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 Preface
 
 Preface Over the millennia, concrete prepared by the Romans using lime, pozzolana and aggregates has survived the elements, giving proof of its durability. Prestigious concrete works have been handed down to us: buildings such as the Pantheon in Rome, whose current structure was completed in 125 A. D. and also structures in marine environments have survived for over two thousand years. This provides a clear demonstration that concrete can be as durable as natural stone, provided that specific causes of degradation, such as acids or sulphates, freeze-thaw cycles, or reactive aggregates, are not present. Today, thanks to progress made over the past few decades in the chemistry of cement and in the technology of concrete, even these causes of deterioration can be fought effectively. With an appropriate choice of materials and careful, adequately controlled preparation and placement of the mixture, it is possible to obtain concrete structures which will last in time, under a wide variety of operative conditions. The case of reinforced concrete is somewhat different. These structures are not eternal, or nearly eternal, as was generally supposed up until the 1970s. Instead, their service life is limited precisely because of the corrosion of reinforcement. Actually, concrete provides the ideal environment for protecting embedded steel because of its alkalinity. If the design of a structure, choice of materials, composition of the mixture, and placement, compaction and curing are carried out in compliance with current standards, then concrete is, under most environmental conditions, capable of providing protection beyond the 50 years typical of the required service life of many ordinary structures, at least in temperate regions. In fact, cases of corrosion that have been identified in numerous structures within periods much shorter than those just mentioned, can almost always be traced to a failure to comply to current standards or to trivial errors in manufacturing of the concrete. However, under environmental conditions of high aggressiveness (generally related to the presence of chlorides), even concrete which has been properly prepared and placed may lose its protective properties and allow corrosion of reinforcement long before 50 years have elapsed, sometimes resulting in very serious consequences. The problem of corrosion in reinforced concrete structures is thus a very real one and must be given special consideration. It is, in fact, only since the early 1980s Corrosion of Steel in Concrete. Luca Bertolini, Bernhard Elsener, Pietro Pedeferri, Rob P. Polder Copyright c 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim ISBN: 3-527-30800-8
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 Preface
 
 that research has devoted much attention to this problem. From those years on main physiological aspects related to behaviour of steel in concrete, such as the nature of the aqueous pore liquid present in the hardened concrete, the electrochemistry of steel in this environment, the mechanism of protection of steel by an oxide film, etc. have been established. Passing to the pathological side, research has explained the phenomenology and mechanisms of corrosion, established the conditions which give rise to it and the laws governing its evolution, and developed techniques for diagnosing and controlling it. In particular, it has been shown that the only circumstances that can give rise to corrosion are those when both depassivation occurs (e. g. due to carbonation or chlorides) and oxygen and humidity are present. Several points still need to be clarified. For example: the atlas of pathological anatomy has been defined clearly with regard to corroding reinforcement, but only sketchily in relation to the surrounding concrete; the body of diagnostics allows the state of corrosion in a structure to be evaluated for the more common forms of corrosion, but is still incomplete in the case of hydrogen embrittlement in high strength steels of prestressed structures or corrosion caused by stray current; the handbook of anticorrosionistic pharmacology includes a long list of methodologies of prevention (from inhibitors to coatings, to corrosion resistant reinforcement, to electrochemical techniques), however their long-term effects or their possible negative side-effects are not always clearly known. Probably, the greatest shortcomings have to do with the basic aspects of corrosion. For instance, in the area of physiopathology: the species around the passive reinforcement in concrete are known, but those around corroding reinforcement are not; the influence of species on the passivity or corrosion of steel is known in qualitative terms, but very little is known of the entity of their interaction with the constituents of cement paste, and thus of their mobility in electrical fields or in various concentration gradients, in relation to the type of cement or to the characteristics of the concrete, etc. In the field of construction, notable progress has also been achieved: the problem of corrosion, and more in general of the durability of structures in reinforced concrete, is very seriously taken into consideration; new laws are in place and new technologies and products are available. But the above must not lull us into a false sense of security. It is true that today there is greater sensitivity to this problem, often being the subject of conferences, seminars, and publications. New rules and standards do exist, though they are perceived as compulsory, being the result of legislation. Finally, new technologies and sophisticated products are being adopted, for example in the field of repair of structures damaged by corrosion. All these aspects do not, however, in themselves eliminate the errors, often trivial, that are at the basis of most failures today, and even less are they able to solve those cases where structures operate under conditions of high aggressiveness. Substantial progress will be made, also with regard to durability, only when our current technology, based on empiricism and common sense, evolves into a technology based on a thorough knowledge of degradation processes and of methods for their control.
 
 Preface
 
 Education, and thus teaching in particular, has a very important role to play, not only by making professionals sensitive to the durability problem, but also by giving them the tools necessary to solve it. We hope that this text may be useful for those who work in the field of civil and construction engineering, as well as for those involved in the area of maintenance and management of reinforced concrete structures. Its aim is to provide the knowledge, tools and methods to understand the phenomena of deterioration and to prevent or control them. In some sections of the text, because of our professional background, we have gone into details of some electrochemical aspects. These explanations go beyond what is strictly required in civil and construction engineering and are not essential to an understanding of the other sections. Finally, we wish to thank the European commissions that, by promoting the cooperative actions COST 509, 521 and recently 534, gave to several European researchers the opportunity to meet, collaborate and exchange views in the field of corrosion of steel in concrete. This book was born from that cooperation. We gratefully acknowledge all friends and colleagues on COST Actions, RILEM technical committees, and European Federation of Corrosion working groups, for providing data, papers and, most of all, for stimulating discussion. The Authors, November 2003
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 Foreword
 
 Foreword Steel reinforced concrete structures form an important part of our infrastructure. The combination of high compression strength of concrete and high tensile properties of reinforcing steel gives an ideal composite material which offers, compared to other materials, a wide range of applications in structural engineering. Buildings, slabs, beams, bridge decks, piles, tanks and pipes, all these structures can be executioned with steel reinforced concrete. In the design process for structures architects and civil engineers are equally involved and usually a distinction is made between the circumstances which affect the building’s safety and those which do not constitute an immediate hazard but may make the building unusable. This later condition is referred to as the structure’s limit state of serviceability. Traditionally the structural and non-structural factors affecting the serviceability of buildings have been treated as separate issues by designers and also have been dealt with in different circles of engineers. For an architect the aesthetics of the structure stands in the focus during the design process whereas the structural engineer sees his responsability in delivering a structure which is safe and reliable under all loading conditions. But, it is not only mechanical loading that has to be considered: every structure is exposed to an environment which may have an enormous influence on durability. Usually this interaction between the material of the structure and the environment is called corrosion. Studying the history of steel reinforced concrete we find very rare cases where a structure failed due to mechanical loadings which have not been considered at the design stage. Technical standards provide sufficient information in giving guidance to civil engineers in designing a structure adequate to withstand all mechanical loading. The problem, instead, arises due to lack of sensitivity and knowledge of civil engineers when dealing with questions of corrosion. As pointed out previously seldom failures of structures due to mechanical overloading are reported but we know of high numbers of structures where corrosion and especially steel reinforcement corrosion has led to premature failures and costly restoration. So corrosion of steel reinforcement in structures is now a feature which figures heavily in the maintenance of existing buildings and has contributed to a number of structural collapses. Corrosion of Steel in Concrete. Luca Bertolini, Bernhard Elsener, Pietro Pedeferri, Rob P. Polder Copyright c 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim ISBN: 3-527-30800-8
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 Foreword
 
 Even after about 50 years of experience with corrosion problems in steel reinforced concrete structures there is still need for structural and architectural designers to acquire a greater understanding of factors and parameters influencing reinforcement corrosion and developing or improving standards or codes of practice to place more emphasis on the need for design for durability. Of course, there is not only the technical side of the problem. Serviceability implications are reflected mainly in the economic losses which may be incurred through temporary or complete loss of use, cost of repairs and monitoring, or in the worst case the need for premature demolition and replacement. These issues together form a valid argument for greater awareness of the need for designers to consider explicitly the implication of their requirements for durability. This book is specifically aimed at giving support to engineers in upgrading their knowledge on steel reinforcement corrosion to the highest level. A careful compiling and collecting of information for publishing a book is important, but the primary requirement is to have authors which in their person hold a long term record in dealing with the subject they want to write about. Here all authors involved guarantee the highest level of qualification for writing about steel reinforcement corrosion. Their expertise results primarily from their own scientific work on the subject of reinforcement corrosion but in addition each of them is involved in the work of several international bodies where information is not only gathered and discussed but also transferred into publications, standards, regulations or codes of practice. This high level of knowledge and expertise is proved by the systematic concept of the book. For the benefit of the reader as well as for scientific structuring the book is divided into 5 parts and several chapters in each part. For initiating corrosion of steel in concrete the cementitious materials and their transport properties play an important role. Therefore part 1 gives a good overview on properties of cementitious materials and their influence on transport properties including a section on degradation of concrete. In part 2 the mechanisms of corrosion of steel reinforcement are completely described and in addition to ordinary reinforcement also the problem of hydrogen induced stress corrosion for prestressing steel is covered. Part 3 deals with preventative measures and specifically with additional measures which should stabilise passive conditions for the steel reinforcement even under highly aggressive conditions. Part 4 is dedicated to diagnosis, including chapters on most recent electrochemical monitoring techniques. Part 5 is dedicated to repair measures. Summarising the content of the book it can be concluded that all interesting aspects of reinforcement corrosion are covered ranging from the mechanism of corrosion to repair measures. In fact nothing is missing and the book offers comprehensive state-of-the-art knowledge and information. Scientists and engineers will equally benefit from the book and, hopefully, the bridge between theory and practice which is offered within this book will be used and crossed by a high number of readers. Bernd Isecke, Berlin November 2003
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 1 Cements and Cement Paste Concrete is a composite material made of aggregates and the reaction product of the cement and the mixing water, i. e. the porous cement paste. The structure and composition of the cement paste determines the durability and the longterm performance of concrete. Concrete is normally reinforced with steel bars. The protection that concrete provides to the embedded steel and, more in general, its ability to withstand various types of degradation, also depends on its structure. This chapter illustrates the properties of the most utilised cements and the microstructure of hydrated cement pastes. Properties of concrete and its manufacturing are discussed in Chapter 12.
 
 1.1
 
 Cement Types and Hydration Reaction
 
 Cements are fine mineral powders that, when they are mixed with water, form a paste that sets and hardens due to hydration reactions. Portland cement is the basis for the most commonly used cements [1–4]. It is produced by grinding clinker, which is obtained by burning a suitable mixture of limestone and clay raw materials. Its main components are tricalcium and dicalcium silicates (C3S and C2S), the aluminate and ferroaluminate of calcium (C3A and C4AF respectively) (In the chemistry of cement, the following abbreviations are used : CaO = C; SiO2 = S; Al2O3 = A; Fe2O3 = F; H2O = H; SO3 = S.). Gypsum (CS) is also added to clinker before grinding, to control the rate of hydration of aluminates. Table 1.1 shows the typical ranges of variation of these constituents of Portland cement. Other components, such as sodium and potassium oxides, are present in small but variable amounts.
 
 Table 1.1
 
 Main components of Portland cement and typical percentages by mass
 
 Tricalcium silicate Dicalcium silicate Tricalcium aluminate Tetracalcium ferroaluminate Gypsum
 
 3CaOpSiO2 2CaOpSiO2 3CaOpAl2O3 4CaOpAl2O3 p Fe2O3 CaSO4p2H2O
 
 Corrosion of Steel in Concrete. Luca Bertolini, Bernhard Elsener, Pietro Pedeferri, Rob P. Polder Copyright c 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim ISBN: 3-527-30800-8
 
 C3S C2S C3A C4AF CS
 
 45–60 % 5–30 % 6–15 % 6–8 % 3–5 %
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 1 Cements and Cement Paste
 
 In the presence of water, the compounds of Portland cement form colloidal hydrated products of very low solubility. Aluminates react first, and are mainly responsible for setting, i. e. solidification of the cement paste. The hydration of C3A and C4AF, in the presence of gypsum, mainly gives rise to hydrated sulfoaluminates of calcium. Hardening of cement paste, i. e. the development of strength that follows solidification, is governed by the hydration of silicates. The hydration of C3S and C2S gives rise to calcium silicate hydrates forming a rigid gel indicated as C–S–H. It is composed of extremely small particles with a layer structure that tend to aggregate in formations a few mm in dimension, characterized by interlayer spaces of small dimensions (I 2 nm) and by a large surface area (100–700 m2/g). Figure 1.1 shows a model proposed to describe this structure. Due to the high surface area, C–S–H can give considerable strength to the cement paste. Its chemical composition is not well defined since the ratio between the oxides may vary as the degree of hydration, water/cement ratio, and temperature vary (for instance the C/S ratio may pass from 1.5 to 2). However, upon complete hydration, it tends to correspond to the formula C3S2H3 usually used in stoichiometric calculations. C–S–H represents approximately 50–60 % of the volume of the completely hydrated cement paste. Hydration of calcium silicates also produces hexagonal crystals of calcium hydroxide (Ca(OH)2, Portlandite). These have dimensions of the order of a few mm and occupy 20 to 25 % of the volume of solids. They do not contribute to the strength of cement paste. However, Ca(OH)2, as well as NaOH and KOH that are present in small amounts, are very important with regard to protecting the reinforcement, because they cause an alkaline pH up to 13.5 in the pore liquid (Section 2.1.1). The hydration reactions of tricalcium and dicalcium silicates can be illustrated as follows : 2C3S ‡ 6H = C3S2H3 ‡ 3Ca(OH)2 (1) 2C2S ‡ 4H = C3S2H3 ‡ Ca(OH)2
 
 Figure 1.1 Feldman–Sereda model for C–S–H [2]
 
 (2)
 
 1.2 Porosity and Transport Processes
 
 The reaction products are the same, but the proportions are different. The ratio between C–S–H and Portlandite, passing from the hydration of C3S to that of C2S changes from 61/39 to 82/18, and the amount of water required for hydration from 23 % to 21 %. In principle, C2S should lead to a higher ultimate strength of the cement paste by producing a higher amount of C–S–H. Nevertheless, the rate of hydration is much lower for C2S compared with C3S, and the strength of cement paste after 28 days of wet curing is mainly due to C3S. Thus the larger the amount of C3S in a Portland cement, the higher the rate of hydration and strength development of its cement paste. Increasing the fineness of cement particles can also increase the rate of hydration. The reactions leading to hydration of Portland cement are exothermic; hence increasing the rate of hydration also increases the rate of generation of heat of hydration.
 
 1.2
 
 Porosity and Transport Processes
 
 The cement paste formed by the hydration reactions always contains interconnected pores of different sizes, as shown in Figure 1.2. The pores can be divided into macropores, capillary pores and gel pores. The interlayer spacing within C–S–H (gel pores) have a volume equal to about 28 % of the gel and dimensions ranging from a few fractions of a nm to several nm. These do not affect the durability of concrete and its protection of the reinforcement because they are too small to allow significant transport of aggressive species. The capillary pores are the voids not filled by the solid products of hydration of hardened cement paste. They have dimensions of 10 to 50 nm if the cement paste is well hydrated and produced
 
 Figure 1.2
 
 Dimensional range of solids and pores in hydrated cement paste [3]
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 1 Cements and Cement Paste
 
 using low water/cement ratios (w/c), but can reach up to 3–5 mm if the concrete is made using high w/c ratios or it is not well hydrated. Larger pores of dimensions of up to a few mm are the result of the air entrapped during mixing and not removed by compaction of fresh concrete. Air bubbles with diameters of about 0.05–0.2 mm may also be introduced in the cement paste intentionally by means of air-entraining admixtures, so as to produce resistance to freeze-thaw cycles (Section 3.1.3). Both capillary pores and entrapped air are relevant to the durability of concrete and its protection of the rebars. Entrapped air can be reduced by providing adequate workability to the fresh concrete and proper compaction; this is dealt with in Chapter 12. 1.2.1
 
 Water/cement Ratio and Curing
 
 During the hydration of cement paste, the gross volume of the mixture practically does not change, so that the initial volume, equal to the sum of the volumes of mixed water (Vw) and cement (Vc) is equal to the volume of the hardening product. As indicated in Figure 1.3 from Neville and Brooks [5], this consists in the sum of the volume of cement that has not yet reacted (Vuc), the hydrated cement (Vp ‡ Vgw), the capillary pores that are filled by water (Vcw) or by air (Vec). The volume of the products of hydration can be assumed to be roughly double that of the
 
 Figure 1.3 Schematic representation of the volumetric proportions in cement paste before and during hydration [5]
 
 1.2 Porosity and Transport Processes
 
 Figure 1.4
 
 Example of microstructure of hydrated cement paste (scanning electron microscope)
 
 cement; hence during hydration these products fill the space previously occupied by the cement that has hydrated and part of the surrounding space initially occupied by water (Figure 1.4). Therefore, if the cement paste is kept moist (curing), the hydration proceeds and the volume of the capillary pores decreases and will reach a minimum when the hydration of cement has completed. Nevertheless, the value reached after complete hydration will be greater in proportion to the initial distance between the cement particles and thus to the amount of mixing water. Figure 1.5 shows that the pore-size distribution, measured by mercury intrusion porosimetry, depends on w/c ratio and curing. It can be observed that as the w/c ratio decreases, or as the curing time increases (and thus also the degree of hydration increases), the reduction of porosity is mainly due to the reduction in pores of larger dimensions that have been filled or have been connected only by C–S–H gel pores. In conclusion, the volume of the capillary pores (Vcp) in the cement paste increases with the amount of water used in the paste and thus with the water/cement ratio (w/c) and decreases with the degree of hydration (h), i. e. the fraction of hydrated cement. The volume of capillary pores (Vcp in litres per kg of cement) can be calculated with the following formula, proposed by Powers [7] : Vcp = (w/c – 0.36h)
 
 (3)
 
 When concrete is considered instead of cement paste, the w/c ratio and the degree of hydration remain the main factors that determine the capillary porosity. Nevertheless, concrete is more complex because of the presence of the aggregates and the transition zone between aggregate and the cement matrix, where the structure of cement paste tends to be more porous [2, 3].
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 Figure 1.5 Influence of the water/cement ratio (a) and curing (b) on the distribution of pore size in hydrated cement pastes [3]
 
 1.2.2
 
 Porosity, Permeability and Percolation
 
 In determining the resistance to degradation of concrete and its role in protecting the embedded steel, not only should the total capillary porosity (i. e. the percentage of volume occupied by capillaries) be considered but also the size and interconnection of capillary pores. Figure 1.6 shows the relation between the transport properties of cement paste (expressed as coefficient of water permeability) and the compressive strength as a function of the w/c ratio and degree of hydration [7].
 
 1.2 Porosity and Transport Processes
 
 Influence of capillary porosity on strength and permeability of cement paste (a). Capillary porosity derives from a combination of water/cement ratio and degree of hydration (b) (Powers [7] from [3])
 
 Figure 1.6
 
 The decrease in capillary porosity increases the mechanical strength of cement paste and reduces the permeability of the hydrated cement paste (Figure 1.6). A distinction should be made between capillary pores of larger dimensions (e. g. i50 nm), or macropores, and pores of smaller dimensions, or micropores [3]. The reduction in porosity resulting of both the macro- and the micro-pores plays an essential role in increasing mechanical strength. On the other hand, the influence of porosity on the transport processes cannot be explained simply by the pore volume, but the concept of connectivity or the degree of continuity of the pore system has to be taken into account. At high porosities the interconnected capillary pore system (Figure 1.4) extends from the con-
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 1 Cements and Cement Paste Table 1.2 Curing times necessary to achieve a degree of hydration capable of segmenting the macropores in a Portland cement paste (Powers from [2])
 
 w/c
 
 Degree of hydration
 
 Curing
 
 0.40 0.45 0.50 0.60 0.70 i 0.70
 
 50 % 60 % 70 % 92 % 100 % 100 %
 
 3 days 7 days 14 days 6 months 1 year impossible
 
 crete surface to the bulk of the concrete. Permeability is high (Figure 1.6) and transport processes like, e. g., capillary suction of (chloride-containing) water can take place rapidly. With decreasing porosity the capillary pore system loses its connectivity, thus transport processes are controlled by the small gel pores. As a result, water and chlorides will penetrate only a short distance into concrete. This influence of structure (geometry) on transport properties can be described with the percolation theory [8] : below a critical porosity, pc, the percolation threshold, the capillary pore system is not interconnected (only finite clusters are present); above pc the capillary pore system is continuous (infinite clusters). The percolation theory has been used to design numerical experiments and applied to transport processes in cement paste and mortars [9]. The steep increase of the water permeability above approximately 25 % porosity (corresponding to a w/c ratio of 0.45 with a degree of hydration of 75 %, Figure 1.6) is the background of the specified values in the codes of practice for high quality concrete. For instance, Table 1.2 shows the relationship between water/cement ratio and degree of hydration in order to achieve segmentation of the macropores in a paste of Portland cement.
 
 1.3
 
 Blended Cements
 
 Nowadays blended cements are normally used, which are obtained by intergrinding or blending Portland cement with particular mineral substances. Among these, those with the addition of pozzolanic materials or ground granulated blast furnace slag are of particular interest with regard to durability of reinforced concrete. 1.3.1
 
 Pozzolanic Materials
 
 Pozzolanic materials can be either natural, like pozzolana, or artificial, like fly ash and silica fume [2]. They are mainly glassy siliceous materials that may contain aluminous compounds but have a low lime (calcium hydroxide) content. In them-
 
 1.3 Blended Cements
 
 selves they do not have binding properties, but acquire them in the presence of lime, giving rise to hydration products similar to those of Portland cement. The reaction between pozzolanic materials, lime and water is known as the pozzolanic reaction : pozzolana ‡ water ‡ Ca(OH)2 p C–S–H
 
 (4)
 
 In cements containing pozzolanic additions, the lime needed to react with pozzolana is provided by the hydration of Portland cement. The hardened cement paste (compared to that obtained with ordinary Portland cement) has a lower lime content and higher content of C–S–H. The amount of pozzolanic addition to Portland cement generally ranges from 20 to 40 % of the total cement content : it should be adjusted to the amount of lime produced in the hydration of Portland cement. Any excess of the pozzolanic addition will not react and thus will behave as an inert addition. Natural pozzolana. This is a sedimentary material, usually of piroclastic origin, that is derived from the sediment of volcanic eruptions that have produced incoherent deposits or compact deposits that have been chemically transformed with time (such as Italian pozzolana, which was used by the Romans). Pozzolanic materials may also have other origins, such as diatomaceous earth composed of the siliceous skeleton of micro-organisms. The pozzolanic activity of these materials is related to their siliceous component in the vitreous state and to their fineness. There are also pozzolanas that are obtained by calcination of natural substances. Fly ash. Fly ash (also called pulverised fuel ash, PFA) is a by-product of the combustion of coal powder in thermoelectric power plants. It consists of very fine and spherical particles (dimensions from 1 to 100 mm and specific surface area of 300 to 600 m2/kg) that are collected from exhaust gases with electrostatic or mechanical filters. Its composition depends on the type of coal it derives from; the most common PFA is mainly siliceous. Because of the high temperature at which it is formed, it subsequently undergoes rapid cooling so that its structure is mainly amorphous (glassy) and thus reactive. Silica fume. Silica fume (SF) is a waste product of manufacturing ferro-silicon alloys. It consists of an extremely fine powder of amorphous silica. Average particle diameter is about 100 times smaller than that of Portland cement and the specific surface area is enormous : 13 000–30 000 m2/kg compared to 300–400 m2/kg for common Portland cements. Silica fume shows an elevated pozzolanic activity and is also a very effective filler. For these reasons, addition of silica fume to Portland cement may lead to a very low porosity of the cement paste, increasing the strength and lowering the permeability. It is usually added in the proportion of 5 to 10 % and it is combined with the use of a superplasticizer in order to maintain adequate workability of the fresh concrete.
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 1.3.2
 
 Ground Granulated Blast Furnace Slag
 
 Production of pig iron generates great quantities of liquid slag, which is composed, like Portland cement, of lime, silica, and alumina, although in different proportions. The slag acquires hydraulic properties if it is quenched and transformed into porous granules with an amorphous structure. This is then ground to obtain a powder whose fineness is comparable to that of cement, which is called ground granulated blast furnace slag (GGBS). Unlike pozzolanic materials, which hydrate only in the presence of lime, slag has hydraulic characteristics and thus might be used as a hydraulic binder. The rate of hydration of this process is, however, too slow for practical purposes. This material shows good hardening properties when mixed with Portland cement, because the hydration of Portland cement creates an alkaline environment that activates the reaction of GGBS. Nevertheless, even when activated by Portland cement, the hydration of GGBS is slower than that of Portland cement. For achieving a high early strength, the slag content should be relatively low (35–50 %). The hydration of GGBS, however, refines the pore structure of the cement paste; in order to achieve an optimal densification of the cement paste the GGBS content should be higher than 65 %. A few years ago, a blast furnace slag cement with improved properties with regard to both early strength and density was introduced. It is a CEM III/A 52.5 containing 57 % finely ground slag and rapid-hardening Portland cement. Various laboratory tests showed that it has a better resistance to carbonation than CEM III/B, and a similarly good resistance to chloride penetration and alkali-silica reactions. Its relatively high early strength makes it suitable for use in the precast concrete industry. 1.3.3
 
 Properties of Blended Cements
 
 Cement paste obtained with blended cements differs considerably from that obtained with Portland cement. The hydration of pozzolanic materials or GGBS consumes lime and thus reduces its amount with respect to a cement paste obtained with Portland cement. Figure 1.7 outlines the microstructures of hardened cement pastes made of Portland cement and blended cements. It can be observed that the addition of PFA or GGBS leads to the formation of very fine products of hydration that lead to a refinement of pores. Consequently, an increase in the resistance to penetration of aggressive agents can be obtained. However, the reactions of pozzolanic materials or GGBS are slower than the hydration of Portland cement; hence this effect will be achieved only if the wet curing of the concrete is long enough. The rate of reaction of blast furnace slag and fly ash differs strongly. To show this, Figure 1.8 compares electrical resistivity measurements of wet cured concrete with a water/cement ratio of 0.45 made with Portland, Portland fly ash and blast furnace slag cements. The development of resistivity of concrete at an early age
 
 1.3 Blended Cements
 
 Microstructure of hydration of Portland cement (a), and cements with addition of fly ash (b) and blast furnace slag (c) (Bakker from [6])
 
 Figure 1.7
 
 shows the changes that occur in the microstructure of cement paste (Section 2.5.3). From the age of one week on, the resistivity of blast furnace slag cement (CEM III/B) was more than three times higher than for Portland (CEM I) and Portland fly ash (CEM II/B-V) cement [11]. The resistivity of PFA concrete became significantly higher than that of ordinary Portland cement concrete from about eight
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 Figure 1.8 Electrical resistivity of concrete made with different cements from 7 days age while exposed in a fog room (w/c ˆ 0.45, 2 % chloride mixed-in), from [11]
 
 weeks of age. It appears then, that the refinement of the pore structure by GGBS starts as early as a few days, while the effect of PFA takes several weeks to months to develop. Silica fume is also known to react quickly.
 
 1.4
 
 Common Cements
 
 According to the European standard EN 197-1 [10], Portland cement and blended cements can be classified on the basis of composition and performance (strength) at 28 days. As far as composition is concerned, five main types of cement can be considered : – CEM I(Portland cement), with at least 95 % of clinker (by total binder mass), – CEM II(Portland-composite cements), with addition of up to 35 % of another single constituent, – CEM III(blast furnace cement) with addition of 36–95 % blast furnace slag, – CEM IV(pozzolanic cement) with addition of 11–55 % pozzolanic materials, – CEM V(composite cement) with simultaneous addition of slag and pozzolana (18–50 %). Table 1.3 shows the composition and the notation of the types of cement provided by EN 197-1. For CEM II and CEM V, additions of substances that do not contribute to hydration, such as limestone, is also allowed. In each type of cement, minor additional constituents (such as fillers, which are finely ground natural or
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 Table 1.3 Types of cement according to EN 197-1 and their composition ( % by mass; values in the table refer to the nucleus of cement, excluding calcium sulfate) [10]
 
 1.4 Common Cements 15
 
 Pozzolanic cement
 
 Composite cement
 
 IV
 
 V
 
 V/A V/B
 
 40–64 30–39
 
 65–89 45–64 18–30 31–50
 
 – –
 
 36–65 66–80 81–95
 
 S
 
 K 35–64 20–34 5–19
 
 Blast furnace slag
 
 Clinker
 
 – –
 
 hee hee
 
 – – –
 
 D(b)
 
 Silica fume
 
 hee hee
 
 – – –
 
 P
 
 18–30 31–50
 
 11–35 36–55
 
 – – –
 
 eei eei
 
 eei eei
 
 – – –
 
 V
 
 siliceous
 
 natural
 
 natural calcined Q(c)
 
 Fly ash
 
 Pozzolana
 
 – –
 
 – –
 
 – – –
 
 calcareous W
 
 – –
 
 – –
 
 – – –
 
 T
 
 Burnt shale
 
 – –
 
 – –
 
 – – –
 
 L
 
 Limestone
 
 (b)
 
 Minor additional constituents may be fillers or one or more of the main constituents, if these have not been included as main constituents. The proportion of silica fume is limited to 10 %. (c) The proportion of non-ferrous blast furnace slag is limited to 15 %. (d) The proportion of filler is limited to 5 %.
 
 (a)
 
 III/A III/B III/C
 
 Blast furnace cement
 
 III
 
 IV/A IV/B
 
 Notation
 
 Continued
 
 Type of cement
 
 Table 1.3
 
 0–5 0–5
 
 0–5 0–5
 
 0–5 0–5 0–5
 
 Minor additional constituents(a)
 
 16
 
 1 Cements and Cement Paste
 
 1.5 Other Types of Cement Table 1.4
 
 Class
 
 Strength classes of cement according to EN 197-1 [10] Compressive strength (MPa) Early strength
 
 32.5 32.5 42.5 42.5 52.5 52.5
 
 N R N R N R
 
 Standard strength
 
 2 days
 
 7 days
 
 28 days
 
 – j j j j j
 
 j 16 – – – – –
 
 j j j j j j
 
 10 10 20 20 30
 
 32.5 32.5 42.5 42.5 52.5 52.5
 
 J J J J
 
 52.5 52.5 62.5 62.5
 
 artificial inorganic materials that are added to improve the physical properties of cement such as its workability, or to achieve requirements of mechanical strength) may be added up to 5 % by mass. To evaluate the performance of a cement at 28 days of moist curing, i. e. when the strength of concrete is normally tested, the standard strength classes have been introduced. These are conventionally defined on the basis of the characteristic compressive strength measured on mortar cubes with a w/c ratio equal to 0.5 and a sand/cement ratio of 3, cured for 28 days in moist conditions. For each type of cement, three classes of 28-day strength are potentially available; furthermore, depending on early strength each class is then divided into normal (N) or highearly strength (R), as shown in Table 1.4. The strength classes are essentially a measure of the rate of hydration of the cement : the higher the strength at a given time, the higher the rate of hydration. Notation of cement indicates the cement type (Table 1.3) and the strength class (Table 1.4). For instance, CEM II/A-S 42.5N indicates Portland-slag cement with addition of blast furnace slag in the range of 6–20 % and strength class 42.5 with normal early strength. EN 197-1 also provides other requirements of cement such as setting times, or chemical properties. Methods of testing these properties are described in the European standard EN 196.
 
 1.5
 
 Other Types of Cement
 
 Other types of cement than those of Table 1.3 are available for special uses. These are for instance : low heat cements to be used when low heat of hydration is desired such as in massive structures, sulfate-resisting cements to be used to increase the resistance of concrete to sulfate attack, expansive cements, quick setting cements, white or coloured cements, etc. [2]. Mention should, however, be made of high alumina cement. In fact, although nowadays it is generally not used for structural purposes, in the past its use has
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 caused problems of durability (as well as from the structural point of view), especially in countries like Spain and the United Kingdom where it was extensively used. High alumina cement (HAC). This is obtained by melting a suitable mixture of limestone and bauxite (mainly consisting of alumina) at about 1600 hC. Its primary constituent is CaOpAl2O3 (CA). The hydration reaction (CA ‡ 10H = CAH10) mainly produces CAH10, which is unstable. In humid environments whose temperature exceeds 25 hC a process of conversion takes place : hydration products transform into another compound (C3AH6). This transformation induces a considerable increase in porosity, and thus a drastic loss of strength and a decrease in the resistance to aggressive agents, especially to carbonation. The degree to which the porosity will increase and related consequences occur, depends on the w/c ratio used, and is much greater when this ratio exceeds 0.4. In some countries, HAC has more recently been used to obtain acid-resistant (sewage) pipe or lining. During production, the w/c is kept below 0.4 and thermal treatment is applied during the manufacturing process, deliberately forcing the conversion to the stable compound (C3AH6). If the strength and density of the converted material are adequate, the durability is good. The stable product has a high resistance against attack by acids. HAC concrete also has good properties for hightemperature applications (furnaces).
 
 References
 
 References
 
 [1] [2]
 
 [3]
 
 [4]
 
 [5]
 
 [6]
 
 [7]
 
 H. F. W. Taylor, Cement Chemistry, Academic Press Inc., London, 1990. A. M. Neville, Properties of Concrete, 4th Edn., Longman Group Limited, Harlow, 1995. P. K. Metha, P. J. M. Monteiro, Concrete : Structure, Properties, and Materials, 2nd Edn., Prentice Hall, 1993. M. Collepardi, The New Concrete (in Italian), Tintoretto, Villorba (I), 2002. A. M. Neville, J. J. Brooks, Concrete Technology, Longman Scientific and Technical, Harlow, 1990. P. Schiessl (Ed.), Corrosion in Concrete, Rilem Technical Committee 60-CSC, Chapmann and Hall, London, 1988. T. C. Powers, “Structure and physical properties of hardened Portland cement paste”, Journal of American Ceramic Society, 1958, 41, 1–6.
 
 D. Stauffer, Introduction to Percolation Theory, Taylor & Francis, London, 1985. [9] B. Elsener, D. Flückiger, H. Böhni, “A percolation model for water sorption in porous cementitious materials”, in Materials for Buildings and Structures, Euromat, Vol. 6, F. H. Wittmann (Ed.), Wiley-VCH, Weinheim, 163–169, 2000. [10] EN 197-1 :2000, “Cement – Part 1 : Composition, Specifications and Conformity for Common Cements”, European Committee for Standardization, 2000. [11] R. B. Polder, “Simulated de-icing salt exposure of blended cement concrete - chloride penetration”, Proc. 2nd International RILEM Workshop Testing and Modelling the Chloride Ingress into Concrete, C. Andrade, J. Kropp, (Eds.), PRO 19, RILEM Publications, 189–202, 2000. [8]
 
 19
 
 2 Transport Processes in Concrete Concrete can be penetrated, through its pores, by gases (e. g. nitrogen, oxygen and CO2 present in the atmosphere) and liquid substances (e. g. water, in which various ions are dissolved). The term permeability indicates, in general, the property of concrete to allow the ingress of these substances. The permeability of concrete is not only important for water-retaining structures and elements (pipes, canals or tanks), but is a decisive factor in the durability of reinforced concrete. Phenomena that lead to degradation of reinforced concrete depend on the processes that allow transport of water, carbon dioxide, chloride ions, oxygen, sulfate ions and electrical current within the concrete. The movement of fluids and ions through concrete can take place according to four basic mechanisms : capillary suction, due to capillary action inside capillaries of cement paste, permeation, due to pressure gradients, diffusion, due to concentration gradients, and migration, due to electrical potential gradients [1–3].1) The kinetics of transport depend on the mechanism, on the properties of the concrete (e. g. its porosity and the presence of cracks), on the binding by the hydrated cement paste of substances being transported, as well as on the environmental conditions existing at the surface of the concrete (microclimate) and their variations in time (Figure 2.1). In this chapter the mechanisms of transport operating in concrete and the parameters that define them are discussed. Since the liquid present in the pores has an important influence both on the transport of the various aggressive species and in the degradation phenomena that can take place in concrete, it is worthwhile looking first at the composition of the pore solution and the physical forms of water in concrete as a function of environmental conditions. 1) (The term permeation is preferred to indicate
 
 the mechanism of transport by the action of a pressure difference, in order to avoid confusion with the word permeability, often used (even in this text, though not always with complete accuracy) to indicate, in general, the
 
 properties of concrete in relation to all transport mechanisms. Instead, since misunderstandings are not possible, the term coefficient of permeability will be used.).
 
 Corrosion of Steel in Concrete. Luca Bertolini, Bernhard Elsener, Pietro Pedeferri, Rob P. Polder Copyright c 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim ISBN: 3-527-30800-8
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 Figure 2.1 Principal factors involved in the transport processes in concrete, essential in the phenomenon of corrosion
 
 2.1
 
 Composition of Pore Solution and Water Content
 
 A certain amount of water is contained in the pores of the hydrated cement paste. The actual quantity of water in the pores of concrete, i. e. the moisture content, depends on the humidity of the surrounding environment. Several ions produced by the hydration of cement are dissolved in the pore liquid, so that in reality it is a quite concentrated aqueous solution.
 
 2.1 Composition of Pore Solution and Water Content
 
 2.1.1
 
 Composition of Pore Solution
 
 The chemical composition of the solution in pores of hydrated cement paste depends on the composition of the concrete, mainly on the type of cement, but also on the exposure conditions, e. g. it changes due to carbonation or penetration of salts. Hydration of cement produces a solution that consists mainly of NaOH and KOH. Depending on the composition of the cement, the pH of the pore solution may be between 13 and 14. When concrete undergoes carbonation (Chapter 5) the pH of the pore solution drops to values approaching neutrality (pH z 9) as a consequence of a drastic reduction in the concentration of hydroxyl ions. Penetration of salts from the environment may also lead to a remarkable change in the composition of the pore solution. Table 2.1 shows the ionic concentrations measured by different researchers in the pore solution of cement pastes, mortars and concretes, obtained both with Portland cements (OPC) and blended cements [4–14]. Measurements were carried out by chemical analysis of the liquid extracted under pressure, using specific poreextraction devices. In non-carbonated and chloride-free concrete, the concentration of hydroxyl ions (OH–) varies from 0.1 M to 0.9 M, due to the presence of both NaOH and KOH (the latter is predominant, especially in Portland cement). Other ions, e. g. Ca2‡ and SO42–, are present only in very low concentrations. Addition of blast furnace slag or fly ash to Portland cement results in a moderate reduction of ionic concentration, and thus in pH. From hydroxyl ion concentrations in Table 2.1, values of pH of 13.4–13.9 can be calculated for Portland cement, and pH values of 13.0– 13.5 for blended cements. Addition of condensed silica fume in higher percentages may lead to a decrease in the pH to values to below 13 [4, 10]. The penetration or addition of chloride-bearing salts changes the chemical composition of the pore solution, depending also on the type of salt (i. e. sodium chloride or calcium chloride). This is due to chemical or physical binding of chloride and hydroxyl ions; for instance, sodium chloride increases the OH– concentration (and thus the pH), while calcium chloride decreases the pH [9]. Few results are available for carbonated concrete; in tests on Portland cement pastes [7] a very diluted solution was found after carbonation, with only small amounts of the alkali ions Na‡ and K‡ (Table 2.1). 2.1.2
 
 Water in Concrete
 
 Water may be present in the hydrated cement paste in many forms that may be classified on the basis of the degree of difficulty with which it can be removed [16]. Capillary water. The water contained in capillary pores accounts for the greatest part of water in concrete (and the most important part with regard to corrosion).
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 Chloride added (by mass of cement)
 
 no no no no no no no no no no no no no no no no 0.4 % (NaCl) 0.4 % (NaCl) 0.4 % (CaCl2) 0.4 % (NaCl) 1 % (NaCl) 0.4 % (NaCl)
 
 Cement
 
 OPC OPC OPC OPC OPC OPC(a) OPC(b) 80 %GGBS 70 %GGBS 65 %GGBS 25 %PFA 30 %PFA 10 %SF 20 %SF 20 %SF 30 %SF OPC(a) OPC(b) OPC OPC OPC 65 %GGBS
 
 0.45 0.5 0.5 0.5 0.5 0.5 0.5 0.5 I0.55 0.5 0.5 0.5 0.5 0.5 0.45 0.5 0.5 0.5 0.5 0.5 0.5 0.5
 
 Water/ binder
 
 28 28 28 192 – 84 84 28 8y 84 28 84 28 28 28 28 84 84 28 35 – 84
 
 Age (days)
 
 paste mortar paste mortar paste paste paste mortar concrete paste mortar paste paste paste paste paste paste paste mortar paste paste paste
 
 Sample
 
 [10] [6] [4] [14] [7] [5] [5] [6] [13] [5] [6] [5] [4] [4] [10] [4] [5] [5] [6] [4] [7] [5]
 
 Source
 
 470 391 834 251 288 589 479 170 95 355 331 339 266 91 98 26 741 661 62 835 458 457
 
 [OH–]
 
 130 90 271 38 85 n. a. n. a. 61 89 n. a. 75 n. a. 110 59 36 35 n. a. n. a. 90 546 580 n. a.
 
 [Na‡]
 
 380 288 629 241 228 n. a. n. a. 66 42 n. a. 259 n. a. 209 109 53 53 n. a. n. a. 161 630 208 n. a.
 
 [K‡]
 
 1 I1 1 I1 n. a. n. a. n. a. I1 n. a. n. a. I1 n. a. 1 1 1 2 n. a. n. a. I1 2 n. a. n. a.
 
 [Ca‡‡]
 
 n. a. 3 n. a. n.a 1 2 3 8 5 5 I1 2 n. a. n. a. n. a. n. a. 84 42 104 146 227 28
 
 [Cl–]
 
 n.a I0.3 31 8 n. a. n. a. n. a. 15 8 n.a 18 n.a 32 33 n. a. 35 n. a. n. a. 5 41 n. a. n.a
 
 [SO4ˆ]
 
 Table 2.1 Ionic concentration (in mmol/L) measured in the pore solution extracted from cement pastes, mortars and concrete made with ordinary Portland cement (OPC) and with additions of blast furnace slag (GGBS), fly ash (PFA) and silica fume (SF). n. a. ˆ concentration not available [15]
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 1 % (NaCl)
 
 OPC
 
 (c)
 
 (b)
 
 (a)
 
 0.5 0.5 0.5 0.5 0.5 0.5
 
 0.4 % (CaCl2) 0.4 % (CaCl2) 1 % (NaCl) 0.4 % (NaCl) 1 % (NaCl) no
 
 80 %GGBS 25 %PFA 30 %PFA 10 %SF 10 %SF OPC –
 
 28 28 28 35 35 –
 
 Age (days)
 
 mortar mortar mortar paste paste carbonated paste(c) carbonated paste(c)
 
 Sample
 
 [7]
 
 [6] [6] [5] [4] [4] [7]
 
 Source
 
 138 257 457 192 158 3q10 –4 – 2.8 6q10 –5 – 0.3
 
 [OH–]
 
 Low C3A content (7.7 %). High C3A content (14.3 %). Interval of values from pastes exposed to environment with different CO2 concentration.
 
 0.5
 
 Water/ binder
 
 Chloride added (by mass of cement)
 
 Continued
 
 Cement
 
 Table 2.1
 
 330–369
 
 41 157 n. a. 264 614 10–23
 
 [Na‡]
 
 20–31
 
 299 307 n. a. 256 345 4–20
 
 [K‡]
 
 533–651
 
 67 85 39 216 615 8–16
 
 I1 I1 n. a. 1 2 31 21
 
 [Cl–]
 
 [Ca‡‡]
 
 n. a.
 
 21 28 n. a. 37 50 n. a.
 
 [SO4ˆ]
 
 2.1 Composition of Pore Solution and Water Content 25
 
 26
 
 2 Transport Processes in Concrete
 
 The aqueous solution contained in pores larger than about 50 nm in diameter can be considered free of bonding forces with the solid surface (similar to water present in larger voids due to entrapped or entrained air). As the relative humidity of the environment decreases below 100 %, this water will evaporate without causing any significant shrinkage in the cement paste. This “free” solution has transport properties analogous to those of a bulk solution. For example, the coefficient of chloride diffusion, or the mobility of various ions, and thus the electrical conductivity, can be considered analogous to those of an electrolytic solution of the same composition. Water held by capillary tension in pores of diameters smaller than 50 nm will evaporate at lower values of the relative humidity as the diameter of the pores decreases. Indicatively, values of relative humidity from 95 % to 60 % are required when the diameter of capillary pores decreases from 50 nm to 5 nm [17]. In this case, evaporation can produce significant shrinkage of the cement paste. In addition, the mobility of ions (thus the electrical conductivity of the solution in these micropores) is affected by chemical and physical interactions between the liquid and the solid and is therefore lower than that of a solution of the same composition. Adsorbed water. Even when water has evaporated from the capillary pores, some water will still remain adsorbed to the inner surface in the form of a very thin layer of adsorbed water. This water can be removed if the external humidity falls below 30 %; it contributes little to transport phenomena, thus it is insignificant with regard to corrosion of reinforcement. Its removal, however, causes shrinkage of the cement paste and influences creep behaviour. Interlayer water. Concrete loses the water retained between the C–S–H layers if the external humidity falls below 11 %. This water does not matter as far as corrosion of reinforced is concerned, since gel pores are too small to allow transport processes at any appreciable rate. It does influence shrinkage and creep. Chemically combined water. Chemically combined water (i. e. water that is an integral part of C–S–H or other hydration products) is not lost on drying, and it can only be released when the hydrates decompose on heating (i 1000 hC). It does not contribute to any transport phenomena. 2.1.3
 
 Water Content and Transport Processes
 
 For concrete exposed to the atmosphere under equilibrium conditions and in the absence of wetting, the water content can be related to the relative humidity of the environment, as depicted in Figure 2.2. With regard to the capillary pores, water is first adsorbed on their surface and then, as the relative humidity increases, water condensates and fills up the pores, starting with the smallest and moving to those of larger dimensions.
 
