively short piles (less than 12.0 m), the pile is usually lifted from one end and treated as a simple beam carrying its own weight. Long piles should be lifted from two, three, or four points at the specified distances indicated in Figure 2.56 to reduce the bending stresses to a minimum. Lifting points should be marked using hooks or bolts that will be removed later. Special care should be given to the material of concrete piles to keep them intact and prevent aggressive soil from attacking the pile (Figures 2.57 and 2.58). It is necessary to use siliceous aggregates and rich cement content (350 kg of cement per m3 of finished concrete). In addition, concrete piles must be protected from the dissolved sulfates or chemicals present in the underground water. If the ratio of sulfur trioxide (SO3) in the soil water increases over 0.03% (300 mg/l) in stagnant water, or 0.015 in running water, and if in addition the ratio of SO3 in the soil is 0.2%, ordinary Portland cement cannot be used. In this case, special sulfate resisting cements should be used. In all cement used, the presence of free lime or calcium traces should be minimized.
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 Continuous tie Prestressing strand*
 
 Typical Sizes
 
 Size
 
 Size Core diameter
 
 Square solid
 
 Square hollow
 
 Octagonal solid or hollow
 
 10–20 inch
 
 20–36 inch 11–18 inch void
 
 10–24 inch 11–15 inch void
 
 Figure 2.57  Typical sizes and shapes for reinforced concrete piles.
 
 Figure 2.58  Composite section piles.
 
 Table 2.2 summarizes the differences between different types of piles. 2.6.3.4  Pile Caps Pile cap foundations transfer the column loads from the structure to the piles at the point of contact between the piles and the caps (Figure 2.59). In this type of foundation we can ignore the impact of the soils where the soils are not in contact with the caps in a rigid or flexible manner to allow them to carry any part of the column load; because the stiffness of the piles is great, they carry all the load. Often the column load cannot be carried by only a single pile and multiple piles may be needed to carry the load. It needs a pile cap to distribute the column load equally. In design phase, care should be taken to distribute the load to the piles equally by joining the center of gravity of the column with the center of gravity of the pile cap.
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 Column Pile cap
 
 Piles
 
 Elevation Piles
 
 Plan
 
 Figure 2.59  Sketch for pile cap.
 
 To ensure transfer of the load from the column to the pile, the steel reinforcement should extend inside the pile cap at least 600 mm to guarantee transference of the load through the bond between the concrete and steel. The pile caps will be designed as a rigid foundation and the piles carry equal loads from the column load so the pile cap thickness should resist the punching stresses and the tension at top and bottom.
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 Table 2.2 Typical Pile Characteristics and Uses Pile Type
 
 Characteristic
 
 Concrete-Filled Steel Pipe Piles
 
 Precast Concrete (Including Prestress)
 
 Cast in Place (Thin Shell Driven with Mandrel)
 
 30 m for precast, 60 m for prestress 12–15 m precast; 18–30 m prestress ASTM A15 for reinforcing steel ASTM A82 for cold drawn wire ACI 318 for concrete 0.33 fc′ 0.4 fy for reinforcement unless prestress
 
 30 m for straight section, 12 m for tapered section 12–18 m for straight; 5–12 m for tapered ACI
 
 1800 KN
 
 8500 KN for prestress 900 KN for precast
 
 675 KN
 
 250–550 KN
 
 350–3500 KN
 
 250–725 KN
 
 Composite Piles
 
 Maximum length
 
 Practically unlimited
 
 55 m
 
 Optimum length
 
 12–36 m
 
 18–36 m
 
 Application material specifications
 
 ASTM A36 for core ASTM A252 for pipe ACI 318 for concrete
 
 Recommended maximum stress
 
 0.4 fy reinforcement, 0.5 fy or core 0.33 fc′ for concrete 1800 KN with cores 18,000 KN for large section with steel core 700–1100 KN with cores
 
 ASTM A36 for core ASTM A252 for pipe ACI 318 for concrete ASTM D25 for timber Same
 
 Maximum load for usual condition
 
 Optimum load range
 
 0.4 fy if steel gauge ≤14; 0.35 fy if shell thickness ≤3 mm
 
 References Abouelei, A. 1990. Lecture on foundations. Cairo University. Ali, M. M. 2001. The art of skyscraper: genius of Fazlur Khan. New York: Rizzoli International Publications, Inc. Ali, M. M., and P. J. Armstrong, eds. 1995. Architecture of tall buildings. Council on Tall Buildings and Urban Habitat. Monograph 30. New York: McGraw-Hill, Inc. Colaco, J. P. 1986. The mile high dream. Civil Engineering, ASCE. April 1986:76–78. Egyptian code of practice. 2003. EPC203. El Nimeiri, M. M., and F. R. Khan. 1983. Structural systems for multi-use high-rise buildings, developments in tall buildings. New York: Van Nostrand Reinhold Company, 221. Elzner, A. O. The first concrete skyscraper. The Architectural Record. June:515, 1904.5.
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 Harries, K. A. 1995. Reinforced concrete at the turn of the century. Concrete International. January:58–62. Huxtable, A. L. 1957. Reinforced concrete construction: the work of Ernest L. Ransome 1884–1911. Progressive Architecture. 38:138–42. Khan, F. R. 1972. Future of high rise structures. Progressive Architecture. October. Khan, F. R. 1972. Influence of design criteria on selection of structural systems for tall buildings. Canadian Structural Engineering Conference. Montreal, Canada. March:1–15. Khan, F. R., and J. Rankine. 1980. Structural systems, tall building systems and concepts. Council on Tall Buildings and Urban Habitat, American Society of Civil Engineers, 42. Khan, F. R., and J. A. Sbarounis. 1964. Interaction of shear walls and frames in concrete structures under lateral loads. Journal of the American Society of Civil Engineers. 90(ST3). Malinwski, R., and Y. Garfinkel. 1991. Prehistory of concrete: concrete slabs uncovered at Neolithic archaeological site in southern Galilee. Concrete International. March:62–68. Smith B. S., and A. Coull. 1991. Tall building structures: analysis and design. New York: John Wiley & Sons.
 
 in International 3 Loads Codes 3.1  Introduction The philosophy for design and construction of any building is that it must have the capability to carry all the expected loads. The building’s safety depends on the load fluctuations and the probability that the load will increase beyond what the building was designed for. The types of loads and their values vary according to the building location; for example, in European countries the ice load is the most critical load that affects the design and is much different from loads in Middle East countries with very hot climates, especially in summer, so the increase in temperature is a critical factor in design. To define the loads we must answer one very important question. What is the building design lifetime? The answer is easy in the case of residential buildings, but for commercial, industrial, and special buildings the answer depends on the project economy as a whole, and this will be clearly illustrated in the last chapter. To know the structure’s lifetime is very important in the case of loads that correlate with the probability distribution over time such as wind and earthquake loads, and in the case of offshore structures the wave load also.
 