 2.1 Composition of Pore Solution and Water Content
 
 Figure 2.2 Schematic representation of water content in the pores of concrete as a function of the relative humidity of the environment, in conditions of equilibrium [1]
 
 In Figure 2.3 the capillary pores are graphically represented by spherical cavities connected by narrow capillary cylinders whose dimensions are considered to be statistically distributed (only accessible pores are represented, i. e. pores connected with each other and with the external environment). According to this diagram, inside concrete that is exposed to the atmosphere of a certain relative humidity, pores whose diameters are below a given value turn out to be filled with water, while those with diameters above this value are filled with air. The presence of water-filled pores that are interconnected with each other has a marked influence on the kinetics of transport processes. It hinders those processes that take place easily in the gaseous phase, such as oxygen and carbon dioxide diffusion. On the other hand, it facilitates those processes that occur in aqueous solution, like the diffusion of chlorides, or ions in general.
 
 Figure 2.3 Representation of water present in capillary pores in concrete in equilibrium with a non-saturated atmosphere [1]
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 2.2
 
 Diffusion
 
 The penetration of aggressive species within concrete often occurs by diffusion, that is, by the effect of a concentration gradient. O2, CO2, Cl– or SO4ˆ move through pores from the surface, where they are present in higher concentrations, to internal zones where their concentration is lower. Gases diffuse much more rapidly through open pores than through water-saturated ones (diffusion of gases in water is 4–5 orders of magnitude slower than in air). On the other hand, chloride and sulfate ions diffuse only when dissolved in pore water; the diffusion is more effective in saturated than in partially saturated pores. 2.2.1
 
 Stationary Diffusion
 
 Under conditions of stationary (unidirectional and constant) mass transfer, Fick’s first law describes the phenomenon of diffusion : F= –D
 
 dC dx
 
 (1)
 
 where : F is the flux (kg/m2 p s), C is the concentration of the diffusing species present at distance x from the surface. D is the diffusion coefficient, expressed in m2/s, which depends on the diffusing species, on the characteristics of the concrete and on the environmental conditions. This coefficient can change as a function of position and time, following variations in the pore structure (i. e. due to hydration of the cement paste), or of the external humidity (thus the degree of saturation of pores) or the temperature. Laboratory tests of stationary diffusion of chloride ions in cementitious systems have been conducted since the 1970s for purposes of research and classification of different concrete compositions [5]. A thin sample of concrete, mortar or cement paste normally less than 10 mm thick, is placed inside suitable cells, separating chambers filled with two solutions, one concentrated (upstream) and the other diluted (downstream) with respect to the ion to be investigated. A sketch of the set up is given in Figure 2.4. After a certain transition period (lag time, tl), the flux of the species that diffuses through the sample becomes constant. If C1 and C2, respectively, stand for the concentrations in the upstream and downstream chambers measured at time t from the beginning of the test, L the thickness (m) of the sample, A the cross section (m2) and V the volume of the downstream chamber (m3), Fick’s first law can be written as follows : C2  V Dss  C1 = L A  (t – tl )
 
 (2)
 
 2.2 Diffusion
 
 Figure 2.4 Setup for steadystate diffusion cell and example of typical results
 
 From this relationship the steady-state diffusion coefficient Dss can be calculated. This kind of test can be used to compare the characteristics of different concretes with regard to chloride diffusion. A practical complication may be that concrete with low porosity may require a very long time to reach a constant flux. Values found for the steady-state effective chloride diffusion coefficient may vary from 10 –14 to 10 –11 m2/s for concrete with various binders and w/c [18, 19]. 2.2.2
 
 Non-stationary Diffusion
 
 As diffusion rarely reaches stationary conditions in concrete structures, the flux depends on time t and is governed by Fick’s second law: @C @2C =D 2 @t @x
 
 (3)
 
 This equation is usually integrated under the assumptions that the concentration of the diffusing ion, measured on the surface of the concrete, is constant in time and is equal to Cs (C = Cs for x = 0 and for any t), that the coefficient of diffusion D
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 does not vary in time, that the concrete is homogeneous, so that D does not vary through the thickness of the concrete, and that it does not initially contain chlorides (C = 0 for x i 0 and t = 0). The solution thus obtained is :   C(x,t) x = 1–erf p����� (4) Cs 2 Dt where :
 
 2 erf …z† = p��� p
 
 Z
 
 z
 
 2
 
 e–t dt
 
 (5)
 
 0
 
 is the error function.1) Equation (5) is often utilised to describe mathematically the experimental profiles of chloride concentration found in non-steady-state laboratory tests or from structures exposed in the field (Chapter 6). In laboratory tests, cubic or cylindrical specimens are coated on all sides but one and submerged in a volume of chloride solution as shown in Figure 2.5. After
 
 Figure 2.5 Setup for non-steadystate diffusion and example of typical results 1) (The values of the error function have been tabulated. Alternatively, they can be calculated by
 
 normal standard distribution (N, also tabulated), considering that : p��� erf (z) = 2N(z 2) – 1
 
 Z p��� 1 N(z 2) = p����� 2p
 
 p�� z 2 – 1
 
 t2
 
 e 2 dt:
 
 2.2 Diffusion
 
 some time (from several weeks to over a year), samples from incremental depths are taken by sawing slices or grinding off thin layers (“profile grinding”) and analysed for chloride [20]. The obtained chloride profile is analysed by optimising the fit of Eq. (4) to the experimental data with Cs and D as parameters, for instance using the least squares method. The result of such a procedure is the best fitting pair of the surface content and the diffusion coefficient. Values found for the nonsteady-state effective chloride diffusion coefficient may vary from 10 –13 to 10 –11 m2/s for concrete with various binders and w/c [2,20]. A non-steady-state test has been standardised in the Nordic countries [21]. Another application of Fick’s second law of diffusion is the analysis of chloridepenetration profiles in cores taken from structures that were actually exposed to chloride penetration from the outer surface. A profile of the chloride content is determined experimentally as a function of depth (Section 16.3.2). The values of Cs and D are then determined mathematically, by fitting Eq. (4) to the experimental data [19]. An example is given in Figure 2.6. The diffusion coefficient D (which may typically vary from 10 –11 to 10 –13 m2/s as a function of the concrete’s characteristics) can be used as the main parameter that describes the rate of chloride penetration. Together with the fitted surface content and using Eq. (4) the chloride penetration can be extrapolated to longer times. The limits of this approach will be discussed in Chapter 6.
 
 Figure 2.6 Chloride profiles of a quay wall on the Dutch North Sea coast after 8 y of splash zone exposure, blast furnace slag cement; average of measured profiles (thin line), indi-
 
 vidual results of four cores (only symbols) and best fitting profile according to Eq. (4), described by Cs ˆ 1.77 %, Dapp ˆ 0.89 q 10 –12 m2/s
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 2.2.3
 
 Diffusion and Binding
 
 Species that diffuse into concrete can bind to a certain degree with components of the cement matrix, e. g. chlorides bind with aluminate phases or are adsorbed on C–S–H; carbon dioxide reacts with alkaline components, in particular Ca(OH)2. The gradual consumption of these compounds modifies the conditions of diffusion, which can no longer simply be described by Fick’s second law but require a corrective term. In particular for chloride penetration, often the total concentration of the diffusing species is taken into consideration and the effects of chemical reactions in concrete are disregarded. Indeed, it is difficult to estimate the corrective term. In fact, the binding capacity of cement paste is a function of various parameters, such as the local concentration of a given substance and the temperature. It will also depend on the chemical composition of the concrete and thus on its variations (e. g. the binding capacity of chlorides is considerably reduced in carbonated concrete) [2]. The binding of diffusing species is important in experimentally determining the diffusion coefficient. In fact, as long as the binding capacity of the concrete has not been exhausted, the net flux of material will appear to be less, and the coefficient underestimated. Therefore, when a corrective term is not applied in evaluating the concentration of a diffusing compound, the diffusion coefficient derived in this way is an “apparent” one that is dependent on time. However, it has been shown [22] that even in the presence of binding, chlorides move into concrete as if diffusion determines the penetration rate. As a first approach, binding therefore can be neglected in the calculation and the diffusion coefficient is termed apparent. As chloride penetration in concrete structures is essentially a nonsteady-state process, tests should be carried out either under non-steady-state conditions, or should take into account the effect of binding.
 
 2.3
 
 Capillary Suction
 
 When water comes into contact with a porous material such as concrete, it is absorbed rapidly by the underpressure in the pores caused by what is called capillary action. This action depends on the surface tension, viscosity, and density of the liquid, on the angle of contact between the liquid and the pore walls and on the radius of the pore. In concrete, the contact angle is small due to the presence of molecular attraction between the liquid and the substrate (that is, between water and cement paste). Under these conditions, a drop will spread on a flat surface, while the meniscus of a capillary pore will rise above the level of the surrounding liquid and be concave towards the dry side; in Chapter 14 we will see how this aspect can be changed by hydrophobic treatment. In theory, capillary action is stronger as the pore dimensions decrease. On the other hand, the smaller the pores become, the slower the transport will be due
 
 2.3 Capillary Suction
 
 to increasing friction. In the usual range of compositions, a more porous concrete absorbs more water and faster than a dense concrete. This general rule has become the basis for several test methods. A sorptivity test is normally carried out to measure capillary suction in concrete. The bottom surface of a previously dried sample is placed in contact with water at atmospheric pressure. In general, capillary absorption is measured as mass (or volume) of liquid absorbed per unit of surface (i, g/m2 for mass or m3/m2 for volume) in time t (a test normally lasts from four to 24 h). The development of i as a function of time is of the type : p� i=S p t (6) This relationship, empirically derived from the observation of experimental data, is commonly used to define the parameter S. This is correct only for very porous materials or in the early stage of capillary action. In fact, in concrete with a low w/c ratio, the square root law (Eq. (6)) is changed to a power law with exponent lower than 0.5. The constant S is expressed in g/(m2 p s1/2) (if mass change is determined) or m/s1/2 (if absorbed volume is determined) and is adopted as a representative parameter of the characteristics of concrete with regard to capillary absorption. Typical values of S vary from 5 g/(m2 p s1/2) for normal strength concrete (w/c 0.50, compressive strength 43 MPa) [23,24], to 1.5 g/(m2 p s1/2) (w/c 0.40, compressive strength 67 MPa) and 0.7 g/(m2 p s1/2) for high-strength concrete (w/c 0.30, compressive strength 90 MPa). The actual values obtained with this type of test, however, depend on various factors; the main one is the degree of drying to which the samples have been previously subjected. For example, oven desiccation at 105 hC may modify the water content in hydration products and cause microcracks that favour capillary absorption. Other methods of drying give results that more closely reflect the real behaviour of concrete, but that require much longer times. A procedure for preconditioning designed to resemble atmospheric exposure of concrete in practice as much as possible involves four weeks of drying in a climate room with air of 20 hC and 65 % RH before capillary-absorption tests on samples with dimensions between 50 and 100 mm [23, 24]. In prEN 13057 :1997 a procedure for capillary-absorption tests on repair materials is suggested, involving oven drying at 40 hC. This method of drying is probably the best compromise between quickly establishing a well-defined and low-moisture condition and avoiding damage to the microstructure. Another practical aspect introduced is that if the absorption does not give a straight line on a i versus log(time) plot, one should calculate S from the value measured at 24 h. A procedure for testing water absorption of concrete is given by BS 1881 part 122 [25]. It involves placing specimens (cubes, cores) for 72 h. in a drying oven in which the temperature is controlled at 105 hC. After cooling down for 24 h. in air, specimens are weighed and then immersed for 30 min in a tank containing water with a temperature of 20 hC. Finally, the specimens are weighed after removing all free water from the surface. The water absorption is calculated as the increase in mass resulting from immersion as a percentage of the mass of the dry
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 specimen; as an additional result, the wet density is calculated. Dense concrete has a water absorption determined according to this method of the order of 1 to 2 % by mass. As discussed above, this method involves drying at high temperature, which may damage the microstructure and thereby render the result non-representative for concrete under field conditions. Various instruments have been developed for testing water absorption on site, e. g. the AutoClam [26]. It involves placing a circumferentially sealed cylinder with a piston onto the concrete surface and allowing it to absorb water during, e. g. 15 min while recording the volume absorbed by following the movement of the piston; a water-absorption index is calculated. This instrument also allows measuring air permeability (applying a pressure of 500 mbar) and water permeability (applying a water pressure of 500 mbar) and is used both on site and in the laboratory.
 
 2.4
 
 Permeation
 
 When a liquid (assumed incompressible and entirely viscous) penetrates concrete that is previously saturated by the liquid by a pressure difference, the flow through the pores is defined by Darcy’s law : dq K  DP  A = dt Lm
 
 (7)
 
 where : dq/dt is the flow (m3/s), m is the viscosity of the fluid (N p s/m2), K is the intrinsic permeability of concrete (m2), DP is the pressure head applied (Pa), A is the surface of the cross section (m2) and L is the thickness (m) of the specimen. 2.4.1
 
 Water Permeability Coefficient
 
 Even if the permeation tests may be carried out with any liquid, in general the coefficient of permeability is measured with water. One side of a sample of concrete is placed in contact with water (with pressure up to 10 bar) and either the depth of penetration by water in a given time, the time necessary for water to penetrate the entire thickness of the sample or the flow through the sample are measured. If the penetration involves the entire thickness of the sample, so that it is possible to measure the flow, Eq. (7) is written as : dq kHA = dt L
 
 (8)
 
 where : dq/dt is the flow (m3/s), H (m) represents the height of the column of water pressure differential across the sample (DP = H p d p g, with d = water density and
 
 2.4 Permeation
 
 g = acceleration of gravity). In this case the coefficient of permeability k is measured in m/s; it is connected to the intrinsic permeability coefficient by the equation k = K p d p g/m and thus depends on the density and on the viscosity of the liquid (for water K O 10 –7 p k). The permeability of the cement paste depends on the capillary porosity, and the permeability coefficient decreases as the w/c ratio decreases and as hydration proceeds (as already observed in Figure 1.6). With a w/c ratio of 0.75, the permeability coefficient of water in concrete is very high, usually 10 –10 m/s upon complete curing, while with a w/c ratio of 0.45 it can go below 10 –12 – 10 –11 m/s. For concrete of low porosity, high pressures may be required to obtain flow through the sample within reasonable time. In these cases, a permeability coefficient may be estimated (kv, m/s) by measuring the average depth of the wet front in time t (s), using Valenta’s equation : kv = xp2 p vt / (2 p H p t) where H is the pressure head of water (m) and vt is the volume of spaces filled during the test (m3/m3). An example of a practical laboratory test of water permeability is given by German standard DIN 1048 [27] that describes a test in which pressures of 1, 3 and 7 bar are applied consecutively for 48, 24 and 24 h, respectively; at the end the sample is split to measure the average depth to which the water front has advanced. Concrete is considered “impermeable” if this average depth does not exceed 30 mm. It should be pointed out that this type of test, useful in evaluating the suitability of concrete for use in hydraulic structures (canals, tanks, aqueducts, etc.), can be of no significant help in determining the durability of concrete in aggressive environments. It has been widely demonstrated that permeation tests do not necessarily measure the durability of a particular concrete, in that they are carried out with water under pressure, i. e. they introduce the aggressive agent under conditions different from those found in practice (usually capillary absorption or diffusion). 2.4.2
 
 Gas Permeability Coefficient
 
 The gas permeability coefficient (usually permeability to air) is determined by measuring the flow of gas under pressure through a sample. In this case the fluid is compressible and the flow can be expressed by the equation : kgas  A  (P12 – P22 ) dq = L  m  2P2 dt
 
 (9)
 
 where : dq/dt is the flow, P1 is the upstream pressure and P2 the downstream pressure. Since the gas is compressible, it is important to measure the flow at the pressure P2. The gas permeability coefficient (kgas, m2) depends on the pressure chosen for the test [3]. For low pressures (up to 10 bar), the gas permeability coefficients for concrete are normally between 5 p 10 –16 and 10 –18 m2. For concrete with low
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 intrinsic permeability, the increase in pressure from 1 to 10 bar may lower the permeability coefficient by one order of magnitude. Consequently, it is essential to indicate the test pressure and to compare only those data that have been normalized with respect to a single pressure. The humidity contained in the concrete will also influence the permeability coefficient. A test for determining oxygen permeability was described by a RILEM committee under the name CEMBUREAU method [28]. It involves applying oxygen gas under pressures from 1.5 to 3.5 bar to concrete cylinders, either cast or cored, of 150 mm diameter and 50 mm thickness, and measuring the flow of oxygen permeating. Pre-conditioning may be carried out by either storage in air of 20 hC and 65 % R. H. for 28 days, or 7 days drying at 105 hC. It is made clear that the two methods for pre-conditioning produce different results.
 
 2.5
 
 Migration 2.5.1
 
 Ion Transport in Solution
 
 The transport of ions in solution under an electric field is called migration. The velocity of ion movement is proportional to the strength of the electric field and the charge and size of the ion. A comparison of different ions is possible based on their mobility u (Table 2.2). The hydrogen and hydroxyl ions show the highest ion mobilities due to their interaction with the solvent water.1) The ion mobility ui (describing the ion movement under an electric field) is directly related to the diffusion coefficient Di (describing the movement under a concentration gradient) by [29, 30] : Di = RT ui = zi F
 
 (10)
 
 where : R is the gas constant (J/(K p mole)), T the temperature (K), F Faraday’s constant (96 490 C/mole) and zi the valence of ion i.
 
 Table 2.2 Values of ionic conductivity of various ions at infinite dilution at 25 hC (in 10–4 m2 V–1 s–1)
 
 Ion
 
 H‡
 
 Na‡
 
 K‡
 
 Ca2‡
 
 OH–
 
 Cl–
 
 1
 
 1
 
 lo
 
 349
 
 50.1
 
 73.9
 
 59.5
 
 198
 
 75.2
 
 79.8
 
 69.5
 
 1)
 
 (It can be seen that conductivity of ions H‡ and OH– are much greater than those of other ions because of the special bonds that they have with water, the transport of these ions in
 
 ⁄2SO42–
 
 ⁄2CO32–
 
 reality does not require their actual displacement, but a series of breaks and reformations of bonds with the water molecules [27].)
 
 2.5 Migration
 
 The contribution of a certain ion (i) to the total current flowing Itot is called the transference number or transport number ti, which increases with the concentration ci and the mobility ui of the ion (other ions (j), being constant) : ti = Ii = Itot ; = ci p ui pzi = S(cj p uj p zj )
 
 (11)
 
 It has to be noted that the temperature has a marked effect on ion migration (and thus on current flow and resistivity). 2.5.2
 
 Ion Transport in Concrete
 
 The principles that apply to aqueous solutions are, basically, also valid for concrete, because the transport of electrical current is due to ion movement in the waterfilled pore system (Section 2.1). Positive ions (Na‡, K‡, Ca‡‡) migrate in the direction of the current; negative ones (OH–, SO4ˆ, Cl–) in the opposite direction. Applying the concept of transport numbers (Eq. (12)) to concrete it can be shown that for chloride-free concrete, assuming that the pore solution contains 0.5 mole/l of NaOH, the transport numbers for OH– and Na‡ are 0.8 and 0.2, respectively. For concrete contaminated by chloride salts, assuming that the pore solution contains 0.5 mole/l of NaOH and 0.5 mole/l of NaCl, the transport number of OH–, Na‡, and Cl– are 0.52, 0.20 and 0.28, respectively. In a general sense, these estimated ion transport numbers have been confirmed by experimental works [31, 32]. Unlike in bulk solutions, the ions are not able to move by the shortest route, but they have to find their way along the narrow and tortuous capillary pores. So the actual distance (e. g. from the concrete surface to the reinforcement) is much longer than the geometrical one. Moreover, the ions can be transported only in water-filled and interconnected pores. Therefore the velocity of migration (and diffusion) in concrete is governed by the pore volume and the pore geometry and distribution. For this reason ion migration (and diffusion) even in water-saturated cement-based materials (cement paste, mortar, concrete) is 2–3 orders of magnitude lower compared to bulk solutions [32]. This drastic influence of the pore volume can be modelled using the percolation theory [33]. Electrical current flow by ion migration in concrete is important for electrochemical rehabilitation techniques such as chloride removal (Chapter 20), but also for (macrocell) corrosion processes (Chapter 8). Ion migration of concrete can be tested as a measure of its resistance to chloride penetration using migration tests, of which various versions exist. Some of these tests measure non-steady-state migration, expressed as the depth of penetration of chloride ions into a specimen in an electrical field [34, 35]. Other methods apply an electrical field across a specimen until steady-state flow of chloride ions is detected in the downstream cell [36]. Because of their specific nature, a detailed description of these methods will be omitted.
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 2.5.3
 
 Resistivity of Concrete
 
 The resistivity of concrete is an important parameter used to describe, for example, the degree of water saturation, the resistance to chloride penetration or the corrosion rate. The resistivity of concrete may have values from a few tens to many thousands of V p m (Table 2.3) as a function of the water content in the concrete (relative humidity), the type of cement used (Portland or blended cements), the w/c, the presence of chloride ions or whether the concrete is carbonated or not. At early ages, the resistivity of concrete is low and considerable increases occur due to hydration of the cement. All of these factors can be rationalised on the basis of ion migration in the porous and tortuous concrete microstructure : a high relative humidity increases the amount of water-filled pores (decrease of resistivity), the w/c ratio and type of cement determine the pore volume and pore-size distribution (less but more coarse pores with pure Portland cement; more but finer pores and less interconnectivity of pores with blast furnace slag or fly ash); chloride ions increase the conductivity of the pore solution and carbonation decreases it. An increased resistivity is accompanied by a reduced corrosion rate [38]. Table 2.4 shows resistivities determined for mature concrete in various climates [39–41]. Table 2.3 Resistivity (V p m) of concrete made with Portland cement (OPC), blast furnace slag cement (GGBS), and Portland cement with addition of 5 % silica fume (SF); w/c ˆ 0.45. Values were determined after 1.5–2.5 y exposure in a fog room or 20 hC 80 % R. H. climate [37]
 
 Portland cement 70 % blast furnace slag 5 % silica fume
 
 Immersed and splash zone [ fog room]
 
 Atmospheric zone [20 hC, 80 % R. H.]
 
 135 800 250
 
 300–700 2200 300–2000
 
 Global reference values at 20 hC for the electrical resistivity in V p m of dense-aggregate concrete of mature structures (age i10 y); conditions in square brackets are corresponding laboratory climates [39–41] Table 2.4
 
 Concrete resistivity (V p m) Environment
 
 Very wet, submerged, splash zone [ fog room] Outside, exposed Outside, sheltered, coated, hydrophobised (not carbonated) [20 hC/80 %RH] Ditto, carbonated Indoor climate (carbonated) [20 hC/50 %RH]
 
 Ordinary Portland cement (CEM I)
 
 Blast furnace slag cement CEM III/B (i65 % slag) or fly ash cement CEM II/ B-V (i25 %) or with silica fume (i5 %)
 
 50–200
 
 300–1000
 
 100–400 200–500
 
 500–2000 1000–4000
 
 1000 and higher 3000 and higher
 
 2000–6000 and higher 4000–10 000 and higher
 
 2.6 Mechanisms and Significant Parameters
 
 Figure 2.7
 
 Measurement of electrical resistivity of concrete by two-electrode method
 
 The resistivity of concrete can be measured in a variety of ways. The simplest laboratory method is by pressing steel plates to two parallel faces of a cube or cylinder, via wetted cloth for good electrical contact, as shown in Figure 2.7. The resistivity is calculated from the resistance measured between the plates by: r=RpC
 
 (12)
 
 where : r is resistivity (V p m), R resistance between plates (V) and C is a geometrical cell constant, calculated by C = A/l, with A area of the parallel faces and l the thickness of the specimen [39]. Measuring the resistivity on a very local scale inside concrete using small embedded electrodes has been shown to be a good method for measuring and monitoring the effects of water uptake and drying, as a function of depth, binder type and environment [42, 43].
 
 2.6
 
 Mechanisms and Significant Parameters
 
 Each of the transport processes that leads to corrosion of the reinforcement and then governs its kinetics can be characterized by a parameter (D, S, K, r) that depends on the concrete properties and can be determined experimentally. Table 2.5 shows the parameters that are relevant to different situations. At least theoretically, these parameters can be used in the design of concrete structures to calculate the evolution in time of corrosion (initiation or propagation) or any other type of degradation as a function of concrete properties and environmental conditions. Correlations. Kinetics of the different transport processes that can take place in concrete, and thus the parameters that define them, are correlated among themselves because they depend on the porous structure of concrete. These correlations, however, are not of a general nature, but vary in relation to the composition or
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 2 Transport Processes in Concrete Properties of concrete relevant with regard to different durability requirements; S ˆ capillary absorption, K ˆ permeation, D ˆ diffusion,rˆ electrical resistivity (modified from [3])
 
 Table 2.5
 
 Function requirements
 
 S
 
 K H2O
 
 Protection of rebar: – chloride ingress – carbonatation Reduction in corrosion rate Resistance to concrete degradation (sulfate attack, ASR, etc.) – low pressure – high pressure Containment of fluids : – low pressure – high pressure
 
 D Gas
 
 Ion
 
 I
 
 Primary influencing factors
 
 I
 
 Type of cement Moisture content
 
 I
 
 Moisture content affects S, K, D and r
 
 Gas
 
 I I
 
 r
 
 I I
 
 I
 
 For ASR and sulfates chemical effects dominate I
 
 I I
 
 I I I
 
 I
 
 Time, moisture content
 
 other properties of concrete. For example, for concrete made with a certain type of cement, correlations between the water permeability and the diffusion coefficient of chlorides, that is between K and D, can be established. Nevertheless, when variations are made in the type of cement used, for example, changing from Portland cement to blended cement, the relationships are no longer valid (D may vary even two orders of magnitude with no corresponding variation in K [3]). Analogously, correlations exist between the coefficient of water permeability k and that of capillary absorption S, but these lose their validity if the surface of the concrete is subjected to a hydrophobic treatment, which will reduce considerably capillary absorption but not permeation. For concrete obtained with Portland cement, correlations between the coefficient of water permeability (k) and conductivity (s = 1/r) measured for a given value of relative humidity are available. On the other hand, conductivity varies greatly in concrete made with blended cements or carbonated concrete, while there is no significant change in water permeability. It is therefore necessary, in general, to determine the specific property of the concrete concerned. Analogous considerations can be made for correlations between the transport properties of concrete and its compressive strength. In particular, these correlations, valid in some cases, cannot be generalized. In fact, unlike compressive strength, transport properties are not a simple function of the volume of the capillary pores, but also depend on the dimensions, distribution, form, tortuosity, and continuity of these pores and thus may vary even if the pore volume remains constant (Section 1.2.2). Nevertheless, these correlations may be useful for the design of structures. As will be seen below, they can be used to fix the requirements for durability in
 
 2.6 Mechanisms and Significant Parameters
 
 terms of the requirements of strength. For example Parrott [44] proposes the following correlation between the coefficient of permeability for air k60 (measured at 60 % R. H.) and the compressive strength measured on cube specimens (Rc) : log(k60 ) = (30 – Rc ) = 10
 
 (13)
 
 Figure 2.8 shows the correlations found between the diffusion coefficient for chlorides and the compressive strength on different types of concrete [45]. It can be seen that the relationship between the two parameters may be determined only for a given concrete, while no generalized correlation for all types of concrete can be determined. From theoretical and experimental work there appears to be a relationship between resistivity and chloride diffusion in a particular water-saturated concrete [46–48]. For example, concrete with a high percentage of blast furnace slag has a high resistivity and a low chloride diffusion coefficient. Complete quantitative evaluation may require knowing the pore-water conductivity [49] and information on chloride binding (and other ion–solid interactions). The relationship takes the following form : r=DpA (14) where : A is a constant with a magnitude of about 1000 V p m3/s, with resistivity (r) in V p m and diffusion coefficient (D) in m2/s. Recently, it has been confirmed in a general sense that this relationship holds true for non-saturated concrete as well, both over a range of relative humidities
 
 Figure 2.8 Correlations between the apparent diffusion coefficient for chlorides and the compressive strength of different types of concrete (each symbol represents a particular type of concrete) [45]
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 [50] as for a range of binders including blast furnace slag and fly ash in different climates [51]. In both series of tests it was seen that the diffusion coefficient decreased and the resistivity increased with lower humidity and drying out of the pore system. Various laboratory test methods described above (or similar) have been applied to a range of concrete compositions used for making blocks that were exposed in the marine-splash zone on the South East coast of the UK [19]. For three of the investigated mixes, Table 2.6 reports binder type, cement content, w/c and data of compressive strength, sorptivity, oxygen and chloride diffusion obtained at 28 days. Other tests were carried out on the exposure site at 6 y age [19, 52]. In this environment, penetration of chloride is the main factor determining the durability. It is interesting to see that at 28 days age, some physical tests indicate that the mixes perform similarly (sorptivity, oxygen diffusion) and that the slag mix has a higher water permeability than the other two (Portland and 30 % fly ash), while the steady-state chloride diffusion is much lower for the fly ash and slag mixes than for the Portland mix. After 6 y, the apparent chloride diffusion coefficient, the resistivity and the water and air permeability indicate less permeability for the fly ash and the slag mixes. It appears that purely physical tests at early age have a poor to at best reasonable correlation to the permeability for chloride,
 
 Table 2.6 Test results of various methods on three concrete compositions, at 28 days age and after 6 y marine-splash zone exposure [19, 52]; ranges given are in most cases related to the level of curing, where poor curing produced results indicating more permeable concrete
 
 Type of binder Binder content (kg/m3) w/c
 
 OPC 288 0.66
 
 30 % fly ash 325 0.54
 
 70 % blast furnace slag 365 0.48
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 0.08–0.20* 2.0 2.8–6.5 1.5–2.4
 
 0.04–0.17 0.5–1.1 1.6–6.6 0.03–0.04
 
 0.04–0.30 0.3–8.0 1.3–5.0 0.02
 
 Tests at 28 days age Compressive cube strength (MPa) Sorptivity (mm/min–1/2) Water permeability (10 –10 m/s) Oxygen diffusion (10 –8 m2/s) Steady-state chloride diffusion (10 –12 m2/s)
 
 After 6 y South East UK coast, splash zone (Folkestone) Dapp (10 –12 m2/s) Autoclam# air permeability index (–) Autoclam# water permeability index (–) Resistivity (V p m)
 
 6.4–14.5 1.2–3.1
 
 0.34–0.47 0.03–0.2
 
 0.40–1.4 0.15–0.5
 
 9–14
 
 0.01–0.8
 
 1–5
 
 60
 
 575
 
 400–600
 
 *sorptivity was generally higher for the outer 15 mm than for deeper layers #AutoClam : portable instrument for on-site determination of water absorption, water and air permeability [26]
 
 2.6 Mechanisms and Significant Parameters
 
 while in particular the electrical resistivity and to a lesser extent the physical tests at later age correlate well to chloride permeability. Presence of more than one transport mechanism. In reality, the transport of aggressive species through concrete may take place by a combination of mechanisms, as shown in Figure 2.9 and consequently a range of concrete properties will be important. For example, the case of a structure subjected to wetting–drying cycles, which is reached by spray or periodically wetted by rainfall, may be considered. Water will penetrate the concrete by capillary absorption or permeation when the external surface is wetted. This water penetration will be as much as 10–20 mm in a few hours if the concrete is of average quality and considerably less if the concrete is of good quality and well cured. Subsequent evaporation, which always occurs much more slowly than absorption, facilitates the ingress of oxygen and deposits the salts that were absorbed with the water. Depending on the type of salt, precipitation may occur, causing efflorescence (e. g. sodium sulfate); or simultaneous enrichment in the pore solution and accumulation in the solid (chloride). A succession of wet and dry conditions, or more generally, changes in humidity, will therefore favour (even if in subsequent periods) both the penetration of water-soluble species
 
 Figure 2.9
 
 Examples of some transport mechanisms in concrete [1]
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 (e. g. chlorides) and the transport of gases (e. g. oxygen). It will thus favour, in the final analysis, the corrosion process itself. Although the description given here is valid qualitatively, research has only just begun to investigate the various processes occurring under wetting and drying conditions in a quantitative sense. For example, McCarter and co-workers have carried out series of tests on concrete specimens with embedded arrays of small stainless steel electrodes for monitoring resistivity [42, 43]. For cycles of 48 h of wetting (under a 400 mm water head) and 49 d of drying, they have found that at young ages (6 weeks) the wetting/drying front penetrates 25–30 mm; however, after about 1.5 y a reduction of this depth was found for fly ash and slag cement concrete (down to 15 mm), while it remained 20–30 mm in Portland cement concrete [43]. It appears that the response of concrete under variations of the external humidity is a complex function of the length of wet and dry cycles, the concrete composition and the hydration of the cement. Understanding corrosion-promoting processes like accumulation of chloride, carbonation and penetration of oxygen to the reinforcement under varying conditions of wetting and drying, which is typical for most real structures, will be even more complex.
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 3 Degradation of Concrete Degradation processes of concrete can be classified (Figure 3.1) as: physical (caused by natural thermal variations such as freeze-thaw cycles, or artificial ones, such as those produced by fires), mechanical (abrasion, erosion, impact, explosion), chemical (attack by acids, sulfates, ammonium and magnesium ions, pure water, or alkali aggregate reactions), biological (fouling, biogenic attack) and structural (overloading, settlement, cyclic loading). In practice these processes may occur simultaneously, frequently giving rise to synergistic action. Alterations that occur in concrete before the structure has been completed, that is within the first hours to months after casting (among these are cracking due to plastic settlement, plastic or drying shrinkage, creep, thermal shrinkage), are traditionally not considered among the phenomena of deterioration, although they are important to the durability of the structure. The processes of deterioration of concrete and corrosion of reinforcement are closely connected (Figure 3.1). The former provoke destruction of the concrete cover or cause microcracking that compromises its protective characteristics. On
 
 Figure 3.1
 
 Causes of deterioration of reinforced-concrete structures
 
 Corrosion of Steel in Concrete. Luca Bertolini, Bernhard Elsener, Pietro Pedeferri, Rob P. Polder Copyright c 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim ISBN: 3-527-30800-8
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 the other hand, corrosion attack, because of the expansive action of corrosion products, produces cracking or delamination of the concrete and reduces its adhesion to the reinforcement. In this chapter, only a few of the most common forms of physical and chemical deterioration of concrete will be mentioned (effects of freeze-thaw cycles, acid solutions, pure water, sulfates and alkali aggregate reactions). Other forms of deterioration, such as the action of certain aggressive liquids, while important in specific cases, will not be dealt with. For more details, the reader is referred to the classic literature on degradation of concrete, which has formed the source of useful information for many decades [1, 2]. Modern reference texts and standards rely for a large part on these classic sources [3, 4]. Deterioration due to structural causes such as accidental mechanical stresses (often due to improper use of the structure) or fatigue is also neglected here, since it lies in the area of structural engineering.
 
 3.1
 
 Freeze-thaw Attack
 
 When the temperature reaches values below 0 hC, water contained in the pores of concrete can freeze, causing an increase in volume by about 9 %. The tensile stresses generated may result in scaling, cracking or spalling of the concrete and, eventually, to its complete disintegration. The freezing of pore water is usually a gradual process for three reasons: heat transfer towards the inside of the concrete is hindered by the relatively low thermal conductivity of concrete; the freezing point is lowered by the gradual increase in concentration of the ions dissolved in the part of the pore water that is not yet frozen; the freezing point also decreases with the diameter of the pores. Therefore, freezing begins in the outer layers and in the largest pores and extends to the inner parts and to smaller pores only if the temperature drops further. Indicatively and for saturated Portland cement paste, free water in pores larger than 0.1 mm freezes between 0 and –10 hC; water in pores between 0.1 and 0.01 mm freezes between –20 and 30 hC and gelwater (pores I 10 nm) freezes below –35 hC [5, 6]. Besides depending on the microstructure of concrete, consequences of this type of deterioration also depend on environmental conditions, in particular on the degree of water saturation, on the number of freeze-thaw cycles, on the rate of freezing and on the minimum temperature reached. The presence of de-icing salts like calcium and sodium chloride in contact with concrete is a detrimental factor. The outer layers where these salts are present are more strongly affected by frost despite the lowering of the freezing point, probably due to increased water saturation caused by their hygroscopic effect, with the early appearance of scaling and detachment of cement paste which covers the aggregate.
 
 3.1 Freeze-thaw Attack
 
 3.1.1
 
 Mechanism
 
 The action of freezing occurs mainly in capillary pore water. In fact, the gel pores are so small that they do not allow freezing, unless the temperature falls below 35 hC [3]. On the other hand, spaces of larger dimensions (above all, those introduced intentionally using air-entraining admixtures) are generally filled by air and, at least initially, are not affected by frost action. Different theories have been put forward to explain the mechanism of frost damage. The most important are the theory of hydraulic pressure and the theory of ice overpressure. According to the hydraulic pressure theory proposed by Powers [7], water freezes inside the capillary pores and the expanding ice pressurises the remaining liquid. The pressure can only be released if there are (partially) empty pores in the vicinity. This pressure release can be calculated with Darcy’s Law [7]. Summarising: the pressure increases with decreasing pore diameter; with increasing distance over which the water must travel to empty pores or to the outside; with increasing flow of pressurised water, proportional to the rate at which ice forms inside the pores themselves. Consequently, rapid cooling will lead to greater damage than cooling that occurs more slowly. This is important because often in laboratory tests, for obvious reasons of time, concrete is cooled and heated much more rapidly than it would be in reality. The CDF-test [8], for example, provides for a cooling rate of 10 hC/h, while in reality typical values of 0.7 to 1 hC/h have been documented [9]. It appears that the conditions during testing are much more severe than in reality. Concrete compositions that on the basis of laboratory tests appear to be susceptible to freezing action may therefore perform well in the field. It will be clear that the hydraulic-pressure mechanism will have more severe consequences in a system of fully saturated pores, because in that case the pressure can only be released if the microstructure expands, which may quickly result in cracking. An additional factor to the hydraulic pressure mechanism is the occurrence of osmotic pressure: as freezing proceeds in the capillary pores, ions become concentrated in the remaining solution and a difference in concentration is generated between the solution in the capillaries and that in the gel pores. Under these conditions, water tends to move from the gel pores to dilute the solution in the capillary pores, consequently increasing the internal pressure. The ice-overpressure mechanism is based on transport of liquid water (or vapour) from smaller pores to ice already formed in larger pores, where it freezes and increases the ice volume and consequently the pressure. Because this type of water transport is relatively slow, the ice overpressure mechanism is more important for longer freezing periods.
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 3.1.2
 
 Factors Influencing Frost Resistance
 
 Frost resistance is determined by the number of freeze-thaw cycles that a particular concrete can withstand before reaching a given level of degradation. In general, the loss of mass or the decrease of dynamic elastic modulus are applied as indexes of degradation. Frost resistance is heavily influenced by the degree of saturation of the pores; in general there is a critical value, characteristic for each type of concrete (indicatively when about 80–90 % of the total porous volume is water filled), below which the concrete is capable of withstanding a high number of freeze-thaw cycles, while above it only a few cycles might be sufficient to damage it. Another important parameter is the water/cement ratio, on which the porosity of the cement matrix depends. Air-filled pores exert a beneficial action because they collect water that is forced out of the capillaries when ice crystals form, and thus lower the pressure. Nevertheless, space available to collect this water must be easily accessible and near the location of ice formation. Very porous concrete will facilitate the movement of water and can give more space to the growth of ice crystals. However, porous concrete rapidly becomes saturated with water and is thus sensitive to frost action. In practice, dense concrete of low w/c is the most resistant to freezing. In fact, for w/c values of practical interest (i. e. lower than 0.85), frost resistance increases rapidly with a decrease of the w/c ratio, both for ordinary concrete and for air-entrained concrete (Figure 3.2). Prolonged curing of concrete before it undergoes freezing is beneficial, because it improves the mechanical resistance of the concrete and reduces its content of free water. Finally, in order to obtain frost-resistant concrete, aggregates must also be able to withstand this type of attack.
 
 Figure 3.2 Number of freeze-thaw cycles that lead to a mass loss of 25 % as a function of the w/c ratio of concrete after wet curing for 28 days, with and without entrained air [10, 27, 28]
 
 3.1 Freeze-thaw Attack
 
 3.1.3
 
 Air-entrained Concrete
 
 Air that is accidentally entrapped in concrete does not improve frost resistance of concrete, since it is distributed in voids which are relatively large, few in number, and unevenly distributed. Conversely, by introducing air-entraining admixtures to the concrete, it is possible to incorporate a system of very tiny and uniform bubbles inside the cement paste. These air bubbles are of the order of 0.05 to 1 mm in size. Air bubbles can only avoid generation of stresses in the capillaries when water freezes, if they are not too far apart. Experience has shown that good freeze-thaw resistance of concrete requires distances between bubbles less than 0.1–0.2 mm. The volume of air entrained in concrete is of the order of 4–7 % with respect to the volume of the concrete [10]; however, for every mixture there is a minimum content of entrained air below which the presence of air bubbles is not effective. Table 3.1
 
 Exposure classes for freeze-thaw and chemical attack, according to EN 206 [4]
 
 Class designation
 
 Description of the environment
 
 Informative examples where exposure classes may occur
 
 5 – Freeze-thaw attack with or without de-icing agents Where concrete is exposed to significant attack by freeze-thaw cycles whilst wet, the exposure shall be classified as follows: XF1 Moderate water saturation, Vertical concrete surfaces exposed to rain without de-icing agent and freezing. XF2 Moderate water saturation, Vertical concrete surfaces of road strucwith de-icing agent tures exposed to freezing and airborne de-icing agents. XF3 High water saturation, Horizontal concrete surfaces exposed to without de-icing agent rain and freezing. XF4 High water saturation, with de-icing Road and bridge decks exposed to deagent or seawater icing agents. Concrete surfaces exposed to direct spray containing de-icing agents and freezing. Splash zone of marine structures exposed to freezing. 6 – Chemical attack Where concrete is exposed to chemical attack from natural soils and ground water as given in Table 3.3, the exposure shall be classified as given below. The classification of seawater depends on the geographical location, therefore the classification valid in the place of use of the concrete applies.** XA1 Slightly aggressive chemical environment according to Table 3.3 XA2 Moderately aggressive chemical environment according to Table 3.3 XA3 Highly aggressive chemical environment according to Table 3.3 ** A special study may be needed to establish the relevant exposure condition where there is: – limits outside of Table 3.3; – other aggressive chemicals; – chemically polluted ground or water; – high water velocity in combination with the chemicals in Table 3.3.
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 It is important to realise that air-entrained concrete will have a lower compressive strength than non-air-entrained concrete with similar composition. As a rule, an increase of 1 % in the content of air corresponds to a reduction in compressive strength of 5 %. Therefore, to guarantee the same strength, the w/c ratio needs to be reduced. The European Standard EN 206 [4] distinguishes four classes of severity of freeze-thaw attack: with or without de-icing agents and with moderate or high water saturation (XF1 through XF4, Table 3.1). It further recommends a maximum w/c, a minimum cement content and minimum strength for each of these classes (Table 3.2). For XF2 and higher, at least 4 % air is recommended. Table 3.2 Recommendations (informative) for the choice of the limiting values of concrete composition and properties in relation to exposure classes for the exposure classes shown in Table 3.1 [4] The values in this table refer to the use of cement type CEM I conforming to ENV 197-1 and aggregates with nominal maximum size in the range of 20 to 32 mm. The minimum strength classes were determined from the relationship between water/cement ratio and the strength class of concrete made with cement of strength class 32.5. The limiting values for the maximum w/c ratio and the minimum cement content apply in all cases, whilst the requirements for concrete strength class may be additionally specified
 
 Maximum Minimum w/c strength class
 
 Minimum cement content (kg/m3)
 
 Minimum air content ( %)
 
 Other requirements
 
 XF1
 
 0.55
 
 C30/37
 
 300
 
 –
 
 Aggregates in
 
 XF2
 
 0.55
 
 C25/30
 
 300
 
 4.01)
 
 XF3 XF4
 
 0.5 0.45
 
 C30/37 C30/37
 
 320 340
 
 4.01) 4.01)
 
 accordance with prEN 12620
 
 XA1
 
 0.55
 
 C30/37
 
 300
 
 –
 
 XA2
 
 0.5
 
 C30/37
 
 320
 
 –
 
 XA3
 
 0.45
 
 C35/45
 
 360
 
 –
 
 Exposure class
 
 Freeze-thaw attack
 
 Aggressive chemical environments 1)
 
 Sulfate resisting cement2)
 
 Where the concrete is not air entrained, the performance of concrete should be tested according to an appropriate test method in comparison with a concrete for which freeze-thaw resistance for the relevant exposure class is proven. 2) When SO42– leads to exposure class XA2 and XA3 it is essential to use sulfate-resisting cement. Where cement is classified with respect to sulfate resistance, moderate or high sulfate-resisting cement should be used for exposure class XA2 (and in exposure class XA1 when applicable) and high sulfate-resisting cement should be used in exposure class XA3.
 
 3.2 Attack by Acids and Pure Water
 
 3.2
 
 Attack by Acids and Pure Water 3.2.1
 
 Acid Attack
 
 The hydrated components (C–S–H, portlandite, sulfoaluminates) in the cement matrix of concrete are in equilibrium with the pore liquid that is characterized by a high pH, due to the presence of OH– (balanced by Na‡ and K‡). When concrete comes into contact with acid solutions, these compounds may dissolve at a rate that depends on the permeability of the concrete, the concentration and the type of acid. In soil with acidic ground water, the rate of refreshing is important. Acids that can attack concrete are: sulfuric acid, hydrochloric acid, nitric acid, organic acids such as acetic acid and humic acids and solutions of CO2. The rate of attack on the cement matrix depends on the solubility of the salts that are formed Limiting values for exposure classes for chemical attack from natural soil and ground water, according to EN 206 [4]
 
 Table 3.3
 
 The aggressive chemical environments classified below are based on natural soil and ground water at water/soil temperatures between 5–25hC and a water velocity sufficiently low to approximate to static conditions.The most onerous value for any single chemical characteristic determines the class.Where two or more aggressive characteristics lead to the same class, the environment shall be classified into the next higher class, unless a special study for this specific case proves that it is not necessary. Chemical characteristic
 
 Reference test method
 
 XA1
 
 XA2
 
 XA3
 
 Ground water SO42– mg/l
 
 EN 196-2
 
 j200 and J600
 
 i600 and J3000
 
 pH
 
 ISO 4316
 
 J6.5 and j5.5
 
 I5.5 and j4.5
 
 CO2 mg/l aggressive NH4‡ mg/l
 
 pr EN 13577
 
 j15 and J40
 
 i40 and J100
 
 j15 and J30
 
 i30 and J60
 
 Mg2‡ mg/l
 
 ISO 7150-1 or ISO 7150-2 ISO 7980
 
 j300 and J1000
 
 i1000 and J3000
 
 i3000 and J6000 I4.5 and j4.0 i100 up to saturation i60 and J100 i3000 up to saturation
 
 Soil SO42– mg/kg1) total
 
 EN 196-22)
 
 Acidity ml/kg
 
 DIN 4030-2
 
 j2000 and J30003) i200 Baumann Gully
 
 i30003) and i12000 and J12000 J24000 Not encountered in practice
 
 1)
 
 Clay soils with a permeability below 10 –5 m/s may be moved into a lower class. The test method prescribes the extraction of SO42– by hydrochloric acid; alternatively, water extraction may be used, if experience is available in the place of use of the concrete. 3) The 3000 mg/kg limit is reduced to 2000 mg/kg where there is a risk of accumulation of sulfate ions in the concrete due to drying and wetting cycles or capillary suction. 2)
 
 55
 
 56
 
 3 Degradation of Concrete
 
 and thus on the nature of the anions involved. For more soluble reaction products, higher rates of attack result than for insoluble products. With hydrochloric acid, soluble calcium chloride is formed, while with sulfuric acid, much less soluble calcium sulfate (gypsum) is formed. Water containing dissolved CO2 may be acidic and trigger an ion exchange reaction between carbonic acid and the constituents of the hydrated cement paste, in particular calcium hydroxide (portlandite). At lower concentrations, CO2 and calcium hydroxide form calcium carbonate, which is barely soluble. In the presence of high concentrations of CO2, calcium carbonate is transformed into the more soluble calcium bicarbonate. EN 206 [4] distinguishes three classes of acid aggressiveness, depending on the pH or the aggressive CO2 content, XA1, XA2 and XA3, see Table 3.3. It recommends maximum w/c ratios, minimum cement contents and strengths for each of these classes as indicated in Table 3.2. 3.2.2
 
 Biogenic Sulfuric Acid Attack
 
 A special form of acid attack of concrete may be caused by a particular mechanism in a specific environment. In structures containing wastewater (sewer pipes, pumping stations, treatment plants) anaerobic conditions may occur in the liquid, where dissolved sulfate is reduced to sulfide by anaerobic bacteria. As hydrogen sulfide gas it can escape to the atmosphere inside the structure, where it is oxidised to sulfuric acid by aerobic bacteria that live on the concrete surface above the water line. The acid thus formed can severely attack concrete; hence biogenic sulfuric acid attack (BSA) [11]. The role of sulfate in this type of attack is of minor importance. The principle is sketched in Figure 3.3. BSA was discovered in California in the 1940s and later identified and studied in other hot regions like Australia and South Africa [12]. In the 1970s, BSA also became manifest in temperate climates in Europe, for example in Hamburg, where large sewers were extensively damaged
 
 Figure 3.3 Biogenic sulfuric acid attack: a) conditions in sewer system that promote BSA; b) main reactions involved
 
 3.2 Attack by Acids and Pure Water
 
 by BSA. This stimulated new research into the biological origins [13], the identification [14], the influence of concrete composition [15] and possible countermeasures. Some aspects will be treated here briefly. Anaerobic conditions can occur in sewers due to long retention times of wastewater, e. g. unexpectedly due to uneven settlement, as illustrated in Figure 3.3; wastewater in (completely filled) pressure mains becomes anaerobic after being transported for a few hours. Liberation of the H2S formed is subsequently promoted by turbulent overflow of anaerobic sewage into aerobic parts of the system. Various types of thiobacilli develop colonies on the concrete surface, which have increasing tolerance for acidic conditions. The final type in this series is thiobacillus thiooxidans (also called concretivorus), which is able to produce (and survive) sulfuric acid with concentrations up to 10 % by mass with a pH below 1. The cement matrix is converted by the reaction with the acid to mainly gypsum and eventually, the converted layer of concrete falls off. Exposure testing for three years in sewers at Rotterdam showed that the rate of attack can be as high as 3 mm per year, with insignificant differences between (both very dense) Portland and blast furnace slag cement concrete [14]. However, high alumina cement showed superior behaviour [16]. A particular sewer system can be tested for BSA by measuring the oxygen and sulfide contents of the wastewater and the pH of the concrete surface (using colour-indicator solutions). The presence of turbulent overflows must be checked and the sewage temperature taken into account [14]. Avoiding long retention times is the best preventative design strategy. Adding oxygen, hydrogen peroxide or nitrate to sewage in order to counteract anaerobic conditions has been successful. In some cases, increasing the flow by connecting rain drainages solved the problem. In large sewer pipe elements, protection of concrete by polymeric sheeting placed in the mould prior to concrete casting is used as a preventative measure. 3.2.3
 
 Attack by Pure Water
 
 Pure water, that is water with a low amount of dissolved solids, in particular calcium ions, acts aggressively towards concrete because it tends to dissolve calcium compounds. If the water flow rate is high, hydrolysis of hydration products continues, because the solution in contact with the concrete is continually being refreshed. Initially, calcium hydroxide, the most soluble component of cement paste, is removed. Then other components are attacked, producing a more open matrix, making the concrete more penetrable to further attack by aggressive solutions. Eventually this will have a deleterious effect on its strength. In the presence of cracks or construction defects, water can more easily percolate through the concrete, aggravating the aforementioned processes. The degree of the attack by pure water depends to a large extent on the permeability of the concrete, but its Ca(OH)2 content also plays an important role. Concrete types with a low level of Ca(OH)2, like blast furnace slag cement concrete, have improved resistance with regard to this type of degradation. In addition to
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 a lower Ca(OH)2 content, there is probably an effect of the lower permeability of concrete made with slag cement. Usually concrete withstands normal potable water because the free lime reacts with CO2 forming CaCO3, which is not readily soluble and forms a protective skin on the concrete surface. Only in soft water with a high concentration of free CO2 is this protective layer dissolved by the formation of soluble Ca(HCO3)2. A special case is the attack of concrete by very soft waters (e. g. condensation) that dissolve the free lime (solubility 1.7 g/l). When free lime is dissolved or leached out, the other constituents of the cement paste are attacked and the resistance of the concrete diminishes. The aggressiveness of waters to concrete can be classified, e. g. according to EN 206 [4], where pH, free CO2 content, ammonium, magnesium and sulfate ions are taken as criteria (Table 3.3). The calcium content in normal rain is not low enough to render it aggressive to concrete. Acid rain (with pH 3.5–4.5) in principle is aggressive, but the amount of precipitation is generally so low that the rate of attack is negligible to rather low. 3.2.4
 
 Ammonium Attack
 
 Ammonium ions, NH4‡, act upon concrete as acids. This is due to their ability to react with OH–, producing NH3 and water. Because the NH3 formed escapes as a gas, their action is comparable to acids with highly soluble reaction products. Aggressiveness due to NH4‡ is classified by EN 206 [4] as shown in Table 3.3.
 
 3.3
 
 Sulfate Attack
 
 Concrete often comes into contact with water or soil containing sulfates. These ions can penetrate the concrete and react with components of the cement matrix to cause expansive chemical reactions. Swelling may occur that, starting from the corners or edges of a concrete element, gives rise to cracking and disintegration. Sulfate attack can also manifest itself as a progressive loss of strength of the cement paste due to loss of cohesion between the hydration products. Concentrations of soluble sulfates in ground water of over several hundreds of mg/l should be considered potentially aggressive [1, 4]. 3.3.1
 
 Mechanism
 
 Sulfate attack starts with penetration of sulfate ions into the concrete. Then mainly two detrimental reactions can occur: sulfate can react with calcium hydroxide to form gypsum: Ca(OH)2 ‡ SO42– ‡ 2 p H2O p CaSO4 p 2H2O ‡ 2OH–
 
 (1)
 
 3.3 Sulfate Attack
 
 and with calcium aluminates to form ettringite: C3A ‡ 3CaSO4 ‡ 32H2O p 3CaO p Al2O3 p 3CaSO4 p 32H2O
 
 (2)1)
 
 The most important reaction is that connected to the formation of ettringite, in that it gives rise to greater expansive effects than gypsum. The mechanism by which formation of ettringite causes expansion is not well understood; however, it is generally attributed to the pressure exerted by the growth of ettringite crystals and to the swelling due to the absorption of water by poorly crystalline ettringite (colloidal ettringite, composed of tiny needle-shaped crystals). In addition, part of the ettringite is commonly located in the interface between paste and aggregate, resulting in loss of bond. The severity of the attack depends mainly on the concentration of the sulfates in the soil or in the water in contact with concrete; and to a degree on the counter ion. For instance, magnesium sulfate has a more marked effect than other sulfates because it also leads to decomposition of the hydrated calcium silicates. Ammonium sulfate is especially aggressive, because the ammonia produced escapes as a gas. 3.3.2
 
 Protection
 
 With regard to protection against sulfate attack, the quality of the concrete is a crucial factor: a low permeability is the best defence against this type of attack, since it reduces sulfate penetration. This can be obtained by decreasing the w/c ratio and using blended cement (i. e. pozzolanic or blast furnace slag cement that reduce the calcium hydroxide content and refine the pore structure of the matrix). Finally, the severity of the attack depends on the content of C3A and, to a lesser extent, of C4AF in the cement. Standards in different countries provide for sulfate resistant cements with a C3A content below 3–5 %. The European Standard EN 206 distinguishes three classes of aggressiveness (XA1, XA2, XA3, Table 3.1) with regard to chemical attack based on the concentrations of aggressive substances in (ground) water for sulfate, H‡ (pH), aggressive CO2, ammonium and magnesium ions; and for sulfate also in soil (Table 3.3). It further recommends a maximum w/c, a minimum cement content and minimum strength for each of these classes (Table 3.2). When sulfate is the aggressive substance, a sulfate-resistant cement is recommended. When the concentration is outside the limits given, a special study may be needed. American Concrete Institute recommendation ACI 201 fixes analogous limits for the w/c ratio and the type of 1) (Under very particular conditions, which are the presence of CO2, a high humidity (i 95 % R. H.)
 
 and possibly low temperatures, sulfates can react with calcium hydroxide and calcium silicate hydrate to give thaumasite: Ca(OH)2 ‡ CO2 ‡ CaSO4 p 2H2O ‡ CaO p SiO2 p H2O p CaCO3 p CaSO4 p CaSiO3 p 15H2O and lead to the complete loss of strength of the concrete.)
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 cement and, furthermore, requires the use of blended cements for highly aggressive environments.
 
 3.4
 
 Alkali Silica Reaction
 
 Some types of aggregate can react with Na‡, K‡ and OH– ions in the pore solution, giving rise to detrimental expansion. The principal reactions can take place with aggregate containing certain forms of amorphous or poorly crystalline silica (alkali silica reaction, ASR) and with dolomitic limestone aggregate (alkali carbonate reaction). Alkali silica and alkali aggregate reactions are a significant cause of damage to concrete structures in many countries around the world, for instance in the UK, Denmark, Norway, France, Belgium, The Netherlands, Canada and the USA. As concrete is usually made with aggregate from local sources, the experience in each of these countries is based on a particular range of aggregates, see e. g. [17]. However, a more or less general view has been formed during recent decades [18]. Within the scope of this book, only ASR will be discussed here, as it is by far the most important. The significance of ASR for concrete structures is that deleterious expansion causes cracking of the concrete and reduces the tensile strength [19], which may have consequences for the structural capacity [20]; moreover, repair is difficult and still in the developing stage. In some cases, repair of cracked areas with shotcrete has led to the re-appearance of cracking due to the introduction of new alkalis and needed to be repeated. An effective repair approach may be removal of cracked concrete and repair with low-alkali mortar or even better with slag or fly ash cement mortar; followed by installing a waterproof membrane and/or hydrophobic treatment to prevent further water ingress. A repair project of this type on two bridges in The Netherlands was accompanied by an intensive testing programme, including monitoring of further expansion and drying out of the concrete after corrective measures had been taken [21]. Finally, if new sources of aggregate are to be developed, experience from the past cannot be relied on and tests are needed for which methods have to be developed [22]. 3.4.1
 
 Alkali Content in Cement and Pore Solution
 
 Cement contains small amounts of alkali oxides (Na2O and K2O), deriving from the minerals from which it is produced. Following hydration these pass into solution as hydroxides: Na2O ‡ H2O p 2NaOH
 
 (3)
 
 K2O ‡ H2O p 2KOH
 
 (4)
 
 3.4 Alkali Silica Reaction
 
 The alkali content in cement is generally expressed as an equivalent percentage of Na2O by mass of cement. Since the molecular weights of Na2O and K2O are respectively 62 and 94, the equivalent percentage of Na2O is calculated with the formula: %Na2Oeq ˆ %Na2O ‡ 0.658 p %K2O
 
 (5)
 
 A cement with an effective sodium equivalent content (Na2Oeq) less than or equal to 0.6 % by mass is considered to have a low alkali content. It has already been seen that the liquid phase present in pores of a Portland cement paste or concrete is, for the most part, composed of a solution of NaOH and KOH (Section 2.1.1). The concentration of these hydroxides increases as Na2Oeq increases, as illustrated in Figure 3.4. Blended cements containing pozzolana, fly ash or blast furnace slag give a resulting alkaline solution of slightly lower pH. Addition of silica fume leads to the lowest pH. Besides the cement, the other components of concrete (mixing water, aggregates, admixtures and additives) can contain alkalis, although generally in more modest levels. Of these alkalis, only those dissolved in the pore solution can react with aggregates. The alkali content in concrete (expressed as kg/m3) is determined by multiplying the percentage of Na2Oeq of each component in the mixture by its relative proportion (in kg/m3) and dividing by 100. Concrete that contains more than 3 kg/m3 of alkali can be considered to have a high alkali content [23].
 
 Relation between the equivalent percent of alkali in Portland cement and OH– concentration in the pore solution of cement paste [18] Figure 3.4
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 3.4.2
 
 Alkali Silica Reaction (ASR)
 
 The reaction mechanism between alkali and reactive siliceous aggregate is complex. It requires the presence of hydroxyl, alkali metal and calcium ions and water. Simplifying, the hydroxyl ions provoke the destruction of atomic bonds of the siliceous compounds, the alkali ions react with Si(OH)4 complexes to form a fluid (Na,K)-Si-OH gel, which then exchanges Na and K for Ca, upon which the gel solidifies. The solidified gel absorbs water and swells. This swelling can induce tensile stresses within the concrete and lead to the appearance of cracking (with a pattern that depends on the geometry of the structure, the layout of the reinforcement and the level of tensile stress). For example, in floors or in foundations, elements that are usually only lightly reinforced and do not have significant tensile stress, the typical pattern of cracking is the so-called “map cracking” with randomly distributed cracks, from which whitish gel may leak. Another typical phenomenon is pop-outs, that is, the expulsion of small portions of concrete. Development of ASR may be very slow and its effects may show even after long periods (up to several decades) [17]. The principal factors influencing this reaction are analysed below. Presence and quantity of reactive aggregate. The reactivity of silica minerals depends on their crystal structure and composition. The porosity, permeability and specific surface of aggregates and the presence of Fe- and Al-rich coatings may influence the kinetics of the reaction. Opal, which has a very disordered structure, is the most reactive form of silica; pure, undeformed quartz, having an ordered structure, is generally not reactive. Cristobalite, moganite, quartzine, chalcedony and microcrystalline quartz have intermediate reactivities. The extent of reaction depends on the amount of reactive silica present in the aggregate mix. As a rule there is a range of concentrations of reactive components over which expansion occurs, with a maximum that is called pessimum. As the quantity of reactive silica increases beyond the value of the pessimum, expansion decreases gradually until it becomes negligible. For opal, for example, the “reactive” range is 2–10 % by volume, with the pessimum at about 5 %, while for other, less reactive, types of silica it may lie at contents of about 30 %. For mixes of aggregates from various sources, there may be no pessimum at all. Alkali content in the pore liquid of concrete. Use of concrete with a low effective alkali content will prevent deleterious ASR. Figure 3.5 shows how the expansive effect induced by the reaction between alkalis and aggregate with chalcedony will be negligible if the equivalent content of Na2O in concrete is less than 3 kg/m3. Theoretically the alkali content in concrete may derive also from external sources, as in marine structures or in bridges where de-icing salts are employed. However, the penetration of alkalis into concrete is relatively slow (slower than diffusion of chloride ions) and in most practical cases, external alkalis do not contri-
 
 3.4 Alkali Silica Reaction
 
 Behaviour of concrete with reactive aggregate containing chalcedony as a function of alkali content [29]
 
 Figure 3.5
 
 bute significantly to the total alkali content and thus do not increase the risk of ASR [24]. Type and quantity of cement. Use of pozzolanic or blast furnace slag cement, or addition of pozzolana or GGBS, can prevent damage caused by ASR [17,23]. In fact, besides having a diluting effect, the mineral addition reduces the concentration of OH– ions in the pore solution of cement paste. This is because hydroxyl ions are consumed by the pozzolanic reaction occurring during hydration. Furthermore, the alkali transport is slowed down because of the lower permeability of pozzolanic and blast furnace cement paste. And finally, the hydration products of the mineral additions bind alkali ions to a certain extent, preventing them to take part in the reaction with the silica. Addition of silica fume has a similar effect. Environment. ASR can occur only in moist environments: it has in fact been observed that in environments with a relative humidity below 80–90 %, alkalis and reactive aggregate can co-exist without causing any damage. The temperature influences the reaction, by favouring it as the temperature increases. Prevention. In conclusion, to prevent ASR it is preferable to use non-reactive aggregate, low alkali Portland cement or blended cements with sufficient amounts of fly ash or slag, such as CEM II/B-V (i 25 % fly ash), CEM III/B or CEM III/A with i50 % slag [23]. However, it should be noted that it is not always possible to avoid using reactive aggregates, because of the limits of local availability. In addition, methods for the evaluation of aggregate reactivity are sometimes difficult because
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 tests can be laborious and sampling may not be easy. Often in a large amount of aggregate, reactive components are localized in few granules, and the tested sample may not be sufficiently representative. If the presence of reactive aggregate cannot be ruled out with certainty, then the alkali content of the concrete must be limited. This can be achieved, above all, by controlling the percentage of alkali in the cement and the cement content of the concrete. An alternative strategy is using blended cement or adding a pozzolana or GGBS to Portland cement. Obviously, the above applies to structures exposed to moisture; concrete in dry environment is not susceptible to ASR. The importance of prevention of ASR is evident, since no well-established effective remedies are known.
 
 3.5
 
 Attack by Seawater
 
 Attack of concrete by seawater can be of various types: superficial erosion caused by waves or tides, swelling caused by crystallization of salts, chemical attack by salts dissolved in the water (sulfates, chlorides). Freeze-thaw cycles can aggravate seawater action. The most critical parts of a structure are the tidal and splash zones. Cyclic drying and capillary suction occur in the concrete just above sea level, and water carries the dissolved salts into the concrete. Subsequent evaporation causes these salts to crystallize in the pores, producing stresses that can cause microcracking. The motion of waves and alternating tides also contribute to deterioration of the concrete, favouring removal of the concrete damaged by crystallisation of new solid phases. A similar process may occur on concrete structures occasionally reached by waves or sea spray, or on structures on which the wind deposits salt aerosols. The rate of deterioration depends on the quantity of seawater absorbed by the concrete, so that all factors that contribute to obtaining a lower permeability will improve its resistance, even to the point of rendering these processes harmless. Permanent submersion is less severe than tidal or splash-zone exposure. For example, it was found that a rather poorly graded plain Portland cement concrete with a w/c of 0.54 and cement content of 300 kg/m3 performed well during 16 y of submersion in the North Sea. Examination by polarising and fluorescence microscopy showed a good and unaltered microstructure, apart from chemical reactions in the outer few millimetres [25]. Some of these superficial changes relate to the formation of brucite, Mg(OH)2, the product of magnesium ions from the seawater and hydroxyl ions from the concrete pore solution. Brucite formation is sometimes regarded as protective; however, in the study mentioned above, the brucite observed did not form continuous layers. The sensitivity of concrete towards the action of seawater is above all due to the presence of calcium hydroxide and hydrated calcium aluminates, which are both susceptible to reactions with sulfate ions from the seawater. Expansive effects decrease, therefore, as the percentage of C3A in the cement or the content of Ca(OH)2 in the concrete diminishes. The traditional approach to avoid these reac-
 
 3.5 Attack by Seawater
 
 tions has been by reducing the C3A content of Portland cement. For instance, reference [26] recommends a cement content not below 400 kg/m3, while keeping in mind the effects of such high cement contents on cracking due to shrinkage or thermal stresses; a content of tricalcium aluminate below 12 % and preferably between 6–10 %; and the use of good quality aggregate. Limiting C3A may, on the other hand, have an adverse effect on the chloridepenetration resistance of concrete. The use of cement with low C3A (such as ASTM type V) in many marine structures, in particular in The Middle East built in the 1970s and 1980s, has caused many of them to suffer from extensive reinforcement corrosion. Here it was wrongly assumed that a better resistance against sulfate attack would also mean a better resistance to all adverse effects of seawater [26]. The modern view is that the cements best adapted to seawater are blast furnace slag, fly ash and pozzolanic cement, because a much lower amount of calcium hydroxide is present in the hydration products and the finer pore structure strongly reduces the transport rate of both sulfate and chloride ions. More detailed recommendations may vary on local experience.
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 4 General Aspects During hydration of cement a highly alkaline pore solution (pH between 13 and 13.8), principally of sodium and potassium hydroxides, is obtained (Section 2.1.1). In this environment the thermodynamically stable compounds of iron are iron oxides and oxyhydroxides. Thus, on ordinary reinforcing steel embedded in alkaline concrete a thin protective oxide film (the passive film) is formed spontaneously [1–3]. This passive film is only a few nanometres thick and is composed of more or less hydrated iron oxides with varying degree of Fe2‡ and Fe 3‡ [4]. The protective action of the passive film is immune to mechanical damage of the steel surface. It can, however, be destroyed by carbonation of concrete or by the presence of chloride ions, the reinforcing steel is then depassivated [5].
 
 4.1
 
 Initiation and Propagation of Corrosion
 
 The service life of reinforced-concrete structures can be divided in two distinct phases (Figure 4.1). The first phase is the initiation of corrosion, in which the reinforcement is passive but phenomena that can lead to loss of passivity, e. g. carbonation or chloride penetration in the concrete cover, take place. The second phase is propagation of corrosion that begins when the steel is depassivated and finishes when a limiting state is reached beyond which consequences of corrosion cannot be further tolerated [6, 7]. 4.1.1
 
 Initiation Phase
 
 During the initiation phase aggressive substances (CO2, chlorides) that can depassivate the steel penetrate from the surface into the bulk of the concrete: x
 
 carbonation: beginning at the surface of concrete and moving gradually towards the inner zones, the alkalinity of concrete may be neutralised by carbon dioxide from the atmosphere, so that the pH of the pore liquid of the concrete decreases to a value around 9 where the passive film is no more stable (Chapter 5),
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 4 General Aspects
 
 Figure 4.1 Initiation and propagation periods for corrosion in a reinforced-concrete structure (Tuutti’s model) [7]
 
 x
 
 chloride ions from the environment can penetrate into the concrete and reach the reinforcement; if their concentration at the surface of the reinforcement reaches a critical level, the protective layer may be locally destroyed (Chapter 6).
 
 The duration of the initiation phase depends on the cover depth and the penetration rate of the aggressive agents as well as on the concentration necessary to depassivate the steel. The influence of concrete cover is obvious and design codes define cover depths according to the expected environmental class (Chapter 11). The rate of ingress of the aggressive agents depends on the quality of the concrete cover (porosity, permeability) and on the microclimatic conditions (wetting, drying) at the concrete surface. Additional protective measures can be used to prolong the initiation phase (Chapters 13–15, 20) [8]. 4.1.2
 
 Propagation Phase
 
 Breakdown of the protective layer is the necessary prerequisite for the initiation of corrosion. Once this layer is destroyed, corrosion will occur only if water and oxygen are present on the surface of the reinforcement. The corrosion rate determines the time it takes to reach the minimally acceptable state of the structure (Figure 4.1) but it should be borne in mind that this rate can vary considerably depending on temperature and humidity.
 
 4.2 Corrosion Rate
 
 Carbonation of concrete leads to complete dissolution of the protective layer. Chlorides, instead cause localized breakdown, unless they are present in very large amounts. Therefore: x
 
 x
 
 corrosion induced by carbonation can take place on the whole surface of steel in contact with carbonated concrete (general corrosion); corrosion by chlorides is localized (pitting corrosion), with penetrating attacks of limited area (pits) surrounded by non-corroded areas. Only when very high levels of chlorides are present (or the pH decreases) may the passive film be destroyed over wide areas of the reinforcement and the corrosion will be of a general nature.
 
 If depassivation due to carbonation or chlorides occurs only on a part of the reinforcement, a macrocell can develop between corroding bars and those bars that are still passive (and connected electrically to the former). This may increase the rate of attack of the reinforcement that is already corroding (Chapter 8). In structures affected by electrical fields, DC stray current in the concrete can enter the reinforcement in some areas (i. e. it passes from the concrete to the steel) and return to the concrete in a remote site. The passive layer can be destroyed in those areas where the current leaves the steel (Chapter 9). On high-strength steel used in prestressed concrete (but not with common reinforcing steel) under very specific environmental, mechanical loading, metallurgical and electrochemical conditions, hydrogen embrittlement can occur, which may lead to brittle fracture of the material (Chapter 10).
 
 4.2
 
 Corrosion Rate
 
 The corrosion rate is usually expressed as the penetration rate and is measured in mm/y. Often, especially in laboratory tests, it is expressed in electrochemical units, i. e. in mA/m2 or in mA/cm2. In the case of steel, 1 mA/m2 or 10 mA/cm2 corresponds to a loss of mass equal to approximately 90 g/m2 p y and a penetration rate of about 11.7 mm/y. The corrosion rate can be considered negligible if it is below 2 mm/y, low between 2 and 5 mm/y, moderate between 5 and 10 mm/y, intermediate between 10 and 50 mm/y, high between 50 and 100 mm/y and very high for values above 100 mm/y. Figure 4.2 shows the typical ranges of variation of the corrosion rate in carbonated or chloride-contaminated concrete as a function of relative humidity (R. H.) of the environment.
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 Figure 4.2 Schematic representation of corrosion rate of steel in different concretes and exposure conditions (after [9], modified)
 
 4.3
 
 Consequences
 
 The consequences of corrosion of steel reinforcement do not involve only the serviceability or the external condition of the structure, but may also affect its structural performance, and therefore its safety.
 
 Figure 4.3
 
 Structural consequences of corrosion in reinforced concrete structures [10]
 
 4.3 Consequences
 
 The main consequences of corrosive attack are shown in Figure 4.3. Corrosion is often indicated by rust spots that appear on the external surface of the concrete, or by damage to the concrete cover produced by the expansion of the corrosion products. These products in fact occupy a much greater volume than the original steel bar. The volume of the corrosion products can be from 2 to 6 times greater than that of iron they are derived from, depending on their composition and the degree of hydration. For example, the volumes of the oxides Fe3O4, Fe(OH)2, Fe(OH)3, Fe(OH)3.3H2O are, respectively, 2, 3, 4, and 6 times greater than that of iron. In general, the volume of the products of corrosion, a mixture of these oxides, can be considered 3–4 times the volume of iron. Consequently the products of corrosion can produce tensile stresses that generate cracks in the concrete cover (Figure 4.4a), spalling in a localized area, or complete delamination (Figure 4.4b). Reduction of bond of the reinforcement to the concrete may also occur.
 
 Figure 4.4 Examples of consequences of corrosion of steel in concrete: a) cracking of column and cross beam; b) spalling and delamination of the concrete cover; c) reduction of
 
 cross section of the rebar due to pitting corrosion; d) brittle failure of prestressing tendons due to hydrogen embrittlement
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 In cases of localized corrosion, the cross section of the reinforcement can be significantly reduced (Figure 4.4c) and thus its loading capacity and its fatigue strength. Finally, under very special conditions that lead to hydrogen embrittlement of high-strength steel, brittle failure of some types of prestressing steel can take place (Figure 4.4d).
 
 4.4
 
 Behaviour of Other Metals
 
 The behaviour of metallic materials other than those used as reinforcement should be briefly mentioned. Zinc, galvanized steel and stainless steels will be dealt with in Chapter 15. Aluminium is passive in environments with a pH between 4 and 9, but not in alkaline media such as the pore solution of non-carbonated concrete. When it comes in contact with fresh cement paste, aluminium reacts by developing hydrogen, sometimes vigorously. Once the concrete has hardened, aluminium and aluminium alloys suffer general corrosion; the higher the moisture content of concrete, the higher the corrosion rate. In dry concrete the corrosion rate is negligible. Considerable loss of mass can take place in wet concrete, leading to the production of voluminous corrosion products that can spall off the concrete cover. The corrosion rate tends to decrease in time, since the corrosion products hinder the transport of alkalis to the corroding surface. The mass loss is lower in concrete with lower pH, and it becomes negligible in carbonated concrete [11]. Lead too corrodes in alkaline environments. Its initial reactivity is lower than that of aluminium. However, the attack in humid concrete continues, because the environment prevents the formation of a layer of basic lead carbonate, which is usually present on the surface of lead exposed to neutral environments (e. g. the atmosphere or fresh water). Copper and its alloys do not corrode, unless in the presence of ammonia compounds, for instance coming from some admixtures; in this case, phenomena of stress-corrosion cracking can occur. Titanium is perfectly passive in all types of concrete (with or without chlorides, carbonated or uncarbonated) even at very oxidising potentials. This is why it is used as a base metal for anodes in cathodic protection of reinforcement. Nickel and its alloys behave optimally, even in the presence of chlorides and in carbonated concrete.
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 5 Carbonation-induced Corrosion 5.1
 
 Carbonation of Concrete
 
 In moist environments, carbon dioxide present in the air forms an acid aqueous solution that can react with the hydrated cement paste and tends to neutralize the alkalinity of concrete (this process is known as carbonation). Also other acid gases present in the atmosphere, such as SO2, can neutralize the concrete’s alkalinity, but their effect is normally limited to the surface of concrete. The alkaline constituents of concrete are present in the pore liquid (mainly as sodium and potassium hydroxides, Section 2.1.1) but also in the solid hydration products, e. g. Ca(OH)2 or C–S–H. Calcium hydroxide is the hydrate in the cement paste that reacts most readily with CO2. The reaction, that takes place in aqueous solution, can be written schematically as: H2 O, NaOH
 
 CO2 + Ca(OH)2 ttttp CaCO3 + H2 O
 
 (1)
 
 This is the reaction of main interest, especially for concrete made of Portland cement, even though the carbonation of C–S–H is also possible when Ca(OH)2 becomes depleted, for instance by pozzolanic reaction in concrete made of blended cement [1]. Carbonation does not cause any damage to the concrete itself, although it may cause the concrete to shrink. Indeed, in the case of concrete obtained with Portland cement, it may even reduce the porosity and lead to an increased strength. However, carbonation has important effects on corrosion of embedded steel. The first consequence is that the pH of the pore solution drops from its normal values of pH 13 to 14, to values approaching neutrality. If chlorides are not present in concrete initially, the pore solution following carbonation is composed of almost pure water (Section 2.1.1). This means that the steel in humid carbonated concrete corrodes as if it was in contact with water [2, 3]. A second consequence of carbonation is that chlorides bound in the form of calcium chloroaluminate hydrates and otherwise bound to hydrated phases may be liberated, making the pore solution even more aggressive [2–4].
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 5.1.1
 
 Penetration of Carbonation
 
 The carbonation reaction starts at the external surface and penetrates into the concrete producing a low pH front. The measurement of the depth of carbonation is normally carried out by spraying an alcoholic solution of phenolphthalein on a freshly broken face. The areas where pH is greater than 9 take on a pinkish color typical of phenolphthalein in a basic environment, while the colour of carbonated areas remains unchanged (Section 16.3.1). The rate of carbonation decreases in time, as CO2 has to diffuse through the pores of the already carbonated outer layer. The penetration in time of carbonation can be described by: d = K p t1=n
 
 (2)
 
 where d is the depth of carbonation (mm) and t is time (y). Often exponent n is approximately equal to two and, therefore, a parabolic trend can be considered: p� d = K p t. The carbonation coefficient K (mm/y1/2) can then be assumed as a measure of the rate of penetration of carbonation for given concrete and environmental conditions. In dense and/or wet concrete, however, the reduction of the carbonation rate with time is stronger than that described by the parabolic formula, so that n i 2; in very impervious concrete the carbonation rate even tends to become negligible after a certain time. 5.1.2
 
 Factors that Influence the Carbonation Rate
 
 The rate of carbonation depends on both environmental factors (humidity, temperature, concentration of carbon dioxide) and factors related to the concrete (mainly its alkalinity and permeability). Humidity. The rate of carbonation varies with humidity of concrete for two reasons. First, as already seen in Chapter 2, diffusion of carbon dioxide within concrete is facilitated through the aerated pores, but it is very slow through those filled with water (the diffusion of CO2 in water is four orders of magnitude slower than in air). The rate of diffusion of CO2 consequently decreases with an increase in humidity of the concrete until it becomes zero in water-saturated concrete. This means that when the concrete is wet, CO2 does not penetrate it. On the other hand, the carbonation reaction occurs only in the presence of water so that it becomes negligible in dry concrete. The carbonation rate, and thus the value of K, will change passing from a wet or humid climate to a dry one. Under conditions of equilibrium with an environment of constant relative humidity, the carbonation rate may be correlated to the humidity of the environment as shown in Figure 5.1 [5, 6]. The interval of relative humid-
 
 5.1 Carbonation of Concrete
 
 Figure 5.1 Schematic representation of the rate of carbonation of concrete as a function of the relative humidity of the environment, under equilibrium conditions [4]
 
 Figure 5.2 Example of penetration of carbonation in concrete in relation to the microclimate (average of 27 concretes) [5]
 
 ity most critical for promoting carbonation is from 60 to 70 %, i. e. a value similar to or slightly lower than the annual averages of the relative humidity of the atmosphere in North-Western Europe. Nevertheless, the carbonation rate may be lower if the structure is subjected to periodic wetting. For example, in the case of the external walls of a building, the rate of carbonation will be much higher in an area
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 sheltered from rain than in an unsheltered area. Furthermore, on the outside of a building located in an area exposed to wetting, the rate of carbonation is lower than that on the inside, where the concrete is drier (Figure 5.2) [5]. Important parameters are the wetting time, as well as the frequency and duration of wetting–drying cycles. Since wetting of concrete is faster than drying, more frequent although shorter periods of wetting are more effective in reducing the penetration of carbonation than less frequent and longer periods, as can be seen in Figure 5.3 and Figure 5.4 [5]. It should be stressed that the microclimate plays an essential role on real structures. The carbonation rate may vary from one part of a structure to another (e. g. if one area of the structure is permanently sheltered, the rate of penetration will be considerably higher than in other parts exposed to rain), or passing from the outer layers of the concrete to the inner ones (the outer layers will be drier during the phase of drying, while they will be wetter during periods of wetting). The carbonation of concrete can thus be very variable even in different parts of a single structure. CO2 concentration. The concentration of carbon dioxide in the atmosphere may vary from 0.03 % in rural environments to more than 0.1 % in urban environments. Comparatively high concentrations can be reached under specific exposure conditions, such as inside motor vehicle tunnels. As the CO2 content in the air increases, the carbonation rate increases. Accelerated tests carried out in the laboratory to compare the resistance to carbonation in different types of concrete show that, indicatively, one week of exposure to an atmosphere containing 4 % CO2 will cause the same penetration of carbonation as a year of exposure to a normal atmosphere [8]. Some researchers suggest that with a high concentration of CO2 the porosity of carbonated concrete is higher than that obtained by exposure to a natural atmosphere, particularly if the concrete has been made with blended cement or has a high cement content. However, this is controversial, since it was shown that even 100 % CO2 under increased pressure, produced the same microstructure as natural carbonation [9]. Temperature. All other conditions being equal, especially that of humidity, which is, in general, the most important single parameter, an increase in temperature will raise the rate of carbonation. Concrete composition. The permeability of concrete has a remarkable influence on the diffusion of carbon dioxide and thus on the carbonation rate. A decrease in the w/c ratio, by decreasing the capillary porosity of the hydrated cement paste, slows down the penetration of carbonation as shown in the example of Figure 5.5. Nevertheless, the advantages of a lower w/c ratio can only be achieved if concrete is properly cured, since poor curing hinders the hydration of the cement paste and leads to a more porous cement matrix. It should be stressed that poor curing will mainly affect the concrete cover, i. e. the part that is aimed at protecting the reinforcement. In fact, the outer layer of concrete is the part most susceptible to evaporation of water (resulting in poor curing).
 
 5.1 Carbonation of Concrete
 
 Figure 5.3 Influence of the duration of wet and dry periods on the rate of carbonation for a Portland cement concrete with w/c ratio of 0.6 and during the dry cycle exposed to 65 % R. H. [5]
 
 Figure 5.4 Influence of the cycles of wetting and drying on the rate of carbonation for a Portland cement concrete with w/c ratio of 0.6 and exposed to 65 % R. H. [5]
 
 The type of cement also influences the carbonation rate. In fact, concrete’s capacity to fix CO2 is proportional to the alkalinity in its cement paste. In Portland cement, about 64 % of the mass of the original cement is composed of CaO (mainly converted to solid portlandite) and about 0.5–1.5 % of Na2O and K2O (mainly in solution as NaOH and KOH). If we only consider calcium oxide, the quantity of
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 Figure 5.5 Influence of the w/c ratio on the depth of carbonation (Portland cement concrete, 6 y, 20hC, 50 % R. H.) (Skjolsvold, from [10])
 
 Figure 5.6 Influence of curing on the depth of carbonation for different cement pastes (6 months, 0.03 % CO2) of Portland cement and blended cements with fly ash (PFA) and ground granulated blast furnace slag (GGBS) (Bier, from [10])
 
 CO2 (molecular weight 44) that can react with a concrete produced with 300 kg/m3 Portland cement that we can suppose is composed by 64 % of CaO (molecular weight 56) is: 300 q 0.64 q 44/56 z 150 kg/m3. In the case of blast furnace slag cement with 70 % of GGBS, the percentage of CaO is only 44 %. For other blended cements, the quantity of CaO is somewhere between these two values [3]. For blended cement, hydration of pozzolanic materials or GGBS also leads to a lower Ca(OH)2 content in the hardened cement paste which may increase the carbonation
 
 5.2 Initiation Time
 
 rate. Nevertheless, w/c ratio and curing are still the most important factors. In fact, the denser structure produced by hydration of blended cements (Section 1.3) may slow down the diffusion of CO2. In Figure 5.6 it can be seen that the lower alkalinity of cements with addition of fly ash or blast furnace slag can be compensated by the lower permeability of their cement pastes, if cured properly.
 
 5.2
 
 Initiation Time
 
 The time for initiation of carbonation-induced corrosion is the time required for the carbonation front to reach a depth equal to the thickness of the concrete cover. It depends on all the factors mentioned above (that influence the carbonation rate) and on the thickness of the concrete cover. If the evolution of carbonation in the course of time and the thickness of the concrete cover are known, the initiation time can be evaluated. It should, however, be taken into consideration that the carbonation front may not be uniform across the concrete surface. 5.2.1
 
 Parabolic Formula
 
 Often the parabolic formula is used to describe the penetration of carbonation: p� d=K p t (3) This gives fairly accurate predictions, though it tends to overestimate, at least for longer times, the penetration in the case of low-porosity Portland cement concrete. Values of K depend on all the factors discussed above and thus change as a function of concrete properties and environmental conditions. In practice, an accurate prediction of K, and thus the time of depassivation of the steel, is complex, above all because this parameter may change in time or in different parts of a single structure. For existing structures the carbonation depth of any part of the structure can be measured after a given period of time and thus the value of K and its spatial variation can be calculated. By assuming that the average exposure conditions will not change in the future, these values of K may be utilised to extrapolate the carbonation depth to a later point in time. Values of K found for real structures exposed to the atmosphere but protected from rain, vary from 2 to 15 mm/y1/2. Indicatively: 2 I K I 6 for concrete of low porosity (that is well compacted and cured, with low w/c) whose cement content is above 350 kg/m3; 6 I K I 9 for concrete of medium porosity; K i 9 for highly porous concrete with cement content below 250 kg/m3. From Figure 5.7, which shows the progress in time of the carbonation depth for different values of K, it can be seen that the carbonation depth is less than 20 mm (minimum thickness of concrete cover in many existing structures) after 50 y, only
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 Figure 5.7 Depth of carbonation, calculated by the simplified function s ˆ K p t1/2, in relation to time and to K (constant relative humidity, no wetting of concrete)
 
 if K is less than 2.82. This means that in areas sheltered from rain, 20 mm of concrete cover lead to an initiation time of over 50 y only in dense concrete. 5.2.2
 
 Other Formulas
 
 Some other empirical models have been proposed to take into direct account the affect of several parameters that influence the carbonation rate. Although these models might be used in the design for durability, they require as input some experimental constants whose evaluation is difficult in practice. For instance, Tuutti [4] has proposed a formula based on a non-stationary process of diffusion, which evaluates the carbonation depth at a given time on the basis of concentration of CO2 in the air, the quantity of CO2 that reacts with the concrete, and the diffusion coefficient of CO2. Bakker [7] suggests a formula that takes into consideration the wetting–drying cycles on the hypothesis that the progress of carbonation is negligible during wetting. Parrott’s formula [11] correlates the depth of carbonation at time t to the concrete’s permeability to air, the CaO content in the unhydrated cement and the humidity of the environment.
 