 3.2 Loads The main steps included in building design are to define the load on the structure and calculate structure resistance to these loads, so defining the load value is the first step in the structure design process. The load values are defined according to the codes and specifications that the designer will consider. There are different types of loads as will be shown in the following sections.
 
 3.2.1 Dead Load The dead load is the structure’s self weight, which can be defined by knowing the structure’s dimensions and the density of the element materials such as concrete, steel, wood, etc. So the first step is defining the preliminary member dimensions. In addition, we must know the material from which the member will be constructed. The dead load includes the weight of finishing such as plastering, tiles, and walls that are constructed from bricks and other finishing materials that are not considered the main parts. It is very important to know that the dead load has a very high value 45
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 from the total load during design; therefore, the weight of the building members must be calculated precisely, especially in the case of a reinforced concrete structure. The densities of different materials usually used in building are shown in Table 3.1, to be considered in calculating the dead load. Recently, computer software has been used in structure analysis to calculate the self-weight of the structure member based on defining its materials and dimensions. However, the finishing materials and the dead load that occupy the building should be input into the program.
 
 3.2.2 Live Load Characteristics In the last decade, there have been significant advances of the application of structure reliability theory (El-Reedy et al. 2000). One area of attention has been live loads in buildings, including the development of realistic stochastic models. Rapid advances of probabilistic modeling of live loads in recent years can be attributed to a growing awareness of the designer’s uncertainty about the loads acting on a structure and the acceptance of a probabilistic assessment of these loads. The total live load is composed of two parts, which are the sustained load and the extraordinary load. The summation of these two types of load is presented to obtain the probabilistic model of the total live load on a residential building along the lifetime of the structure. The time behavior of the live load model on a given floor area can, in general, be divided into two parts: a sustained load and an extraordinary (or transient) load. The sustained load includes the furnishings and occupants normally found in buildings and is usually measured in live load surveys. This load is assumed to be a spatially varying random function and constant with time until a load change takes place. These load changes are assumed to occur as Poisson arrivals as shown in Figure 3.1a. The extraordinary load is usually associated with special events that lead to high concentrations of people, and it may also be due to the stacking of furniture or other items. The extraordinary load occurs essentially instantaneously and it is assumed to arrive as a Poisson event. Each event is modeled by a random number of load values as shown in Figure 3.1b. The total live load history shown in Figure  3.1c is the sum of sustained and extraordinary load components, and its maximum value represents the largest total load that may be incurred on a given floor area during the structural lifetime. 3.2.2.1 Stochastic Live Load Models Most live loads acting on structures are of random nature. In addition many such loads fluctuate with time. Determining the total combination of such loads requires a solution within the scope of the theory of random processes wherein loads are described as stochastic processes. According to Renold (1989), a stochastic process is a collection of random variables when the collection is infinite. The collection will be indexed in some way, e.g., by calling {x(t):t∈T} a stochastic process, we mean that x(t) is a random variable for each (t) belonging to some index set (T). (More generally, x(t) may be a vector of random variables.)
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 Table 3.1 Self-Weights of Different Materials Material Type Plain concrete Reinforced concrete Lightweight concrete Air-entrained concrete Heavy concrete Cement (loose) Clinker Big aggregate Sand Foamed aerated slag Granulated aggregate Expanded clay Pumice stone Exfoliated vermiculite Fly ash Water Liquid or powder
 
 Kg/m3 2200 2500 1000–2000 600–900 2500–5500 1200–1100 1800–1500 1700 1500 1700 1200 900–200 650–350 200-60 1100–600 1000 1200–1000
 
 Masonry Stones Igneous Rocks Granite Basalt Basalt lava Trechzte
 
 2800 3000 2400 2600
 
 Sedimentary Rocks Limestone Marble Sandstone
 
 2700 2800 2700
 
 Transformed Rocks Slate Gneiss Serpentine Marble
 
 2800 3000 2700 2700
 
 Masonry Bricks Red brick Solid brick Hollow brick Light brick
 
 1800–1600 1850 1400 800–700 Continued
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 Table 3.1 (Continued) Self-Weights of Different Materials Material Type
 
 Kg/m3
 
 Refractory Brick for General Purposes Fire clay 1850 Silica 1800 Magnisite Chrome-magnisite Corundum Brick, antiacid Glass brick
 
 2800 3000 2600 1900 870
 
 Masonry Block Concrete block 1400–1900 Hollow concrete block 1150 Leca concrete block 600–800 Gypsum block, lime 950 Lime Limestone powder Calcined in lumps Calcined Calcined and slaked Gypsum
 
 1300 850–1300 600–1300 110 800–1000
 
 Mortar Cement mortar Lime mortar Lime cement mortar Gypsum mortar Bitumen mortar with sand
 
 2100 1800 750–1800 1400–1800 1700
 
 Wood Types Hard Wood Beech Oak
 
 680 790
 
 Soft Wood Pitch pine White wood
 
 570 400
 
 Fiber Board Hard Medium-hard Porous insulating
 
 900–1100 600–850 250–400
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 Table 3.1 (Continued) Self-Weights of Different Materials Material Type
 
 Kg/m3
 
 Plywood Core board
 
 750–850 450–650
 
 Other Building Materials Asbestos 800 Asbestos board 1600 Asbestos cement pipe Celton Dry earth Wet earth Rubber floor Asphalt Bitumen Tar Cement tile Mosaic tile
 
 1800 120 1700 2000 1800 3200 1000–14000 1100–1400 2400 2200
 
 Epoxy Resin Without fill With mineral material With fiberglass Plastic tile Polyester resin Polyetherene PVC hard board PVC flooring board PVC flooring tile Fiberglass Glass wool Slag wool Cork Plaster Glass in sheets Wired glass Acrylic glass Linen, baled Leather in piles
 
 1150 2000 1800 1100 1350 930 1400 1600 1700 160–180 100–110 200–300 60 1100–1500 2500 2600 1200 600 1000–900
 
 Paper Stocks Rolls
 
 1200 1100 Continued
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 Table 3.1 (Continued) Self-Weights of Different Materials Material Type
 