 5.3
 
 Corrosion Rate
 
 Once the carbonation front has reached the reinforcement, steel is depassivated and corrosion can occur if oxygen and water are present. If conditions of complete and permanent saturation of the concrete are excluded, a quantity of oxygen suffi-
 
 5.3 Corrosion Rate
 
 Figure 5.8 Schematic representation of the corrosion rate in carbonated concrete as a function of the resistivity of concrete (after Alonso et al. [10])
 
 cient to permit the corrosion process can always reach the surface of the steel. In this case the corrosion rate is governed by the resistivity of concrete (i. e. corrosion is under ohmic control, as described in Section 7.3). Figure 5.8 depicts the typical relationship between corrosion rate of steel and electrical resistivity of carbonated concrete. The moisture content is the main factor in determining the resistivity of carbonated concrete (Section 2.5.3). Of secondary importance, even though significant for the range of relative humidity from 60 to 90 %, is the microstructure of the concrete and the factors determining it (type of cement, w/c ratio, curing, etc.) which are, however, important in affecting the carbonation rate and the initiation time. Since, at least in high-quality concrete, the rate of corrosion is negligible for relative humidities below 80 %, the time of wettness (v, usually defined as the fraction of time in which the relative humidity is greater than 80 %) can be introduced to evaluate the penetration of attack (p) in time t. It is then assumed that corrosion propagates only while concrete is wet (i. e. R. H. i 80 %). It has also been observed that the corrosion rate tends to decrease with time. In fact, corrosion products, although not able to passivate the reinforcement, can reduce the corrosion rate [2]. In Figure 5.9 the corrosion rate in carbonated concrete is shown as a function of relative humidity of the environment; these data are based on thousands of readings taken mainly in Spain [10]. It can be seen how the maximum corrosion rates, on the order of 100–200 mm/y, will only be reached in very wet environment with relative humidity approaching 100 %. Instead, for typical conditions of atmo-
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 Figure 5.9 Maximum and minimum values of the corrosion rate in carbonated concrete as a function of environmental humidity [10]
 
 spheric exposure, i. e. R. H. = 70–80 %, maximum values are between 5 and 50 mm/y (about 5–50 mA/m2). The average values are one order of magnitude lower. From the values shown it is evident that the corrosion rate can be considered negligible, unless the humidity is high, or the duration and frequency of periods of condensation of water on the concrete surface can cause variations in the moisture content at the depth of the reinforcement. For example, in structures exposed to indoor environments, or those sheltered from rain, the fact that the concrete is carbonated at the depth of the reinforcement rarely presents any problem, since condensation or wetting of the concrete surface for a short period will not result in an increase in moisture at the depth of the reinforcement. It should be pointed out that if, for any reason (such as leakage or infiltration) water penetrates the carbonated concrete, the corrosion rate will no longer be negligible. A comparison between Figures 5.1 and 5.9 shows that when the carbonation rate is maximum, the rate of corrosion is modest, and vice versa. For this reason the worst situations are those characterized by long alternating periods of low humidity and high humidity. It depends on the climate whether long dry and wet periods exist. In the “coastal” climate in Northern Europe, dry periods typically are as short as a week. In Southern Europe, however, long dry seasons (summer) and long wet seasons (winter) occur. The latter climate is more probable to cause corrosion damage due to carbonation with regard to atmospheric structures. Another example may be in specific types of structures. For instance, in tunnels long dry periods and long wet periods (due to condensation) may occur. Consequently, the risk of carbonation-induced corrosion damage can be significant.
 
 5.3 Corrosion Rate
 
 5.3.1
 
 Carbonated and Chloride-contaminated Concrete
 
 The situation is much more serious than the one described above if chlorides are present in the concrete, even in such small quantities that in themselves they would not give rise to corrosion. The presence of a small amount of chlorides in concrete may be due to the use of raw materials (water, aggregates) containing these ions or to the penetration of chlorides from the external environment (seawater, de-icing salts). Many buildings of the 1960s and 1970s, particularly in Northern Europe, have been found to contain small quantities of chlorides because, during the cold months, calcium chloride was added as an accelerating admixture. Figure 5.10 shows the corrosion rate of steel in artificially carbonated mortars in the absence and in the presence of chlorides. It can be clearly seen that the corrosion rate will be negligible only in conditions of external relative humidity below 75 %, 60 % and even 40 % as the chloride content increases from zero to 1 % by cement mass.
 
 Figure 5.10 Relationship between relative humidity and corrosion rate in carbonated mortar both without chloride and in the presence of chlorides [13]
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 6 Chloride-induced Corrosion Chloride contamination of concrete is a frequent cause of corrosion of reinforcing steel [1]. Modern design codes for reinforced and prestressed concrete structures impose restrictions on the amount of chloride that may be introduced from raw materials containing significant amounts of chlorides. According to the European standard EN 206, the maximum allowed chloride contents are 0.2–0.4 % chloride ions by mass of binder for reinforced and 0.1–0.2 % for prestressed concrete (Chapter 11). These restrictions are thought to eliminate corrosion due to chloride in the fresh concrete mix. In some structures built in the past, chlorides have been added in the concrete mix, unknowingly or deliberately, through contaminated mixing water, aggregates (for instance by using sea-dredged sand and gravel without washing them with chloride-free water) or admixtures (calcium chloride, which is now forbidden, in the past was the most common accelerating admixture). Chloride contents from accelerating admixtures in amounts ranging from 0.5 % to well over 2 % by mass of cement have caused extensive corrosion damage after carbonation and even in alkaline conditions [2, 3].1) The other main source of chloride in concrete is penetration from the environment. This occurs, for instance, in marine environments or in road structures in regions where chloride-bearing de-icing salts are used in wintertime. Corrosion of reinforcement in non-carbonated concrete can only take place once the chloride content in the concrete in contact with the steel surface has reached a threshold value. This threshold depends on several parameters; however, the electrochemical potential of the reinforcement, which is related to the amount of oxygen that can reach the surface of the steel, has a major influence. Relatively low levels of chlorides are sufficient to initiate corrosion in structures exposed to the 1) (In some regions in Europe, the presently
 
 allowed maximum chloride contents in concrete may be approached by chloride contained in sea-dredged aggregate or in the cement itself. In the former case, no or limited washing of the material is carried out; in the latter, liquid slag from blast-furnaces is quenched using seawater [4]. The resulting chloride contents may be between 0.2 % and
 
 just below 0.4 %. Although allowed by standards, this practice does not seem justified from the point of view of long-term corrosion protection. Both carbonation and external chloride may cause corrosion-initiating chloride contents to arrive at the steel. Similarly, steel should be kept free from chloride before casting concrete.)
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 Figure 6.1 Relationship between chloride content found in bridge decks and percentage of reinforcement showing corrosion [7]
 
 atmosphere, where oxygen can easily reach the reinforcement. Much higher levels of chlorides are necessary in structures immersed in seawater or in zones where the concrete is water saturated, so that oxygen supply is hindered and thus the potential of the reinforcement is rather low [1, 5, 6]. However, even in atmospherically exposed structures such as bridge decks, considerable scatter is present in “threshold” values. In the field, and over larger numbers of structures, statistical relationships have been established expressing the percentage of structures showing corrosion as a function of chloride content, as shown in Figure 6.1 [7]. We will return to the threshold in a subsequent section.
 
 6.1
 
 Pitting Corrosion
 
 Chlorides lead to a local breakdown of the protective oxide film on the reinforcement in alkaline concrete, so that a subsequent localized corrosion attack takes place. Areas no longer protected by the passive film act as anodes (active zones) with respect to the surrounding still passive areas where the cathodic reaction of oxygen reduction takes place. The morphology of the attack is that typical of pitting shown in Figure 6.2. If very high levels of chlorides reach the surface of the reinforcement, the attack may involve larger areas, so that the morphology of pitting will be less evident. The mechanism, however, is the same. As shown in Figure 6.2, once corrosion has initiated, a very aggressive environment will be produced inside pits. In fact, current flowing from anodic areas to surrounding cathodic areas both increases the chloride content (chlorides, being negatively charged ions, migrate to the anodic region) and lowers the alkalinity (acidity
 
 6.2 Corrosion Initiation
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 Schematic representation of pitting corrosion of steel in concrete
 
 is produced by hydrolysis of corrosion products inside pits). On the contrary, the current strengthens the protective film on the passive surface since it tends to eliminate the chlorides, while the cathodic reaction produces alkalinity. Consequently, both the anodic behaviour of active zones and the cathodic behaviour of passive zones are stabilised. Corrosion is then accelerated (autocatalytic mechanism of pitting) and can reach very high rates of penetration (up to 1 mm/y) that can quickly lead to a remarkable reduction in the cross section of the rebars. This mechanism will be further discussed in Section 7.4.2. Consequences of pitting corrosion may be very serious in high-strength prestressing steel, where hydrogen embrittlement can be promoted; this is discussed in Chapter 10.
 
 6.2
 
 Corrosion Initiation
 
 Initiation of pitting corrosion takes place when the chloride content at the surface of the reinforcement reaches a threshold value (or critical chloride content). A certain time is required from the breakdown of the passive film and the formation of the first pit, according to the mechanism of corrosion described above. From a practical point of view, the initiation time can be considered as the time when the reinforcement, in concrete that contains substantial moisture and oxygen, is characterized by an averaged sustained corrosion rate higher than 2 mA/m2 [8]. The chloride threshold of a specific structure can be defined as the chloride content required to reach this condition of corrosion. When chlorides originate from the environment, the initiation time of corrosion will depend on the rate of penetration of chloride ions through the concrete cover. The knowledge of both the chloride threshold and the kinetics of penetration of
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 chlorides into concrete is essential for the assessment of the initiation time of corrosion of reinforced-concrete structures exposed to chloride environments (Chapter 11). In this regard, the influence of several parameters related both to the concrete (e. g. type of cement, w/c ratio, moisture content, etc.) and the environment (e. g. chloride concentration, temperature, etc.) has to be considered. 6.2.1
 
 Chloride Threshold
 
 The chloride threshold for the initiation of pitting corrosion for a given structure depends on numerous factors [1, 8–10]. Major factors have been identified in the pH of concrete, i. e. the concentration of hydroxyl ions in the pore solution, the potential of the steel and the presence of voids at the steel/concrete interface. The hydroxyl ion concentration in the pore solution mainly depends on the type of cement and additions (Section 2.1.1). It was suggested that pitting corrosion could take place only above a critical ratio of chloride and hydroxyl ions [11]. For instance, Figure 6.3 shows that the risk of significant corrosion increases as the [Cl–]/[OH–] ratio in the pore solution rises above a certain value [12,13]. Although several authors confirmed the dependence of corrosion initiation on the [Cl–]/[OH–] ratio, a great variability was found for the threshold value [10]. The great variability of the [Cl–]/[OH–] threshold is, first of all, a consequence of the stochastic nature of the initiation of pitting corrosion; it appears that the chloride threshold can only be defined on a statistical basis. The electrochemical potential of the steel, which is primarily related to the oxygen availability at the steel surface and thus to the moisture content of concrete, is
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 6.2 Corrosion Initiation
 
 a second factor that has a remarkable influence on the chloride threshold. In fact, as the potential of steel decreases, the chloride threshold may increase by more than one order of magnitude; this will be discussed in Section 7.4. The chloride threshold has been found to be dependent on the presence of macroscopic voids in the concrete near the steel surface [14]. Voids that can be normally found in real structures due to incomplete compaction may weaken the layer of cement hydration products deposited at the steel/concrete interface, and thus may favour local acidification that is required for sustained propagation of pits (Section 7.4). For instance, it was shown that by decreasing the volume of entrapped air in the steel–concrete interfacial zone from 1.5 % to 0.2 % (by volume), the chloride threshold increased from 0.2 % to 2 % by mass of cement, as illustrated in Figure 6.4 [15]. The presence of air voids, as well as crevices or microcracks, can also be an explanation for the lower values of chloride threshold that are normally found in real structures compared with those found in (usually well compacted) laboratory specimens with similar materials [16]. Several other factors, such as the temperature, the composition of the cement, the composition or surface roughness of the steel reinforcement, or the polarization with anodic or cathodic current may affect the chloride threshold. Some of these factors will be discussed later. Here it will be shown how the chloride threshold depends on properties of concrete and on environmental exposure (which, as discussed in Chapter 7, determines the potential of the steel). Chloride binding. The chloride content in the concrete, and thus the chloride threshold, can be expressed in several ways, either referring to the chloride concentration in the pore solution (i. e. to free chlorides) or to the total chloride content in the
 
 Chloride threshold (% cement)
 
 2.5
 
 OPC OPC + superplasticizer SRPC SRPC + superplasticizer 30% PFA 65% GGBS Millscale on bar
 
 2.0 1.5 1.0 0.5 0
 
 0
 
 1
 
 2
 
 3
 
 4
 
 5
 
 Interfacial voids (% by volume) Figure 6.4 Chloride threshold for corrosion initiation as a function of content of interfacial voids (concretes made with different types of cement: OPC ˆ ordinary Portland cement, SRPC ˆ sulfateresistant Portland cement) [14]
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 concrete, i. e. including chlorides bound to constituents of the cement paste. It is generally believed that only the chloride ions dissolved in the pore solution can promote pitting corrosion, while those chemically bound to constituents of the cement paste, such as chlorides adsorbed on C–S–H or bound to tricalcium aluminate (e. g. as Friedel’s salt, 3CaO p Al2O3 p CaCl2 p 10H2O) do not. However, a recent study of chemical aspects of binding suggests that also bound chloride may play a role in corrosion initiation. Glass and Buenfeld [10] state that a large part of the bound chloride is released as soon as the pH drops to values below 12, which may happen locally in voids at the steel/concrete interface. The bound chloride dissolves and may subsequently be involved in initiation of corrosion (see also the previous discussion of the role of air voids with respect to the threshold). Equilibrium conditions tend to establish between free chloride ions and bound chlorides, depending on the composition of the cement and its binding capacity (Figure 6.5). Therefore, it is possible that the concentration of free chloride ions in the pore solution of different concrete varies, even if the total chloride content is the same. Binding in ordinary Portland cement concrete depends on the content of the tricalcium aluminate phase. For example, the risk of corrosion in sulfateresistant Portland cements, which are characterized by a low content of tricalcium aluminate, is higher than in normal Portland cement, considering an equal content of total chloride [17]. Similarly, slag and fly ash blended cements have lower free chloride concentrations than the original Portland cement, although their pH is slightly lower [17]. Adsorption of chloride ions in the C–S–H may be even more important than chemical binding, and this could explain the higher binding capacity observed in blended cements, which tend to form a finer microstructure of the hydration products [9] (Section 1.3).
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 6.2 Corrosion Initiation
 
 Analysing data on bound and free chloride from literature using neural network modelling, Glass and co-workers [18] found that among the factors influencing bound versus free chloride were: C3A content, silica fume addition, addition of blast furnace slag and addition of PFA. Addition of 65 % slag decreased the free chloride content by about 50 % and addition of 35 % PFA decreased the free chloride content by about 9 %. Addition of 20 % silica fume increased the free chloride content by about 50 %. The importance of adsorption for binding is illustrated from results reported in ref. [22]. No chloride-containing crystalline phases were detected by X-ray diffraction in a blast furnace slag cement specimen after submersion in the North Sea for 16 y, while containing 2 to 4 % of chloride ion by mass of cement in the outer layers. It follows that binding in (crystalline) chloro-aluminates does not always take place in considerable amounts, even if rather large amounts of chloride are removed from the solution in solid form. Adsorbed chloride would not show in X-ray diffraction due to its non-crystalline nature. In the same samples, ettringite was found to be present. Speculating, the sulfate from the seawater may have reacted with the aluminates and kept chloride from chemical binding. In practice, since the total chloride content can be measured much easier than the free chloride concentration (Section 16.3.2), the chloride threshold is expressed as a critical total chloride content. The critical value is usually given as a percentage of chlorides with respect to the mass of cement, since the amount of chlorides that can be tolerated increases as the cement content in the concrete increases. Atmospherically exposed structures. In structures exposed to the atmosphere, oxygen can easily reach the steel surface through the air-filled pores and the electrochemical potential of the reinforcement is around 0 V SCE. In practice, the risk of corrosion in non-carbonated concrete obtained with normal Portland cement (for which pHi13) is considered low for chloride contents below 0.4 % by mass of cement and high for levels above 1 %. The threshold value tends to be higher in concretes of low permeability. The influence on the corrosion threshold of blended cements with additions of pozzolana or blast furnace slag is subject to controversy. There is laboratory evidence that blast furnace slag cement has a higher threshold for corrosion initiation [19]. On the other hand, marine exposure data suggest that thresholds with slag or fly ash cements are similar to or even lower than with Portland cement [20]. However, in the case of higher additions of silica fume, the threshold is significantly lower due to the lower pH of the pore solution. For sulfate-resisting cements with low C3A content, the critical level of chlorides to initiate corrosion can be found among the lower values mentioned above, or at values even below those (e. g. 0.2 % by mass of cement). Submerged structures. When reinforced-concrete structures are submerged in water, or in any case the moisture content of concrete is near the saturation level, the transport of oxygen to the steel is low and the reinforcement reaches very negative potentials, for example between –400 and –600 mV SCE [1]. In this case, the chloride threshold is much higher, sometimes even reaching values
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 one order of magnitude greater than that of structures exposed to the atmosphere (Section 7.4). However, for hollow (air-filled) structures submerged in seawater (e. g. offshore platform legs, tunnels), macrocells between outer and inner reinforcement may cause significant corrosion (Section 8.2). 6.2.2
 
 Chloride Penetration
 
 Chloride penetration from the environment produces a profile in the concrete characterized by a high chloride content near the external surface and decreasing contents at greater depths. The experience on both marine structures and road structures exposed to de-icing salts has shown that, in general, these profiles can be approximated by means of relation (4), Chapter 2, obtained from Fick’s second law [9]. This relation theoretically describes the kinetics of a non-stationary diffusion process, under the assumptions described in Section 2.2.2 [21]. Indeed, these assumptions are rarely met in real structures. Only in concrete completely and permanently saturated with water can chloride ions penetrate by pure diffusion. In most situations, other transport mechanisms contribute to chloride penetration. For instance, when dry concrete comes into contact with salt water, initially capillary suction of the chloride solution occurs. In many cases wetting and drying occur, at least in the outer zones of the concrete, so that evaporation of water leads to enrichment of chloride ions (Section 2.6). Furthermore, binding due to adsorption or chemical reaction with constituents of the cement paste alters the concentration of chloride ions in the pore solution. Nevertheless, experience shows that, even in these cases, chloride profiles can be mathematically modelled with good approximation using an equation formally identical to (4), Chapter 2. In this equation, the total content of chlorides is usually considered, hence including bound chlorides: ! x Cx = Cs 1 – erf p�������������� (1) 2 Dapp  t where: Cx = total chloride content ( % by mass of cement or concrete) at time t (s) and at depth x from the surface of the concrete (m); Dapp = apparent diffusion coefficient for chloride (m2/s); Cs = surface chloride content ( % by mass of cement or concrete). The apparent diffusion coefficient and the surface chloride content are calculated by fitting the experimental data to Eq. (1) and are often used to describe chloride profiles measured on real structures [22–28]. The apparent diffusion coefficient, obtained from real structures or laboratory tests, is often also used as the parameter that describes the resistance of concrete to chloride penetration, e. g. when performances of different materials are compared. The lower Dapp is, the higher the resistance to chloride penetration is. It should, however, be observed that, while the diffusion coefficient obtained from pure (steady-state) diffusion tests can be considered as a property of the concrete, the apparent diffusion coefficient obtained from real structures also depends on
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 Chloride (% by mass of cement)
 
 other factors (such as the exposure conditions or the time of exposure). Therefore, results obtained under particular conditions, especially during short-term laboratory tests, may not be applicable to other exposure conditions. Furthermore, Eq. (1) is also used for the prediction of long-term performance of structures exposed to chloride environments, e. g. during the design stage or the evaluation of the residual life of existing structures. In principle, if Dapp and Cs are known and can be assumed to be constant in time, it is possible to evaluate the evolution with time of the chloride profile in the concrete and then to estimate the time t at which a particular chloride threshold will be reached and corrosion will initiate. For example, Figure 6.6, plots chloride profiles calculated for a surface chloride content of 5 % by mass of cement and a time of 10 y as a function of the apparent diffusion coefficient. Figure 6.7 shows the initiation times that can be estimated from those profiles as a function of the thickness of the concrete cover when a chloride threshold of 1 % by mass of cement is assumed. Although this approach to the evaluation of the corrosion initiation time is simple, it should be observed that its reliability strongly depends on the reliability of the parameters utilised, i. e. not only Dapp and Cs but also the chloride threshold. Factors affecting the chloride threshold were illustrated in Section 6.2.1. Dapp and Cs, in general, cannot be assumed as constants in the case of real structures where binding as well as processes other than diffusion take place. In particular, the apparent diffusion coefficient changes in time and as a function of the exposure conditions, among others due to hydration of slowly reacting cement constituents, in particular blast furnace slag or fly ash. The following sections deal with the main factors that affect the surface content and the apparent diffusion coefficient. The application of the “error-function-solution” Eq. (1) to the prediction of the service life of reinforced-concrete structures exposed to chloride environments will be discussed in Chapter 11. Cs = 5% t = 10 y
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 6.2.3
 
 Surface Content (Cs)
 
 Analysis of chloride profiles from real structures shows that the surface chloride content is different in different structures, but may also vary in time [9]. For structures exposed to a marine environment it was observed that the value of Cs reached in a few months’ time tends to remain constant [29], although there is no general agreement on this point, see ref. [30]. In marine environments, several transport processes may interact (Chapter 2) like capillary absorption and diffusion, depending on the relative position with respect to the mean water level, wave height, tidal cycle and so on (Figure 6.8). Moreover, cyclic wetting and drying (with different cycle lengths for tidal and splash zones) may cause accumulation of chloride; exposure to prevailing wind and precipitation may wash out previously absorbed chloride, and carbonation will release bound chloride. Most of these factors also depend on the concrete composition (cement type, chloride binding, absorption, permeability for water vapour). The effect is that chloride penetration is a complex function of position, environment and concrete. As an example, Figure 6.9 shows chloride penetration contours. The effect of height and in particular of the position with respect to the mean seawater level is clear [31]. It can be seen that the highest surface contents occur at relatively high position, where the accumulating effect of drying out will be strong. At somewhat lower positions, the concrete is wetter and transport towards the inner parts will be faster and consequently the penetration will be deepest. In the submerged part, accumulation due to wetting and drying
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 Figure 6.8 Different zones of a marine structure, in relation to chloride penetration and corrosion of reinforcement
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 Figure 6.9 Example of chloride-penetration contours in a marine structure as a function of the height above the seawater (Portland cement, w/c ˆ 0.5, C3A ˆ 10 %; after Nürnberger [30])
 
 is absent; here, equilibrium between bound and free chloride governs the total chloride content, together with relatively fast transport to the inner parts. The value of Cs will, however, depend on the composition of concrete, the position of the structure, the orientation of its surface and the micro-environment, the chloride concentration in the environment and the general conditions of exposure with regard to prevailing winds and rain. The highest values of Cs were found in the splash zone, where evaporation of water leads to an increase in the chloride
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 6 Chloride-induced Corrosion Table 6.1 Composition, surface chloride content, apparent diffusion coefficient, corrosion rate and resistivity data for three mixes in marine-splash zone [23, 32] and motorway exposure [33] and strength from [23]
 
 South East UK coast, splash zone (Folkestone), 6 y [23, 32]
 
 3
 
 Binder content (kg/m ) w/c 28-day compressive cube strength (MPa) Cs ( % by mass of cement) Dapp (10 –12 m2/s) Corrosion rate of bars at 20 mm cover (mm/y) Chloride content at 20 mm depth ( % by mass of cement) Resistivity (V p dm)
 
 OPC
 
 30 % fly ash
 
 70 % blast furnace slag
 
 288 0.66 39 1.7–3.5 6.4–14.5 11
 
 325 0.54 50 3.7–5.2 0.34–0.47 0.6
 
 365 0.48 38 2.8–3.8 0.40–1.4 1.2
 
 2.4
 
 0.5
 
 1.0
 
 60
 
 575
 
 400–600
 
 OPC
 
 30 % fly ash
 
 50 % blast furnace slag
 
 2.8 5.21 100
 
 4.1 0.85 650
 
 3.7 1.7 550
 
 UK motorway (Middlesborough), 9 y [33]
 
 Cs ( % by mass of cement) Dapp (10 –12 m2/s) Resistivity (V p m) after two years
 
 content at the concrete surface. A dependence of Cs on the cement content was also observed. Maximum values of Cs measured on concrete blocks in the splash zone of marine environments ranged from 3.5 to 5.2 % (by mass of cement), depending on the type of binder, with higher values for cement containing fly ash or slag, as shown in Table 6.1 [23]. The curing was found to influence Cs as well. Rather stable Cs values were reached after one to two years. Under other environmental conditions, Cs can have different values. Bamforth [33] has reported on exposure of concrete blocks made with similar compositions and binders as described above along a motorway in the UK, subjected to de-icing salt application. The results (Table 6.1) show that Cs increases over several years, taking values between 0.3 % and 0.6 % chloride by mass of concrete (corresponding to 3 to 4 % by mass of cement) after 9 y. These values are similar to those found after marine splash exposure and they depend in a similar way on the type of binder [23]. 6.2.4
 
 Apparent Diffusion Coefficient
 
 Values of Dapp usually vary from 10 –13 m2/s to 10 –10 m2/s in relation to the properties of the concrete and the conditions of exposure. Dapp in particular depends on the pore structure of the concrete and on all the factors that determine it, such as: w/c ratio, compaction, curing, and presence of microcracks. The type of cement has
 
 6.2 Corrosion Initiation Table 6.2 Examples of stationary diffusion coefficient of chlorides, D, in cement pastes with w/c ˆ 0.5, cured 60 days, made of Portland cement and cement with additions of fly ash (PFA) or ground granulated blast furnace slag (GGBS) [17]
 
 Type of cement
 
 D (10 –12 m2/s)
 
 Portland Portland ‡ 30 % PFA Portland ‡ 65 % GGBS
 
 4.47 1.47 0.41
 
 Diffusion coefficient (1012 m2/s)
 
 also a considerable effect: in passing from concrete made with Portland cement to concrete made with increasing addition of pozzolana or blast furnace slag, Dapp can be drastically reduced (Table 6.2). Of particular interest is the addition to Portland cement of elevated percentages of blast furnace slag that, as shown in Figure 6.10, may reduce the diffusion coefficient by more than one order of magnitude. The exposure of concrete blocks made with different binders in the marinesplash zone or in a motorway environment described above show a wide range of apparent diffusion coefficients after 6 and 9 y, respectively, as shown in Table 6.1, ranging from 0.3 to 14 q 10 –12 m2/s, with lower values for fly ash and slag containing binders and higher values for pure Portland cement [23, 33]. From Eq. (1) it is clear that the penetration depth x for a certain content Cx depends on the product Dapp p t. Consequently, other factors being constant, reducing the apparent diffusion coefficient by a factor of 10 increases the initiation time by a factor of 10. Advantages of using mineral additives to obtain so-called blended cements in the design of durable structure will be illustrated in Section 12.6.1. When the apparent diffusion coefficient is used for prediction purposes, it should be considered that it tends to reduce in time [9, 23], especially for blended
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 Figure 6.11
 
 cement. For example, Figure 6.11 sketches the variation in time of the apparent diffusion coefficient obtained from long-term field tests on concretes of various composition exposed to a marine environment [23]. Modelling of this process will be dealt with in Chapter 11.
 
 6.3
 
 Corrosion Rate
 
 On structures exposed to the atmosphere, the corrosion rate can vary from several tens of mm/y to localised values of 1 mm/y as the relative humidity rises from 70 to 95 % and the chloride content increases from 1 % by mass of cement to higher values. These high corrosion rates have been observed in particular on heavily chloride containing structures such as bridge decks, retaining walls and pillars in the Swiss Alps. Moving from temperate climates to tropical ones, the corrosion rate further increases. Therefore, once the attack begins in chloride-contaminated structures, it can lead in a relatively short time to an unacceptable reduction in the cross section of the reinforcement, even under conditions of normal atmospheric exposure. The lower limits of relative humidity near which the corrosion rate becomes negligible depend on the characteristics of the concrete, on the amount of chlorides in the concrete and the type of salt they originate from. In any case, this limit is at much lower relative humidity than that which makes carbonation-induced corrosion negligible. In the presence of high chloride contents, above all with hygroscopic salts admixed like calcium or magnesium chloride, even for relative humidities of 40–50 %, the corrosion rate can be up to 2 mm/y.
 
 6.3 Corrosion Rate
 
 The influence of temperature and humidity affect the corrosion rate through their influence on the electrochemical reactions at the steel/concrete interface and through their influence on ion transport between anodes and cathodes. Although the mechanisms are not fully understood, it appears that the concrete resistivity (or conductivity) is strongly related to the corrosion rate at moderate or low temperature [35–38]. Variation in resistivity due to variation of humidity (at constant temperature) caused an inversely proportional variation of corrosion rate in carbonated mortar and concrete with low amounts of chloride or without chloride. Variation of temperature (at constant humidity) caused a similarly varying corrosion rate. In a given set of conditions in terms of humidity and temperature and provided corrosion has initiated, the higher resistivity of blended cements results in a lower corrosion rate than for Portland cement. As an illustration, the resistivities and corrosion rates measured on the previously mentioned concrete blocks exposed in a marine-splash zone have been shown in Table 6.2. Bars at 20 mm depth in fly ash and blast furnace slag concrete show low corrosion rates although the chloride contents suggest corrosion initiation has taken place; both have a high resistivity (i 500 V p m). Bars at 20 mm in Portland cement blocks show much higher corrosion rates, associated with low resistivity (I 100 V p m) [32]. Exceptions. Only for structures completely and permanently submerged in water, even if conditions for the initiation of corrosion are satisfied (though this does not usually happen thanks to the low potential of the steel), does the very low supply of oxygen reaching the reinforcement keep the corrosion rate so low that corrosive attack is negligible even after long periods [1, 22]. This implies, however, that in hollow structures with air inside, corrosion of bars in the outer parts may occur; this is due to macrocell corrosion, which will be treated in Chapter 8. Finally, gross defects like honeycombs or wide cracks in the cover of submerged structures may allow sufficient oxygen dissolved in the seawater to reach the bars and consequently sustain significant corrosion.
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 7 Electrochemical Aspects 7.1
 
 Electrochemical Mechanism of Corrosion
 
 The corrosion process of steel can be summarised with the following reaction: iron ‡ oxygen ‡ water p products of corrosion
 
 (1)
 
 Actually, this is an electrochemical reaction [1–4] and is composed of four partial processes (Figure 7.1): x
 
 x
 
 x
 
 x
 
 the oxidation of iron (anodic process) that liberates electrons in the metallic phase and gives rise to the formation of iron ions (Fe p Fe2‡ ‡ 2 e–) whose hydrolysis produces acidity (Fe2‡ ‡ 2H2O p Fe(OH)2 ‡ 2H‡); the reduction of oxygen (cathodic process) that consumes these electrons and produces alkalinity: O2 ‡ 2H2O ‡ 4e– p 4OH–; the transport of electrons within the metal from the anodic regions where they become available, to the cathodic regions where they are consumed (since the electrons carry a negative charge, this gives rise to a nominal electrical current flowing in the opposite direction); finally, in order for the circuit to be complete, the flow of current inside the concrete from the anodic regions to the cathodic ones, transported by ions in the pore solution.
 
 These four processes are complementary, which is to say that they occur at the same rate. In fact, the anodic current Ia (i. e. the number of electrons liberated by the anodic reaction in a unit of time), the cathodic current Ic (i. e. the number of electrons that are consumed in the cathodic reaction), the current that flows inside the reinforcement from the cathodic region to the anodic (Im) and finally the current that circulates inside the concrete from the anodic region to the cathodic (Icon), must all be equal:
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 Figure 7.1
 
 Electrochemical mechanism of corrosion of steel in concrete [5]
 
 Ia = Ic = Im = Icon = Icor
 
 (2)1)
 
 The common value of all these currents (Icor) is, in electrochemical units, the rate of the overall process of corrosion. The corrosion rate will thus be determined by the slowest of the four partial processes. In reality, the electrical resistance of the reinforcement is always negligible with respect to that of the concrete. Therefore, the transport of current within the reinforcement is never a slow process and thus never contributes to reducing the rate of corrosion. Instead, under particular conditions inside the concrete, each of the other three processes can take place at negligible rate and thus become the kineti1) (The relationship between the anodic current
 
 Ia and the corrosion rate expressed as loss of mass in time t can be obtained from Faraday’s first law of electrochemical stoichiometry: Dm = eechp q ˆ eechp dIap t where: Dm is the loss of mass at the anode following the passage of charge q; eech is the electrochemical equivalent
 
 of a metal that corrodes, since: eech = M/(z p F) with M = molar mass of the metal (55.8 for iron), F = 96 559 C (Faradayls constant) and z = valence of the ion formed following the anodic reaction (z = 2 for the reaction Fe p Fe2‡ ‡ 2e).)
 
 7.1 Electrochemical Mechanism of Corrosion
 
 cally controlling one. More precisely, the corrosion rate is negligible when one of the following conditions exists: x
 
 x
 
 x
 
 the anodic process is slow because the reinforcement is passive, as when the concrete is not carbonated and does not contain chlorides; the cathodic process is slow because the rate at which oxygen reaches the surface of the reinforcement is low, as in the case of water-saturated concrete; the electrical resistance of the concrete is high, as in the case of structures exposed to environments which are dry or low in relative humidity.
 
 The first case is referred to as passive control, the second as control of oxygen transport, and the third as ohmic control. On the other hand, the corrosion rate is high in those cases where the three following conditions are present simultaneously: 1) the reinforcement is no longer in the condition of passivity, 2) oxygen can reach the surface of steel, 3) the resistance of the concrete is low (i. e. below 1000 V p m). The moisture content in concrete is the main factor controlling the corrosion rate. When concrete is in equilibrium with the atmosphere, the absorbed water can be correlated to the relative humidity of the environment (Section 2.1.2). Actually, in real structures this condition normally occurs only at the concrete surface. In fact, often concrete is periodically wetted and, since it tends to absorb water more quickly than it releases it, the moisture content at the depth of the reinforcement tends to be higher than that of equilibrium with humidity in the environment. In concrete of low porosity, the maximum values of corrosion rate can be found for moisture content equivalent to the equilibrium with a relative atmospheric
 
 Figure 7.2 Corrosion rate as a function of external relative humidity in case of initiation due to chloride for concrete with low and high density (after [6])
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 humidity (R. H.) of about 95 %. For less dense concrete, it corresponds to equilibrium with atmospheres with a slightly higher R. H. Moving away from these values of humidity in either direction, the corrosion rate decreases (Figure 7.2) [6]. Concrete with a high water content (that is, near saturation) is characterized by low resistivity, but the oxygen diffusion is slow (Chapter 2). The controlling process is then the cathodic process, and the corrosion rate will decrease as the water content increases, until it nearly becomes zero in conditions of saturation. Conversely, in concrete of lower water content, although oxygen diffusion can take place unhindered, the resistivity is high and it increases as the moisture content decreases. The corrosion rate then depends on the resistivity of the concrete; the lower the moisture content, the lower the corrosion rate. Polarization curves. The rate at which the anodic or the cathodic process takes place depends on the potential (E). The corrosion behaviour of the reinforcement can be described by means of polarization curves that relate the potential and the anodic or cathodic current density. Unfortunately, determination of polarization curves is much more complicated for metals (steel) in concrete than in aqueous solutions, and often curves can only be determined indirectly, using solutions that simulate the solution in the pores of cement paste. This is only partly due to the difficulty encountered in inserting reference electrodes into the concrete and positioning them in such a way as to minimize errors of measurement. The main problem is that diffusion phenomena in the cement paste are slow (Chapter 2). So when determining polarization curves, pH and ionic composition of the electrolyte near the surface of the reinforcement may actually be altered.
 
 7.2
 
 Non-carbonated Concrete without Chlorides 7.2.1
 
 Anodic Polarization Curve
 
 In non-carbonated concrete without chlorides, steel is passive and a typical anodic polarization curve is shown in Figure 7.3. The potential is measured versus the saturated calomel reference electrode (SCE), whose potential is ‡244 mV versus the standard hydrogen electrode (SHE). Other reference electrodes used to measure the potential of steel in concrete are: Ag/AgCl, Cu/CuSO4, MnO2, and activated titanium types. From this point on in the text, unless explicitly stated otherwise, potentials are given versus the SCE electrode. Iron has a tendency to oxidation at potentials more positive than the equilibrium potential of the reaction Fe p Fe2‡ ‡ 2e, which is about 1 V SCE. Therefore, below 1 V steel is in a condition of immunity. In the range of potentials between 800 mV and ‡600 mV, the anodic current is very low (0.1 mA/m2) because the steel is covered by a very thin film of iron oxide that protects it completely (passive film). Thus in this interval of potentials
 
 7.2 Non-carbonated Concrete without Chlorides
 
 Figure 7.3
 
 Schematic anodic polarization curve of steel in non-carbonated concrete without
 
 chlorides
 
 the dissolution rate of iron is negligible (z 0.1 mm/y). (A dissolution rate of 0.1 mA/ m2 corresponds to a penetration rate of about 0.1 mm/y. Such a low corrosion rate can only be measured electrochemically.) These are known as conditions of passivity and they exist in the interval of potentials known as the passivity range. In the interval of potentials between equilibrium and about 800 mV, the protective film does not form spontaneously. In this condition, called activity, steel can theoretically corrode. Nevertheless, given the proximity to equilibrium conditions, the rate of the anodic process is still negligible. To emphasize the fact that these conditions of activity are characterized by low corrosion rates because of this proximity to equilibrium, they are also called quasi-immunity conditions. Above the passivity range, that is for potentials above about ‡600 mV, the steel is brought to conditions known as transpassivity: oxygen may be produced on its surface according to the anodic reaction of oxygen evolution: 2H2O p O2 ‡ 4H‡ ‡ 4e–, which produces acidity. Steel reaches these conditions only in the presence of an external polarization (for example in the presence of stray currents). Since the anodic reaction is oxygen evolution, dissolution of iron and consequent corrosion of the steel does not take place (i. e. the passive film is not destroyed). Nevertheless, if these conditions persist until the quantity of acidity produced is sufficient to neutralize the alkalinity in the concrete in contact with the steel, the passive film will be destroyed and corrosion will initiate. This aspect will be dealt with in Chapter 9.
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 7.2.2
 
 Cathodic Polarization Curve
 
 The kinetics of oxygen reduction is illustrated by the cathodic polarization curves a and b shown in Figure 7.4. Even if the equilibrium potential for oxygen reduction within the concrete (pH about 13) has a value of approximately ‡200 mV SCE, the reaction takes place at significant rates only at potentials below 0 mV SCE. The rate of the cathodic process for potentials lower than 0 mV SCE depends on the oxygen availability at the surface of the steel. For a given potential it decreases as the moisture content in concrete increases and is reduced by 2–3 orders of magnitude in passing from concrete in equilibrium with atmospheres of relative humidity (R. H.) of about 70 % (“semi-dry”) to saturated concrete (in which the current density reaches values as low as about 0.2–2 mA/m2, in relation to the thickness of the concrete cover and the quality of the concrete). For potential values more negative than 900 mV SCE, along with the process of oxygen reduction there is also that of hydrogen evolution (H2O ‡ e– p Had ‡ OH–), so that the cathodic current density begins to grow once again. If the concrete is completely saturated with water, and thus there is no oxygen, the only cathodic process possible is hydrogen evolution and the cathodic polarization curve is curve c.
 
 Schematic cathodic polarization curves in alkaline concrete: (a) aerated and semi-dry; (b) wet, (c) completely saturated with water
 
 Figure 7.4
 
 7.2 Non-carbonated Concrete without Chlorides
 
 7.2.3
 
 Corrosion Conditions
 
 From the cathodic and anodic polarization curves, the conditions of corrosion of reinforcement in various situations can be determined. If the ohmic drop due to the current passing from the anodic to the cathodic areas is negligible, the corrosion rate (icorr) and corrosion potential (Ecorr) are determined by the intersection of anodic and cathodic curves. Figure 7.5 shows the intersections of these curves in concrete that is exposed to the atmosphere. In this condition the reinforcement generally has a corrosion potential between ‡100 and 200 mV SCE. For concrete immersed in water, or in any way saturated with water, the diminished supply of oxygen to the surface of the steel can bring the potential down to values below 400 mV SCE. Finally, when oxygen is totally lacking (a very difficult condition to achieve, even in the laboratory) the potential may even drop to values below 900 mV SCE and the cathodic process will lead to hydrogen evolution. Under all of these conditions, embedded steel is subjected to a corrosion rate that is practically zero. Consequently, the cathodic current density is also very small. The corrosion potential of passive reinforcement (Ecorr) is determined by the availability of oxygen at the surface of the rebars. The maximum and minimum values of potential taken on by passive reinforcement under different environmental conditions are, respectively, ‡100 mV in aerated concrete, and 1 V in the total
 
 Figure 7.5 Schematic representation of the corrosion conditions of passive steel in concrete, under different conditions of moisture content
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 absence of oxygen. This means that in concrete the reinforcement does not reach conditions of immunity nor of transpassivity, unless it is polarized by imposing an external current.
 
 7.3
 
 Carbonated Concrete
 
 The almost neutral environment of carbonated concrete hinders formation of a protective film on the steel and thus the basis for conditions of passivity. The anodic curve therefore shows a progressive increase as shown in Figure 7.6, curve a. On a semilogarithmic scale (E vs log i) over a wide range of current densities the anodic curve is a straight line with a slope of between 60 and 120 mV/decade. The cathodic polarization curve has a trend similar to that observed in alkaline concrete, and shows the same dependence on the moisture content in concrete. The curve, however, is shifted towards more positive potentials because the equilibrium potential of oxygen reduction is approximately 200 mV higher at the pH of carbonated concrete than at the pH of alkaline concrete. In every environmental circumstance, the combination of anodic and cathodic curves determines the conditions of corrosion, as shown in Figure 7.6 (for simplicity, changes in the cathodic curve due to changes in humidity have been neglected). When the water content is above that of equilibrium with environments with relative humidity greater than 95 %, the corrosion rate of steel is determined
 
 Schematic representation of the corrosion conditions of steel in carbonated concrete in equilibrium with environments of different relative humidity (R. H.)
 
 Figure 7.6
 
 7.3 Carbonated Concrete
 
 almost exclusively by the rate of oxygen supply and can reach several tens of mA/m2, in correspondence with the water content mentioned above. It will diminish if the water content increases beyond this value, because the cathodic curve will change in a similar way as shown in Figure 7.4, and it becomes negligible once conditions of saturation are reached. The potential of embedded steel is normally maintained between 300 and 500 mV, and leads to lower values only if conditions of water saturation are reached. When the moisture content in the concrete falls below these very high values, then the effects of ohmic drop, due to current circulating from anodic to cathodic areas through the concrete, must be taken into account. Ohmic-drop contributions cannot be neglected as in the case of passive steel discussed earlier because the current circulating in actively corroding steel is higher – and, furthermore, carbonated concrete has a greater resistivity than alkaline concrete. As the moisture content decreases in concrete, the ohmic-drop contribution increases. Conditions of corrosion can still be obtained from the polarization curves. The corrosion rate is given by the current density corresponding to the difference between the cathodic and anodic potentials, which is equal to the ohmic drop. In practice, in passing from a moisture content that gives rise to the maximum corrosion rate (defined by equilibrium with relative humidities between 95 and 98 %) to lower levels of moisture corresponding to relative humidities between 80 and 90 %, and to even lower levels corresponding to relative humidities below 70 %, the corrosion rate indicatively falls, respectively, by 1 and 2 orders of magnitude.
 
 Figure 7.7 Schematic representation of the anodic resistance control mechanism proposed for steel in carbonated concrete [7]
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 In this case, the potentials of the anodic and cathodic regions are different. The potential of the steel (i. e. the value measured against a reference electrode placed in the concrete) has an intermediate value between the anodic and cathodic potentials, within the range of 0 to –600 mV. Experience shows that the corrosion potential depends on the moisture content in the concrete, with more positive values being measured in dry concrete. Furthermore, a correlation between corrosion rate and corrosion potential can be found in carbonated concrete. To explain the change in corrosion potential as a function of corrosion rate it has been suggested that the ohmic contributions are localized at the anode [7]. This mechanism, termed anodic-resistance control, is based on the hypothesis that the corrosion rate is under anodic control, i. e. the anodic reaction determines the corrosion rate, but the anodic reaction is controlled by the resistivity of concrete, as shown in Figure 7.7. This hypothesis is supported by the observation from practice and laboratory studies that a more negative potential corresponds to a higher corrosion rate.
 
 7.4
 
 Concrete Containing Chlorides 7.4.1
 
 Corrosion Initiation and Pitting Potential
 
 The presence of chloride ions in concrete leads to variations in the anodic behaviour of steel, modifying the anodic polarization curve as shown in Figure 7.8. The passivity range is reduced because its upper limit, Epit, known as the breakdown potential or pitting potential decreases as the chloride content increases [8]: it passes from values of about ‡600 mV SCE in uncontaminated concrete to values below 500 mV in concrete with a high content of chloride. The presence of chloride ions produces, at more positive potentials than Epit, localized breakdown of the passive film and thus allows attack on the underlying metal. For potentials below Epit, the action of chloride is, to a first approximation, negligible. The chloride content being equal, Epit decreases as the pH of the pore solution in concrete decreases and as temperature and porosity increase. Epit is difficult to measure with laboratory measurements since during the measurement significant variations of pH and chloride level in the concrete near the surface of the steel can be introduced, altering the result. For a given potential of the steel, the highest content of chlorides compatible with conditions of passivity is the critical chloride content (or chloride threshold) at that potential. As already discussed in Chapter 6, for structures exposed to the atmosphere (whose reinforcement operates at a potential around 0 V SCE) the critical level is usually considered to be in the range of 0.4 % to 1 % of the cement content. For structures immersed in water (whose reinforcement operates instead at a much lower potential, around 400 to 500 mV SCE) or for reinforcement that is cathodically polarized for any reason, the chloride threshold is much higher.
 