 Kg/m3 Rubber
 
 Rolled flooring Raw, balled
 
 1300 1100 Wool
 
 Bales Pressed and baled
 
 700 1300
 
 Metallic Materials Steel Wrought iron Cast iron Iron ore Aluminum Aluminum alloy
 
 7850 7850 7250 3000 2700 2800 Lead
 
 White lead (powder) Red lead (powder) Copper Brass Bronze Nickel Zinc Zinc, rolled Tin, rolled Magnesium Antimony Barium Cadmium Cobalt Gold Silver Manganese Molybdenum Platinum Titanium Tungsten Uranium Vanadium Zirconium
 
 9000 8000 890–8700 8500–8300 8900 7900 8200 7200 7400–7200 1850 6620 3500 8650 8700 19,300 10,500 7200 10,200 21,300 4500 19,000 5700 5600 6530
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 Table 3.1 (Continued) Self-Weights of Different Materials Material Type
 
 Kg/m3 Fuels
 
 Mineral coal Coke
 
 1200–900 650–450
 
 Charcoal Coal dust
 
 250 700 Oils
 
 Diesel oil Crude oil Petrol (gasoline) Petroleum
 
 1000–800 950 800–850 800 Liquid Gas
 
 Propane Butane
 
 500 580 Wood
 
 Hard wood, chopped Hard wood, logs Soft wood, chopped Soft wood, logs Fire wood
 
 600–400 500 250 300 400
 
 Liquids Glycerine Oil paint, canned or boxed
 
 1250 1100
 
 Milk Tanks Box Cans
 
 1000–950 1000 600 Honey
 
 Tanks Cans Bottles
 
 1300 1000 600 Acids
 
 Nitric acid Hydrochloric acid Sulfuric acid
 
 1500 1200 1400 Continued
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 Table 3.1 (Continued) Self-Weights of Different Materials Material Type
 
 Kg/m3
 
 Foodstuffs and Agricultural Products Butter in Barrels 550 Boxes Sugar in Paper Big boxes Lump sugar in paper sacks Boxed Other Tea packets Alcohol Beer in tanks Beer in barrels Cacao in boxes Eggs Fat, boxed Fish in barrels Fish in cans Fruits in boxes Fruits Hay, baled Maize corn Margarine in barrels Margarine in boxes Meat, refrigerated Onions in bags Pickles in sacks Drinks, bottled Rice Rice in bags Salt in piles Salt in bags Starch flour in bags Straw, baled Tobacco, baled Wheat Wine in tanks Wine in barrels
 
 800–500
 
 600 800 600 700
 
 400 800 1000 900 550 550 800 600 800 400–350 700–500 200–150 450 550 700 700–400 550 700 800 500 560 1,000 1120 800 170 500–300 900–800 1000 850
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 Table 3.1 (Continued) Self-Weights of Different Materials Material Type
 
 Kg/m3
 
 Coffee in bags Soap powder in sacks
 
 700 610
 
 Other Materials 1100–1000 900–850
 
 Textiles Cellulose, baled Cloth, baled Cloth, baled Cotton, baled Hemp, baled Jute, baled
 
 1100 800 400 1300–700 500 400 700
 
 Load Value
 
 Books and files Ice in blocks
 
 Load Value
 
 Life Time (a) Sustained load
 
 Load Value
 
 Life Time (b) Extraordinary load
 
 Life Time (c) Total load
 
 Figure 3.1  Live load characteristics.
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 Usually the index is either an interval T = [0, ∞], or a countable set such as the set of nonnegative integers t = {0, 1, …}, and t will denote time with these alternatives of T. We have either a continuous or discrete time process, respectively. Starting with Borges and Castanheta’s work (1972), a number of models for describing the variability of loads have been suggested by Bosshard (1975), Grigoriu (1975), Larrabee (1978), Pier and Cornell (1973), and Wen (1977). Among these models, the most general yet tractable models are the Poisson square wave (PSW) and the filter Poisson (FP) processes. 3.2.2.2  Poisson Square Wave Process This process has been used to model sustained loads. It assumes that the load intensity changes at random points in time following a Poisson process. Intensities within these points are assumed to be independent and identically distributed random variables. If (νs) denotes the mean rate of load changes, and FS (s) describes the common cumulative density function (CDF) of intensities, Parzen (1967) shows that the occurrences of S > s following load changes constitute a Poisson process with mean occurrence νs [1 – FS (s)]. The CDF of the extreme may, therefore, be evaluated as FST = P (ST < s) = P (S < s)t = 0 P (noS > s.following.load.changes)0→t
 
 
 
 = FS (s)exp{− νS T[1 − FS (s)]}
 
 
 
 (3.1)
 
 Upon differentiating, the probability density function (PDF) is obtained as 
 
 fST (s) = fS(s) [1 + νsT Fs(s)] exp{–νs T [1 – FS(s)]} 
 
 (3.2)
 
 in which fS(s) is the PDF of S, and T is the total lifetime. 3.2.2.3 Filtered Poisson Process This process has been used to model extraordinary loads with random occurrences. It is assumed that load occurrence follows a Poisson process, and that load intensities at various occurrences are independent and identically distributed random variables. The process is generalized to include random load duration, denoted by t, which is also assumed to be statistically independent and identically distributed at various occurrences. Let νr denote the mean occurrence rate of the extraordinary load, FR(r) represent the distribution at each occurrence, and let (N) be the random number of occurrences during (T). On the basis of the total probability theorem, the CDF of RT is obtained as in which
 
 FRT = P(RT < r) = ∑∞n=0 P( R < r/N = n) P(N = n) 
 
 (3.3)
 
 55
 
 Loads in International Codes 
 
 P (N = n ) =
 
 
 
 ( νr T)n Exp(− νr T) n!
 
 (3.4)
 
 and 
 
 P(R < r/N = n) = [Fr(r)]n for n = 1, 2, 3, … 
 
 
 
 P(R < r/N = n) = 0.0 
 
 R < 0.0; for n = 0
 
 
 
 P(R < r/N = n) = 1.0 
 
 R > 0.0; for n = 0
 
 (3.5)
 
 The last equation neglects the effect of overlapping of occurrences and is therefore acceptable when overlapping is unlikely or when load intensities at overlaps do not accumulate. By substitution of equations (3.4) and (3.5) in equation (3.3), one can obtain the following: ∞
 
 FR T (r ) =
 
 (− νr T) ∑[ FR (r)]n (νr T) Exp n! n
 
 n= 0
 
 
 
 FR T (r ) = [ FR (r )] Exp(− νr T) + 0
 
 ∞
 
 n
 
 ∑[ FR (r)] n =1
 
 ( νr T)n Exp(− νr T) n!
 
 = [ FR (r )] Exp(− νr T) + FR (r )νr T.Exp(− νr T) + [ FR (r )] 0
 
 
 
 2
 
 ( νr T)2 Exp(− νr T) + ...... 2!
 