 7.4 Concrete Containing Chlorides
 
 Figure 7.8 Schematic representation of the anodic polarization curve of steel in concrete with different chloride contents
 
 7.4.2
 
 Propagation
 
 Once the attack has initiated, acidity is produced progressively in the anodic zone and the chloride level increases until stable conditions are reached. As shown in Figure 6.2, current that circulates from the anodic zones (which corrode) to the cathodic zones (passive) induces the transport of chlorides in the opposite direction (since they are negatively charged ions). Chlorides are thus concentrated in the area where attack occurs. In addition, because of hydrolysis of anodic products, acidity is created in the same zone (pH to levels even below 3 can be reached in some cases). Consequently, the local environment becomes more and more aggressive. In time, a condition of “stable propagation” is reached, in correspondence with which there is equilibrium between chlorides carried by the current and those that move away by diffusion, and between hydrogen ions produced in the anodic zone and those that move away and/or hydroxyl ions (which move in the same direction of chloride ions). In practice, the potential in structures exposed to the atmosphere is about 500 to 600 mV SCE in the anodic zones and about 100 to 200 mV SCE in the cathodic zones. Corrosion penetration may even exceed 1 mm/y in the most critical situations, which occur with high levels of chlorides and a moisture content near saturation. For lower moisture contents, the ohmic resistance increases and the corrosion rate
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 slows down until it becomes negligible, when humidity is less than that of equilibrium with an atmosphere of 40–50 % R. H.
 
 7.4.3
 
 Repassivation
 
 Once pitting has initiated, circulation of current in the anodic region provokes and maintains an increase in acidity and chloride content, so that propagation may take place even if the potential of the steel is reduced, e. g. owing to an external cathodic polarization. This behaviour is clarified by Figure 7.9. It shows the progress of current exchanged anodically during cyclical polarization in which the potential of the steel (by external polarization) is first raised above Epit to initiate localized attack and then lowered until conditions of passivity are established again. It can be seen how, to stop the attack, it is necessary to reach a potential value, called the protection potential (Epro) more negative than Epit. Thus the interval of potential included between Epit and Epro is characterized by the fact that it does not initiate the attack, but if the attack has already begun, it permits propagation of the attack. Epro varies, as does Epit, with chloride level, pH, and temperature, and the difference between them is of the order of 300 mV (Figure 7.10). Depending on the potential of steel and chloride content in the concrete, it is possible to define different domains where pitting corrosion can or cannot initiate and propagate, and other effects may take place. These matters are further explored in Chapter 20.
 
 Figure 7.9 Schematic representation of a cyclic anodic polarization curve of an active-passive material in a chloride-containing environment: pitting potential (Epit) and protection potential (Epro) are identified [1]
 
 7.5 Structures Cathodically or Anodically Polarized
 
 Figure 7.10 Values of the pitting (Epit) and protection (Epro) potentials determined with tests on steel immersed in saturated solutions of calcium hydroxide (pH ˆ 12.6) at various levels of chlorides [9]
 
 7.5
 
 Structures Cathodically or Anodically Polarized
 
 In the case of steel that exchanges a current I with the concrete from an external source, either anodic or cathodic, the relation Ic = Ia shown in Section 7.1, which expresses equality between the electrons produced and consumed at the surface of the steel in the absence of exchanged current, should be modified. In fact, electrons extracted or provided by the external current also have to be taken into consideration. If the current is exchanged anodically the following condition occurs: Ia = Ic ‡ |I|
 
 (3)
 
 while for a current exchanged cathodically: Ic = Ia ‡ |I|
 
 (4)
 
 Consequently, the rates Ia of both oxidation (corrosion) and Ic of reduction, which take place on the surface of the steel, are modified according to Figure 7.11. If the current exchanged passes from the concrete to the steel or vice versa, the above equations are verified for a potential, respectively, more negative or more positive than the corrosion potential, so that the steel is polarized either cathodically or anodically.
 
 121
 
 122
 
 7 Electrochemical Aspects
 
 Figure 7.11
 
 Schematic representation of the influence of external anodic or cathodic polarization
 
 Variations of the rate of anodic and cathodic processes, as well as variations of potential, due to the external current, depend on the direction and magnitude of the current and on the anodic and cathodic polarization curves. This will be dealt with in the following chapters.
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 8 Macrocells Anodic and cathodic processes may take place preferentially on separate areas of the surface of the reinforcement, leading to a macrocell. This can be established, for instance, between active and passive areas of the reinforcement. Current circulating between the former, which are less noble and thus function as anodes, and the latter, which are more noble and thus function as cathodes, accelerates the corrosion attack on active surfaces while further stabilising the protective state of passive ones. The magnitude of this current, known as the macrocell current, increases as the difference in the free corrosion potential between passive and active rebars increases, and decreases as the dissipation produced by the current itself at the anodic and cathodic sites and within the concrete increases. The most frequent type of macrocell in reinforced-concrete structures exposed to the atmosphere is that established between more superficial rebars that have been depassivated by carbonation or chloride penetration, and internal passive rebars. Another example may be walls where chloride penetrates from one side and oxygen penetrates from the other side, which may occur in hollow structures like tunnels and offshore platform legs or with ground retaining walls. For reinforced-concrete structures buried in soil or immersed in water, cathodic areas may be due to noble metals present in the environment and electrically connected with the steel embedded in the concrete. For example, this is the case with copper grounding systems. It should be observed that, because of the current flowing from the anodic area towards the cathodic areas, theoretically some Fe2‡ ions migrate away from the corroding site and thus they do not precipitate locally as expansive oxides. This could mean that corrosion products due to macrocells may have less expansive effect than corrosion products due to microcells.
 
 8.1
 
 Structures Exposed to the Atmosphere
 
 Depassivation of rebars due to carbonation or chloride penetration often does not extend to the whole surface of the reinforcement but, for instance, it is limited to the outer layer of rebars, or to parts where the concrete cover has a lower thickness Corrosion of Steel in Concrete. Luca Bertolini, Bernhard Elsener, Pietro Pedeferri, Rob P. Polder Copyright c 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim ISBN: 3-527-30800-8
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 or is more porous, or in those areas where the chloride content is higher (e. g. where drainage of chloride-contaminated water occurs or where wetting–drying cycles lead to concentration of chlorides). On the surface of depassivated steel, in the presence of water and oxygen, corrosion takes place mainly due to the mechanisms described in Chapter 7, i. e. anodic and cathodic areas are intrinsically mixed (this is called microcell corrosion). Vice versa, if corroding steel is electrically connected to surrounding passive steel, a macrocell can take place that concentrates the anodic process on the corroding steel and the cathodic process on the passive steel. The overall increase in the corrosion rate on the active steel induced by macrocell action depends strongly on the ratio between anodic and cathodic sites. An increase in the rate of attack of only 10 % has been reported [1] for concrete of high electrical resistivity. On the contrary, in the case of chloride-induced localized corrosion attack in low-resistive concrete, macrocell corrosion is the dominating mechanism as has been shown in field tests in bridge decks [2]. More than 90 % of the metal loss was due to macrocell corrosion. Low-resistivity concrete allows cathodic current to flow from relatively large distances (in the range of a meter) to the local anode. Coated reinforcement. Macrocell formation may be important in the case of epoxycoated rebars (Section 15.4) in chloride-contaminated concrete if there are defects in the coating and the coated bars are electrically connected with uncoated passive steel bars in deeper parts of the structure. Small anodic areas are created at the defect points of coated rebars in contact with chloride-contaminated concrete, while the uncoated passive rebars provide a cathodic surface of much greater size. In these situations the macrocell can result in considerable anodic current densities and can significantly accelerate the attack on corroding sites. This is why coated rebars should be electrically isolated from uncoated bars. Protection effect. Macrocell currents can have beneficial effects on rebars that are polarized cathodically. This is indirectly evident for patch repair of chloride-contaminated structures when only the concrete in the corroding areas is replaced with alkaline and chloride-free mortar, but surrounding concrete containing chlorides is not removed. Before the repair, the corroding rebars behave as an anode with respect to those in the surrounding areas, which are polarized cathodically and thus are protected by the macrocell. After the repair, formerly anodic zones no longer provide protection, and corrosion can initiate in the areas surrounding repaired zones (these have been called “incipient” anodes) [3]. Consequences for repair are discussed in Chapter 18. Presence of different metals. Rebars of carbon steel in certain cases can be connected to rebars or facilities made of stainless steel or copper. This type of coupling, which in other electrolytes would provoke a considerable degree of corrosion in carbon steel by galvanic attack, does not cause problems in the case of concrete any different from those provoked by coupling with normal passive steel. In fact, the corrosion potential of passive carbon steel in concrete is not much different
 
 8.2 Buried Structures and Immersed Structures
 
 from that of stainless steel or copper. Therefore, these materials behave more or less like rebars of passive steel. Consequences of coupling of bars of carbon steel and stainless steel are illustrated in Section 15.2.3. Zinc or galvanized steel can exert some protective action on carbon steel. Other macrocell effects. A special case of macrocell effects has been observed on structures contaminated by chlorides where an activated titanium mesh anode was installed in order to apply cathodic protection; when the cathodic protection system is installed but is not in operation, localized corrosion on steel can be slightly enhanced by the presence of the distributed anode [4]. Macrocell currents can also affect electrochemical measurements carried out on reinforcement. In particular, macrocell currents can generate in structures under cathodic protection when the current is switched off during depolarisation tests (Section 20.3.8). Different polarization conditions of different parts of the reinforcement can lead to the onset of a macrocell that can alter the result of the potential decay measurement of reinforcement [5].
 
 8.2
 
 Buried Structures and Immersed Structures
 
 The action of macrocells in structures buried in the soil or immersed in water is different from that of structures exposed to the atmosphere: two circumstances promote macrocell effects while another reduces them. First, concrete is wetter than in aerated structures and its resistivity is lower, particularly in structures immersed in seawater. This reduces the ohmic drop in the concrete and increases the size of the effective cathodic area in relation to the anodic one. Secondly, the soil or the seawater around the concrete is an electrolyte of low resistivity, and the macrocell current can also flow outside the concrete. This further reduces the ohmic resistance between the anodic area and passive reinforcement. Thirdly, there is, however, a mitigating aspect. Oxygen can only diffuse with great difficulty through wet concrete and thus it hardly reaches the surface of the embedded steel. Depletion of oxygen at the surface of the rebar that is observed in this case makes initiation of corrosion very difficult, and, even when corrosion initiates, the driving voltage for the macrocell is very low. Nevertheless, there are specific situations in which macrocells may form and promote localized attack. Differential aeration in buried structures. A clear example of macrocell action was documented in diaphragm walls in Berlin, illustrated in Figure 8.1 [6]. In this case, anodic areas had formed at the lower, non-aerated parts of the reinforcement at the ground side, while steel on the free side and higher up acted as cathode. Large amounts of corrosion products were found inside the concrete at various distances from the anodes and in the soil, suggesting that relatively soluble iron(II) oxides had formed that were able to move away from the anodes. Chlorides originated
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 Figure 8.1
 
 Diagrammatic representation of the macrocell formed on a diaphragm wall [6]
 
 from de-icing salts applied on the motorway, but chloride was also enriched at the ground side by the macrocell current. The initiation of anodes probably originated from defects in the concrete and the locally anaerobic conditions. Structures immersed in seawater. Macrocells may form between rebars reached by chlorides and passive rebars on which, for any reason, oxygen is available. Macrocell current is then controlled by the amount of oxygen that can be reduced on the passive rebars. The galvanic coupling lowers the potential on these rebars and produces alkalinity on their surface. Therefore the macrocell contributes to maintaining the steel passive. Where oxygen access is low, it can be seen that the macrocell current tends to diminish in time because of oxygen depletion at the surface of the passive steel. The potential of passive steel consequently decreases in time until it reaches a value similar to that of corroding bars. This decrease may not occur in the case of structures subjected to wetting/ drying cycles or in conditions where oxygen consumed at the surface of the passive steel is replaced. This may happen in hollow piles of offshore structures, as depicted in Figure 8.2. Similar conditions may arise in tunnels buried or submersed in chloride-containing environments. Rebars on the inside of hollow (air-filled) structures may be effective cathodes with noble potentials. They increase the potential of rebars closer to the seawater side of the cross section, stimulating corrosion initiation at lower chloride contents than without additional cathodic effects. Subsequently they may increase the corrosion rate at the anodes by consuming the electrons produced. The final corrosion rate will be a function of the ratio between anodic and cathodic areas, which is influenced by the concrete resistivity.
 
 8.2 Buried Structures and Immersed Structures
 
 Figure 8.2 Diagrammatic representation of the macrocell formed in a hollow reinforced-concrete structure immersed in the sea [7]
 
 Rebars not entirely embedded in concrete. Macrocell corrosion can occur when there are macroscopic defects in the concrete (cracks with large width, honeycombs, delaminations, etc.) or when there are metallic parts connected to the rebars that are only partially embedded in the concrete. This case is important for structures immersed in seawater or in aggressive soil. Besides being subjected to direct attack, those parts in direct contact with water or soil may also undergo more severe attack caused by the galvanic coupling with steel embedded in concrete. Buried structures connected with ground systems. The steel in buried reinforcedconcrete structures may be in contact with ground systems made of copper, steel or galvanized steel. As long as the steel embedded in concrete remains passive, the galvanic coupling with the ground systems does not influence the corrosion rate. In fact, buried steel or galvanized steel would function anodically, while copper would not produce macrocell effects since copper buried in aerated soil has about the same potential as steel in aerated concrete. If the rebars are in wet concrete, and thus have a low potential because of the lack of oxygen, coupling with buried copper will only take their potential to the same value that they would have if they were in aerated concrete. Conversely, if, for any reason, steel within concrete is no more passive, the presence of ground systems may be dangerous, since these connections offer a large and practically unpolarised cathodic area. In addition, since the anodic and cathodic areas are far apart, they may be operating under very different environmental conditions. For example, the anodic area may be in contact with water-saturated concrete (therefore in an anaerobic but highly conductive environment) because it is surrounded by water-saturated soil; at the same time the cathodic area may be found in a soil that is completely aerated.
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 Schematic representation of the corrosion conditions of a passive and an active rebar, and determination of the driving voltage (DE) available for the macrocell
 
 Figure 8.3
 
 8.3
 
 Electrochemical Aspects
 
 To describe consequences of macrocell corrosion, let us assume that inside the concrete there are only a passive rebar and an active one. If these are not electrically connected, the corrosion potential and the corrosion rate of the passive rebar are Ep,cor and Ip,cor and those of the active rebar are Ea,cor and Ia,cor (Figure 8.3). A driving voltage for the macrocell is then available and is equal to: DE ˆ Ep,cor
 
 Ea,cor
 
 (1)
 
 It may vary from values near zero, in the absence of oxygen, to more than 300 mV for aerated structures. If the two rebars are electrically connected, the driving voltage DE produces a macrocell current I. Figure 8.4 helps to understand where the driving voltage is dissipated. The potential of the active rebar, which is anodically polarized by the current I, changes from Ea,cor up to the value of Ea, so that: Ia,a = I ‡ Ia,c
 
 (2)
 
 The potential of the passive rebar is depressed by the cathodic current I, moving from Ep,cor to the value Ec, for which the relationship: Ip,c ˆ I ‡ Ip,cor holds. That is in practice, since Ip,cor is negligible, Ip,c = I.
 
 (3)
 
 8.3 Electrochemical Aspects
 
 Figure 8.4 Schematic representation of the macrocell between a passive and an active rebar and determination of dissipation occurring at the anode (ca), at the cathode (cc) and in the concrete (cohm)
 
 The increase in potential on the active rebar (ca) and the decrease on the passive rebar (cc), represent the polarizations induced respectively at the anode and cathode by the current I: ca ˆ Ea – Ea,cor cc = Ep,cor – Ec
 
 (4)
 
 In addition, current circulating through the concrete between the anodic and cathodic areas generates an ohmic drop (cohm). Therefore the potential of the passive rebar, Ec, is more positive than that of the active one by an amount that is equal to the ohmic drop: Ec – Ea = cohm
 
 (5)
 
 The driving voltage DE is thus dissipated by anodic and cathodic polarization and by the ohmic drop within the concrete: DE = ca ‡ cc ‡ cohm
 
 (6)
 
 It can be seen in Figure 8.4 how the corrosion rate induced on the active rebar (measured by Ia,a) depends on the value of the macrocell current (I), even though the increase in corrosion rate (Ia,a – Ia,cor) is lower than this current. In fact, the anodic polarization ca causes a decrease in the cathodic current from Ia,cor to Ia,c. To evaluate polarizations and thus determine conditions of corrosion due to the macrocell, it is necessary to consider current densities exchanged at the anodic and cathodic surfaces as well as the macrocell current, I.
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 If we call: i the current density at the anodic surface (of area Aa) due to the current I (i. e. i = I/Aa), r the ratio between the anodic and cathodic areas (r ˆ Aa/Ac), and R the resistance of the concrete between the cathodic and the anodic areas, relationship (5) can be written as: DE = ca(i) ‡ cc(i p r) ‡ R p i p Aa
 
 (7)
 
 The size of the surfaces acting as anode and cathode (and thus r, which is their ratio) also depend on the resistivity of the concrete and the geometry of the system. For reinforced – concrete structures exposed to the atmosphere, usually concrete has a high resistivity and thus only those areas near the site of active corrosion act as cathode (e. g. r can approach unity). In the case of structures immersed in seawater or buried, the concrete is wet and has a low resistivity and, moreover, the sea or the soil also act as electrolytes. Therefore, even areas very far from the anodic areas can function as cathodes, so that ratio r can be very small. The three dissipative contributions of relationship (6) increase as i increases, so that once the driving voltage DE is given, there is only one value of i that satisfies that relationship. Let us consider the opposite cases in which the ratio r tends to unity or to zero. The most frequent and also most favourable case is that in which the ratio r between the anodic and cathodic areas is near unity. The cathodic polarization, cc(i p r), is prevalent with respect to other contributions. In fact, the cathodic polarization of passive steel reaches values of about 200–300 mV even for a current density of about 1–2 mA/m2 (Figure 8.5) which is usually sufficient to dissipate most
 
 Cathodic polarization of a passive rebar measured after varying times of application of different current densities [8]
 
 Figure 8.5
 
 8.3 Electrochemical Aspects
 
 of the driving voltage DE. Therefore, with r z 1, the macrocell is under cathodic control and produces negligible or only modest corrosion effects. A less favourable but rarer case exists when the ratio r tends to zero, namely the anodic surface is very small compared to the cathodic surface. In this case, since the cathodic surface is large, the current density is small and thus the cathodic polarization is negligible, so that: DE = ca(i) ‡ R p i p Aa
 
 (8)
 
 Only anodic polarization and ohmic drop then dissipate the driving voltage. If the resistivity of concrete is high, the ohmic-drop contribution tends to be high around the small corroding site and consequently the macrocell does not produce a significant increase of the corrosion rate. Conversely, if the resistivity of concrete is low, the driving voltage may lead to a remarkable anodic polarization and consequently to a significant increase of the corrosion rate at the anodic site. It should then be realised that in concrete with low resistivity, macrocell effects may be large because much larger cathodic areas than usual contribute to the corrosion process.
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 9 Stray-current-induced Corrosion Stray current, arising for instance from railways, cathodic protection systems, or high-voltage electroducts, often induces corrosion on buried metal structures, leading to severe localized attack [1]. The current may be DC or AC depending upon the source. Stray current deviates from its intended path because it finds a parallel and alternative route. It may also find a low-resistance path by flowing through metallic structures buried in the soil (pipelines, tanks, industrial and marine structures). For instance, underground pipelines can pick up current strayed from a railway system at some point remote from the traction power substation and discharge the current to the soil and then back to the rail near to the substation. In the case of direct current (DC) interference, a cathodic reaction (e. g. oxygen reduction or hydrogen evolution) takes place where the current enters the buried structure, while an anodic reaction (e. g. metal dissolution) occurs where the current returns to the original path, through the soil (Figure 9.1). Metal loss results in the anodic points, where the current leaves the structure; usually, the attack is localised and can have serious consequences especially on pipelines. Effects of AC stray current are more complex; however, alternate currents are known to be much less dangerous than direct ones.
 
 Figure 9.1
 
 Example of stray current from a DC railway line picked up by a buried pipeline
 
 Corrosion of Steel in Concrete. Luca Bertolini, Bernhard Elsener, Pietro Pedeferri, Rob P. Polder Copyright c 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim ISBN: 3-527-30800-8
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 Stray current can also flow through reinforced or prestressed concrete and produce an alteration of the electrical field inside the concrete, which can influence corrosion of embedded steel [2]. Several types of structures may be subjected to stray current, such as bridges and tunnels of railway networks or structures placed in the neighbourhood of railways. Here, the concrete, like the soil surrounding buried structures, is the electrolyte and the reinforcing bars or prestressing wires can pick up the stray current. Laboratory studies have shown that stray DC current rarely has corrosive consequences on steel in concrete, in contrast to their effect on metallic structures in the soil [2–5]. In fact, passive steel in alkaline and chloride-free concrete has a high intrinsic resistance to stray current. Nevertheless, under particular circumstances corrosion can be induced on the passive reinforcement, especially if chlorides contaminate the concrete even at levels in themselves too low to initiate pitting corrosion. A few cases have been documented [6, 7].
 
 9.1
 
 DC Stray Current
 
 Consequences of DC stray current in reinforced concrete change according to the properties of the concrete (alkaline, carbonated or contaminated by chlorides), to the duration of the current circulation and to the current density. It is therefore necessary to distinguish concrete structures not contaminated by chlorides and not carbonated from those contaminated by chlorides in quantities insufficient to initiate corrosion and, finally, from those that already have corroding rebars because of chlorides or carbonation. 9.1.1
 
 Alkaline and Chloride-free Concrete
 
 Passivity of steel in alkaline and chloride-free concrete provides also resistance to stray currents. In fact, before the stray current is picked up by the reinforcement, a significant driving voltage (DE) has to be produced between the point where the current enters the reinforcement (cathodic site, A of surface Ac in Figure 9.2) and the point where the current returns to the concrete (anodic site, B of surface Aa) [2]. DE equals the sum of the dissipative contributions due to the cathodic (cc) and anodic (ca) polarizations and the ohmic drop through the reinforcement (cV). The latter is negligible and, thus, the sum of the anodic and cathodic polarizations, that both depend on the circulating current, must equal the driving voltage DE between points A and B. For passive reinforcement in non-carbonated and chloride-free concrete, current can flow only if there is a great enough increase in the potential of the anodic area to exceed the threshold for oxygen evolution (Figure 9.3). It was shown in Chapter 7 that at potentials below ‡600 mV SCE no iron dissolution or any other anodic process takes place, and thus it is impossible for the current to leave the metal.
 
 9.1 DC Stray Current
 
 Figure 9.2
 
 Schematic representation of the electrical interference on reinforcement in concrete
 
 Figure 9.3 Schematic representation of electrochemical conditions in the cathodic and anodic zones of reinforcement in non-carbonated and chloride-free concrete that is subject to stray current
 
 Furthermore, even if such a condition is reached and current circulates through the reinforcement, this does not automatically lead to corrosive attack, since the anodic process that takes place at potentials higher than about ‡600 mV SCE is oxygen evolution, instead of iron dissolution. Nevertheless, attack may occur if the current flows for sufficiently long periods of time [4,5]. Initiation of corrosion can be ascribed to the depletion of the alkalinity in the vicinity of the anodic area promoted by the anodic reaction of oxygen evolution (2H2O p O2 ‡ 4H‡ ‡ 4e–).
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 Consequently, for corrosion to initiate, two preconditions are necessary: a) the electric field must be strong enough to create conditions for the circulation of current through the reinforcement, and b) it must persist for a time long enough to lead to acidification and the destruction of passivity. First precondition. Passive reinforcement in non-carbonated and chloride-free concrete offers a high intrinsic resistance to stray current, since the driving force required to produce the circulation of an appreciable current density in the anodic areas (i. e. i2 mA/m2) is at least 600 mV [2]. Figure 9.3 shows that even for the circulation of a small current density of 2 mA/m2 through the reinforcement, the cathodic polarization (cc) is of the order of 200–300 mV and the anodic polarization (ca) is at least 500–600 mV. Therefore the driving voltage required to force the circulation of current through the reinforcement is:
 
 DE = cc ‡ ca z 700–800 mV
 
 (1)
 
 Figure 9.4 shows that the potential difference in concrete between point A (where current enters the steel) and B (where current leaves the steel) in order to cause a considerable current density, must be even greater. The anodic and cathodic areas may not have the same size, as it has been assumed so far. The driving voltage DE may decrease when the cathodic area is significantly larger than the anodic area, since the current density on the cathodic site is negligible compared to that of the anodic site, and thus cc p 0, so that
 
 Potential difference (DE) required to force the circulation of a given current density through the reinforcement, as function of the chloride content in concrete ( % by mass of cement) [2]
 
 Figure 9.4
 
 9.1 DC Stray Current
 
 DE p ca. Therefore, under particular circumstances, DE may be as low as 500– 600 mV. Values of driving voltage DE considered so far are measured in points A and B in the vicinity of the steel surface. To evaluate the conditions that can lead to the circulation of current through the reinforcement, also the dissipation due to the ohmic drop through the concrete cover has to be considered (Figure 9.5). The stray current in the soil will divide in two contributions: Is that will flow through the soil and I that will flow through the reinforcement. Current Is will generate a voltage difference DV = Is p Rs between points X and Y, assuming that Rs is the equivalent resistance of the soil between the two points. Rs depends on the resistivity of the soil and geometrical parameters. DV is the driving voltage that allows the current I to flow through the reinforcement, following the path X p A p B p Y. This path presents, along with ohmic drops in the concrete cover (cconcr,1 ‡ cconcr,2) and in the reinforcement (crebar), the polarization contributions on the anodic and cathodic surfaces (ca ‡ cc). Therefore the current I is determined by the relation: DV = cconcr,1 ‡ ca ‡ crebar ‡ cc ‡ cconcr,2
 
 (2)
 
 Is p Rs = Rconcr,1 p I ‡ cc ‡ Rrebar p I ‡ ca ‡ Rconcr,2 p I
 
 (3)
 
 that is:
 
 Figure 9.5 Schematic representation of the alternative routes for the stray current through the soil and through the reinforcement
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 where: Rrebar, Rconcr,1, and Rconcr,2 are the electrical resistances of the reinforcement and the concrete cover, and both ca and cc are a function of current I. We have already seen that the interference current is negligible if the potential difference between points A and B (i. e. DE = ca ‡ crebar ‡ cc) is lower than at least 600 mV. Therefore, DV must be even higher, since it also includes ohmic drops in the concrete cover. This means that current will flow through the reinforcement only if the stray current is high enough and the distance between points X and Y is long enough to generate a significant ohmic drop (Is p Rs) in the path via the soil. Only in special cases this can occur, such as when concrete elements are located right next to the sources of stray current. Furthermore, the current I will be reduced if the concrete has a high resistivity, so that cconcr,1 and cconcr,2 increase, or the reinforcement is disconnected at certain lengths, so that the distance between points X and Y where current enters and leaves the structure is limited and, consequently the ohmic drop Is p Rs is reduced. Second precondition. Dissolution of iron will take place only when the current circulates for sufficiently long periods and in high enough intensity to produce acidity that can destroy the conditions of passivity. For instance, Figure 9.6 show the results obtained with laboratory tests on specimens of cement paste subjected to the circulation of current densities of 1 and 10 A/m2 [5]. Corrosion initiated on steel embedded in cement paste without chloride only after more than 200 h of application of an anodic current density of 10 A/m2. A current density of 1 A/m2 could not initiate corrosion even after 14 months (i. e. more than 10000 hours) of continuous application, although the charge that circulated (i 10000 A p h/m2)
 
 Figure 9.6 Charge required for initiation of corrosion on steel plates embedded in cement pastes with different chloride contents, that were subjected to anodic current densities of 1 A/m2 or 10 A/m2, applied continuously or at alternate hours [5]
 
 9.1 DC Stray Current
 
 was much higher than the charge that could initiate corrosion during the test with a current density of 10 A/m2 (2200 A p h/m2). These results show that, even if some current can circulate through the passive reinforcement (i. e. the first precondition is fulfilled), the risk of corrosion induced by stray current on steel in alkaline and chloride-free concrete is extremely low. In fact, only high current density circulating for a very long time can induce corrosion at anodic sites. Since the reinforcement is not coated (and thus current is not forced to concentrate in small areas of defects of the coating, as it occurs on coated steel of buried structures), it is rare that a high current density can be induced by stray currents in concrete. 9.1.2
 
 Passive Steel in Chloride-contaminated Concrete
 
 DC stray currents may have more serious consequences in chloride-contaminated concrete. On passive reinforcement in concrete containing chloride in a quantity below the critical content and thus in itself insufficient to initiate localized corrosion, the driving voltage DE required for current to flow through the reinforcement is lower than in chloride-free concrete and decreases as the chloride content increases (Figure 9.7). This is a consequence of less perfect passivity, and in particular a lower pitting potential. Furthermore, initiation of corrosion is also favoured in the presence of chloride. In fact, localized breakdown of the passive film can take place at anodic sites where the pitting potential (Epit) is exceeded. The experiments illustrated in Figure 9.6
 
 Figure 9.7 Schematic representation of electrochemical conditions in the cathodic and anodic zones of passive reinforcement in chloride-contaminated concrete that is subject to stray current
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 show a remarkable decrease in the charge required for the onset of corrosion on steel embedded in cement pastes when the chloride content was increased up to 0.4 % by mass of cement. Even a current density of 1 A/m2 can initiate corrosion in the presence of small amounts of 0.1 and 0.2 % chloride by mass of cement (i. e. not dangerous for pitting corrosion in the absence of stray current) [5]. Figure 9.6 also shows the higher risks connected with higher anodic current densities: the charge required for corrosion initiation with a current density of 10 A/m2 were more than one order of magnitude lower than those due to 1 A/m2, i. e. times for initiation of corrosion were more than 100 times lower. Once initiated, the attack may proceed even if the causes which made it possible are no longer present, for example if the stray current decreases so that the potential at the anodic site falls to values below Epit. Interruptions in the stray current. Stray currents produced by rail traction systems are non-stationary, and thus the effect of interruptions of the current should be taken into consideration. In fact, gradients of ionic concentration in the pore solution near the steel surface, produced by the depletion of alkalinity due to the anodic reaction and increase in chloride concentration due to migration, can be mitigated during the interruption of current. Therefore, interruptions in the stray current may have a beneficial effect, as shown in Figure 9.6 where results of tests with continuous application of the current are compared with tests with circulation of current at alternated hours (1 on–1 off). The periodical interruption of current had a beneficial effect, since it increased the charge required for initiation of corrosion. This effect was remarkable in cement pastes with chloride contents lower than 0.4 % by mass of cement. 9.1.3
 
 Corroding Steel
 
 Protection that concrete offers to steel against stray current ceases when corrosion of the reinforcement has initiated, e. g. due to carbonation, chloride contamination, or the stray current itself. In this case, any current flowing through the steel will increase the corrosion rate at the anodic site, similarly as in buried steel structures. Figure 9.8 shows that even small driving voltages can lead to an increase in the corrosion rate on the anodic area (from icorr to ia,a). Furthermore, it has been observed that if steel is subjected to pitting corrosion in chloride-contaminated concrete, the anodic current increases the size of the attacked area [5].
 
 9.2
 
 AC Stray Current
 
 Alternate stray currents are known to be much less dangerous than direct stray currents [8]. Even in neutral environments, such as soil, it was shown that AC with low current below 100 A/m2 will not give rise to noticeable effects on steel, even over
 
 9.3 High-strength Steel
 
 Figure 9.8 Schematic representation of electrochemical conditions in the cathodic and anodic zones of corroding reinforcement that is subject to stray current
 
 long periods. Effects become significant only at anodic current densities above 1000 A/m2 for active materials and at even higher values for passive materials. Some authors [9] suggest a conservative threshold value of 30 A/m2. For steel embedded in concrete, it was observed that current densities up to 50 A/m2 applied for 5 months to passive steel in concrete with up to 0.4 % chlorides did not lead to corrosion initiation [5]. Since steel in reinforced-concrete structures is not coated, it is not actually possible to reach such high current densities. It can be assumed, therefore, that interference from AC current cannot induce corrosion on passive steel in concrete. Although there is no experience, interaction between AC and DC stray currents cannot be excluded, since AC can influence the anodic behaviour of steel [8]. Therefore attention should be dedicated to possible synergistic effects of AC and DC stray currents that might, under specific circumstances, be able to stimulate the corrosion rate of depassivated steel or promote corrosion on passive steel.
 
 9.3
 
 High-strength Steel
 
 High strength steel used for pre-stressed or post-tensioned structures may be more susceptible to stray currents. In the case of DC current, failures may be induced not only at the anodic site but also at the cathodic site, where very low potentials may be reached. High strength steel is susceptible to hydrogen embrittlement, leading to failure without warning, if it is cathodically polarized at sufficiently negative potentials to allow hydrogen evolution. This phenomenon will be dealt with in Chapter 10. There are no known cases in which any possible negative effects can be traced to hydrogen embrittlement in the presence of AC current. Nevertheless, considering
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 that AC current reduces electrodic overvoltages, in prestressing wire which are polarized cathodically by DC current interference, a superposition with alternating current could increase hydrogen evolution (due to reduction of the overvoltages) and thus increase the risk of hydrogen embrittlement.
 
 9.4 Inspection
 
 Inspection of structures subjected to stray current can be based on potential measurements. For instance, fluctuation of potential on passing of trains strongly suggests the presence of stray current in concrete. Interpretation of the potential values of the reinforcement is different from that used for structures not subjected to stray current (Chapter 16). In the case of stray currents, the values of potential that indicate the presence or absence of corrosion are outlined in Figure 9.9. The zone of corrosion is that polarized anodically, and corrosion phenomena are produced at higher potentials. In order to correctly interpret potential measurements, it is necessary to keep in mind that the value of potential measured contains a contribution of ohmic drop, caused by the circulation of current between the reference electrode and the surface of the reinforcement. Such contributions should be eliminated, but in the presence of variable electrical fields this is not easy, since these currents are beyond the inspector’s control. Only in the case of stray current from cathodic protection systems the interfering current can be momentarily interrupted, by turning off the source of the current at the time of measurement. This is known as the “on–off” technique. In the presence of stray current caused by DC traction systems the on–off technique cannot be applied. Among other methods used to evaluate interference in buried metal structures, a promising one for concrete structures appears to be the method of transversal gradients [10], though it is
 
 Figure 9.9 Correlation between the potential and the state of corrosion of carbon steel reinforcement affected by stray currents [3]
 
 9.5 Protection from Stray Current
 
 still in the experimental phase of application in concrete [11]. Other measurements that can help in detecting the presence of stray current in reinforced concrete are based on the potential difference present between different parts of the structure, due to the ohmic drop produced by the stray current.
 
 9.5
 
 Protection from Stray Current
 
 We have seen that stray current can hardly induce corrosion on passive steel in non-carbonated and chloride-free concrete. However, the potential adverse effects of stray current on concrete structures may become increasingly important with the increased use of underground concrete construction. Stray-current effects are rarely recognised as such. The importance increases further due to the increase of the required service lives (i. e. 100 y or more). The best protection against stray current is, therefore, provided by concrete. Those methods that can improve the resistance of concrete to carbonation or chloride contamination, which are illustrated in Chapters 11 and 12, are also beneficial with regard to stray-current-induced corrosion. It should be observed that this may not be the same for preventative techniques, since conditions leading to corrosion initiation due to stray current are different, in terms of potential, from those leading to corrosion initiation due to carbonation or chloride contamination. For instance, the use of stainless steel or galvanized-steel bars, which improves the resistance to pitting corrosion in chloride-contaminated concrete (Chapter 15), does not substantially improve the resistance to stray current in chloride-free and non-carbonated concrete [4]. In any case, a high concrete resistivity will reduce the current flow due to stray current. Specific measures should be adopted to limit, as far as possible, the stray current from the interfering structure. For instance, in the case of railway lines, the current returning towards the power unit must be forced to flow through the rail. To achieve this, it is possible to reduce the longitudinal electrical resistance of the rails and increase their resistance, i. e. insulation, with respect to the ground (e. g. improving efficiency of water drainage and maintenance and cleaning of the ballast; using insulating membranes between the rails and soil; isolating the rails from other metallic structures and in particular, from the grounding network). Application of waterproof coatings to buried reinforced-concrete structures reduces the exchange of stray currents to the surrounding ground. Electrical discontinuity in reinforcement also contributes to mitigate the circulation of current. In fact, it forces the absorbed current to enter and leave the reinforcement, each time losing part of the driving voltage to overcome cathodic or anodic overvoltages.
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 10 Hydrogen-induced Stress-corrosion Cracking Failures of prestressing steel induced by corrosion are well known in the civil engineering field. They are mainly related to prestressed structures (buildings, bridges, pipelines, tanks), anchorages in rocks or soils, and tendons exposed to the atmosphere. The analysis of these failures shows that they are mainly induced by stress-corrosion cracking. In this regard, it should be pointed out that failures of prestressing steel can only occur if the steel has some defects at the time of construction or if the temporary protection (to which it should be subjected from the manufacturing plant until the time of grouting) is poor or if the final protection is insufficient. They can thus be attributed to mistakes made during the design, construction or maintenance of the structure. Even though the number of failures is modest compared with the worldwide number of prestressed structures, their consequences may be extremely serious or even catastrophic since they affect the stability of the structure. Of course, corrosion of prestressing steel is not only related to hydrogen-induced stress-corrosion cracking, it may also occur due to the usual penetration of chloride or carbonation. In fact, if tendons are not adequately protected due to poor detailing or poor workmanship and inadequate grouting, aggressive species (e. g. water and de-icing salts) can penetrate especially through the most vulnerable parts, such as anchorages, joints, or cracks.
 
 10.1
 
 Stress-corrosion Cracking (SCC)
 
 Metals, under specific environmental, metallurgical and loading conditions, may be subjected to corrosion phenomena that lead to the initiation and propagation of sharp cracks, which can lead to failure without warning. This phenomenon is known as stress-corrosion cracking (SCC). Under certain conditions, cracks propagate owing to the dissolution at their tip, i. e. due to the anodic reaction of the corrosion process; this is known as anodic stress-corrosion cracking. Under other conditions, cracks propagate because atomic hydrogen, usually produced by the cathodic reaction of a corrosion process, penetrates the metal lattice and accumulates near the crack tip. Corrosion of Steel in Concrete. Luca Bertolini, Bernhard Elsener, Pietro Pedeferri, Rob P. Polder Copyright c 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim ISBN: 3-527-30800-8
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 Anodic stress-corrosion cracking. This mechanism may occur only for specific combinations of metal and environment. For example, with regard to low-alloyed steels, it is possible only in environments with certain chemical compounds (nitrates, chromates, carbonates/bicarbonates, etc.) and in specific ranges of pH; in austenitic stainless steels only in the presence of chlorides and at temperature above 50 hC or even lower in acidic environment. These are conditions that can hardly ever be reached in concrete structures. Nürnberger, for example, states that “in prestressed concrete constructions in fertiliser storage and in stable ceilings, the condition for SCC can be reached. In stables brickwork saltpetre Ca(NO3)2 may be formed by urea. In the presence of moisture the nitrate may diffuse into the concrete and may cause SCC in the case of pretensioned concrete components affecting the tendons if the concrete cover is carbonatated due to an inferior quality of the concrete” [1]. In any case, failures of this type are rare in the field of reinforced and prestressed concrete structures. In some cases failure took place in the presence of defects or outside the concrete. Among these, the collapse of a concrete ceiling in a swimming pool near Zurich in 1985 should be mentioned, which caused the death of 12 people and originated from chloride-induced anodic stress corrosion of stainless steel (type AISI 304) hangers just outside the concrete that supported the ceiling. Hydrogen-induced stress-corrosion cracking (HI-SCC). High-strength steel used in prestressed concrete, under certain metallurgical and environmental conditions that will be specified below, may be subject to cracking caused by atomic hydrogen produced on its surface. This type of failure belongs to the larger family of phenomena known as hydrogen-induced stress-corrosion cracking. Failure of prestressing steel is usually induced by atomic hydrogen that penetrates the metal lattice. The conditions required for cracking are: a sensitive material, a tensile stress and an environment that produces atomic hydrogen on the steel surface. Evolution of atomic hydrogen on the steel surface may provoke the initiation and propagation of cracks starting from the metal surface, especially in the presence of notches or localised corrosion attack. Even in the absence of flaws on the surface, atomic hydrogen may penetrate the steel lattice, accumulate in the areas subjected to the highest tensile stress, above all at points corresponding to lattice defects, and lead to brittle failure beginning at one of these sites. This type of attack does not require any specific environment to take place, since it can take place simply in neutral or acidic wet environments. Failure due to hydrogen is named hydrogen embrittlement since it leads to a brittle-like fracture surface. Indeed, the ductility of the bulk metal does not change, but the propagation of the crack is due to the mechanical stresses induced in the lattice by hydrogen accumulated near the crack tip. If hydrogen is present in the metal lattice before the application of loads a delayed fracture may occur, i. e. the steel does not fail when the load is applied, but after a certain time.
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 10.2
 
 Failure under Service of High-strength Steel
 
 Fracture of high-strength steel due to HI-SCC normally takes place in three stages (Figure 10.1): a) a first stage of incubation or crack initiation; b) a second stage of slow (subcritical) propagation of cracks; c) a third stage of fast propagation, which occurs when some critical conditions are reached and suddenly leads to failure. 10.2.1
 
 Crack Initiation
 
 Crack initiation is promoted by corrosion and, particularly, by pitting or crevice attack, even of low depth, which can cause local conditions of acidity and thus the development of hydrogen. The duration of this stage depends both on the characteristics of the steel and the environment (e. g. the surface finishing of the steel bars, the pH and chemical composition of the environment, etc.) and the time required to initiate the preliminary pitting or crevice attack. However, it does not depend on the stress applied to the steel. The duration of the first stage can be zero if: x
 
 hydrogen is already present in the metal lattice, for instance because the steel has been subjected to treatments of pickling or galvanising or it has been precorroded due to lack of protection during transportation or storage at the construction site, Depth of the attack
 
 Thickness of the material
 
 Fast propagation (stage III) A
 
 B Stress-corrosion cracking (stage II)
 
 dcrB
 
 Pitting dcrA ti
 
 trA
 
 trB
 
 Time
 
 A: material with low fracture toughness - high applied stress B: tough material - low applied stress Sequence of phenomena that lead to the initiation and propagation of hydrogeninduced cracks and subsequent failure in two materials (A and B) with different fracture toughness (dcr ˆ critical flaw size; ti ˆ incubation time, tr ˆ time of failure) [2] Figure 10.1
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 x
 
 hydrogen is produced on the surface of the steel due to a cathodic polarization (e. g. produced by stray current, cathodic protection or macrocells), steel has sharp flaws on its surface.
 
 If steel is passive and is embedded in non-carbonated and chloride-free concrete, the first stage does not take place and, consequently, also the others do not. Conversely, it can take place if concrete is carbonated or chloride contaminated. Similarly, it can occur if part of the steel surface is not embedded in concrete and is in contact with soil, aqueous solutions with neutral or acid pH or simply with moist atmosphere. 10.2.2
 
 Crack Propagation
 
 Once the crack has initiated, hydrogen concentrates in the zones of the metal lattice where the tensile stress is highest. Specifically, the hydrogen content increases where flaws or notches are present on the surface of the steel. The metal in these zones becomes locally brittle, since hydrogen atoms hinder the movement of dislocations in the metal lattice. A triaxial stress builds up and leads to a dilatation of the lattice that allows other hydrogen to come from neighbouring (less-stressed) parts. When the amount of hydrogen and the tensile stress are high enough to lead to a microfracture, a real crack forms. This crack propagates according to the mechanism just described, since hydrogen accumulates at the tip of the crack. This is named subcritical propagation. Its rate can vary from negligible values to several millimetres per year, depending on the characteristics of the material and the environment and also on the stress at the crack tip. s s and KISCC. To study the propagation of cracks due to SCC, a parameter called stress intensity factor (KI) should be considered: p������ (1) KI = b  s pw where: b is a factor that varies between 0.5 and 2 according to the bar and crack geometry, s is the nominal stress, w is the size of the crack on the surface of the material. The rate of propagation of the crack is determined by KI. If KI is below a critical value called KISCC the crack does not propagate due to stress corrosion. For KI i KISCC the crack propagates with a rate that increases as the size of the crack increases (and thus also KI increases). Figure 10.2 shows a typical relationship between the stress intensity factor and the rate of crack propagation. KISCC depends on metallurgical factors (it usually decreases as the strength of the steel increases, even though it also depends on the microstructure of the material, e. g. it is lower in quenched and tempered steel than in cold-worked steels) and on environmental factors (for instance, in alkaline environments and in the absence of chlorides, KISCC is so high that normal mechanical failure takes place before stress corrosion cracks can develop).
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 Example of crack propagation rate as a function of the stress intensity factor KI
 
 10.2.3
 
 Fast Propagation
 
 It is worth underlining that the rate of crack propagation decreases as KI decreases (Figure 10.2). If KI is lower than KISCC, e. g. due to low loading conditions or small size of the crack or flaws, the crack does not initiate or does not propagate even if it has already initiated. This means that the second stage either does not take place or does not finish. Therefore, corrosion attack that occurs on the surface of highstrength steel, e. g. due to pitting or carbonation, does not necessarily lead to stress-corrosion cracking. As the size of the crack increases due to its propagation, KI may reach the fracture toughness of the material (i. e. a threshold value KIC) and fast propagation takes place (the propagation rate is of the same order as the sound rate through the material), which leads to brittle fracture. From Eq. (1) the critical size of the crack can be calculated as: wcr =
 
 2 KIC 2 2 b s p
 
 (2)
 
 For a material of given fracture toughness (KIC) and for a given nominal stress (s), a critical crack size can be calculated above which failure occurs. For instance,
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 Ductile fracture
 
 Crack produced by stress corrosion Comparison of the fracture surfaces of two bars of high-strength steel with higher KIC (left) and lower KIC (right) under the same applied tensile stress Figure 10.3
 
 if we consider bars made of steels that have fracture toughness values of 60 and p����� 30 MPa m, respectively, in the presence of cracks with the typical geometry of those produced by stress-corrosion cracking (for which a b value of about 0.6 can be assumed) and a stress s ˆ 800 MPa, the maximum allowable size of defects is respectively 5 and 1.2 mm. Figure 10.3 depicts the fracture surfaces of bars with different fracture toughness. 10.2.4
 
 Critical Conditions
 
 Figure 10.4 summarises the critical conditions that lead to crack propagation due to mechanical stress (third stage) and those that lead to propagation due to stresscorrosion cracking (second stage). In the absence of flaws or cracks on the surface of the steel, critical conditions leading to failure are defined by maximum allowable values of the applied stress s; conversely, in the presence of flaws or cracks they are defined by critical values of the stress intensity factor KI. More precisely, the critical conditions leading to fracture due to either pure mechanical stress or stress-corrosion cracking are defined by pairs of parameters: for pure mechanical fracture these are the ultimate tensile stress (s r) and the fracture toughness (KIC), while for stress-corrosion cracking they are a critical stress s s and a critical value of the stress intensity factor KISCC. Hence, mechanical failure cannot occur if s I s r and KI I KIC and, similarly, failure due SCC cannot occur if s I s s and KI I KISCC. Conditions under which cracks do not propagate are shown in the log s – log w diagram of Figure 10.4, where w is the crack size and s is the applied stress. The critical conditions with regard to the stress are shown by two horizontal lines s = s r and s = s s, those with regard to KI can be obtained from Eq. (1) by replacing KI with KISCC and KIC, respectively: s = KIC
 
  p������ b pw
 
 s = KISCC
 
  p������ b pw
 
 (3)
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 log w Safe regions with regard to crack propagation due to stress-corrosion cracking (B) or mechanical failure (A) in a log s – log w diagram [3] Figure 10.4
 
 Each pair of lines in Figure 10.4 defines a field where cracks cannot propagate due to brittle mechanical failure (A) and stress-corrosion cracking (B). In aggressive environments and for steels susceptible to SCC, field B may be smaller than field A and thus stress-corrosion cracking may occur for combinations of stress and flaw size that would not be sufficient to produce pure mechanical failure. Conversely, in mild environment or in the presence of steel with low susceptibility to SCC, s s and KISCC approach s r and KIC respectively and thus subcritical propagation of the crack does not take place (field B approaches field A in Figure 10.4). 10.2.5
 
 Fracture Surface
 
 The fracture surface of high-strength steel subject to hydrogen-induced stress-corrosion cracking has a brittle morphology. In the case of prestressing bars, the fracture is perpendicular to the applied stress and no necking can be observed. The brittle fracture initiates on the surface of the steel where a crack produced by stress corrosion with an elliptical shape can be observed (Figure 10.5). The final brittle fracture starts from the tip of the SCC crack and, in the case of bars, it shows the typical marks of brittle failure (chevrons). The size of the flaw that initiates the brittle fracture (or the area of the crack initially produced by stress-corrosion cracking) depends on the fracture toughness of the steel and the applied stress (Section 10.2.3). Usually, smaller cracks can be observed around the main crack that initiated the brittle fracture (Figure 10.6). The microscopic aspect of the surface where the crack propagates due to stress corrosion and that where the final brittle fracture occurs are rather different.
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 Secondary cracks observed around the main crack that initiated the brittle fracture [4]
 
 Figure 10.5
 
 Fracture surface of a prestressing bar that failed due to hydrogen embrittlement
 
 Figure 10.6
 
 Stress-corrosion cracking initially propagates perpendicularly to the crystalline grains of the steel; subsequently it propagates longitudinally [4]
 
 Figure 10.7
 
 10.3 Metallurgical, Mechanical and Load Conditions
 
 Stress-corrosion cracks are intercrystalline, while crack surfaces of the final brittle fracture are transcrystalline (cleavage). For cold-worked wires the stress corrosion crack initially propagates perpendicularly to the crystalline grains of the steel, which are strongly elongated, and is transcrystalline; subsequently, it propagates longitudinally (Figure 10.7).
 
 10.3
 
 Metallurgical, Mechanical and Load Conditions
 
 Hydrogen-induced SCC can affect, above all, high-strength steels used in prestressed concrete (Section 15.1.2). It does not affect steels with tensile strength lower than 700–900 MPa and thus it does not occur in ordinary reinforcing bars. In general, the amount of hydrogen necessary to induce cracking decreases as the strength of steel increases. However, tensile strength being equal, the amount of hydrogen needed to induce cracking will vary with the microstructure of the steel and in particular with the degree of residual stress. This amount will thus vary with the thermal and mechanical treatments used to give the steel the mechanical properties required and in short with the type of process used to produce it. In practice, production of steel may take place: by cold drawing followed by stretching; hot rolling followed by cold deformation and stretching; by quenching and tempering (Section 15.1.2). Quenched and tempered steels, nowadays produced in very small quantity in Germany and in Japan, are undoubtedly the most susceptible to hydrogen embrittlement. The martensitic microstructure produced by quenching generates residual stresses that are not always completely removed by tempering and a relatively low number of dislocations is present in the metal lattice, so that a small amount of hydrogen can interfere with their movement and cause hydrogen embrittlement. Hot-rolled steels are less susceptible in that, while they have a similarly low dislocation density, they contain almost no internal stresses. The most common colddrawn steels, finally, are even less susceptible, since the drawing process introduces a large number of dislocations and thus of sites to which hydrogen can migrate. Hydrogen is thus more widely distributed and rarely reaches the critical levels required for crack propagation. The most critical conditions are reached in those materials that are subjected to tensile stress that vary in time, such as to induce a slow strain rate and in the presence of notches or sharp flaws. In fact, slow changes in the applied stress, even of modest level, e. g. increases of a few % in the applied stress during one day or one week, may considerably increase the susceptibility to stress-corrosion cracking.
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 10.3.1
 
 Susceptibility of Steel to HI-SCC
 
 Quantitative tests have been developed to evaluate the susceptibility to hydrogen embrittlement of different types of prestressing steel (Table 10.1). The most widely used is that known as the FIP standard test that consists of immersion of the prestessing steel in a solution of ammonium thiocianate (NH4SCN) at 50 hC under the application of a stress equal to 80 % of its tensile strength. This test results in a brittle fracture of the steel after hydrogen charging and general embrittlement of the whole cross section. The time to rupture is measured. Prestressing steel is classified as extremely susceptible if time to failure remains below the following values: 2–3 h for cold-drawn wires; 10–15 h for quenched and tempered wires; 30–50 h for hot-rolled bars. However, because of the high aggressiveness of the solution used in the tests, results cannot be simply transferred to the practical behaviour of prestressing steel. Furthermore, this test is not suitable for comparison of different prestressing steels [5]. A more recent test (DIB-test) utilises a solution containing 5 g/l SO4ˆ, 0.5 g/l of Cl– and 1g/l of SCN (added as potassium salt). This test has the advantage that the test solution is less aggressive and the amount of hydrogen that is developed during the test is comparable with that produced in practice on the surface of prestressing tendons within the ducts in defective conditions. The time to fracture required is 2000 h. All types of steel that caused damage in field, failed in this DIB standard test within 2000 h [6]. Parameters and criteria for testing susceptibility to stress-corrosion cracking of prestressing steel
 
 Table 10.1
 
 Test
 
 Test solution
 
 Temperature
 
 Load
 
 Life time required (h)
 
 FIP
 
 200 g NH4SCN ‡ 800 g H2O
 
 50hC
 
 80 % of tensile strength
 
 Cold-drawn wire: i 2–3 Quenched and tempered wire: i 10–15 Hot-rolled bar: i 30–50
 
 DIB
 
 0.5 g/l Cl– ‡ 5 g/l SO4ˆ ‡ 1 g/l SCN–
 
 50hC
 
 80 % of tensile strength
 
 i 2000
 
 10.4 Environmental Conditions
 
 10.4
 
 Environmental Conditions
 
 A necessary condition for hydrogen-induced stress-corrosion cracking to take place is that the surface of the steel is covered with a layer of adsorbed atomic hydrogen. Atomic hydrogen may be formed through the reduction of hydrogen ions: H‡‡ e– p Had
 
 (6)
 
 or through the hydrolysis of water: H2O ‡ e– p Had ‡ OH–
 
 (7)
 
 In practice, these processes take place when steel: is subject to acid corrosion, is cathodically polarized, is coupled with less noble materials, is interfered by stray current or has undergone special production or finishing processes (such as pickling or galvanising). On the other hand, atomic hydrogen usually is consumed by recombination: 2Had p H2
 
 (8)
 
 If there are no particular species in the environment (such as sulfur compounds, thiocyanates, cyanates, or compounds of arsenic, or antimony) recombination of atomic hydrogen occurs rapidly, so that the amount of hydrogen adsorbed in the metal lattice is modest. On the contrary, if these substances are present, recombination slows down, and hydrogen accumulates on the surface. Also in the presence of oxygen the concentration of atomic hydrogen on the metallic surface may be reduced because of the reaction: 2Had ‡ 1/2O2 p H2O
 
 (9)
 
 In conclusion the environmental conditions that can promote hydrogen-induced stress-corrosion cracking are: an acidic medium, cathodic polarization of the steel, and the presence of promotors such as sulfur compounds, thiocyanates, cyanates, or compounds of arsenic, antimony. Critical intervals of potential and pH. The reduction of hydrogen ions to atomic hydrogen takes place when the potential (E) of steel is more negative than the equilibrium potential for that reaction (Eeq,H). The latter decreases linearly with the pH, according to Nernst’s law:
 
 Eeq,H = Eh – 0.059 p pH
 
 (10)
 
 The reaction can therefore only take place in the lower left field of the potential versus pH plot depicted in Figure 10.8.
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 10.5
 
 Hydrogen Generated During Operation
 
 In general, steel in concrete operates in the interval of potential and pH outside the critical ranges for hydrogen evolution. Under particular conditions, however, the situation may be different. Situations that make it possible for hydrogen to develop are: localized corrosion on the reinforcement that lead to oxygen depletion (and thus depresses the potential), acidity production at the anodic zones, and external cathodic polarization applied to the steel (due to, for example, excessive cathodic protection or stray currents). Non-carbonated and chloride-free concrete. In concrete that is not carbonated and does not contain chlorides, and in the absence of external cathodic polarization, hydrogen evolution, and thus consequent embrittlement, cannot take place. In this type of concrete, characterized by a pH above 12, hydrogen evolution can only occur at potentials below about 900 mV SCE. Passive steel under free corrosion conditions has much less negative potentials (Chapter 7); in the case of atmospherically exposed structures, the potential is between 0 and 200 mV (zone A of Figure 10.9). Carbonated concrete. The pH of carbonated concrete falls to values just slightly above 8 and so the critical threshold for hydrogen evolution rises to 700 mV SCE. In aerated carbonated concrete the potential of reinforcement reaches values between 300/ 500 mV SCE and thus hydrogen evolution cannot take place (zone
 
 10.5 Hydrogen Generated During Operation
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 Figure 10.9 Diagram indicating the field of potential and pH for reinforcement: passive (A), in aerated (B) and non-aerated (C) carbonated concrete, subject to pitting (D), under cathodic prevention (E), under cathodic protection (F), and under overprotection (G) [7]
 
 B of Figure 10.9). In non-aerated and carbonated concrete (i. e. water-saturated concrete), instead, the potential can fall, under very special circumstances, even below 700 mV and hydrogen evolution may take place (zone C of Figure 10.9). Concrete containing chlorides. Inside corrosion pits that can develop in chloridecontaminated concrete, there are large reductions in pH and low potentials are reached (for example, inside a pit, values below pH 2.5 and 600 mV SCE, respectively, have sometimes been measured). Under these conditions, hydrogen may develop (zone D of Figure 10.9). Cathodically protected structures. Cathodic protection (Chapter 20) interferes with the process of hydrogen embrittlement in a complex way. On one hand, it favours embrittlement when it brings the potential below that of equilibrium for hydrogen evolution (Eeq,H), but on the other hand it opposes it because it brings conditions of high pH (above 12.5) to the entire surface of the reinforcement (if it is already corroding) or maintains such conditions (if it is not yet corroding). It thus brings the “safe limit” for hydrogen evolution (Eeq,H) to very negative values (for pH 12.5: Eeq,H ˆ 978 mV SCE). In practice, as shown in Figure 10.10, obtained under the most critical conditions (notched samples and slow strain rate), phenomena of hydrogen embrittlement are not produced at potentials above 900 mV SCE, and in order to produce considerable effects, the potential must fall below 1100 mV SCE. For this reason, if the reinforcement is maintained at potential values less negative than 900 mV SCE there will be no real risk of hydrogen embrittlement.
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 E (V SCE) Figure 10.10 Normalized tensile strength (F/Fo) on precracked samples with varying potential, according to different authors (Fo ˆ tensile strength in air; F ˆ tensile strength at varying potentials in concrete) carried out on cracked samples to which a slow strain is applied [8]
 
 In Figure 10.9 zones E and F represent the operational conditions of reinforcement in structures to which cathodic prevention and cathodic protection, respectively, have been applied (Chapter 20). Values at which cathodic protection normally operates are not sufficiently negative to induce hydrogen evolution. But even if it should operate in conditions of overprotection (potential below 900 mV SCE), the same diagram shows that up to potentials of 1100 mV SCE on the protected steel, the situation will nevertheless be less critical than on that unprotected reinforcement where pitting attack occurs. Because of the low values of pH and potential that are created inside the pits, the driving voltage available for the process of hydrogen evolution (DV = Eeq,H – E) on steel that is unprotected and affected by pitting corrosion corresponds to what would exist in conditions of extreme overprotection. For example, this driving voltage inside a pit where the pH is below 4 and the potential is below 600 mV SCE (zone D in Figure 10.9) corresponds to what is found when steel is brought to potentials below 1100 mV SCE at pH i 12.5 (zone G). Considerations analogous to those used for cathodic protection are also valid for the action of stray currents (Chapter 9), in zones where the cathodic process occurs.
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 10.6
 
 Hydrogen Generated before Ducts are Filled
 
 Collapses of prestressed concrete structures due to hydrogen embrittlement, of high-strength strands in post-tensioned structures built in the 1960s and 1970s, have occurred even recently and generally without warning. The collapses occurred after service lives varying from a few months to 30 y and presented several common characteristics. They were found only on certain types of quenched and tempered steels or cold-drawn steels, all having a tensile strength higher, respectively, than 1600 MPa and 1800 MPa. Nevertheless, some episodes occurred even though none of the environmental conditions required to produce hydrogen existed during service of the structures. In particular, in the areas where failure took place, the grout was found to be perfectly injected in the ducts, not carbonated and containing insignificant levels of chlorides. The fracture began at a point of the wires affected by a slight corrosion attack that must have initiated before injection of the grout. Finally, all these fractures occurred at the lowest part of the duct, where water tends to accumulate and stagnate before grout is injected. These observations would attribute the cause of anomalous failure to the presence of an aggressive solution that came into contact with the steel before the ducts were filled with grout. A solution with these characteristics is the aqueous phase that is produced in concrete in the first hours following its mixing [1, 9]. Today the recommended procedure is to: conserve properly the wires or strands before they are utilised, so that localized attack cannot occur; make sure before injection that aggressive solutions cannot penetrate the duct; inject the mortar immediately after prestressing. Protection of prestessing steel. The protection of prestressed tendons from external corrosive agents, in particular from the infiltration of de-icing salts, requires that they are completely surrounded with a protective barrier. Temporary or permanent protection of prestressed structures may be necessary. The essential elements to be considered are: prestressing steel, the ducts containing the tendons, the anchorage system, the protective system over all. As far as the prestressing steel is concerned, corrosion prevention has to be applied from the moment the tendons are delivered until they are embedded. The ducts have to be durable and waterproof, filled with protective materials following the guidelines for correct grouting.
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 11 Design for Durability Prevention of reinforcement corrosion and other types of deterioration begins in the design phase, when a structure is conceived and structural calculations are made, details are designed, materials and their proportions as well as possible additional preventative measures are selected. Prevention is further materialised as the concrete is prepared, placed, compacted and cured. It will continue throughout the entire service life of the structure, with programmed inspections, monitoring and maintenance. Civil engineers have become increasingly aware of the importance of these matters in the past decades and various international organisations have given guidance on this topic [1–5]. This chapter deals with the characteristics required of concrete so that corrosion of reinforcement is not likely throughout the service life. The techniques of additional protection that may be needed for particular conditions of aggressiveness are also outlined in this chapter and will be illustrated in the following ones. In this regard, therefore, information will be restricted to explaining the generally accepted approach of design for durability based on models for carbonation and chloride penetration. In addition, a recently proposed method for quantified service life design is illustrated. Measures against chemical and physical attack of concrete have been addressed in Chapter 3. Experience has shown that a few design details are frequently the cause of failures, which will be further discussed in Chapter 12. Let it suffice here that the origin of corrosion can often be traced to simple errors that could have been avoided without any appreciable increase in cost. In fact, the cost of adequate prevention carried out during the stages of design and execution are minimal compared to the savings they make possible during the service life and even more so, compared to the costs of rehabilitation, which might be required at later dates. The so-called De Sitter’s “law of five” can be stated as follows: one dollar spent in getting the structure designed and built correctly is as effective as spending 5$ when the structure has been constructed but corrosion has yet to start, 25$ when corrosion has started at some points, and 125$ when corrosion has become widespread [1, 5, 6]. This concept of a sequence of events with increasing levels of costs implies that the structure should be accessible to inspection and maintenance. If accessibility is limited, such as in underground structures, even more emphasis should be placed Corrosion of Steel in Concrete. Luca Bertolini, Bernhard Elsener, Pietro Pedeferri, Rob P. Polder Copyright c 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim ISBN: 3-527-30800-8
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 on service life design. On the other hand, if planned and regular inspection, monitoring and maintenance of the structure are taken into account in the design stage, the requirements could be relaxed. At least theoretically, programmed maintenance could be included in the design. For relatively short-lived components or materials this is done in practice. For example, in some cases precast sidewalks on bridges and vehicle barriers in tunnels are used that are designed to be replaced after some time. Prescheduled re-application of a protective coating may be another example.
 
 11.1
 
 Conditions of Aggressiveness
 
 Environmental aggressiveness is a function of numerous factors that are not always independent of each other. They have, in fact, enormous and complex synergistic effects connected to both the macroclimate and to local microclimatic conditions that the structure itself helps create, such as: humidity of the environment and its variability in time and place, the presence of chlorides and oxygen and the temperature. The following outline summarises the environmental aggressiveness under the principal conditions of exposure. The environment is not aggressive if it is sufficiently dry. In the case of carbonated concrete that does not contain chlorides, the relative atmospheric humidity (R. H., expressed as percentage) below which the corrosion rate becomes negligible is about 70 % and 60 % R. H. in temperate and in tropical climates, respectively. If, on the other hand, the concrete contains chlorides, this is reduced to 60 % R. H. or, if the chloride level is very high, to even less than 50 % R. H. The environment is not aggressive, even in the presence of chlorides, if it maintains the concrete in conditions of total and permanent saturation with water, because under these conditions oxygen cannot effectively reach the surface of the reinforcement. Obvious exceptions may be gross defects in the concrete cover such as honeycombs and wide cracks. Referring to other chapters, however, submerged concrete without such gross defects can be experiencing aggressive conditions when parts of the cross section are aerated (macrocell mechanism, in hollow structures such as tunnels or offshore platform legs, Chapter 8), or to stray currents in the soil (Chapter 9). In the absence of chlorides, for R. H. i 70 % that remains constant or shows only modest changes that do not lead to condensation, the environment is moderately aggressive in temperate climates and aggressive in tropical or equatorial climates. For R. H. i 70 % with widespread and frequent variations, or if condensation takes place on the surface of the concrete or wetting-and-drying cycles occur, the environment is aggressive in temperate climates and very aggressive in hot climates. For humidities between 70 % and 95 % R. H., the corrosion rate depends markedly on the quality of the concrete (Figure 5.9), which on the other hand has only a modest influence for R. H. I 70 % or R. H. i 95 %.
 
 11.1 Conditions of Aggressiveness
 
 In the presence of chlorides, the environment may be aggressive if the R. H. remains above 50 % (or even 40 % if the chloride content is very high and hygroscopic chlorides such as magnesium or ammonium chloride are present). Aggressiveness increases with humidity (until it reaches a maximum at R. H. of about 90–95 % for dense concrete and 95–98 % for more porous concrete), with chloride content and with temperature. Conditions of exposure to marine atmosphere, even if not in direct contact with seawater, are aggressive. Conditions of contact with seawater and subsequent drying, as in the splash zone of marine structures or those found on the concrete slabs of viaducts where de-icing salts are used, are very aggressive. Finally, exposure conditions of horizontal surfaces or surfaces subject to water stagnation in the splash zone of marine structures or structures in contact with de-icing salts, are extremely aggressive. The European standard EN 206 [2] defines exposure classes related to environmental conditions as shown in Table 11.1. The environment is considered as the sum of chemical and physical actions to which the concrete is exposed and that result in effects on the concrete or the reinforcement or embedded metal that are not considered as loads in structural design. In this chapter, we concentrate on corrosion, whilst chemical attack is treated in Chapter 3. The main limits to this classification lie in the fact that it refers to average (“regional”) conditions and not to local microclimatic conditions, including those created by the structure itself, where aggressiveness may strongly differ from the average. For example, on the beams of a viaduct where de-icing salts are used, the situation is more aggressive where water tends to stagnate (and thus chlorides accumulate) or is diverted, thus in correspondence to joints, in zones near the intrados of a curve, in places where drainages function poorly, etc. Inside a building, where the carbonation front may reach the reinforcement in a relatively short time, the corrosion rate is usually negligible because the relative humidity is low; but wherever there is water leakage or frequent and abundant condensation, the corrosive attack may occur at a rate that is certainly not negligible. Yet another example is the external part of a building, where the aggressiveness will change in passing from areas shielded from rain to those exposed to it. Furthermore, in the course of time, accumulation of aggressive loads may occur, especially when the use of the structure is changed or when its maintenance is neglected. Finally, it should be noted that situations of great aggressiveness can be caused by the simultaneous presence of environmental factors that, taken individually, would not lead to corrosion.
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 11 Design for Durability Table 11.1
 
 Class designation
 
 Exposure classes according to EN 206 [2] Description of the environment
 
 1 – No risk of corrosion or attack X0 For concrete without reinforcement or embedded metal: all exposures except where there is freeze-thaw, abrasion or chemical attack. For concrete with reinforcement or embedded metal: very dry
 
 Informative examples where exposure classes may occur
 
 Concrete inside buildings with very low air humidity.
 
 2 – Corrosion induced by carbonation* Where concrete containing reinforcement or other embedded metal is exposed to air and moisture, the exposure shall be classified as follows: XC1 Dry or permanently wet Concrete inside buildings with low air humidity. Concrete permanently submerged in water. XC2 Wet, rarely dry Concrete surfaces subject to long-term water contact. Many foundations. XC3 Moderate humidity Concrete inside buildings with moderate or high air humidity. External concrete sheltered from rain. XC4 Cyclic wet and dry Concrete surfaces subject to water contact, not within exposure class XC2. 3 – Corrosion induced by chlorides other than from seawater* Where concrete containing reinforcement or other embedded metal is subject to contact with water containing chlorides, including de-icing salts, from sources other than from seawater, the exposure class shall be classified as follows: XD1 Moderate humidity Concrete surfaces exposed to airborne chlorides. XD2 Wet, rarely dry Swimming pools. Concrete exposed to industrial waters containing chlorides. XD3 Cyclic wet and dry Parts of bridges exposed to spray containing chlorides. Pavements. Car park slabs. 4 – Corrosion induced by chlorides from seawater Where concrete containing reinforcement or other embedded metal is subject to contact with chlorides from seawater or air carrying salt originating from seawater the exposure shall be classified as follows: XS1 Exposed to airborne salt but not Structures near to or on the coast. in direct contact with seawater XS2 Permanently submerged Parts of marine structures. XS3 Tidal, splash and spray zones. Parts of marine structures. 5 – Freeze-thaw attack with or without de-icing agents see Chapter 3: 6 – Chemical attack see Chapter 3 * The moisture condition relates to that in concrete cover to reinforcement or other embedded metal but, in many cases, conditions in the concrete cover can be taken as reflecting that in the surrounding environment. In these cases classification of the surrounding environment may be adequate. This may not be the case if there is a barrier between the concrete and its environment.
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 11.2
 
 Concrete Quality
 
 The resistance of a structure against corrosion depends strongly on a wide range of properties that are generally taken together in the term “quality of concrete”, which includes its composition and the care with which it is executed. Important concrete quality items are [7]: x x x x x x
 
 water-to-cement ratio (w/c), cement content, cement type, mixing, placing, compaction and curing, cracking, both on macroscopic and microscopic scale, other aspects, such as air content.
 
 Some compositional features also have a strong influence on the mechanical strength of the concrete, in particular the w/c ratio. However, in particular in chloride-contaminated environments, the cement type is even more important. In previous chapters, the microstructure of the cement paste and the beneficial role of blast furnace slag and pozzolana such as fly ash have been outlined. The other most important factor is of course the thickness of the concrete cover, which will be discussed in Section 11.4. The European Standard EN 206 [2] deals with the requirements for concrete composition and properties in order to withstand environmental actions, which must take into account the intended service life of the structure. However, due to lack of experience on how the classification of the environmental actions on concrete reflect differences between countries (in Europe), EN 206 gives only recommended values and, furthermore, states that “specific values are given in the provisions valid in the place of use”, that is, in national documents. Following the limiting values, the concrete is deemed to satisfy the durability requirements for the intended use, provided that: x
 
 x
 
 x x
 
 it is placed, compacted and cured properly according to ENV 13670-1 [8], which deals with execution related factors; the minimum cover to the reinforcement is respected according to ENV 1992-1 [3]; the appropriate exposure class was selected and the anticipated maintenance is applied.
 
 Depending on the aggressiveness of the environment, expressed by the exposure classes given in Table 11.1, recommended (informative) values are given in terms of maximum w/c ratio and minimum cement content. Informative values are only given with regard to the use of Portland cement (CEM I, Table 1.3). Optionally, also a minimum concrete compressive strength can be required, as shown in Table 11.2. Further details are given in Chapter 12. One of the requirements for composition is the maximum allowed chloride content. Table 11.3 specifies the values given by EN 206. From the point of view of
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 11 Design for Durability Recommendations (informative) for the choice of the limiting values of concrete composition and properties in relation to exposure classes according to EN 206 for the exposure classes shown in Table 11.1 [2]
 
 Table 11.2
 
 The values in this table refer to the use of cement type CEM I conforming to ENV 197-1 and aggregates with nominal maximum size in the range of 20 to 32 mm. The minimum strength classes were determined from the relationship between water/cement ratio and the strength class of concrete made with cement of strength class 32.5. The limiting values for the maximum w/c ratio and the minimum cement content apply in all cases, whilst the requirements for concrete strength class may be additionally specified Exposure class
 
 Maximum w/c
 
 Minimum strength class
 
 Minimum cement content (kg/m3)
 
 No risk of corrosion or attack
 
 X0
 
 –
 
 C12/15
 
 –
 
 Carbonation-induced corrosion
 
 XC1 XC2 XC3 XC4
 
 0.65 0.60 0.55 0.50
 
 C20/25 C25/30 C30/37 C30/37
 
 260 280 280 300
 
 Chloride-induced corrosion – seawater
 
 XS1 XS2 XS3
 
 0.50 0.45 0.45
 
 C30/37 C35/45 C35/45
 
 300 320 340
 
 Chloride-induced corrosion – Cl– other than from seawater
 
 XD1 XD2 XD3
 
 0.55 0.55 0.45
 
 C30/37 C30/37 C35/45
 
 300 320 320
 
 Table 11.3
 
 Maximum chloride content of concrete according to EN 206 [2]
 
 Concrete use
 
 Chloride content class1)
 
 Maximum Cl– by mass of cement2)
 
 Not containing steel reinforcement or other embedded metal with the exception of corrosion-resisting lifting devices
 
 Cl 1.0
 
 1.0 %
 
 Containing steel reinforcement or other embedded metal
 
 Cl 0.2 Cl 0.4
 
 0.20 % 0.40 %
 
 Containing prestressing steel reinforcement2)
 
 Cl 0.10 Cl 0.20
 
 0.10 % 0.20 %
 
 1) For a specific concrete use, the class to be applied depends upon the provisions valid in the place of use of the concrete. 2) Where type II additions (e. g. fly ash) are used and are taken into account for the cement content, the chloride content is expressed as the percentage chloride ion by mass of cement plus total mass of additions that are taken into account.
 
 11.2 Concrete Quality
 
 availability of raw materials (sea-dredged aggregate, brackish mixing water), allowing a maximum of 0.4 % of chloride for reinforced concrete seems understandable. However, in view of corrosion initiation by chloride contents from 0.4 to 0.5 % in many cases, this also consumes a large part of the concrete’s ability to delay corrosion in chloride-contaminated environments. In particular in marine or de-icing salt environments, it seems more appropriate to fix much lower chloride contents in fresh concrete, like class Cl 0.10 in Table 11.3. This is a typical example of the rule of fives: short-term benefits (chloride-contaminated sea-dredged aggregate is cheaper) may cause higher costs in the future (repair). Here, a preventative strategy by specifying a lower chloride content (to be obtained by washing the aggregate) could save large amounts of money on the time scale of the service life. Other special requirements for specific environments are, for example, a minimum content of entrained air in concrete exposed to freeze-thaw attack or specific types of cement for concrete exposed to sulfate attack (see Chapter 3). EN 206 [2] and Eurocode 2 [3] deal with the problem of durability of structures in a much wider sense than previous regulations. (Eurocode 2 (draft 2002) makes reference to durability in section 4, stating that: “A durable structure shall meet the requirements of serviceability, strength and stability throughout its intended working life, without significant loss of utility or excessive unforeseen maintenance.”) In most structures exposed to the atmosphere, the informative recommendations on cement content and w/c together with the minimum thickness of the concrete cover required by Eurocode 2, will provide a service life of at least 50 y. Therefore, by simply following these standards it would be possible to eliminate the vast majority of forms of deterioration, including corrosion, which are found today and that are connected to incorrect design, material composition or construction practice. Nevertheless, in relatively few but very important conditions of environmental exposure, associated above all with the presence of chlorides, the requirements are not adequate. (Even when the concrete composition and thickness of the concrete cover are in accordance with suggested values, unacceptable levels of corrosion can be reached in a short time if structures exposed to the atmosphere operate under particularly aggressive conditions (as, for example, the cooling towers of heating plants) or structures heavily contaminated by chlorides (like bridge decks on which de-icing salts are used, or marine structures in the splash zone, or whose surfaces come into occasional contact with seawater, as in the case of the internal surfaces of tanks, etc).) For example, Table 11.4 shows the initiation time for corrosion in the most critical parts of a structure operating in a marine environment (i. e. tidal/splash zone), assuming a critical chloride content that initiates corrosion of 1 % by mass of cement and a surface content of 4 %. Timesto-initiation were evaluated for different concrete cover depths on the basis of apparent diffusion coefficients for chlorides (Dapp) determined from specimens made with two qualities of concrete (w/c 0.40 and 0.54) using Portland cement, and submerged for 16 y in the North Sea [9]. It can be seen that an initiation period of 30 y is predicted with a w/c ratio of 0.40 and a cover depth of 70 mm. The limits recommended by EN 206 and Eurocode 2, which for this environment require a maxi-
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 11 Design for Durability Table 11.4 Initiation time of corrosion as a function of thickness of concrete cover and w/c ratio, calculated on the basis of a critical chloride content of 1 % by mass of cement, a surface content of 4 % and constant diffusion coefficients for chlorides (Dapp) determined on two concretes (with 420 kg/m3 of Portland cement and w/c of 0.4 or 300 kg/m3 and w/c 0.54) submerged in the North Sea for 16 y [8]
 
 w/c ratio Dapp (m /s p 10 2
 
 –12
 
 )
 
 0.40
 
 0.54
 
 2
 
 3
 
 Cover thickness (mm)
 
 Time to depassivation (y)
 
 30 50 70
 
 5 15 30
 
 4 10 20
 
 mum w/c of 0.45, and a minimum concrete cover of 45 mm, are insufficiently strict for this case. In Section 12.6.1, it will be seen that the addition of pozzolanic materials or ground granulated blast furnace slag to Portland cement can bring about notable improvements. In addition to respecting the Standards in the design phase, documenting the “as-built” quality of concrete and various executional factors are essential for the durability and the future management of the structure. To this end the concept of a “Birth Certificate” was introduced [4]. This document should contain all data relevant to durability from the structural design and the construction phase. In the course of time, data from inspections should be added.
 
 11.3
 
 Cracks
 
 The risk of corrosion of reinforcement has often been correlated to the width of cracks. In the past, standards provided only a maximum limit for this parameter that varied, from 0.3 mm for internal exposure in a non-aggressive environment, to 0.1 mm for exposure in an aggressive environment. Later, other more detailed standards were issued to take into account the type of reinforcement and the fact that the crack width may fluctuate in time (for example, higher limits can be used for crack widths that are expected only for relatively short times with respect to the service life of the structure). It should be realised that cracks in concrete structures may have many different origins and characteristics. Cracks due to bending of concrete members tend to run perpendicular to the bars and to be tapered, closing near the depth of the steel bars. Cracks due to plastic shrinkage or restrained shrinkage tend to run through large parts of the cross section and can be parallel to the steel bars. Actually, a vast number of experiments show that there is no precise correlation between the crack width (as long as they remain below 0.5 mm) and the risk of corrosion. This risk will depend on factors such as environmental conditions (in particular the humidity) and the properties of the concrete (permeability and
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 thickness of the concrete cover) that will determine the corrosion behaviour of the reinforcement even in the absence of cracks. For example, in dry concrete (i. e. with high resistivity) and, conversely, in water-saturated concrete (i. e. with low oxygen availability) even when there are cracks of considerable width, the corrosion rate remains negligible. This does not happen, on the other hand, in the presence of wetting/drying cycles or in conditions of moisture content just below saturation. In any case, cracks may reduce the corrosion initiation time in that they provide a preferential path for the penetration of carbonation or chlorides (Figure 11.1). Experiments with sectioned steel bars in intentionally cracked concrete beams have shown that the depassivation time decreases as the crack width decreases; however, there is no relationship between crack width and corrosion rate; actually the corrosion rate decreases with increasing cover of the uncracked concrete (between cracks) due to the influence of the cathodic process [10]. Generally, if the crack width is modest (e. g. it is below 0.3–0.5 mm), after the initiation of corrosion on the steel surface, the corrosion rate is low. Chemical processes in the cement paste and formation of corrosion products may seal the crack near the reinforcement and allow the protective oxide film to form again. For carbonation-induced corrosion, repassivation can take place when the migration of alkalinity from the surrounding concrete brings the pH of the pore solution in contact with the corrosion products to values above 11.5. Repassivation may have trouble taking place or may not take place at all in the following situations: x x x
 
 x
 
 for concrete cover of very low thickness (below 20 mm) or high porosity, when variations in load make the width of the cracks vary cyclically, when water flows through the crack (e. g. because it is exposed to water only on one side) and tends to remove the corrosion products and reduce the local alkalinity, in the combined presence of both carbonation and chlorides, even of low levels.
 
 Illustration of the penetration of the depassivation front (as a consequence of carbonation or chloride ingress) in time in cracked concrete [1]
 
 Figure 11.1
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 Parallel cracks pose a more serious threat to reinforcement than transverse cracks, as they sustain higher corrosion rates [11]. In any case, understanding of the corrosion mechanisms in relation to cracks is poor. In general, crack widths should be limited in particular in aggressive environments. Apart from structural design, other factors related to concrete technology and execution influence the occurrence of cracks. Cracking due to restrained shrinkage as a result of temperature gradients can be restricted by using low heat cement, cooling concrete after placing and extended curing.
 
 11.4
 
 Thickness of the Concrete Cover
 
 Besides concrete quality, a minimum value of the concrete cover also has to be specified. Eurocode 2 [3] fixes minimum values ranging from 10 mm for a dry environment up to 55 mm for prestressing steel in chloride-bearing environments, as shown in Table 11.5. It should be kept in mind that these values are minimum values that should be increased to obtain nominal values by 10 mm, to also take into consideration construction variability. Besides the protection of steel to corrosion, further requirements of minimum cover depth are fixed to ensure adequate transmission of mechanical forces and fire resistance. An increase in the thickness of the concrete cover brings about different beneficial effects and in extreme cases some adverse effects. First of all, increasing the cover increases the barrier to the various aggressive species moving towards the reinforcement and increases the time for corrosion initiation, even though different transport laws apply depending on the characteristics of the concrete and the cause of corrosion (carbonation or chlorides). It may be remembered that the carbonation depth in time assumes values equal to or (for long periods) below those expressed by the law: s ˆ k p t1/2. Therefore if
 
 Minimum values for concrete cover depth, simplified from Eurocode 2 with regard to corrosion protection of steel for structure class 4 and exposure classes defined by EN 206 (Table 11.1). These values should be increased by 10 mm to obtain the nominal cover depth
 
 Table 11.5
 
 Action
 
 Exposure class
 
 Minimum cover thickness (mm) to Reinforcing steel
 
 Prestressing steel
 
 No risk
 
 X0
 
 10
 
 10
 
 Carbonation-induced corrosion
 
 XC1 XC2, XC3 XC4
 
 15 25 30
 
 25 35 40
 
 Chloride-induced corrosion
 
 XS1, XD1 XS2, XD2 XS3, XD3
 
 35 40 45
 
 45 50 55
 
 11.5 Service-life Modelling and Refined Methods for Service-life Design
 
 Reduction of the initiation time of corrosion due to local reductions in the thickness of the concrete cover [1]
 
 Figure 11.2
 
 the thickness of the concrete cover in some areas of the structure is halved with respect to its nominal value, in these areas the initiation time is reduced to less than one quarter of that predicted (Figure 11.2). Analogous considerations are valid if concrete is exposed to chlorides. As the environmental aggressiveness increases, it is theoretically possible to maintain a constant level of durability by increasing the thickness of the concrete cover. In reality, however, the cover thickness cannot exceed certain limits, for mechanical and practical reasons. In particular a very high cover may have less favourable barrier properties than expected. In extreme cases, a thick unreinforced layer of concrete cover may form (micro)cracks due to tensile forces exerted by drying shrinkage of the outer layer, while the wetter core does not shrink. In practice, having cover depths above 70 to 90 mm is not considered realistic.
 
 11.5
 
 Service-life Modelling and Refined Methods for Service-life Design
 
 The appearance of premature and unexpected corrosion damage in reinforced-concrete structures, which at the time of construction were considered of almost unlimited duration, led to the introduction of the concepts of durability and service life in the 1970s. The service life of a structure can be defined as the period of time in which it is able to comply with the given requirements of safety, stability, serviceability and function, without requiring extraordinary costs of maintenance and repair [1, 3, 4].
 
 175
 
 176
 
 11 Design for Durability
 
 As described in previous sections, the standard method for treating durability in EN 206 and Eurocode 2 is based on the definition of the exposure class and determining for each class, the maximum w/c ratio, the minimum cement content and the minimum thickness of the concrete cover. EN 206 provides recommended (informative, that is non-normative) values for concrete composition in terms of maximum w/c ratio, minimum strength class and minimum cement content, assuming an intended working life of 50 y, the use of Portland cement (CEM I) and maximum aggregate size between 20 and 32 mm. In national documents these values and additional requirements can be further specified as normative values, as has been done for example in NEN 8005 (nl) for The Netherlands [12]. Requirements specified in this way are deemed-to-satisfy rules. Such rules cannot be used to quantify the performance of the structure in general, specific effects of additional measures (for instance increasing the cover to the steel), or the consequences of sub-standard practice (for example using a higher w/c). In this respect it is important to note that EN 206 also allows the use of “alternative performance-related design methods with respect to durability” that consider in a quantitative way each relevant deterioration mechanism, the service life of the element or structure, and the criteria that define the end of the service life. Such methods should draw a picture of the characteristics that the concrete must possess to protect the reinforcement for the service life requested from a predictive model of the corrosion attack. These “refined” methods (as opposed to “standard” methods) may be based on long-term experience with local practices in local environments, on data from an established performance test method for the relevant mechanism, or on the use of proven predictive models. Calculating the service life is based on the modelling of degradation mechanisms due to attack by a particular aggressive agent and/or on empirical formulas that estimate the evolution of deterioration depending on the environmental conditions and the properties of the concrete. Presently, this only concerns modelling initiation (or propagation) of reinforcement corrosion because for this type of deterioration there are reliable kinetic models, while for other forms of attack these models are lacking or only rudimentary. As a function of the environment and the required service life, these methods allow an evaluation of the thickness of the concrete cover, the type of cement and the w/c ratio. Maintaining the same service life, it is possible, for example, to reduce the concrete cover by using a higher quality of concrete or a different type of cement. In the early years, service-life models for reinforcement corrosion basically followed the square-root-of-time approach or slight modifications, such as the example illustrated in Figure 11.2. Based on empirical data on the rate of carbonation or chloride ingress, a minimum cover depth was determined that was expected to delay the onset of corrosion for a required period. Following this approach, more and more data were collected from existing structures and exposure sites, and the influence of various factors such as cement type and local environment became more clear [1, 13]. More recently, several proposals have been presented for verifying the durability of concrete with respect to various types of deterioration. The general outline will
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 be given here. In Section 11.6 an approach will be given that attempts to give a complete and quantitative evaluation of the service life of a structure with respect to reinforcement corrosion from the design stage, which has become known as the DuraCrete method. It is expected that service-life design methods following similar principles will go into effect in the standards in the next ten years [14]. 11.5.1
 
 Evaluation of the Service Life with Respect to Carbonation
 
 For carbonation-induced corrosion, the service life (tl) is expressed as the sum of the initiation (ti) and propagation (tp) periods up to the threshold at which deterioration becomes unacceptable: tl = ti ‡ tp (Figure 4.1). The initiation time (ti) may be calculated as a function of: the properties of concrete, in particular the coefficient K of carbonation, the environment and the thickness of the concrete cover (x), for example with models by Tuutti, Bakker, or Parrott (Chapter 5). The propagation time (tp) can be estimated if the corrosion rate is known, once the maximum acceptable penetration of corrosion has been fixed. A maximum penetration for corrosion attack that is often accepted in reinforced (but not prestressed) concrete elements is 100 mm. Depending on which model is taken, various properties of the concrete have to be known beforehand. For example Parrott’s model [15] for prediction of corrosion initiation requires knowing: the air permeability of concrete, the content of calcium oxide in the hydration products of cement and a coefficient that is a function of the relative humidity. For predicting the propagation time, the corrosion rate and the maximum acceptable corrosion penetration have to be known. In order to be able to use these models, test methods have to be clearly specified and the interdependencies between variables have to be verified. 11.5.2
 
 Evaluation of the Service Life with Respect to Chloride Penetration
 
 When corrosion is caused by chloride ingress, the service life is usually assumed to be equal to the initiation time: tl = ti. The period of propagation, which may be of short duration, is traditionally not taken into account because of the uncertainty with regard to the consequences of localized corrosion. The initiation time (ti) may be calculated as a function of: the chloride transport properties of concrete (usually the apparent diffusion coefficient), the surface chloride content dictated by the environment, the thickness of the concrete cover and the critical chloride content determining the onset of corrosion. The arrival of the critical chloride content at the steel at depth x at time t is calculated using Fick’s second law of diffusion (Chapter 6). Using this type of calculation, it is possible to find values for Dapp (assumed constant) which can be used to obtain a particular service life as a function of the thickness of the concrete cover and the critical chloride content Cth, assuming a fixed chloride surface content Cs, as seen in Table 11.6 [16].
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 11 Design for Durability Maximum acceptable values of Dapp (10–12 m2/s, assumed constant) as a function of the concrete cover thickness, the service life and the chloride threshold (Cth) for a constant surface content of 4 % chloride by mass of cement [16] Table 11.6
 
 Thickness of concrete cover (mm) 30 40 50 65 75 90 100
 
 Maximum acceptable Dapp Cth ˆ 0.4 %
 
 Cth ˆ 0.4 %
 
 Cth ˆ 1 %
 
 Cth ˆ 1 %
 
 t ˆ 50 y
 
 t ˆ 120 y
 
 t ˆ 50 y
 
 t ˆ 120 y
 
 0.106 0.189 0.295 0.486 0.663 0.954 1.18
 
 0.0442 0.0786 0.123 0.207 0.276 0.398 0.491
 
 0.217 0.387 0.604 1.02 1.36 1.96 2.42
 
 0.0906 0.161 0.252 0.425 0.566 0.816 1.01
 
 11.6
 
 Performance-based Service-life Design According to DuraCrete
 
 For important concrete structures it has become increasingly required that a service life of 50, 80, 100 or more years including its reliability is demonstrated by the designer or the contractor, as illustrated by at least some of the examples given in Table 11.7. Using the standard prescriptive method, this is not possible. The standard method gives deemed-to-satisfy rules (a maximum w/c, for instance), without specifying the resulting service life or its reliability. Moreover, innovative designs, materials or preventative measures cannot be judged properly. In order to improve this situation, a European BRITE EuRam research program was carried out in the late 1990s, called Probabilistic Performance-based Durability Design of Concrete Structures’, in short DuraCrete. The project team, consisting of designers and researchers, both civil engineers and materials scientists, aimed at formulating a service-life-design approach that is scientifically correct and that follows the de-
 
 Table 11.7
 
 Service life (y) required for some reinforced-concrete structures
 
 Offshore platforms King Fahd Causeway (Saudi Arabia–Bahrain) Tejo River Bridge (Portugal) Great Belt Link (Denmark) Sidney Harbour Tunnel (Australia) Øresund link (Denmark–Sweden) Western Scheldt Tunnel (The Netherlands) Green Heart Tunnel (The Netherlands) Channel Tunnel (France–England) Messina Strait Bridge (Italy) Alexandria Library (Egypt) Eastern Scheldt Storm Barrier (The Netherlands) National Library (London)
 
 40 75 99 100 100 100 100 100 120 200 200 200 250
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 sign philosophy for structural performance and safety. The base was laid in the 1980s [17] and several publications give more details [18–20]. The results from DuraCrete [21] are given as a set of design equations based on x
 
 x x
 
 mathematical models for the degradations of concrete structures under the influence of the environment, the stochastic nature of the variables involved, identifying limit states that indicate the boundary between the desired behaviour and the adverse behaviour of the structure in terms of particular performances.
 