 FR T (r ) = Exp{− νr T[1 − FR (r )]} + (H r (r ) − 1)Exp(− νr T) 
 
 (3.6)
 
 in which H(r) is unit step function 
 
 Hr(r) = 0 
 
 if r < 0.0 
 
 
 
 Hr(r) = 1.0 
 
 if r > 0.0
 
 (3.7)
 
 Upon differentiating equation (3.6), the PDF of RT is obtained as 
 
 fR T = νr ⋅ T ⋅ fR (r ) ⋅ exp[− νr T ⋅ [1 − fR (r )] + δ(r ) ⋅ exp(− νr T)
 
 
 
 (3.8)
 
 in which δ(r) is the Dirac delta function representing a spike unit area at r = 0.0. 3.2.2.4 Analysis of Suggested Model The total live load is the summation of sustained load and extraordinary load over the lifetime of the structure.
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 l>s+r
 
 dr
 
 l=s+r l<s+r
 
 S
 
 Figure 3.2  Region of summation for two random variables not restricted to nonnegative values.
 
 To describe the sum of the sustained and extraordinary random load variables, consider the independent continuous random variables, s and r, with probability density function fS(s) and f R(r), and cumulative distribution functions FS(s) and F R(r), for sustained and extraordinary load, respectively. Assuming independence, the joint probability density function fS,R(s,r) = fS(s) · f R(r) (Cornell and Benjamin 1974). To determine the PDF of the total load, l, where, l is linear function of s and r l=s+r
 
 
 
 We first find CDF of l where the joint probability density function of s and r is integrated over the region s + r ≤ l as indicated in Figure 3.2: FL (l) = P (L ≤ l) = P (l ≤ s + r ) ∞ l− r
 
 =
 
 ∫ ∫f
 
 S, R
 
 (s, r )dsdr
 
 −∞ −∞
 
 
 
 ∞ l− r
 
 =
 
 ∫∫
 
 fS (s) ⋅ fR (r )dsdr
 
 
 
 (3.9)
 
 −∞ −∞ ∞
 
 =
 
 ∫ F (l − r)f (r)dr S
 
 R
 
 −∞
 
 Then, the corresponding PDF can be obtained by differentiating the CDF of Z as follows:
 
 57
 
 Loads in International Codes R
 
 dr l>s+r
 
 l=s+r
 
 S
 
 l<s+r
 
 Figure  3.3  Region of summation for two random variables restricted to nonnegative values.
 
 fL (l) = 
 
 ∂FL (l) ∂L l− r
 
 ∂ = ∂L
 
 ∫ F (l − r) ⋅ f (r)dr S
 
 R
 
 (3.10)
 
 −∞
 
 ∞
 
 =
 
 ∫ f (l − r) ⋅ f (r)dr S
 
 R
 
 −∞
 
 where the density f L is called the convolution of probability densities fS(s) and f R(r). For nonnegative random variables as in the case of live loads, the range of integration in equations (3.9) and (3.10) shown in Figure 3.2 reduces to the region indicated in Figure 3.3 because fS(s) and f R(r) are zero for negative argument; therefore, equations (3.9) and (3.10) become l
 
 
 
 FL (l) =
 
 ∫ F (l − r) ⋅ f (r).dr S
 
 R
 
 (3.11)
 
 0
 
 l
 
 
 
 fL (l) =
 
 ∫ f (l − r) ⋅ f (r)dr S
 
 R
 
 (3.12)
 
 0
 
 Substituting equations (3.1), (3.2), (3.6), and (3.8) for the PDF and the CDF for sustained and extraordinary loads, respectively, into equations (3.11) and (3.12) to obtain the PDF and CDF of the total load is as follows:
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 fL (l) =
 
 ∫ f (s)[1 + ν Tf (s)] Exp{− ν T[1 − f (s)]} s
 
 0
 
 s
 
 s
 
 s
 
 s
 
 
 
 (3.13)
 
 ⋅ νr T ⋅ fR (l − s)Exp{− νs T[1 − fs (l − s)]}ds
 
 l
 
 
 
 FL (l) =
 
 ∫ Exp{− ν T[1 − F (l − s)]}f (s)[1 + ν TF (s)] r
 
 0
 
 R
 
 s
 
 s
 
 s
 
 (3.14)
 
 ⋅ Exp{− νr T[1 − FR (s)]}ds
 
 where T is the lifetime of the structure. νs is the mean rate of load change in case of sustained load. νr is the mean occurrence rate of the extraordinary. Fs(s) and fs(s) are the cumulative density function and the probability density function of the sustained load, respectively. FR(r) and f R(r) are the cumulative density function and the probability density function of the extraordinary load, respectively. Knowing the structure lifetime, the duration of the sustained load, the rate of occurrence of extraordinary load, and the probability density function and cumulative density function of the sustained and extraordinary loads, and performing the integration in equations (3.13) and (3.14), one can find the values of the probability density function, f L(l), and cumulative density function, F L(l), corresponding to the value of the total load l. Several researchers discussed these parameters and their values for different types of building occupation. Chalk and Corotis (1980) summarized survey data results for sustained and extraordinary load. They found that the gamma distribution is presented by the sustained load value and the exponential distribution is used to represent the time between changes. On the other hand, the extraordinary load value is presented by a gamma distribution and its occurrence as a Poisson distribution. After reviewing survey data, Corotis and Doshi (1977) substantiated the use of gamma probability distribution of the magnitude of sustained load. On the other side, Cornell and McGuire (1974) suggested using gamma probability distribution to present the probability density function of a single extraordinary event. In ANSI code, the statistical parameters for sustained and extraordinary load and the duration of sustained load and rate of occurrence of extraordinary load are presented for different occupation types as shown in Table 3.1. Moreover, the reference periods of different occupancies are presented. According to Michael et al. (1981), all extraordinary live load occupancy durations are assumed to follow a uniform distribution with mean value 2 weeks, 6 hours, and 15 minutes. Der Kiureghiam (1980) takes the duration of the extraordinary load equal to 3 × 10 -3 year. According to Der Kiureghian (1978) and (1980), the extraordinary load durations are short enough with respect to mean sustained load durations that the
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 Table 3.2 ANSI Code (A58.1-1982): Typical Live Load Statistics Sustained Load
 
 Extraordinary Load
 
 ms (kg/m2)
 
 σs (kg/m2)
 
 Offices
 
 53.2
 
 28.8
 
 Owner occupied Renter occupied
 
 29.3 29.3
 
 12.7 12.7
 
 Guest rooms
 
 22.0
 
   5.9
 
 Hotels 29.3
 
 Classrooms
 
 58.6
 
 13.2
 
 Schools 33.7
 
 Occupancy
 
 τs (years)
 