 Applying these design equations allows calculation of the failure probability of preset performances of the structure as a function of time. The acceptable failure probability depends on the severity of the damage. The degradation models for corrosion initiation include carbonation and chloride penetration as a function of time and variables related to concrete composition, external conditions and so on. A corrosion propagation model is also included. The stochastic nature of variables is reflected in mean, standard deviation and type of distribution of relevant variables. An important notion is that most service-life approaches calculate the mean service life, that is the service life to be achieved with 50 % probability. From the point of view of economy and safety, this is not acceptable. Depending on the severity of the adverse event occurring (limit state), the failure probability should be (much) lower than 50 %. Limit states can for example be: the structure needs repair because concrete parts are falling off due to corrosion, or the structure collapses. The need for repair is termed a serviceability limit state (SLS). Collapse is termed an ultimate limit state (ULS). Serviceability limit states should have a low failure probability of the order of 1:100. Ultimate limit states involve safety (human lives) or loss of the structure (high economic damage) and must have a very low failure probability of the order of 1:10000. Failure probabilities like this are defined by e. g. EN 1990, Annex B and C [22]. As initiation of corrosion does not immediately have extreme consequences, a probability of failure has been proposed for this event of 1:10 [23]. The full-probabilistic framework for service-life design developed in DuraCrete is similar to that for structural design [18]. A simplified service-life-design method was derived [21], using characteristic values and safety factors, which is similar to the conventional engineering approach of structural design using the so-called load and resistance factor design (LRFD) method. In structural design, loads and resistances are generally thought to be independent of time. The loads are actions such as traffic, snow and wind. The resistances are material parameters such as the yield strength of steel and the compressive strength of concrete. Service-life design requires time-dependent formulation of the resistances and the loads. Material variables in general will be resistance variables and variables describing the environment will be load variables, for instance the presence of chloride from de-icing salts. The environmental load variables may increase in time (e. g. due to chloride accumulation). The time dependency of the resistance is an expression of the degradation of the materials properties, for instance the loss of cross section due to corrosion of a reinforcing bar.
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 In its simplest form the limit state equation (or design equation) g is presented as: g = R(t) – S(t) i 0 (1) where: R(t) is the resistance and S(t) is the load, both taken as time dependent. A limit state equation is positive only if the structure considered is fully capable to show the desired behaviour, that is, to deliver the required performance. Siemes and Rostam [19] have described this time-dependent design approach. The load on a structure (S(t)) will remain the same over time or may increase (as shown in Figure 11.3), for instance due to increasing traffic. On the other hand, the resistance of the structure (R(t)) will decrease due to degradation processes. Both functions S(t) and R(t) are stochastic and must be described by distributions around a mean value at every moment in time. The service-life distribution can be found through the convolution of distributions of S(t) and R(t), i. e. the total probability of the situation that the load will be higher than the resistance of the structure (which is the failure probability Pf). After the point of mean service life, the failure probability density function goes down again, because there is less probability that there will still be a structure. In summary, the DuraCrete service-life design is based on equations modelling the deterioration processes of the structure and its resistance against the environmental actions. Mathematical models of the deterioration processes are formulated in physical/chemical terms, including the effect of time. These models are the basis for the probabilistic method of service-life design. In the following sections, the DuraCrete models for carbonation and chloride-induced corrosion will be illustrated.
 
 Graph showing load and resistance as a function of time, their mean and distribution and their overlap demonstrating the failure probability
 
 Figure 11.3
 
 11.6 Performance-based Service-life Design According to DuraCrete
 
 11.6.1
 
 Initiation Time for Carbonation-induced Corrosion
 
 Carbonation of concrete can be modelled relatively simple with good accuracy (Chapter 5). The following model is a simplified representation of the DuraCrete model for carbonation-induced corrosion initiation [21]. Initiation of corrosion by carbonation may be set as a limit state. The design equation g is then given by: q������������������������������ d  t/Rd ) g = xd – (2  cs,ca (2) ca with: xd = design value of cover thickness (mm), cds,ca = design value of the surface concentration of carbon dioxide (kg/m3), t = time (y), Rdca = design value of the carbonation resistance (mm2/y). Rdca is determined from a compliance test (accelerated carbonation under standardised conditions of 2 % CO2 by volume in air of 20 hC and 65 % R. H., usually from an age of 28 days) and some additional parameters, including the effects of curing, the environment, an age exponent representing the hydration of the cement and a safety factor. The design value of the carbon dioxide concentration is the normal atmospheric value, 5.0 q 10 –4 kg/m3, unless particularly different conditions apply, such as in motor-vehicle tunnels. The design value of the cover depth is the nominal value minus an amount related to the criticality of the structure. The DuraCrete final report [21] contains tabulated values for all of these parameters. Because the DuraCrete model for chloride-penetration-induced corrosion initiation is treated in more detail in one of the following sections, further details are omitted here. 11.6.2
 
 Propagation Time for Carbonation- (and Chloride)-induced Corrosion
 
 Defining the end of the propagation period should be based on either (ranked by length): appearance of the first crack, spalling of the concrete cover, or unacceptable loss of cross section. Because propagation until any of these events involves many complex processes and factors, accurate modelling is on the border of our present capabilities. The DuraCrete model for corrosion propagation is summarised here. A limit state related to corrosion propagation considered in DuraCrete is the appearance of a crack with a width of 1 mm, which is taken as the start of spalling. Equations are given [21] for the crack width caused by a corroding bar based on the amount of corrosion present, the amount needed to produce a crack, and some factors including the cover depth, the rebar diameter and the tensile strength of the concrete. After corrosion initiation, the amount of corrosion is given by the corro-
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 sion rate, the time since corrosion initiation and the time-of-wetness. The timeof-wetness is given in four grades from 0 to 1, depending on the type of exposure (dry = 0; moderate humidity/sheltered/airborne seawater = 0.5; cyclic wet-dry/ unsheltered = 0.75; wet/rarely dry/tidal zone = 1). The corrosion rate is calculated for the particular concrete from its electrical resistivity and, if appropriate, a pitting factor and a factor for the presence of chloride. The input value for the resistivity is obtained from a compliance test (obtained after exposure under standard conditions, for example a fog room), multiplied by factors for the actual temperature, age, curing, humidity of the environment and the presence of chloride. Values for all parameters are tabulated. Finally, safety factors are given [21]. 11.6.3
 
 Initiation Time for Marine Structures
 
 As mentioned above, the service life for chloride-induced corrosion is traditionally assumed equal to the initiation time: tl = ti and the period of propagation is not taken into account. However, depending on the limit state and the actual corrosion rate, the propagation period may be sufficiently long to take it into account, at least for economical reasons. The DuraCrete corrosion propagation model (see previous section) also applies to chloride-induced corrosion, so it is possible to calculate the propagation period. This is, however, not treated here. The DuraCrete approach to service-life design of marine structures operates as follows [21]. The error function solution to Fick’s second law has been modified with various coefficients, expressing the influence of the type of cement, the length of curing and the environment. These coefficients are tabulated. The chloride-penetration resistance is determined experimentally. The chloride content at the intended cover depth is calculated as a function of time, being the load. The critical chloride content is taken from a table, being considered a resistance. Loads and resistances are multiplied by safety factors expressing the scatter in them and a safety term is subtracted from the mean cover depth. Safety factors are given as a function of the criticality of the structure (ranging from very important in the infrastructure to minor importance, or from inaccessible to easily accessible for future maintenance). The point in time where load and resistance become equal is regarded the end of the service life, with respect to the particular limit state concerned. Corrosion initiation will generally be taken as a serviceability limit state for reinforced concrete. In the design process, the DuraCrete approach works as follows. The chloride surface content and the intended cover depth for the structure are identified. As a first step, concrete compositions are selected for appropriateness using input values for chloride-penetration resistance from a database. The next step is to test one or more of the selected concrete compositions using a compliance test that determines the chloride-penetration resistance. DuraCrete has adopted the rapid chloride migration (RCM) test for this purpose [21, 25], which is a short-term test based on acceleration of chloride penetration by an electric field.
 
 11.6 Performance-based Service-life Design According to DuraCrete
 
 The resistance of the selected concrete mix against chloride penetration is determined using this test and if necessary, the composition is modified until satisfactory values are obtained. At this stage, increasing the cover depth may also be possible. In the execution stage, quality control is applied on site using simple methods with known correlation to the RCM test. For quality control with regard to chloride-penetration resistance, DuraCrete has adopted an electrical resistivity test, the two-electrode method (TEM), to be carried out on specimens kept in a fog room by a test described in Chapter 2. The correlation between the RCM and TEM values is based on theoretical and empirical work mentioned in Section 2.6 [26, 27] and was documented for a wide range of concretes [28]. The approach outlined here has among others been applied to service-life design, mix selection and quality control for the Western Scheldt Tunnel in The Netherlands. This is a bored tunnel exposed to soil containing sea salts on the outside and de-icing salts on the inside. The tunnel has a required service life of 100 y, with corrosion initiation taken as a serviceability limit state and an associated failure probability of about 1 % [20]. The service-life design was translated into a specified maximum value for the RCM value at 28 days (given a minimum cover depth), combined with quality control on site using TEM. For the precast lining segments, a concrete mix of OPC and fly ash with a low w/c was found to be satisfactory. Further details of the calculations and some results of quality control are given in [28]. In the following sections the service-life-design method is presented in the simplified form (similar to load and resistance factor design), giving the DuraCrete design equation for chloride ingress and initiation of corrosion. So-called “design values” can be obtained by modifying a characteristic value by a safety factor. Following the usual format, safety factors (symbol g) are greater than one. In general, resistances are divided and loads are multiplied by a safety factor; the cover depth is modified by subtracting a safety term. The characteristic value of a variable is defined as a particular fractile of the probability distribution function of the given parameter, for instance a probability of 95 % of exceeding the desired value. In DuraCrete the decision was made to substitute mean values for characteristic values, mainly due to lack of sufficient statistical information on many parameters. It should be noted that ref. [21] gives statistical information for a full probabilistic service-life design. 11.6.4
 
 Design Equation for Chloride-induced Corrosion Initiation
 
 Corrosion is thought to be initiated when the chloride content around the reinforcement exceeds a critical threshold value. This will generally be defined as a serviceability limit state (SLS), because the serviceability of the structure is compromised when repair is needed at relatively short notice. Assuming that the initial chloride content of the concrete is zero, the design equation for this SLS is given by:
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 0
 
 13 xd
 
 d – c d …x,t† = c d – c d 61 – erf B q��������C7 g = ccr @ A5 cr s,cl 4 2 Rdt…t†
 
 (3)
 
 cl
 
 In this equation, g = 0 denotes the point in time of corrosion initiation and: d = design value of the critical chloride content ( % Cl/binder), ccr cd (x,t) = design value of the chloride content at depth x and at time t ( % Cl/ binder), d cs,cl = design value of the chloride surface content ( % Cl/binder), xd = design value of the cover thickness (mm), Rdcl (t) = design value of the chloride-penetration resistance at any point in time (y/mm2), t = time (y), erf = error function (see Chapter 2). The design value of the critical chloride content can be found by: d = cc ccr cr
 
 1 gccr
 
 (4)
 
 where: c = mean value of the critical chloride content ( % Cl/binder), ccr gccr = the safety factor of the critical chloride content (–, dimensionless). The design value of the cover thickness is found by:
 
 xd = xc – Dx
 
 (5)
 
 where: xc = mean value of the concrete cover (mm), Dx = reduction term for the cover thickness (mm), depending on the risk class of the structure. Further omitting safety factors, the surface chloride content is calculated by: d = Acs,cl …w/b† cs,cl
 
 (6)
 
 with: Acs,cl = an empirical regression parameter for the relation between the chloride surface content and the water-to-binder ratio ( % relative to binder), (w/b) = the water-to-binder ratio (–). The chloride-penetration resistance (defined as the inverse of the chloride diffusion coefficient) is calculated by: Rdcl …t† =
 
 Rcl,0 n kc,cl ke,cl tt0 cl
 
 (7)
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 where: Rcl,0 = chloride-penetration resistance determined from compliance tests (y/mm2), i. e. the inverse of the diffusion coefficient from the rapid chloride migration test (RCM), kc,cl = curing factor (–), ke,cl = environmental factor (–), t0 = age of the concrete when the compliance test is performed (y), ncl = age exponent (–), expressing the densification of the cement paste due to further hydration. 11.6.5
 
 Tabulated Values
 
 Tables 11.8–11.12 present the mean values of the DuraCrete parameters introduced in the previous section for Portland cement concrete. In most cases, values are given for slag, fly ash and silica fume concrete as well. The tabulated values were based on literature surveys, experiments on wide ranges of concrete or expert opinion [21, 29]. Table 11.8 Critical chloride content for different environments and water-binder ratios for concrete made of ordinary Portland cement ( % by mass of binder), from DuraCrete [21]
 
 Variable
 
 Cement
 
 w/b-ratio
 
 Condition
 
 Mean value
 
 ccrc
 
 OPC OPC OPC
 
 0.5 0.4 0.3
 
 Submerged Submerged Submerged
 
 1.6 2.1 2.3
 
 ccrc
 
 OPC OPC OPC
 
 0.5 0.4 0.3
 
 Splash and tidal Splash and tidal Splash and tidal
 
 0.50 0.80 0.90
 
 Table 11.9 The chloride surface content regression parameter ( % by mass of binder) from DuraCrete [21]
 
 Variable
 
 Cement
 
 Condition
 
 Mean value
 
 Acs,cl
 
 OPC OPC OPC
 
 Submerged Tidal and splash zone Atmospheric
 
 10.3 7.76 2.57
 
 Table 11.10
 
 The curing factor from DuraCrete [21]
 
 Variable
 
 Duration of wet curing(day)
 
 Mean value
 
 kc,cl
 
 1 3 7 28
 
 2.08 1.50 1.00 0.79
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 The age exponent, from DuraCrete [17]
 
 Variable
 
 Cement
 
 Condition
 
 Mean value
 
 Ncl
 
 OPC OPC OPC
 
 Submerged Tidal and splash zone Atmospheric
 
 0.30 0.37 0.65
 
 Table 11.12
 
 The factor for the environmental condition, from DuraCrete [17]
 
 Variable
 
 Cement
 
 Environment
 
 Characteristic value
 
 ke,cl
 
 OPC OPC OPC
 
 Submerged Tidal zone Splash zone Atmospheric
 
 1.32 0.92 0.27 0.68
 
 Table 11.13
 
 Safety factors for marine environment, from DuraCrete [17]
 
 Risk class of the structure
 
 High
 
 Normal
 
 Low
 
 Safety factor for Cover depth Dx (mm) Critical chloride gcr Chloride surface content gcs,cl Penetration resistance gRcl
 
 20 1.20 1.70 3.25
 
 14 1.06 1.40 2.35
 
 8 1.03 1.20 1.50
 
 11.6.6
 
 Safety Factors
 
 Safety factors are given for three different levels of the criticality (risk classes) of the structure: high, normal and low. These classes refer to the cost of reducing the risk of premature maintenance compared to the cost of repair. In other words, the risk class is related to the desired reliability of the structure. In Table 11.13 the safety factors for chloride-induced corrosion in marine environment are given. 11.6.7
 
 Calculation and Results
 
 As an example, a service-life calculation is given for Portland cement concrete with w/c 0.40 in marine environment (tidal zone), similar to the mix in the middle column of Table 11.4. The input values are given in Table 11.14. The value for DRCM was taken from a database. Using these input values in the DuraCrete model equations, the results are given in Table 11.15 for a “mean service life” (probability of failure 50 %) and a “reliable service life” (probability about 1 %). It appears that the probability of corrosion initiation even with 70 mm cover depth is high (about 50 %) within fifty years. The probability of corrosion initiation after 12 y is about 1 % (corresponding to a serviceability limit state) for steel at 70mm cover depth. The agreement with the results given in Table 11.4 is reasonable.
 
 11.7 Additional Protection Measures Table 11.14
 
 Input values for example calculation; from Tables, * typical test result
 
 Variable
 
 Concrete composition
 
 Condition
 
 Mean value
 
 ccr Acs,cl ncl ke kc,cl DRCM Risk class
 
 OPC 0.40 OPC OPC OPC – OPC 0.40
 
 Tidal and splash Tidal and splash Tidal and splash Tidal 7 days 28 days
 
 0.80 % 7.76 0.37 0.92 1.00 15q10 –12 m2/s * low
 
 Times-to-initiation of corrosion at different cover depths calculated with the DuraCrete model using input from Table 11.14
 
 Table 11.15
 
 Failure probability
 
 50 %
 
 about 1 %
 
 Cover thickness (mm)
 
 Time to depassivation (y)
 
 Time to depassivation (y)
 
 30 50 70
 
 3.2 16 48
 
 – 4 12
 
 11.6.8
 
 Concluding Remarks
 
 The DuraCrete service-life-design method (regarding corrosion initiation) has been applied to a limited number of (important) new structures. It is too early to evaluate its correctness from observations on those structures. The method is also used to analyse data from inspections of existing structures, which in turn is used to verify the method [30]. It appears that some input variables may need improvement, for example by introducing a time-dependent chloride surface content. Similarly, the degradation models could be improved by taking into account transport in non-saturated concrete, such as capillary suction. Executional influences need to be included or to be improved (curing). The corrosion propagation model needs further work. Furthermore, safety factors need to be verified. It must be acknowledged, however, that performance-related service-life-design methods based on models for material behaviour and environmental actions are necessary to make progress in obtaining durable and economical concrete structures.
 
 11.7
 
 Additional Protection Measures
 
 In particular situations or conditions characterized by: very strong environmental aggressiveness, the impossibility of having adequate thickness of the concrete cover, the unavailability of good-quality concrete, x x x
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 the necessity to guarantee a very long service life (Table 11.7), or the inaccessibility for maintenance,
 
 it may be opportune or necessary to increase the durability of the structure, with respect to what would be achieved by following EN 206. This can be done by resorting to specific preventative measures that modify the characteristics of the concrete, the reinforcement, the external environment, or the structure itself (Figure 11.4). For various reasons, an option is to apply these protection measures only to critical parts of the structure (joints, supports, anchors, or any area where aggressiveness is higher) or only to the outer mat of reinforcement (“skin reinforcement”).
 
 Figure 11.4
 
 Classification of methods of additional protection
 
 Figure 11.5
 
 Mechanisms of additional protection measures
 
 11.7 Additional Protection Measures
 
 Preventative measures, often referred to as additional protection measures, are employed as shown in Figure 11.5. They operate by hindering aggressive species from reaching the reinforcement, or by controlling the corrosion process through inhibition of the anodic process or the corrosion current flow in the concrete. It should be noted that is not possible to prevent the cathodic reaction from taking place. No technique available today can inhibit oxygen supply to the reinforcement, unless there is a way to keep the structure totally and permanently saturated with water. 11.7.1
 
 Preventative Measures in the Presence of Chlorides
 
 Various preventative measures have different limits with regard to their application. Figure 11.6 illustrates the maximum content of chlorides that can be tolerated by the main available preventative techniques. Certain prevention measures in use today have not been employed long enough yet to estimate their reliability over long periods. The cost of various techniques can only be given very roughly, and any estimate will be incomplete, since the actual cost will vary from one application to another. Furthermore, different types of prevention mechanisms are not directly comparable. Beyond this, it can be said that with respect to normal carbon-steel reinforcement, use of galvanized and epoxy-coated bars costs about twice as much, and the cost of stainless-steel reinforcement is about 5 to 10 times higher. The use of nitrite inhibitors in higher doses costs approximately 30 J/m3 of concrete (volume). Coatings may vary from 7 to 50 J/m2 of concrete surface, hydrophobic treatment costs about 10 J/m2. Cathodic prevention varies from 50 to 100 J/m2. In any case, it is often not possible to find well-consolidated criteria that allow a decision to be made in favour of one method or another on the basis of technical and economic considerations. Ideally, prevention options should be compared on
 
 Indicative values of the maximum chloride content ( % by mass of cement) that can be reached at the surface of reinforcement before corrosion initiates with some additional protection measures
 
 Figure 11.6
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 the basis of the cost over the complete life cycle of the structure (life-cycle costing). The calculations should take into account the initial cost, the cost of inspection and maintenance and the cost of demolition as influenced by the various prevention options, including the stochastic nature of many variables involved. At present, no generally accepted methods exist for such calculations.
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 12 Concrete Technology for Corrosion Prevention Prevention of reinforcement corrosion is strongly related to the properties of concrete. Even if additional preventative measures are adopted, a suitable quality has to be assured for the concrete. This chapter outlines aspects of concrete technology that are related to the protection of the embedded reinforcement.
 
 12.1
 
 Constituents of Concrete
 
 Concrete is formed by mixing cement, coarse and fine aggregate, water and possibly by the incorporation of admixtures [1–4]. Selection of the constituents is the first step for obtaining durable concrete, as their properties influence the behaviour of fresh and hardened concrete. 12.1.1
 
 Cement
 
 The presence of many types of cement [5], as illustrated in Chapter 1, shows that there is no single cement that is the best choice under all circumstances. In the past, pure Portland cement was most favoured; nowadays advantages related to the use of other types of cements have been clearly demonstrated, especially regarding durability. The type of cement may influence several properties of the hardened concrete or its production technology, such as high early strength, heat of hydration, resistance to environmental aggressiveness, potential reactivity with reactive aggregates, curing conditions. Proper selection and use of cement can contribute to find the most economical balance of properties desired for a particular concrete mixture [1, 4]. For general use, i. e. when the environment has a mild aggressiveness and the strength requirements for concrete are in the usual range, most cements can be suitable. In that case the selection is made on the basis of cost or local availability. Portland and Portland-composite cements with strength class 32.5 or 42.5 are nowadays available as general-purpose cements. Although in several European countries Portland-limestone cements can be found (Table 1.3), cements blended Corrosion of Steel in Concrete. Luca Bertolini, Bernhard Elsener, Pietro Pedeferri, Rob P. Polder Copyright c 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim ISBN: 3-527-30800-8
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 with pozzolana or blast furnace slag should be preferred, because this type of addition contributes to hydration reactions and thus to the reduction in porosity of the cement paste. When a high early strength is required, such as for post-tensioned structures or pre-tensioned precast elements, Portland cement with a strength class of 52.5 may be used. Blended cements are usually not suitable because of the slow rate of hydration, with the exception of Portland-silica fume cement and special (fast) slag cements. Special requirements on the chemical composition of the cement may be necessary for certain applications, such as those requiring higher resistance to sulfate attack, reduced heat evolution or where using aggregates susceptible to alkaliaggregate reaction cannot be avoided [4]. Pozzolanic and blast furnace cements (or, alternatively, addition of fly ash or GGBS to Portland cement at the mixing plant) may be the most suitable choice for many structures that are critical from the durability point of view. In fact, they reduce the rate of development of heat of hydration, they lead to a lower content of alkalis and lime in the cement paste, and they can produce a denser cement paste. They should be preferred, for instance, for massive structures (to reduce the rate of development of heat of hydration), or in sulfate-contaminated environments (Section 3.3), when there is risk of ASR (Section 3.4), or in chloride-contaminated environments (Section 12.5.1). 12.1.2
 
 Aggregates
 
 Aggregates are natural or artificial materials with particles of size and shape suitable for the production of concrete. Normally, aggregates occupy a high fraction of the volume of concrete (60–85 %). They allow a reduction in the amount of cement paste (and thus a reduction in both the cost of concrete and the consequences of heat of hydration, drying shrinkage and creep) and they contribute to the mechanical properties of concrete (compressive strength, elastic modulus, wear resistance, etc.). To be suitable for making concrete, an aggregate has to accomplish several requirements. Regarding geometrical requirements, aggregate particles must have shape (e. g. round, angular, flake, etc.), grading, and maximum size such as to favour casting of fresh concrete. For instance, although increasing the maximum size of aggregate particles may lead to an increase in workability, the maximum size is limited by the size of the structural element, the distance between the rebars, and the thickness of the concrete cover. The practical range is 20–32 mm. The porosity of the mineral that constitutes the aggregate influences the physical properties (especially density and water absorption), strength and elastic modulus of the concrete. These properties of aggregates are essential for concrete technology, and are dealt with in specialised literature [1, 4]. Under some circumstances, aggregates can have characteristics that negatively affect durability of reinforced concrete. For instance they can be susceptible to
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 freeze-thaw attack, they can contain harmful ions such as sulfates or chlorides, or they can be potentially reactive with alkalis in the cement paste (see Chapter 3). 12.1.3
 
 Mixing Water
 
 Water used for concreting must be free of salts or impurities that can interfere with setting and hardening of the cement paste or negatively affect concrete properties. As far as durability of reinforced concrete is concerned, the content of sulfates and chlorides is of major importance. Seawater shall not be used for mixing water for reinforced concrete structures, because chloride and sulfate concentrations are high (respectively around 19 g/l and 4 g/l). The European Standard for mixing water is EN 1008 [6]. It states that potable water is suitable and requires no testing. Water from underground sources, surface water and industrial wastewater shall be tested; sewage water is not suitable. Tests include chloride, sulfate, alkali, oils and fats, detergents, acids, humic matter, dissolved solids, colour and odour. The chloride content has specific limits for prestressed (500 mg/L), reinforced (1000 mg/L) and plain concrete (4500 mg/L). Sulfate is limited to 2000 mg/l. Setting times and compressive strength shall be tested and shall comply to limits referring to concrete mixed with demineralised or distilled water, or chemical analysis for harmful substances (sugars, phosphates, nitrates, lead and zinc) shall be carried out. Seawater and brackish water may be used for concrete without reinforcement or other embedded metal, but is in general not suitable for reinforced or prestressed concrete. Water recovered from processes in the concrete industry may be used but specific limits are set for the amount of dissolved solid matter. A maximum density of 1.15 kg/L is given, in general corresponding to 0.286 kg of solid matter per litre. Such water may stem from cleaning concreting equipment, surplus concrete, sawing or grinding and water blasting of hardened concrete. 12.1.4
 
 Admixtures
 
 Admixtures are substances that are added during the mixing process in small quantities related to the mass of cement, in order to improve the properties of fresh or hardened concrete [7,8]. The most utilised admixtures are: water reducers and superplasticizers that may be added to improve the workability of concrete or reduce the amount of mix water; accelerators that are used to increase the rate of development of early strength of concrete; set-retarders that reduce the setting time of concrete; air-entraining agents that increase the freeze-thaw resistance of concrete (Section 3.1). Recently, corrosion inhibitors have been developed in order to increase the corrosion protection of embedded steel; these will be treated in Chapter 13. Admixtures for concrete should not have any adverse side effect; for instance they shall not contain appreciable amounts of chloride ions that may be harmful
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 with regard to steel corrosion (in the past, the most utilised accelerating admixture was calcium chloride). Water reducers and superplasticizers. Admixtures aimed at increasing the workability of concrete are chemical substances that improve the mobility of the particles in the fresh concrete mix by increasing the effectiveness of the mixing water. They contain surface-active agents that are adsorbed on the surface of solid particles and modify their electrical surface charge, so that they do not tend to flocculate, and thus are more dispersed, and the water can better lubricate the mix. Superplasticizers are often essential in order to obtain durable reinforced-concrete structures. They allow a high workability, which is essential to achieve proper compaction of fresh concrete especially in slender elements or in the presence of dense reinforcement, without increasing the amount of mixing water. The increase in workability is then achieved without changing the w/c ratio and thus without affecting the strength and permeability of concrete. Depending on their effectiveness, they are divided in water reducers (or plasticizers) and superplasticizers. The effect depends on the chemical composition and the dosage [7, 8]. Superplasticizers can also be used with the purpose of increasing the durability, by decreasing the w/c ratio. For instance, they can guarantee the same workability with a remarkable reduction of water; hence, if the dosage of cement is not changed, the w/c ratio decreases by the same amount.
 
 12.2
 
 Properties of Fresh and Hardened Concrete
 
 Concrete in the fresh state should have good workability in order to be properly placed and compacted in the mould so that it can reach the expected properties after hardening. The most relevant properties of hardened concrete are strength, deformation due to loading or thermal and moisture variations, resistance to cracking, and durability. 12.2.1
 
 Workability
 
 Fresh concrete must be mixed, transported, placed in the mould and compacted without compromising the homogeneity of the mix. Voids that remain in the mix after compaction, due both to entrapped air and to separation of coarse and fine aggregate and cement paste (segregation), are deleterious for strength and durability. In order to favour the placing of concrete and the removal of entrapped air, concrete should be fluid and thus able to easily flow; however, the mix should have a good cohesion in order to prevent segregation during handling, transport and placing. After placing, part of the mixing water tends to rise towards the upper surface
 
 12.2 Properties of Fresh and Hardened Concrete
 
 (bleeding). This water can reach the surface or can be trapped below coarse aggregates or steel bars, causing a local increase in the w/c ratio that will lead to a weaker and more permeable cement paste. The terms workability or consistency are used to indicate the properties of fresh concrete that are related to its ability to flow during placing, to be compacted (i. e. vibrated in order to remove entrapped air), and to be sufficiently cohesive. Fluidity primarily increases if the water content is increased or a plasticizing admixture is used; nevertheless an excess of water or superplasticizers may also reduce the cohesion of concrete and thus favour segregation. Properties of aggregates, such as the shape of particles, the grading and maximum size, also play an important role with regard to both fluidity and cohesion of fresh concrete. Table 12.1 shows an example of recommendations by the American Concrete Institute for the amount of mixing water required to achieve a certain slump. Measurement of workability. Since workability of concrete is a combination of properties (fluidity, cohesion, and compactability), there are several standardised tests that measure one or more of these properties. These tests are based on measuring the behaviour of fresh concrete subjected to a standardised procedure. The most commonly used is the slump test. Fresh concrete is placed in the apparatus shown in Figure 12.1, following a standardised procedure; then, the mould is removed, and the concrete will slump under its own weight. The decrease in height measured with respect to the initial height is taken as a measure of the workability of concrete. Other tests normally used for measuring concrete workability are [7]: x
 
 x
 
 x
 
 flow test, which measures the spread of concrete subjected to standardised vibration or jolting, vebe test, which measures the time required to compact the concrete on a vibrating table, compacting factor test, which measures the degree of compaction of concrete after it falls from a standardised height.
 
 In general, results of different types of tests are not correlated. Compared with the slump test, flow tests are more suitable for flowable concrete, while the compacting Approximate amount of mixing water (kg/m3) required to obtain different slumps for various nominal maximum sizes of aggregates and typical contents of entrapped air that may result [4]. Data refer to non-air-entrained concrete with angular aggregates Table 12.1
 
 Slump (mm)
 
 Nominal maximum size of aggregate (mm) 9.5
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 Figure 12.1
 
 Slump test form measurement of workability of fresh concrete
 
 Classes of consistence of concrete measured with slump test, vebe test, degree of compactability and flow table test [3]
 
 Table 12.2
 
 Slump class
 
 Slump (mm)
 
 Vebe class
 
 Vebe time (s)
 
 Compaction class
 
 Degree of compactability
 
 Flow class
 
 Flow diameter (mm)
 
 S1 S2 S3 S4 S5
 
 10–40 50–90 100–150 160–210 j 210
 
 V0 V1 V2 V3 V4
 
 j 31 21–30 11–20 6–10 5–3
 
 C0 C1 C2 C3
 
 j 1.46 1.26–1.45 1.11–1.25 1.04–1.10
 
 F1 F2 F3 F4 F5 F6
 
 J 340 350–410 420–480 490–550 560–620 j 630
 
 factor and vebe tests are suitable for concrete with low workability. According to the European standard EN 206, workability of concrete should be classified as shown in Table 12.2. Workability of fresh concrete decreases in time (slump loss) [1]; the consistence should be tested at the time of use of concrete or, in the case of ready-mixed concrete that is transported from a plant to the site, at the time of delivery. 12.2.2
 
 Strength
 
 In the design of reinforced-concrete structures the compressive strength of concrete is of primary importance [9]. In Chapter 1 it was shown that the strength of cement paste depends on its porosity. When concrete is considered, the strength is also influenced by the interface between the aggregates and the cement matrix, which is often a weaker zone, being constituted by cement paste of lower strength and higher permeability.
 
 12.2 Properties of Fresh and Hardened Concrete
 
 Schematic representation of the relationship between compressive strength of concrete and water/cement ratio
 
 Figure 12.2
 
 Nevertheless, the water-to-cement ratio and curing remain the main factors that influence the strength of concrete. Figure 12.2 outlines the relationship between the compressive strength of concrete and the w/c ratio, for a given curing (Abram’s law). The strength increases by decreasing w/c, due to the reduction in the porosity of the cement paste both in the bulk and at the interface with aggregate particles. In practice, since the cement content cannot be increased too much, the water content has to be reduced in order to achieve low w/c ratios; as a consequence, the workability of concrete decreases. Below a certain w/c ratio, which depends on the technique used for compaction, a proper consolidation of fresh concrete cannot be achieved and thus the strength of hardened concrete decreases (as shown by the dashed lines in Figure 12.2). The use of a superplasticizing admixture is therefore necessary to obtain a suitable workability in particular for a low water content. Other factors that affect the strength of concrete are the type of cement, some properties of aggregates (e. g. shape and grading, by influencing workability of fresh concrete, can have an indirect influence on the strength of hardened concrete) and admixtures (for instance, the use of air-entraining agents leads to a reduction in strength, while accelerators increase the early strength, but in general lead to a reduction in the strength measured at later ages). Compressive strength and strength class. The compressive strength of concrete can be measured with compressive tests on 150-mm cubes or cylinders (150 mm in diameter and 300 mm in height). The shape of the specimen influences the
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 result of the test; the strength measured with the cube test is about 1.25 times that measured with the cylinder test. Since significant scatter is present in the strength of concrete, a statistical approach is followed to define a characteristic strength utilised in the structural design [9]. Assuming that the compressive strength has a normal distribution with mean value fcm and standard deviation s, the characteristic strength is calculated as: fck = fcm – K p s
 
 (1)
 
 where K is a constant that depends on the percentage of strength values that are statistically allowed to be lower than fck. According to European standards, a percentage of 5 % is considered and the characteristic strength is measured on specimens cured for 28 days under wet conditions [9]. Figure 12.3 shows an example of the relationship between mean strength and characteristic strength. The standard deviation measures the variability of concrete strength and thus defines its quality; in fact, the variability increases if poor quality control is carried out on raw materials, moisture content of aggregates, mixing, and transport. EN 206 defines the compressive strength classes for normal-weight concrete shown in Table 12.3; the numbers in each class indicate the minimum characteristic compressive strength (measured at 28 days) on cylinder (fck,cyl) and cube (fck,cube) respectively. Tensile strength. The tensile strength of concrete controls its resistance to cracking. It can be measured indirectly by means of the flexure test or the splitting test
 
 Figure 12.3
 
 Characteristic strength (fck) and mean strength (fcm) of concrete
 
 12.2 Properties of Fresh and Hardened Concrete Table 12.3
 
 Classes of compressive strength of normal-weight concrete [3]
 
 Compressive strength class
 
 Minimum characteristic cylinder strength, fck,cyl (MPa)
 
 Minimum characteristic cube strength, fck,cube (MPa)
 
 C8/10 C12/15 C16/20 C20/25 C25/30 C30/37 C35/45 C40/50 C45/55 C50/60 C55/67 C60/75 C70/85 C80/95 C90/105 C100/115
 
 8 12 16 20 25 30 35 40 45 50 55 60 70 80 90 100
 
 10 15 20 25 30 37 45 50 55 60 67 75 85 95 105 115
 
 [7]. Often it is estimated with empirical formulae that correlate the tensile strength to the compressive strength; they normally are of the type: ft = k p fcn [1, 9]. These correlations can only give an approximate evaluation of the tensile strength, since the correlation between ft and fc is affected by many factors such as the composition of the mix, the moisture condition or the curing. 12.2.3
 
 Deformation
 
 Concrete has a viscous behaviour: when it is loaded with a constant stress it shows a strain that increases with time. Conventionally an elastic deformation is considered when it occurs during application of the load, while subsequent deformation is attributed to creep. It is possible to define a modulus of elasticity for concrete that can be evaluated with short-term tests [9]. Similarly as for the tensile strength, empirical formulae are available that give an approximate correlation of the modulus of elasticity with the compressive strength [1, 9]. A dynamic modulus can also be estimated with non-destructive tests that measure the rate of propagation of ultrasonic vibrations through concrete [1]. 12.2.4
 
 Shrinkage and Cracking
 
 Deformation of concrete can occur due to temperature or humidity changes. When the deformation is restrained, stresses are induced in the concrete. Shrinkage produced by drying out or cooling is of particular interest with regard to durability of
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 concrete. During the first days after mixing, concrete has a high moisture content and the heat of hydration may increase its temperature. Subsequently, loss of water, e. g. due to evaporation, or decrease in temperature, induce shrinkage in the concrete. Depending on the cause, shrinkage is called plastic, autogeneous, drying, or thermal shrinkage [1]. For instance, drying shrinkage occurs when concrete is allowed to dry out after curing. It depends on the w/c ratio, the aggregate-to-cement ratio, the elastic modulus of aggregates, the slenderness of the element, and the humidity of the environment. When the shrinkage cannot take place due to internal (e. g. the reinforcement) or external restraints, tensile stresses arise in the concrete that can lead to cracking if they exceed the tensile strength of the concrete. Shrinkage is more harmful when it takes place at early ages, i. e. when the tensile strength of concrete is extremely low.
 
 12.3
 
 Mix Design
 
 In addition to the durability requirements illustrated in Chapter 11, concrete has to fulfil the needs of compressive strength and workability. According to EN 206, the basic requirements of concrete can be quantitatively expressed in terms of exposure class (Tables 3.1 and 11.1), compressive strength class (Table 12.3), class of consistency (Table 12.2) and maximum nominal aggregate size. Further requirements may apply under particular circumstances (e. g. low heat of hydration or high early strength). Normally, the designer of a structure should only specify the required properties to the producer, who is responsible for providing a suitable concrete (this is called designed concrete, to be distinguished from prescribed concrete in which the composition of the concrete and the constituent materials to be used are specified [3]). The concrete composition and the constituent materials for designed or prescribed concrete are chosen to satisfy the requirements specified for fresh and hardened concrete, taking into account the production process and the intended method of execution of concrete works. A single mix has to be defined that is able to satisfy all the requirements. The procedure used for selection of a concrete mix (type and proportion of cement, water, aggregate, and admixtures) is called the mix design. Several procedures for mix design can be found in the technical literature, which are based on empirical correlations that associate the requirements for concrete to different parameters of its composition, such as the w/c ratio, the water content, etc. [4, 10–12]. Some of these parameters are associated with more than one of the requirements. This is the case for the w/c ratio. Figure 12.4 shows that both strength and durability requirements concur to the assessment of a suitable w/c ratio. In Chapter 11 we have seen that to guarantee the required service life of a reinforced-concrete structure, a widely used approach is to fix an upper limit for the w/c ratio.
 
 12.3 Mix Design
 
 Interaction between durability and strength requirements for concrete in the procedure for mix design
 
 Figure 12.4
 
 To fulfil the strength class, the concrete has to reach a characteristic strength (fck). Depending on the quality control, a minimum value of the average strength measured at 28 days of curing (fc,av) can be calculated from the required fck. For a given type of cement, a maximum value for the w/c ratio can then be defined in order to satisfy the required mean compressive strength. The actual w/c ratio will be the lower of the two values deriving from compressive-strength requirements and from the need for durability. Therefore, if it is necessary to decrease the w/c ratio because of the aggressiveness of the environment or the particular service life required, the strength will automatically increase. To avoid ambiguity in the specifications for concrete, EN 206 suggests that durability requirements that are expressed in terms of w/c ratio can also be converted in an equivalent value of minimum strength. For instance Table 11.2 shows the minimum strength classes evaluated from the w/c ratios for concrete made with cements of strength class 32.5 (the correlation between w/c and strength depends on the type of cement). This approach has the advantage that the structural design of a reinforced-concrete structure can be optimized according to the minimum strength of the concrete that is required for durability reasons (in some countries structural designers are still used to specify concrete with low strength, e. g. with strength class C20/25, which cannot guarantee a reasonable service life even in mildly aggressive environments). A second advantage is related to quality control:
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 while it is difficult to evaluate the w/c in hardened concrete, it is much simpler to measure the strength of concrete, and this is already done for structural reasons. Interaction between durability and strength requirements is not limited to the w/c ratio. For instance, Figure 12.4 shows that the air entrained to increase the resistance to freeze-thaw cycles reduces the strength of concrete and thus a lower w/c ratio is required to obtain the required strength. The prescription of a specific cement, for instance to increase the resistance to sulfate attack or chloride penetration, may affect the rate of development of strength and thus influence the w/c ratio required to fulfil the strength requirement. Once the w/c ratio has been found, the dosage of cement, water and aggregates has to be calculated. The water content (kg/m3 of concrete) can be estimated on the basis of the consistency class, the properties of the aggregate, and the use of a plasticizer. For instance Table 12.2 shows the water content suggested by the ACI Manual of concrete practice [4]. The cement content (kg/m3) is equal to the water content divided by w/c, provided it is at least equal to the minimum content required for durability (Figure 12.4). Finally the aggregate content can be evaluated by means of a volume balance. The procedure of mix design should finish with a trial mix (or initial test) in order to check, before the production starts, if the concrete meets all the specified requirements in the fresh and hardened states.
 
 12.4
 
 Concrete Manufacturing
 
 Prevention of reinforcement corrosion is not limited to the design phase of a reinforced concrete structure or to the definition of the mix proportions. It must be further developed as the concrete is mixed, placed, compacted and cured. All necessary precautions must be taken during transport and placement of concrete so that the mixture does not undergo segregation or bleeding, and vibration leads to the maximum compaction possible [7, 13]. Spacers should be properly used to fix the reinforcement and thus ensure that the actual thickness of the concrete cover corresponds to the nominal value. Finally, curing should provide reasonable conditions of temperature and humidity for a sufficiently long period, in order to promote hydration of the cement paste. Mistakes or deficiencies in any of these stages will have adverse effects on durability and thus can compromise the effort made during the design stage. Throughout all these phases, obviously, all necessary quality-control actions should be undertaken to obtain a product that fits the specifications. Since a number of individuals work on any phase of the project (e. g. design, mixing, construction and maintenance), quality control is of primary importance in order to correctly attribute the responsibility for the quality of the product.
 