 νe (per year)
 
 T (years)
 
 Office Buildings 39.1 40.0
 
  8
 
  1
 
   50
 
 Residential 29.3 32.2 29.3 32.2
 
  2 10
 
  1  1
 
   50   50
 
 28.3
 
  5
 
 20
 
   50
 
 16.6
 
  1
 
  1
 
 100
 
 mr (kg/m2)
 
 σr (kg/m2)
 
 Temporal Constants
 
 extraordinary loads may still be considered point processes when combined with the sustained loads for lifetime total statistics. The sustained load which occurs during the structure lifetime (T) only is of interest considering the sustained load interval of Poisson square wave process between zero and the first transition point and noting that a portion of the last interval is generally truncated. Therefore, the mean rate of sustained load duration will be modified and calculated by the following equations: 
 
 νok ≅ νr νs (τr + τs)
 
 
 
  0.5  νok + νs  νsm ≅   T  νs + νok
 
 (3.15)
 
 where νok is the mean rate of coincidence in this combination. τr is the duration of the extraordinary load. τs is the duration of the sustained load. νsm is the modified sustained load, mean rate. Table  3.2 from the American National Standards Institute (ANSI) presents the average values for live loads and standard deviations for different uses of buildings for sustained and extraordinary loads. 3.2.2.5 Methodology and Calculation Procedure The integration of equations (3.13) and (3.14) by the analytical procedure is very complicated and time consuming. The Romberge numerical integration technique,
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 which is described in many mathematical books, is used in this section to obtain the value of the total live load. The Romberge numerical integration technique is performed by using a software program called Excel (1996). The probability density function of the total live load is calculated assuming that the parameters of equations (3.13) and (3.14), which are used in the integration, are as follows: • The structure lifetime (T) is 50 years. • The sustained live load is assumed to have a gamma distribution with mean value kg/m2 with standard deviation 16.6 kg/m2 and mean occurrence rate, νs, is 0.5/year. • The extraordinary load is assumed to have a gamma distribution with mean value equal to 29.29 kg/m2 and standard deviation of 32.22 kg/m2 and the mean occurrence rate of 1.0/year. The duration time of extraordinary load, τr is 3 × 10 -3 year. Therefore, the modified sustained load mean occurrence rate is calculated from equation (3.15) and found to be 0.34/year. The probability density function of total live load is obtained as plotted. The mean and standard deviation of the total load are calculated and the mean total load in the case of a residential building is equal to 106.13 kg/m2 and the standard deviation is equal to 42.52 kg/m2. 3.2.2.6 Testing of Suggested Model After the model distribution is obtained by the previous integration method, the data is tested with the common distributions by using chi square (χ2), which is goodnessof-fit applied to continuous random variables and its value is calculated from the following equation: k
 
 
 
 χ2 =
 
 ∑ i=1
 
  ( O i − E i )2    Ei  
 
 (3.16)
 
 where Oi and Ei are the observed and expected number of occurrences in the ith interval, respectively, and k is the number of intervals. Moreover, the Kolmograv-Smirnov (K-S) test is done, which is a second quantitative goodness-of-fit test based on a second test statistic. It concentrates on the deviations between the hypothesized cumulative distribution function and the observed cumulative data, and the calculation is based on the following equation: 
 
  i  K − S = max ni=1  − FX ( X( i ) )  n 
 
 (3.17)
 
 The results of the two tests with some hypothesized probability distributions are shown in Table 3.3, and the lowest value for the two tests is at hypothesized
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 Table 3.3 Goodness-of-Fit Results Comparing Suggested Model and Common Probability Distributions Probability Distribution
 
 Chi-χ2
 
 K-S
 
 Lognormal distribution Extreme value type I Gamma distribution
 
 0.004644 0.019781 0.04796
 
 0.01226 0.02022 0.036673
 
 0.06
 
 Model
 
 Frequency
 
 0.05
 
 Gamma
 
 0.04
 
 Lognormal
 
 0.03
 
 Extreme
 
 0.02
 
 427.2
 
 407.6
 
 388.1
 
 368.6
 
 349.1
 
 329.5
 
 310.0
 
 290.5
 
 271.0
 
 251.4
 
 231.9
 
 212.4
 
 192.8
 
 173.3
 
 153.8
 
 134.3
 
 95.2
 
 114.7
 
 75.7
 
 56.1
 
 36.6
 
 0
 
 0
 
 17.1
 
 0.01
 
 Load, Kg/m2
 
 Figure 3.4  Comparison of model and different probabilities distributions.
 
 lognormal distribution. Besides that, the relations between the suggested model and the different probability distributions are shown in Figure 3.4, which makes it obvious that this model coincides more with the lognormal distributions than the others. Moreover, the test by the above two methods may be performed by the Crystal Ball program (1996) to test the suggested model with the more traditional probability distributions. Note that the model is more near to the lognormal distribution with mean value equal to 106.13 kg/m2 and standard deviation equal to 42.52 kg/m2. 3.2.2.7 Verification of Suggested Model Using Monte-Carlo Simulation The research was performed by El-Reedy et al. using the Monte-Carlo simulation technique for constructing a model for a residential building, and this research revealed that lognormal distribution is the best probability distribution that can present the live load for a residential building. The comparison of the model and different distributions are shown in Figure 3.4. In order to verify the analytical model with the suggested load of occupancy, a Monte-Carlo simulation technique (Ang and Tang 1984) was used to simulate the total load process by using the Crystal Ball program (1996) as follows:
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 1. Generate the magnitude of the sustained load from the gamma distribution. 2. Generate the duration of the sustained load at the previous magnitude from the exponential distribution. 3. From the previous duration time and by using Poisson distribution generate the number of the extraordinary load occurrences during the sustained load duration. 4. Generate the extraordinary load magnitude for every load from extraordinary load gamma distribution. 5. Calculate the total load value by summing the sustain load and every extraordinary load. 6. Repeat steps 1 to 5.
 
 The Monte-Carlo simulation is performed for 10,000 trials. The values from the trials are divided into 5 kg/m2 intervals. The frequency of occurrences at each interval is plotted as a bar and the corresponding values from the suggested model as a curve as shown in Figure 3.5. There is no difference between the suggested analytical load model and Monte-Carlo simulation results. The analysis shows that the live load effect along the lifetime of the residential building, taking into consideration the lifetime of the structure years, can be presented by a lognormal distribution with mean value equal to 106.13 kg/m2 and standard deviation equal to 42.52 kg/m2. Rapid advances of probabilistic modeling of live loads in recent years can be attributed to a growing awareness of the uncertainty about the loads acting on a structure and the acceptance of a probabilistic assessment of these loads. As normal procedure, from the probability distribution, obtain the definite number that can be used easily by the design engineer as the equations of design for any code are based on the deterministic analysis. But the risk and probability of failure differ from one code to another so the values of the loads are different.
 
 Load, Kg/m2
 
 Figure 3.5  Comparison of model and Monte-Carlo simulation results.
 
 427.2
 
 407.6
 
 388.1
 
 368.6
 
 349.1
 
 329.5
 
 310.0
 
 290.5
 
 271.0
 
 251.4
 
 231.9
 
 212.4
 
 192.8
 
 173.3
 
 153.8
 
 134.3
 
 114.7
 
 95.2
 
 75.7
 
 56.1
 
 MonteCarlo Model
 
 36.6
 
 0.0
 
 0.08 0.07 0.06 0.05 0.04 0.03 0.02 0.01 0
 
 17.1
 
 Frequency
 
 3.2.2.8 Live Loads in Different Codes The values of a live load and its reduction factors are different from one code to another, depending on the country that is applying the code. Moreover, the resistance
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 reduction factor is different from one code to another depending on the quality control, the capabilities of the contractors, and the government system of each country. Therefore, the reliability of a reinforced concrete structure is different from one code to another depending on factors of safety of load and resistance. In the following section, a comparison of live load values for different codes (ECP, BS8110, ANSI) is presented. 3.2.2.8.1  Comparison of Live Loads for Different Codes Live load factor accounts for the unavoidable deviations of the actual load from the code value and for uncertainties in the analysis that transforms the load into a load effect. The load reduction factor is recommended by different codes to account for the decrease of total load due to the reduced probability of applying the same value of load at different floors at the same time. The values and factor of live load are different from one code to another, while the reduction factor of live load is different from one floor to another in residential buildings under different design codes. Therefore, in the following sections, comparisons between codes of design are presented to show the difference between the values of live load, limit state load factors, and reduction of floor load in three codes. The codes that are considered in this comparison are • Egyptian code of practice (ECP) • British code (BS8110) • American National Standards Institute (ANSI) code 3.2.2.8.2  Values of Live Load and Its Factors In Different Codes The live load values that are taken into consideration in design are different from one code to another depending on the country. The different live load values for different codes are shown in Table 3.4. The Egyptian code is more conservative for the value of live load. However, the factor of live load is the same in limit state equations for most of the codes, but ANSI code is more conservative than the others. It is very important to illustrate the methods of calculating live load in Egyptian, American code (ANSI), and the British code (BS8110). Table 3.4 Comparison of Live Load Factors under Different Codes Code ECP BS8110 ANSI
 
 Load value (kg/m2)
 
 Equation
 
 200 153 195
 
 1.4 D.L + 1.6 L.L 1.4 D.L + 1.6 L.L 1.4 D.L + 1.7 L.L
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 The live load values that are considered in design will be based on building use. All the values for the different codes are illustrated in Table 3.5. 3.2.2.8.3  Floor Load Reduction Factor in Different Codes The reduction factors of live load in different floors in residential buildings vary in the codes considered in this section (ECP, BS8110, and ANSI codes). These reduction factors for live load are summarized in Table 3.6. It is worth mentioning that the reduction factor in ANSI code depends on the influence area. Members having an influence area of 37.2 m2 (400 ft2) or more may be designed for a reduced live load determined by applying the following equation: 
 
  15  L = Lo ⋅  0.25 + A I  
 
 (3.18)
 
 where L = reduced design life load per square foot of area supported by the member. Lo = unreduced design live load per square foot of area supported by the member. AI = influence area, in square feet. The influence area AI is four times the tributary area for a column. For instance, in the case of an interior column, the influence area is the total area of the floor surrounding bays. The total load carried by columns at a certain floor level is calculated by summing the load reduction factors, given in Table 3.6, for the floors above this level as a function of load values given in Table 3.5 for the considered codes. The results are given in Table 3.7 as a function of P1, P2, and P3, which are different live load values in ECP, BS8110, and ANSI. Moreover, the total reduction of live load carried by columns at different floors varies from the ECP to the BS8110 and ANSI codes. These values in ECP are greater than those in the BS8110 and ANSI. However, these values are the same in the ECP and BS8110 from the 10th to the 20th floors. Generally, the ANSI code provides lower values for the total live load reduction factor than other codes. 3.2.2.8.4  Comparison of Total Design Live Load Values under Different Codes After comparing the reduction factors and live load values in different codes, the total design live load of a column carrying a certain number of typical floors is compared. The total design live load of that column is calculated by summing the floor loads, and the sum is multiplied by the corresponding reduction factor specified by the codes. The ratio between the total live load value calculated from ECP and that from other codes is obtained, as presented Table 3.8. From this table, the total live load value taken in design according to ECP is more conservative than the values obtained from the other codes. The total live load calculated using the ECP is higher than that obtained from BS8110 and ANSI, but the
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 Table 3.5 Live Load Values under Different Codes Live Load BS8110 Type of Building
 
 ECP (kg/m2)
 
 ANSIa (kg/m2)
 
 Distributed Load (kg/m2)
 
 Concentrated Load (kg)
 
 195.3 195.3 195.3
 
 153 306 153
 
 143 459 153/m′
 
 488 244 500
 
 408 255 488
 
 459 275 408
 
 1. Roof Horizontal surface cannot reach (no use) Inclined >20° (no use) Horizontal or inclined (can be reached and used) in residential building Horizontal (can reach in public buildings) 2. Residential building Rooms Stairs Balcony 3. Administration building Halls Offices 4. Theaters, cinemas, and libraries 5. Conference room without fixed chairs 6. Warehouse Light Heavy 7. School Classrooms Corridors Stairs and exits 8. Hospital Operation room and laboratory Diagnosis room Reception hall Corridor above first floor a 
 
 100 50 200
 
 300
 
 200 300 300 300
 
 600
 
 408
 
 1000 610.3 1220.61
 
 408/m height storage 765
 
 918 459
 
 195.3 390.6 488
 
 306 408 408
 
 275 459 459
 
 293
 
 204
 
 459
 
 195.3 195.3 390.6
 
 204 408
 
 459 459
 
 ANSI is the American National Standards Institute.
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 Table 3.6 Floor Reduction Factors for Live Load in Different Codes Floor Reduction Factor Floor Roof 1st 2nd 3th 4th 5th 6th 7th 8th 9th 10th 11th 12th 13th 14th 15th 16th 17th 18th 19th a 
 
 ECP
 
 BS8110
 
 ANSIa
 
 1.0 1.0 0.9 0.8 0.7 0.6 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
 
 1.0 0.9 0.8 0.7 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
 
 0.82 0.65 0.58 0.54 0.51 0.48 0.47 0.45 0.44 0.43 0.42 0.41 0.41 0.41 0.41 0.41 0.41 0.41 0.41 0.41
 
 Calculated from equation (3.18) for four bays of 16 m2.
 
 Table 3.7 Comparison of Reduction Factors under Different Codes No. of Floors
 
 ECP
 
 BS8110
 
 ANSIa
 
  6  8 10 12 14 16 18 20
 
 5P1 6P1 7P1 8P1 9P1 10P1 11P1 12P1
 
 4.6P2 5.8P2 7P2 8P2 9P2 10P2 11P2 12P2
 
 3.58P3 4.5P3 5.4P3 6.2P3 7P3 7.8P3 8.6P3 9.4P3
 
 Note: P1, P2, andP3 are the different live load values given in Table 3.4. a Calculated from equation (3.18) for four bays of 16 m2.
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 Table 3.8 Comparison of Design Live Loads for Egyptian Code, BS, and ANSI Floor No.
 
 EC/BS8110
 
 EC/ANSI
 
  1  6  8 10 12 14 16 18 20
 
 1.31 1.42 1.35 1.31 1.31 1.31 1.31 1.31 1.31
 
 1.17 1.35 1.29 1.26 1.24 1.24 1.23 1.23 1.23
 
 ratio between values of the total live load calculated from ECP to values obtained from ANSI and BS8110 is different from one floor to another. In the case of six floors, the Egyptian code has a more conservative design live load value by about 42% than the British code. Moreover, ECP live load design value is higher than BS8110 for 10 to 20 floors by about 31%. On the other hand, the ratio between the live load calculated from ECP to that from ANSI code has a minimum value equal to 1.17 at one floor only, but the highest ratio is 1.35 at six floors with average values of 1.25. In summary, the Egyptian code in calculating live load in the case of the limit state design method is more conservative than other codes of design. When making a comparison of different specifications for a building of 20 stories, the parameters (P1), (P2), and (P3) are the values of live load in the specifications. The Egyptian code is more conservative followed by the British code and then the American code, and these factors are affected by customs and traditions. For example, in the case of developed countries, the rules for changing the activity of a building from residential to administration or to industrial are fewer. Builders should be more conservative in design parameters than in countries that have stricter laws for changing a building’s activities. Table 3.6 compares the Egyptian, American and British codes according to the number of floors. Generally, the Egyptian code is more conservative than British code by about 30%, and the table gives the highest values in the American code by about 23%. These differences are fixed in the case of 16 floors and more, and for fewer numbers of floors the values are as shown in Table 3.7.
 
 3.2.3 Wind Load Wind load governs the design based on the building’s geographic location and the shape of the building. Therefore, the parameters that govern the wind load are approximately similar in the different codes as all are based on aerodynamic theory.
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 Table 3.9 ANSI Code Classification of Buildings and Other Structures for Wind and Earthquake Loads Category I II III
 
 IV
 
 Nature of Occupancy All buildings and structures except those listed below Buildings and structures where the primary occupancy is one in which more than 300 people congregate in one area Buildings and structures designated as essential facilities, including, but not limited to: (1) Hospital and other medical facilities having surgery or emergency treatment areas (2) Fire or rescue and police stations (3) Primary communication facilities and disaster operation centers (4) Power stations and other utilities required in an emergency (5) Structures having critical national defense capabilities Buildings and structures that represent a low hazard to human life in the event of failure, such as agricultural buildings, certain temporary facilities, and minor storage facilities
 
 3.2.3.1 ANSI Code Every building or structure and every portion thereof shall be designed and constructed to resist the wind effects determined in accordance with the requirements of this code (Table 3.9). Wind shall be assumed to come from any horizontal direction. No reduction in wind pressure shall be taken because of the shielding effect of adjacent structures. Structures sensitive to dynamic effects, such as buildings with a height-to-width ratio greater than five; structures sensitive to wind-excited oscillations, such as vortex shedding or icing; and buildings over 121.9 m in height shall need a special dynamic structure analysis or a wind tunnel test. This code does not apply to building and foundation systems in those areas subject to scour and water pressure by wind and wave action. Buildings and foundations subject to such loads shall be designed according to special design precautions. The main equation to calculate wind load is 
 
 qz = 0.00256 Kz (IV)2 
 
 (3.19)
 
 where V is the basic wind speed based on the building location to the country map. I is the importance factor. KZ is the velocity pressure exposure coefficient. 3.2.3.2  Wind Tunnel English military engineer and mathematician Benjamin Robins (1707–1751) invented a whirling arm apparatus to determine drag and performed some of the first experiments in aviation theory. Sir George Cayley (1773–1857), the “father of aerodynamics,” also used a whirling arm to measure the drag and lift of various airfoils. His whirling arm was 5 feet
 
 Loads in International Codes 
 
 69
 
 long and attained top speeds between 10 and 20 feet per second. Armed with test data from the arm, Cayley built a small glider that is believed to have been the first successful heavier-than-air vehicle to carry a man. However, the whirling arm does not produce a reliable flow of air impacting the test shape at a normal incidence. Centrifugal forces and the fact that the object is moving in its own wake mean that detailed examination of the airflow is difficult. Francis Herbert Wenham (1824–1908), a council member of the Aeronautical Society of Great Britain, addressed these issues by inventing, designing, and operating the first enclosed wind tunnel in 1871. Figure 3.6 presents the model of the planned largest building in the world, which is under construction in Dubai. This model prototype is put in the wind tunnel to perform the test. To study the effect of wind on the building it is important to include the surrounding buildings and to also build prototype models for the buildings around the building under study. This is shown very clearly in Figure 3.7. The wind tunnel helps in carrying out studies on the wind loading, aeroelastic stability, and dynamic response of ground-based structures such as tall buildings, towers, and bridges. These studies are often performed in advance of construction in order that the design engineers can obtain accurate information with respect to the structural loads and deflections arising from the static and dynamic action of wind.
 
 Figure 3.6  Prototype of highest building in the world in Dubai.
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 Figure 3.7  Prototype models for the buildings surrounding the building being studied.
 
 Wind tunnel testing also assists investigations on existing structures in order to alleviate unacceptable levels of vibration. Modifications to the aerodynamic shape of the structure are then incorporated. Typically, these investigations are carried out on scale models immersed in a correctly scaled dynamic representation of the natural wind. Moreover, wind tunnel testing measures the pressure at certain points of structures and structures are designed based on these measurements. Usually with very tall buildings or a building with an unusual or complicated shape (like a parabolic or hyperbolic shaped tall building) or cable suspension bridges or cable stayed bridges, wind tunnel testing provides the necessary design pressures for use in the dynamic analysis of the structure. In other instances, prototype structures or elements of structures are tested at fullscale in the wind tunnels. Examples include stay cables for cable-supported bridges, overhead power lines, communications antennas, road signs, and wind turbines. 3.2.3.3  Wind Load in British Specifications The calculation of wind load in the British standard is very precise and every factor is described in detail. It is important to note that the wind load on a partially completed structure will be dependent on the method and sequence of construction and this situation may be critical. It is reasonable to assume that the maximum design wind speed Vs will not occur during a construction period and a reduced factor (S3) can be used to calculate the probable maximum wind. The assessment of wind load should be made as follows: 
 
 1. The basic wind speed V appropriate to the district where the structure is to be erected is determined in accordance with its location on a wind map. V is the 3-second gust speed estimated to be exceeded on the average
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 once in 50 years. This speed has been assessed for the United Kingdom by statistical analysis of the continuous wind records from the meteorological stations after adjusting them, as necessary, to a common basis. The values are given as isopleths (lines of equal wind speed) drawn at 2 m/s intervals on the map. Values from this map represent the 3-second gust speed at 10 m (33 ft) above ground in an open situation that is likely to be exceeded only once in 50 years. V is greatest from the direction of the prevailing winds, that is, from southwest to west in the United Kingdom. For buildings, whose design may be directionally dependent, a reduced wind speed may be used for other directions, at the designer’s discretion. 2. The basic wind speed is multiplied by factors S1, S2, and S3 to give the design wind speed Vs.
 
 
 
 Vs = V S1 S2 S3 
 
 (3.20)
 
 
 
 3. The design wind speed is converted to dynamic pressure q using the relationship
 
 
 
 q = kVs
 
 
 
 4. The dynamic pressure q is then multiplied by an appropriate pressure coefficient Cp to give the pressure p exerted at any point on the surface of a building.
 
 
 
 P = Cpq 
 
 (3.21)
 
 If the value of the pressure coefficient Cp is negative this indicates that p is suction as distinct from a positive pressure. Since the resultant load on an element depends on the difference of pressure between opposing faces, pressure coefficients may be given for external surfaces Cpe and internal surfaces Cpi. The resultant wind load on an element of surface acts in a direction normal to that surface and then 
 
 F = (Cpe – Cpi)qA 
 
 (3.22)
 
 where A is the area of the surface. A negative value for F indicates that the resultant force is outwards. The total wind load on a structure may be obtained by vectorial summation of the loads on all the surfaces. 3.2.3.3.1  Topography Factor S1 V represents the wind speed as a contour line, and takes into account of the general level of the site above sea level. It is worth mentioning that it does not allow for local topographic features such as hills, valleys, cliffs, escarpments, or ridges, which can
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 significantly affect the wind speed in their vicinity. Near the summits of hills or the crests of cliffs, escarpments, or ridges the wind is accelerated. Where the average slope of the ground does not exceed 0.05 within a kilometer radius of the site, the terrain may be taken as level and the topography factor S1 should be taken as 1.0. In the vicinity of local topographic features, S1 is a function of the upwind slope and the position of the site relative to the summit or crest, and will be within the range of 1.0 ≤ S1 ≤ 1.36. S1 will vary with height above ground level, at a maximum near to the ground, and reducing to 1.0 at higher levels. In certain steep-sided, enclosed valleys, wind speeds may be less than in level terrain. Caution is necessary in applying S1 values less than 1.0 and specialist advice should be sought in such situations. 3.2.3.3.2 Ground Roughness, Building Size, and Height above Ground, Factor S2 Factor S2 takes account of the combined effect of ground roughness, the variation of wind speed with height above ground, and the size of the building or component part under consideration. In conditions of strong wind, the wind speed usually increases with height above ground. The rate of increase depends on ground roughness and also on whether short gusts or mean wind speeds are considered. This is related to building size to take account of the fact that small buildings and elements of a building are more affected by short gusts than are larger buildings, for which a longer wind-averaging period is more appropriate. 3.2.3.3.2.1   Ground Roughness  For code purposes, ground roughness is divided into four categories and buildings and their elements are divided into three classes, as cited in 3.2.3.3.2.2 below. Ground roughness 1. Long fetches of open, level, or nearly level country with no shelter. Examples are flat coastal fringes, fens, airfields, and grassland or farmland without hedges or walls around the fields. Ground roughness 2. Flat or undulating country with obstructions such as hedges or walls around fields, scattered windbreaks of trees, and occasional buildings. Ground roughness 3. Surfaces covered by numerous large obstructions. Examples are well-wooded parkland and forest areas, towns and their suburbs, and the outskirts of large cities. The general level of rooftops and obstructions is assumed at about 10 m, but the category will include built-up areas generally apart from those that qualify for category 4. Ground roughness 4. Surfaces covered by numerous large obstructions with a general roof height of about 25 m or more. This category covers only the centers of large towns and cities. 3.2.3.3.2.2   Cladding and Building Size  Wind speed fluctuates from moment to moment and can be averaged over any chosen period. The shortest time scale, 3 s, that is normally measured produces gusts whose dimensions envelop obstacles up to
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 20 m across. The longer the averaging time, the greater is the linear length encompassed by the gust. For this reason three classes have been selected. Class A. All units of cladding, glazing, and roofing and their immediate fixings and individual members of unclad structures. Class B. All buildings and structures where neither the greatest horizontal dimension nor the greatest vertical dimension exceeds 50 m. Class C. All buildings and structures whose greatest horizontal dimension or greatest vertical dimension exceeds 50 m. The values of S2 for variation of wind speed with height above ground for the various ground roughness categories and the building size classes are given in Table 3.10. The height should measure to the top of the structure or, alternatively, the height of the structure may be divided into convenient parts and the wind load on each part calculated, using S2 that corresponds to the height above ground of the top of that part. Generally, the load should be applied at the mid height of the structure or part, respectively (Figure 3.8). This also applies to pitch roofs.
 
 Table 3.10 Ground Roughness, Building Size, and Height above Ground, Factor S2
 
 (1) Open country with no obstructions
 
 (2) Open country with scattered windbreaks
 
 (3) Country with many windbreaks; small towns; outskirts of large cities
 
 Class
 
 Class
 
 Class
 
 (4) Surfaces with large and frequent obstructions, as city centers Class
 
 H (m)
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 A
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 A
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