 12.4 Concrete Manufacturing
 
 12.4.1
 
 Mixing, Handling, Placement, and Compaction
 
 Mixing consists in blending the correct dosage of cement, water, aggregate, and admixtures. This is obtained by stirring the raw materials in a mixer for a suitable time, in order to obtain a uniform mass. Often concrete is mixed in a specific plant and it is transported to the construction site (ready-mixed concrete). Segregation of concrete has to be prevented during transportation, discharging of the mixer and further handling of the concrete. For ready-mixed concrete, it is essential that the class of consistency of concrete be specified. In fact, if the consistency of the concrete that reaches the construction site is stiffer than required, there will be a tendency to add water to the mix in order to increase workability. Although it is deleterious, this is unfortunately a common practice on sites where quality control is lacking. While it increases the workability of the fresh concrete, it also increases the w/c ratio, leading to a lowering of strength and durability. On the other hand, a plasticizing admixture could be used, to improve the workability without increasing the w/c ratio.1) Placing and compacting of concrete are aimed at filling the form and removing the entrapped air from the fresh concrete. Placing should have the objective to deposit the concrete as close as possible to its final position [7]. Compaction consists in vibrating the concrete to remove the entrapped air as much as possible. Both operations, which are carried out almost simultaneously, may lead to segregation of concrete. To avoid segregation, concrete should not fall free or collide with the formwork, and should be placed in uniform layers. Each layer should be fully vibrated before placing the next one, in order to minimize the residual entrapped air (the last row of Table 12.2 shows typical contents of entrapped air after vibration, as a function of maximum size of aggregate). The effort required for compacting concrete increases if the slump decreases (Figure 12.5); conversely, excessive vibration may lead to segregation of concretes with high slump [14]. Placing and compacting of concrete are extremely important with regard to durability. Excessive voids left after compaction, due to segregation or insufficient vibration, affect the permeability of the structure. Obviously, proper surrounding of the rebars is essential for their corrosion protection. It should be borne in mind that this regards the actual structure, but it cannot be detected by tests on cubes or cylinders made from samples of fresh concrete. 1) (If the specification for concrete is correct,
 
 there should be no need for addition of water at the site. EN 206 forbids any addition of water and admixture at delivery, unless in special cases where, under the responsibility of the producer, it is used to bring the con-
 
 sistency to the specified value, providing the limiting values permitted by the specification are not exceeded and the addition of the admixture is included in the design of the concrete.)
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 Influence of the duration of vibration on the degree of compaction of concrete of different consistency (degree of compaction was calculated as the ratio of the density of the concrete to the density of the fully vibrated concrete) [14]
 
 Figure 12.5
 
 12.4.2
 
 Curing
 
 Curing of concrete consists in promoting hydration of the cement paste by controlling the moisture content and the temperature of concrete. Usually it consists in maintaining the concrete saturated with water. In many cases preventing or retarding evaporation of water from concrete is sufficient to provide adequate curing. This can be achieved in several ways, such as delaying the removal of the formwork or covering the concrete with vapour-proof sheets or applying a curing compound. Once concrete has set, it can be sprayed or flooded with water or put in contact with wet sand, textiles or plastic sheeting. For concrete with low w/c ratio, selfdesiccation can also take place, i. e. consumption of water due to hydration leads to dessiccation of pores in the cement paste, and thus internally consumed water should be re-supplied as much as possible. Curing affects both strength and durability, but the consequences of bad curing can be more serious for the latter. Figure 12.6 shows the role of wet curing on the compressive strength of concrete. If concrete is not kept moist at least in the early stage (3–7 days), hydration is interrupted and the 28-day compressive strength can be much lower than the strength that could be potentially reached. Actually, the concrete cover, i. e. the concrete intended to protect the reinforcement, is more susceptible to drying out due to evaporation than the bulk concrete. Therefore, the effect of bad curing is even worse with regard to the durability of reinforced-concrete structures.
 
 12.4 Concrete Manufacturing
 
 Figure 12.6 Influence of wet curing on the strength of concrete with a w/c ratio of 0.50 (after Price, from [1])
 
 Curing of concrete should proceed until it leads to segmentation of the capillary pores in the cement paste (Section 1.2.2), so that the cement paste becomes much less permeable to aggressive species. From a practical point of view, the duration of applied curing can be determined as a function of the development of the concrete properties in the surface zone. For instance, EN 13670-1 requires that curing lasts until the surface concrete strength has achieved at least 50 % of the specified 28day compressive strength. In the absence of direct experience, the minimum curing period can be obtained from Table 12.4 on the basis of the concrete strength
 
 Table 12.4
 
 Minimum curing period (days) recommended by ENV 13670-1:2000 [13]
 
 Surface concrete temperature t (hC)
 
 Concrete strength development (r ˆ fcm2/fcm28) Rapid: r j 0.50
 
 Medium: r ˆ 0.30
 
 Slow: r ˆ 0.15
 
 Very slow: r I 0.15
 
 t j 25 25 i t j 15 15 i t j 10 10 i t j 5
 
 1 1 2 3
 
 1.5 2 4 6
 
 2 3 7 10
 
 3 5 10 15
 
 Notes: – values in the table apply to concretes of exposure class other than X0 and XC1 (for this classes the minimum curing period should be 12 h, provided set does not exceed 5 h), – any period of set exceeding 5 h should be added, – linear interpolation between values in the rows is acceptable, – for temperatures below 5hC, the duration should be extended for a period equal to the time below 5hC, – the concrete strength development is the ratio of the mean compressive strength after 2 days to the mean compressive strength after 28 days determined from initial tests or based on the known performance of concrete of comparable composition.
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 development (measured by the ratio of the mean compressive strength after 2 days to the compressive strength after 28 days). When testing is not performed to determine the curing period, ACI 308.1 suggests a minimum period of 7 days provided that the concrete surface temperature is at least 10 hC. Increasing the temperature accelerates the hydration of the cement paste. Therefore, a higher early strength can be achieved by increasing the curing temperature, although this may lead to a lower long-term strength gain [2]. For instance, concrete cast in summer is expected to have a higher initial strength, but a lower 28-day compressive strength than the same mix cast in winter. The influence of temperature on the rate of strength development of concrete can be used to increase the early strength of concrete by steam curing. This process is sometimes applied to precast elements that, after initial curing at room temperature, are slowly brought to high temperature (e. g. 60 hC) in wet conditions for several hours [7].
 
 12.5
 
 Design Details
 
 Durability should be taken into consideration when details of a structure are designed [15]. Very often even simple details may prevent or promote significant deterioration of a reinforced-concrete structure. For instance, the design may reveal itself inadequate if it favours the introduction of locally aggressive conditions, such as geometric details of the structure that lead to wetting of parts critical to the structure itself or favour the stagnation of water. Joints and every area of possible stagnation of water are to be considered as points of weakness as far as corrosion of steel is concerned. A frequent problem is related to a wrong design of the drainage system that allows water to flow on the surface of concrete; many piles of bridges suffer from early corrosion damage due to chloridecontaminated water drained onto them from the deck joints. Unnecessary complex geometries, sharp corners and layout of the rebars inappropriate for favouring the compaction of concrete should also be avoided. The structural design must be such as to minimize cracking of the concrete. Figure 12.7 illustrates a few design details that experience has shown to frequently be the cause of failures, and proposes some improved alternatives. The examples provided demonstrate that the origin of corrosion can often be traced to ordinary errors that could have been avoided without any appreciable increase in cost.1) In fact, the cost of adequate prevention carried out during the stages of design and building are minimal compared to the savings they make possible dur1) (It is useful to observe that, although the
 
 causes of corrosion can be trivial, the consequences may be catastrophic. For instance, cases are reported where collapses of structures were caused by changes in the cross section of load-bearing elements, introduced for aesthetic reasons (analogous to that shown
 
 in the last example of Figure 12.7) which favour stagnation of chlorides and drastically reduce the concrete cover, leading to attack of the reinforcement. This is a typical example of failures that Peter Schießl calls SIC: stupidityinduced corrosion.)
 
 12.5 Design Details
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 Examples of correct and incorrect design and some suggestions relative to vulnerable positions, in particular in bridges (most of examples are taken from Ref. [15])
 
 Figure 12.7
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 ing the service life, and compared to the costs of rehabilitation that might be required at later dates. As far as possible, the structures should be designed in order to be accessible to inspection and maintenance. Supplementary attention to durability should be given to structures or parts of structures that are not accessible. If the accessibility of the structure is very low or the structure is critical with regard to stability or serviceability, a monitoring system can be provided (Chapter 17).
 
 12.6
 
 Concrete with Special Properties
 
 Some types of concrete have special properties that are useful with regard to the durability of reinforced-concrete structures. For example, conventional concrete with mineral additions, high-performance concrete (HPC) and self-compacting concrete (SCC) are briefly discussed here. 12.6.1
 
 Concrete with Mineral Additions
 
 Studies in the early 1970s [16, 17] demonstrated that the addition of natural pozzolana to Portland cement could reduce the chloride diffusion coefficient of concrete by three times. Additions of ground granulated blast furnace slag (GGBS) and fly ash (PFA) have an even more marked effect on the diffusion coefficient and raise the resistivity of the concrete. Today it has been widely demonstrated that the initiation time for corrosion, and thus the service life of reinforced-concrete structures operating in chloride-bearing environments, are much greater if a cement with pozzolanic or GGBS addition is used rather than pure Portland cement. With regard to the use of cement with ground granulated blast furnace slag, the Dutch experience can be mentioned. In the Netherlands, blast furnace cements have been used in structures for coastal defence since the 1930s, and demonstrate that after more than 50 y of service, corrosion attack is practically zero, and chloride penetration very limited [18]. Concrete submerged for 16 y in the North Sea showed a diffusion coefficient that is up to 10 times lower and resistivity from 3 to 10 times greater [19] and a higher critical level of chlorides [20], in comparison to concrete made with Portland cement and the same w/c ratio. Analogous improvements also have been seen in concrete operating in the splash zone [21, 22]. As far as cement with fly ash is concerned, experience coming from Great Britain, where fly ash has been used since the 1950s, shows how its addition produces improvements analogous to those achieved with blast furnace slag cement [23]. Polder and Larbi [19] estimated depassivation times, and thus service lives, almost 7 times greater for cements with 70 % GGBS than for Portland cements (Table 12.5).
 
 12.6 Concrete with Special Properties Table 12.5 Initiation time for chloride-induced corrosion estimated for different concrete cover thicknesses, utilising apparent diffusion coefficients of chlorides (Dapp) evaluated on specimens submerged in the North Sea for 16 y (concrete of 420 kg/m3 of Portland cement, OPC, or blast furnace slag cement with 70 % GGBS and identical curing procedures) [18]
 
 Type of cement / w/c
 
 OPC / 0.4
 
 GGBS / 0.4
 
 Dapp (m /s p 10
 
 2.0
 
 0.3
 
 2
 
 –12
 
 )
 
 Concrete cover (mm)
 
 Time to depassivation (y)
 
 30 50 70
 
 5 15 30
 
 36 100 200
 
 Table 12.6 Classes of strength* and composition recommended by Bamforth [22] for concrete operating in chloride-bearing environments (GGBS ˆ granulated blast furnace slag; PFA ˆ fly ash), based on 75 y time to initiation
 
 Type of cement
 
 OPC OPC with: i 50 % GGBS i 60 % GGBS i 70 % GGBS i 20 % PFA i 30 % PFA i 40 % PFA
 
 Recommended strength class for cover of: 50 mm
 
 75 mm
 
 100 mm
 
 not applicable
 
 not applicable
 
 C50/60
 
 C40/50 C32/40 C24/30 C50/60 C40/50 C32/40
 
 C36/45 C24/30 C24/30 C40/50 C32/40 C24/30
 
 C24/30 C24/30 C24/30 C32/40 C24/30 C24/30
 
 * Classes of strength are defined in Table 12.3.
 
 Bamforth [23] suggested the recommendations given in Table 12.6 that show how the use of normal Portland cement does not produce concrete adequate for a service life of 75 y in a chloride-containing environment, unless class C50/60 concrete and concrete covers of 100 mm are used. Cements with a high percentage of mineral additions allow the use of more reasonable concrete cover thicknesses and lower classes of strength. In some countries, seawater is used for quenching molten blast furnace slag, resulting in a significant chloride content in the slag and thus in the blended cement. This practice is also indirectly permitted by EN 197-1 that allows a maximum chloride content higher than 0.1 % for blast furnace cements, although it requires the actual chloride content to be explicitly declared. Indeed, the use of seawater for cooling the blast furnace slag should be discouraged. In fact, a chloride content significantly higher that 0.1 % may be harmful for corrosion of steel after concrete undergoes carbonation (Section 5.3.1).
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 12.6.2
 
 High-performance Concrete (HPC)
 
 High performance concrete (HPC) may be defined as a concrete that, with particular care in the selection and proportioning of its constituents, shows a clear improvement in one or more of the properties with respect to ordinary concretes [1]. In practice, the term high-performance concrete is applied to concretes with a low water/binder ratio (0.3–0.35 or even lower), elevated cement content (400–550 kg/m3) and the addition of 5–15 % silica fume with respect to the total mass of binder. Sometimes fly ash or GGBS are also added. In order to achieve a suitable workability with mixes typical of HPC, a high dosage of superplasticizer is required. The low water/binder ratio, associated with the use of silica fume that, due to the very small dimension of its particles, fills the spaces between the cement grains, leads to the development of a microstructure of extremely low porosity. The improvement of the porosity also occurs at the interface between the cement matrix and the coarse aggregate. The strength of these types of concrete is consequently very high; nowadays only concrete with 28-day compressive strength higher than 80 MPa is considered as HPC [1]. The term high-strength concrete that was used in the past has been substituted by high-performance concrete because this material is also expected to exhibit high durability in aggressive environments. There is not enough experience on HPC to quantify the advantage of its use in terms of durability of reinforced structures. Nevertheless, it should be observed that HPC is normally obtained by strictly applying all the procedures that favour the development of a dense microstructure with discontinuous pores, which are the basis for obtaining a durable concrete. In practice, HPC is able to ensure the most important requisite with regard to any type of degradation, i. e. an extremely low permeability to aggressive species. It can then be expected that deterioration of concrete may be strongly reduced compared to ordinary concrete. If the experience confirms these expectations, in the future HPC will probably find applications in aggressive environments, in order to increase the service life, especially with regard to chloride-induced corrosion. There is still controversy in relation to the performance of HPC towards freeze-thaw attack. Curing of HPC is also critical because of autogeneous shrinkage due to self-desiccation of capillary pores. 12.6.3
 
 Self-compacting Concrete (SCC)
 
 Placing and compacting fresh concrete is a time-consuming, noisy and heavy operation, especially in structures with complex geometry or congested reinforcement, which also negatively affects the health of the workers. Furthermore, lack of skilled workers dedicated to vibration of concrete is a worldwide problem, which often is the cause of poor durability. Self-compacting concrete (SCC) has been recently developed that can be placed and compacted into every corner of the formwork, purely by means of its own weight and fluidity, without any vibra-
 
 12.6 Concrete with Special Properties
 
 tion [11, 24]. The fluidity of SCC is so high that the usual tests for measuring workability cannot be used, and specific tests have been developed [25]. Special mixes are required in order to achieve an extremely high flowability and self-levelling properties, to prevent blockage of coarse aggregate between the reinforcing bars and, in the meantime, to avoid segregation. A high dosage of superplasticizer is combined with a large quantity (usually more than 500 kg/m3) of powders with particles smaller that 100–150 mm. These include cement and addition of pozzolanic materials (fly ash or silica fume), GGBS, or ground limestone. A large amount of paste phase can provide a combination of high fluidity and good cohesion to the fresh concrete. Specific admixtures (viscosity modifying admixtures, VMA) have also been developed to improve the cohesion of the mix, similarly as the fine particles. The use of self-compacting concrete in real structures is still modest. Nevertheless, the interest in this material is growing for several advantages in terms of: reduced time for casting, higher quality of concrete regardless of the skills of workers, reduction in health consequences especially due to vibration, better surface finishing of concrete. The cost of SCC is to some extent higher than conventional concrete, both due to the raw materials and the strict quality control required to achieve the expected properties. When SCC is used, special attention should also be dedicated to the formwork because of the high fluidity of the fresh concrete and the pressure exerted on it.
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 13 Corrosion Inhibitors In general, reinforced concrete has proved to be successful in terms of both structural performance and durability if the design rules (Chapter 11) and concrete technology (Chapter 12) were adequately considered. Additional protection measures will only be necessary in very aggressive environments or when a very long service life is required. As outlined in Section 11.8, corrosion inhibitors, thus chemical compounds added as admixtures to the fresh concrete, are one possible way to improve the durability of concrete structures. The use of corrosion inhibitors is of increasing interest as they are claimed to be useful in reinforced concrete not only as preventative measure for new structures (as addition to the mixing water) but also as surface-applied inhibitors for preventative and restorative purpose. Application on the concrete surface could be a promising technique to protect existing structures from corrosion or increase the lifetime of structures that already show corrosion attack. The application of inhibitors on the concrete surface requires the transport of the substance to the rebar where it has to reach a sufficiently high concentration to protect the steel against corrosion or reduce the rate of the ongoing corrosion. In this context only corrosion inhibitors that prolong the service life due to chemical or electrochemical interaction with the reinforcement are considered. Any other substances that may prevent the onset of corrosion or reduce ongoing corrosion by other means, such as surface treatment (e. g. hydrophobation) or additions that reduce the porosity of the concrete (e. g. fly ash, silica fume, waterproofing admixtures, etc.), are not considered to be corrosion inhibitors and are treated in other chapters. In this chapter the types of inhibitors presently available and their effectiveness in reinforced-concrete structures are outlined. For more detailed information the reader is referred to the state of the art report published recently by one of the authors [1].
 
 Corrosion of Steel in Concrete. Luca Bertolini, Bernhard Elsener, Pietro Pedeferri, Rob P. Polder Copyright c 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim ISBN: 3-527-30800-8
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 13.1
 
 Mechanism of Corrosion Inhibitors
 
 Very often the long experience with chemicals operating as corrosion inhibitors, e. g. in the oil field, gas or petroleum industry, is taken as an example for the successful use of corrosion inhibitors for many decades. This undoubtedly is true and the overwhelming majority of literature on corrosion inhibitors deals with the effects of inhibitors on uniform corrosion, e. g. of steel in acidic or neutral solutions, where they can be classified into [2]: a) adsorption inhibitors, acting specifically on the anodic or on the cathodic partial reaction of the corrosion process or on both reactions (mixed inhibitor), b) film-forming inhibitors, blocking the surface more or less completely, and c) passivators, favouring the passivation reaction of the steel (e. g. hydroxyl ions). Regarding inhibition of corrosion of steel in concrete, a completely different situation has to be considered (Chapter 4): steel in concrete is usually passive, thus protected by a thin film of oxy-hydroxides formed spontaneously in the alkaline pore solution (passive film). The mechanistic action of corrosion inhibitors is thus not against uniform corrosion (see above) but localized or pitting corrosion of a passive metal due to the presence of chloride ions or a drop in pH. It is thus obvious that the long and proven track record of inhibitors against general corrosion in acidic or neutral media cannot be the basis to assume that similar compounds should also work for steel in concrete. Indeed, inhibitors for pitting corrosion (the typical situation for steel in chloride-contaminated concrete) are by far less studied [3]. Inhibitors for pitting corrosion can act: a) by a competitive surface adsorption process of inhibitor and chloride ions, b) by increasing or buffering of the pH in the local (pit) environment, and c) by competitive migration of inhibitor and chloride ions into the pit (so that low pH and high chloride contents necessary to sustain pit growth cannot develop). Commercial inhibitors are frequently blends of several compounds, thus the mechanistic action can be multiple and difficult to identify. This will lead to major difficulties in the independent evaluation of corrosion inhibitors that are proposed in commercially available concrete repair systems.
 
 13.2
 
 Mode of Action of Corrosion Inhibitors
 
 According to the general service life model of Tuutti (Figure 4.1), corrosion inhibitors admixed to the fresh concrete can act in two different ways: these inhibitors can extend the initiation time and/or reduce the corrosion rate after depassivation has occurred. From the point of view of the design process and the desired extension of the initiation time, mixed-in inhibitors are more reliable, i. e. it is easier and more secure to add the inhibitors to the mix. When inhibitors are applied on the surface of hardened concrete during the initiation period (before depassivation occurs), the mode of action is in principle iden-
 
 13.3 Corrosion Inhibitors to Prevent or Delay Corrosion Initiation
 
 tical to that for admixed inhibitors, provided the necessary concentration at the rebar is reached. If corrosion has already started, the only possible mode of action is to lower the corrosion rate. From the point of view of the application, corrosion inhibitors can be used as a preventative or as a curative measure to increase the service life of a reinforced concrete structure. In preventative applications inhibitors are used as admixtures to the fresh concrete (calcium nitrite, organic inhibitor blends) or applied on the surface of hardened concrete (MFP, organic inhibitor blends), in which case the inhibitor has to penetrate the concrete cover to reach the steel surface. In curative applications inhibitors are applied on the surface of hardened concrete with the goal to reduce the corrosion rate of the rebars. In the following sections the two modes of action are presented.
 
 13.3
 
 Corrosion Inhibitors to Prevent or Delay Corrosion Initiation
 
 The most frequently used technique is adding of the inhibitors as admixtures to the mixing water of concrete for new structures in order to prevent or at least delay the onset of corrosion. Calcium nitrite (commercial product name DCI, marketed by Grace) is the most extensively tested admixed corrosion inhibitor [1, 4] and has, when applied according to the specifications together with high-quality concrete and sufficient cover, a long and proven track record in the USA, Japan and the Middle East. It is used in parking, marine and highway structures. Calcium nitrite acts as a moderate set accelerator of concrete and normally requires the additional use of water reducing and retarding admixtures. Calcium nitrite acts as a passivator due to its oxidizing properties and stabilises the passive film due to its ability to oxidise ferrous ions (Fe2‡) to ferric ions (Fe3‡), which form poorly soluble iron oxides. All investigations reported in the literature [1] revealed a critical concentration ratio (threshold value) between inhibitor (nitrite) and chloride of about 0.6 (with some variation from 0.5 to 1) in order to prevent the onset of corrosion. This indicates that the inhibitor calcium nitrite has to be present in sufficiently high concentration in order to be effective. The delay in the onset of corrosion (time to corrosion initiation) is statistically distributed around a mean value and depends on the inhibitor dosage (Figure 13.1). As is shown by a comparative study, only the commercial calcium nitrite with the highest dosage gave a significant improvement (Figure 13.2). For commercial applications a dosage of 30 l/m3 of a 30 % calcium nitrite solution (DCI) is recommended in order to act against chlorides penetrating from the concrete surface, e. g. in bridge deck or parking garage situations. In carbonated concrete, nitrite acts as corrosion inhibitor as well. Critical issues of the inhibitor calcium nitrite are the risk of increased local corrosion attack in the case of insufficient inhibitor dosage and the problem of leaching out over the long service life of a structure. Nitrite is not allowed as inhibitor in
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 Statistical distribution of time to corrosion initiation of steel in mortar specimens with different admixed percentages of Ca(NO2)2 inhibitor with respect to mass of cement, exposed to seawater [20] Figure 13.1
 
 Time to corrosion initiation of four steel bars in mortar blocks exposed to cyclic ponding with chloride solutions for different inhibitors admixed to the mortar in three dosages [11]
 
 Figure 13.2
 
 13.3 Corrosion Inhibitors to Prevent or Delay Corrosion Initiation
 
 all reinforced structures permanently immersed in water for environmental and health reasons. Sodium mono-fluoro phosphate (Na2PO3F, MFP), can be used only as a surfaceapplied inhibitor due to adverse chemical reaction with fresh concrete [5]. MFP reacts with the calcium ions to form insoluble products such as calcium phosphate and calcium fluoride and the active substance, the PO3F– ion, disappears from the pore solution. Laboratory studies of steel in mortar showed that by applying several intense flushings before the ingress of chlorides [6], the onset of corrosion during the test duration of 90 days could be prevented even at chloride concentrations as high as 2 % by mass of cement. A critical concentration ratio MFP/chloride greater than 1 had to be achieved, otherwise the reduction in corrosion rate was not significant [6]. MFP acts as a corrosion inhibitor in carbonated concrete as well. The main problem in using MFP as a surface-applied liquid is the penetration to the reinforcement in order to act as inhibitor. Contradictory results are reported [1]: in early field tests insufficient penetration of MFP was found, partly due to a too dense concrete, a cover depth greater than 45 mm or an insufficient number of MFP applications on the surface. In more recent applications, e. g. on the Peney Bridge near Geneva and on concrete buildings and balconies, MFP was applied onto cleaned, dry concrete surfaces in up to ten passes and the concrete was impregnated down to the reinforcement level in a few days or weeks [7]. More recently, the use of a MFP-containing gel on the concrete surface was proposed to improve the penetration of MFP. The MFP concentrations that have to be reached at the rebar level are still under discussion. Since about 10 y a new group of organic molecules, especially alkanolamines and amines and their salts with organic and inorganic acids are used as components in corrosion inhibitor blends of usually complex formulations that can also contain inorganic compounds [8]. Such inhibitors are produced and marketed by several producers under different trade names. (To this group belong, for instance, the commercial products Cortec MCI 2000 and MCI 2002 and SIKA Ferrogard 900 and Ferrogard 903.) These blends often are not sufficiently well described and may even change in composition with time, so most of the published work has been undertaken with commercially available systems. Several studies indicate that the inhibitor blends are effective in solutions whereas pure solvents as dimethylethanolamine are not [1]. A commercial “migrating inhibitor” blend could be fractionated into a volatile (dimethylethanolamine) and a non-volatile (benzoate) component [9]. For complete prevention of corrosion initiation in saturated Ca(OH)2 solution with 1 M NaCl added, the presence of both components at the steel surface in a concentration ratio of inhibitor/chloride of about one was necessary (Figure 13.3). Modern surface analytical techniques such as XPS have confirmed that for the formation of a significantly thicker and protective organic film on iron in alkaline solutions, both components of the commercial inhibitor blend have to be present [10]. Experiments with inhibitor added to mortar showed similar results: the inhibitor blend admixed in the recommended dosage could delay the average time to corrosion initiation of passive steel in mor-
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 Corrosion potentials of rebar samples in saturated Ca(OH)2 solution containing the two components (volatile dimethylethanolamine and non-volatile benzoate) of a migrating inhibitor [9]
 
 Figure 13.3
 
 tar subjected to chloride penetration by a factor of 2–3 (Figure 13.4) but could not completely prevent the onset of corrosion. This result is confirmed by a comparative study where the alkanolamine-based inhibitor (ORG2, Figure 13.2) did not show a significant improvement [11]. The same alkanolamine-based commercial inhibitor blend was tested as an admixture in mortar and concrete specimens exposed to chlorides [12]. After one year of testing, corrosion had started in specimens with a w/c of 0.6, the chloride threshold values for the inhibitor containing
 
 Percentage of corroding rebars in mortar with admixed MCI 2000 inhibitor versus time of cyclic chloride treatment [9]
 
 Figure 13.4
 
 13.4 Corrosion Inhibitors to Reduce the Propagation Rate of Corrosion
 
 specimens were in all cases higher (4 –6 % chloride by mass of cement) compared to the control samples (1–3 % Cl–). Summarizing, to prevent or at least strongly delay the onset of pitting corrosion on passive steel in alkaline solutions or mortar, all investigations regardless of the type of inhibitor seem to indicate that a critical ratio of inhibitor/chloride of about 1 has to be exceeded. This implies that quite high inhibitor concentrations have to be present in the pore water in order to act against chlorides penetrating from the surface. To have as little chloride ingress as possible and thus to avoid the use of excessively high inhibitor concentrations, the use of admixed inhibitors is recommended only combined with high-quality concrete [4].
 
 13.4
 
 Corrosion Inhibitors to Reduce the Propagation Rate of Corrosion
 
 A surface treatment with subsequent transport of the inhibitor to the corroding steel with the effect to stop or at least reduce ongoing corrosion would be an interesting, potentially cost-effective way to mitigate corrosion in existing structures. Several laboratory and field tests have been performed to investigate this particular situation. As surface-applied inhibitors are mainly organic “migrating inhibitors”, MFP and recently also calcium nitrite are proposed [1]. In a recent independent study [13], 15 % by mass solutions of monofluorophosphate were applied repeatedly to reinforced concrete specimens (w/c 0.65, cover thickness 12 mm) with various levels of chloride contamination. The embedded bars, pre-corroded under cyclic wetting and drying conditions for about 6 months prior to the MFP treatment, showed a reduction in corrosion rate only at low chloride concentrations (Figure 13.5) [13]. Repeated drying and MFP-immersion cycles
 
 Figure 13.5 Corrosion rate of rebars in mortar (w/c 0.65) before and after treatment with MFP (sodium monofluorophosphate) [13]
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 Figure 13.6 Corrosion rate of rebars in mortar (w/c 0.65) before and after treatment with proprietary alkanolamine inhibitor blend [13]
 
 have been found a suitable method to allow the penetration of the inhibitor to the steel, but high concentrations and long treatments are needed to significantly reduce active corrosion. Alkanolamine-based inhibitors have been tested in similar conditions. For ongoing chloride-induced corrosion with a chloride level of about 1–2 % by mass of cement, in mortar specimens no reduction in corrosion rate was found (Figure 13.6) except at low chloride concentrations. This is confirmed by two other studies [1, 11, 14]: pre-corroded rebars in mortar (w/c 0.75, cover thickness 25 mm) did not show any detectable effect on the corrosion rate of embedded steel once active corrosion had been initiated, despite the fact that the specimens had low cover and porous mortar [14]. It seems that for “penetrating” or “migrating” inhibitors the favourable effects found in solution do not occur when applied to hardened mortar or concrete laboratory specimens with ongoing steel corrosion. It is thus necessary to look for information regarding the transport of inhibitor blends in mortar or concrete.
 
 13.5
 
 Transport of the Inhibitor into Mortar or Concrete
 
 It is claimed for several inorganic and organic inhibitor blends that they will be carried by water or by vapour-phase migration into the proximity of the reinforcing steel [1], however, great discrepancies in the measured transport rates were found. This might partially be due to the different experimental set-up (humidity) and measuring techniques used, but in general it is difficult to determine the transport rate of an inhibitor blend of unknown composition.
 
 13.5 Transport of the Inhibitor into Mortar or Concrete
 
 A detailed study on the transport of a proprietary aminoalcohol-based inhibitor into cement paste and mortar showed that both the amount and the rate of inhibitor ingress into alkaline cement paste is higher for the pure aminoalcohol compared to the inhibitor blend also containing phosphates (Figure 13.7) [15]. This discrepancy could be explained by a reaction of the inorganic phosphate component with calcium ions in the alkaline cement paste, blocking further ingress of the inhibitor. To avoid a reaction with calcium ions, the transport of the inhibitor was studied on cores taken from a 100-year-old fully carbonated concrete structure, varying the dosage and the way of inhibitor application (Figure 13.8). The recommended dosage (500 g/m2) and way of application (several brushings) led to only a moderate concentration of the aminoalcohol in the first 15 mm. An increase in the dosage to 1500 g/m2 increased the aminoalcohol concentration, but the penetration depth remained low. Only ponding for 28 or 50 days resulted in the penetration of a significant inhibitor concentration (both aminoalcohol and phosphate) at depths greater than 30 mm [15]. Another problem arises because often only one, the most volatile, component of the inhibitor blend can be analysed using an amine electrode as in the case of proprietary migrating corrosion inhibitors [1, 9]. In this way, the diffusion of the volatile part of the inhibitor blend can be measured but no information on the diffusion of the non-volatile fraction can be obtained. Both components of an inhibitor blend are needed at the steel surface to get an inhibiting effect (Figure 13.3). However, only the volatile component diffuses easily through the porous concrete. This may explain the discrepancy between solution experiments and mortar or field tests [1, 9, 11]. It has also been reported that the volatile component of organic inhibitor blends evaporates [1, 9].
 
 Concentration profiles of a proprietary aminoalcohol-based inhibitor (Sika Ferrogard 903) into alkaline cement paste [15]
 
 Figure 13.7
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 Figure 13.8 Concentration of inhibitor components (of Sika Ferrogard 903) at two depth intervals as a function of application amount (several brushes in order to obtain 500–1500 g/m2) or time of ponding in fully carbonated concrete cores [15]
 
 13.6
 
 Field Tests and Experience with Corrosion Inhibitors
 
 Only calcium nitrite, introduced more than thirty years ago, has a long and proven track record as a corrosion inhibitor for reinforced concrete [1, 4]. MFP and alkanolamine-based organic inhibitor blends are increasingly used but unfortunately most of the commercial applications lack rigorous control of the inhibitor effect. One of the very few comparative field tests on chloride-contaminated concrete studied MFP and a proprietary alkanolamine inhibitor added in the side-walls of a tunnel [16]. The inhibitors were applied by the producers. The measurements of macrocell currents and half-cell potential mapping revealed that both inhibitors were virtually ineffective at the chloride concentrations of 1–2 % by mass of cement present [16]. Other field tests with proprietary vapour-phase inhibitors [17] in a parking garage with chloride-contaminated precast slabs did not show encouraging results. Corrosion-rate measurements showed a reduction of 60 % in areas with initially intense corrosion but also an increase of corrosion rate in areas with low corrosion rates. On structures from 1960 with an admixed-chloride content higher than 1 % by mass of cement, already featuring patch repairs, a three-year corrosion rate survey showed lower corrosion rates in the treated areas compared to untreated ones, but cracking and spalling increased also in the treated areas [18].
 
 13.7 Critical Evaluation of Corrosion Inhibitors
 
 13.7
 
 Critical Evaluation of Corrosion Inhibitors
 
 Assuming that the inhibitor action in laboratory experiments has been established, there remain two critical points for a successful and reliable application on reinforced concrete structures: x
 
 x
 
 the inhibitor has to be present at the reinforcing steel in sufficiently high concentration with respect to the aggressive (chloride) ions over a long period of time, the inhibitor action on corrosion of steel in concrete should be measurable.
 
 Concentration dependence. The available literature reports a concentration dependent effect of inhibitors, suggesting that a critical ratio inhibitor/chloride has to be exceeded (as described above). For new structures, the inhibitor dosage thus has to be specified with respect to the expected chloride level for the design life of the structure. Surface-applied inhibitors on existing structures may present even more difficulties in achieving the necessary concentration at the rebar level. First, because chloride contamination or carbonation may vary strongly along the surface. Secondly, because the cover thickness and permeability of the concrete may vary as well, and thirdly because the inhibitor may react with pore solution components. It is crucial to specify the critical concentration to be achieved at the rebar level and not, as often occurs in the application notes of commercial surface-applied inhibitors, simply an average volume (or weight) of inhibitor solution to be applied per square metre of concrete. This is usually omitted, in part due to the lack of analytical methods to measure the inhibitor concentration. Regarding long-term durability, it has also to be taken into account that inhibitors may be washed out from the concrete or evaporate. Measurement and control of inhibitor action. One of the main difficulties in evaluating the performance of inhibitors is to assess the inhibitor action on rebar corrosion “on site”. The interpretation of half-cell potential measurements (Chapter 16) may present difficulties due to changes in the concrete resistivity. Furthermore, a reduction of the corrosion rate due to an inhibitor action may not be reflected straightforwardly in the half-cell potential: potentials may become more negative or more positive after inhibitor application, depending on the mechanism of the inhibitor action. Shifts in the half-cell potential may also occur due to wetting and drying of the concrete [19]. Linear polarization resistance measurements are considered suitable for on-site testing [18], but results of corrosion rate measurements on site depend on the type of device used for the measurements and can be interpreted so far only by specialists (Chapter 16). The main problems are the daily and seasonal changes of the corrosion rate with temperature and concrete humidity, making it difficult to evaluate the inhibitor action. Macrocell current measurements between isolated anodes (located and instrumented before inhibitor application) and the surrounding cathodes may give the most indicative results [16] but can be installed only on test sites.
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 13.8
 
 Effectiveness of Corrosion Inhibitors
 
 The available literature allows us to conclude that admixed inhibitors with the correct dosage can strongly delay the onset of chloride-induced corrosion. Once corrosion started, no significant reduction in corrosion rate has been found. The overall performance of surface-applied organic and inorganic corrosion inhibitors intended to reduce ongoing chloride-induced corrosion cannot be considered positive. For the case of corrosion due to carbonation there remain at least some doubts. The use of corrosion inhibitors could be a promising technique in restoring reinforced concrete structures, offering benefits as reduced costs and inconvenience of repairs. It has, however, to be taken into account that the use of corrosion inhibitors in repair systems is far less well-established than their application as admixtures in new structures. The performance of proprietary corrosion inhibitors in repair systems marketed under different trade names is not yet sufficiently documented by independent research work, especially when considering field tests.
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 14 Surface Treatments Surface treatments are applied to new structures as a preventative measure, to existing structures where the need for future protection is anticipated, and to repaired structures in order to improve the service life of the repairs (as well as to mask the visible effect of repairs). Of the many types of surface treatment of concrete, only those aimed at providing protection against corrosion of reinforcement will be mentioned here. This places coatings for protection against chemical attack outside the present scope.
 
 14.1
 
 General Remarks
 
 Surface treatment is a term relating to a wide range of materials applied to the surface of a concrete structure, for which other terms are also used, such as concrete sealer [1–5]. Their compositions vary from polymeric to cementitious, their dimension from atomic layers to centimetres, their location from “on top” of the concrete surface to completely inside the pores. They share at least one of two objectives: to make the concrete cover zone less permeable to aggressive substances or to reduce its moisture content and thereby to increase the concrete resistivity. Both effects will prolong the service life of the structure. They differ in almost all other aspects, which is why different types are treated here in separate sections. First, however, a central issue is raised: density versus openness. Dense surface treatments may be very effective in slowing down the penetration of aggressive substances (good barrier properties), usually they also slow down the evaporation of water from the concrete. This may raise problems of vapour pressure, causing loss of bond between the concrete and the surface-treatment layer (terminating or at least reducing the protection provided!), or even frost damage to the concrete. On the other hand, surface treatments that are open for water vapour, are also open to a certain extent for aggressive gases like carbon dioxide, so they are not very effective against carbonation. Surface treatments open to water vapour may have a longer service life and have no or slower loss of bond, but their effectiveness may be less than for dense systems. It seems that there is a trade-off between density (good barrier properties) and openness (good durability) of the surface-treatment material. Since Corrosion of Steel in Concrete. Luca Bertolini, Bernhard Elsener, Pietro Pedeferri, Rob P. Polder Copyright c 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim ISBN: 3-527-30800-8
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 the various surface treatments behave so differently, it is possible that a particular surface treatment may be appropriate for a certain type of exposure but not suitable for a different set of aggressive conditions. The final choice will depend on various reasons related to the structure, the owner, the local market, etc. There also seems to be an element of fashion: in the 1980s, dense coatings (in particular epoxy based) were used to a large extent. In the 1990s, more open coating types like acrylates were used. The application of hydrophobic treatment (silanes and siloxanes) seems to have increased in recent years. As illustrated schematically in Figure 14.1, it is possible to distinguish four principal classes of surface treatments for concrete: (a) organic coatings that form a continuous film, (b) hydrophobic treatments that line the surface of the pores, (c) treatments that fill the capillary pores and (d) cementitious layers [6]. Table 14.1 lists the principal types of surface treatments and their sub-types [1, 2]. Combination of two types is possible, for example by first applying a hydrophobic agent as a primer and subsequently an (organic) acrylic coating, providing what is called a dual system [5]. Detailed chemical information on polymeric surface treatments is given by Cady [5].
 
 Schematic representation of the different types of surface treatment of concrete: (a) organic coating, (b) pore-lining treatments, (c) pore-blocking treatments, (d) thick cementitious coating, shotcrete or rendering, [6]
 
 Figure 14.1
 
 14.2 Organic Coatings Table 14.1
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 Classification of surface treatments [1, 2]
 
 Classification material
 
 Form of liquid paint
 
 Curing
 
 Film-forming coatings
 
 Catalysed, solvented (sealer) Solvented Aqueous dispersion Cementitious aqueous dispersion Aqueous dispersion Solvented Catalysed, solvented (sealer) Catalysed, aqueous dispersion Catalysed, solventless Solvented Catalysed, solvented (sealer) Solvented
 
 Loss of solvent and chemical Loss of solvent Drying Drying Drying Loss of solvent Loss of solvent and chemical Drying and chemical Chemical Loss of solvent and oxidation Loss of solvent and chemical Loss of solvent
 
 Aqueous dispersion Solvented (sealer) Catalysed, solvented (sealer) Catalysed Solvented sealer Aqueous dispersion
 
 Drying Loss of solvent and moisture Chemical Chemical Loss of solvent Drying
 
 Silicones
 
 Solvented
 
 Loss of solvent and reaction
 
 Siloxane Silane
 
 Solvented/solventless/aqueous Solvented/solventless
 
 Loss of solvent and reaction Loss of solvent and reaction
 
 Pore blocker
 
 Silicate Silicofluoride Crystal growth materials
 
 Aqueous dispersion or solvented Aqueous solution, gas In cementious slurry
 
 Reaction Reaction Reaction
 
 Rendering
 
 Plain and polymer-modified-cement-based mortars
 
 Acrylic
 
 Butadiene copolymer Chlorinated rubber Epoxy resin
 
 Oleoresinous Polyester resin Polyethylene copolymer Polyurethane
 
 Vinyl Hydrophobic pore liner
 
 Cement hydration
 
 14.2
 
 Organic Coatings
 
 Organic coatings are used to block the penetration of carbon dioxide or chloride ions. They form a continuous polymeric film on the surface of the concrete, of a thickness ranging from 100 to 300 mm. The binder can already be present in the liquid paint as a polymer, or the polymer can be formed due to chemical reactions between monomeric components that are mixed just before application. Modern coating systems are usually built up of several layers applied consecutively. They are compatible with the alkalinity of the concrete and are based on various types of polymers (e. g. acrylate, polyurethane, epoxy), pigments and additives, and are made suitable for application by the addition of solvents or diluents.
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 Schematic development of moisture content of concrete under wetting/drying, for coated or hydrophobised and untreated concrete
 
 Figure 14.2
 
 The effectiveness of a coating is related to the absence of pores or flaws and it increases in proportion to its thickness. The application requires thorough surface preparation, because a durable bond to the substrate is essential for coating effectiveness. The same applies to filling blowholes in the concrete surface. Organic coatings may vary from very dense to rather open for water vapour. A dense coating (ideally without flaws), based on epoxy, polyurethane or chlorinated rubber polymers, may block ingress of aggressive species. Nevertheless, the presence of such a layer strongly hinders the evaporation of the moisture that is present in the concrete at the time of treatment. This situation can lead to loss of adhesion to the concrete and thus to a loss of effectiveness of the coating. Nowadays the most widely used coatings are relatively open, meaning that they strongly reduce the ingress of water from the environment, but allow the evaporation of moisture from the inside. Consequently the concrete (in the course of time) will reach lower values of humidity in pseudo-equilibrium with the atmosphere in which it operates, in particular in wetting/drying situations, as illustrated in Figure 14.2. Acrylates are the most important materials in this group. Their service life under normal operating conditions may extend beyond 10 y. It seems that with this type of coatings, a favourable trade-off has been found between density and durability. 14.2.1
 
 Properties and Testing
 
 Organic coatings have been subjected to testing by a wide range of methods. Stimulated by European standardisation, it may be expected that consensus on test methods and requirements will grow in the forthcoming years. Here we will con-
 
 14.2 Organic Coatings
 
 centrate on some of the results reported for the effect on the penetration of carbon dioxide and chloride ions. Bassi and Davies [7] have described a method for testing carbon-dioxide permeation through a ceramic tile coated with the material under study. The carbon-dioxide resistance may be expressed in various units, of which the equivalent air thickness is most commonly used. An empirical criterion is that a coating should have the same resistance to CO2 transport as 50 m of still air. A wide range of organic coatings (plus a silicate and a polymer-modified cementitious coating) was tested. Most coatings had an acceptable carbon dioxide resistance immediately after application. However, it dropped significantly during artificial or natural weathering. In fact, all coatings tested had a carbon-dioxide resistance of less than 50 m equivalent air thickness after one year of natural weathering or after 1000 h of artificial weathering [7]. Polymeric emulsion coatings were less resistant to carbon-dioxide permeation and suffered more strongly from weathering than chemically reacting materials. Buenfeld and Zhang [8] have tested a wide range of materials including two organic sealers, a silane, two organic coatings and a polymer-modified cementitious coating applied to cement mortar discs, using steady-state chloride diffusion tests (Figure 2.4). It appeared that chloride diffusion was so slow with the polyurethane and acrylic coatings that it did not reach steady state within one year. Chloride diffusion was slowed down by one to three orders of magnitude by the silane, the polyurethane sealer and the cementitious coating. The acrylic sealer did not have a positive effect. Rodrigues and co-workers [9] tested polyacrylates and polymethacrylates with various pigments and textures borne in water or organic solvents. Methods used were water permeability (coating on concrete or brick) and steady-state chloride diffusion (coating on ceramic tile) in the lab and non-steady-state chloride diffusion (coating on concrete) up to two years at a marine exposure site. The coatings reduced the water permeability by a factor 4 to 50 and the steady-state chloride permeability from 2 to 10 000 times. In both tests, methacrylate coatings were less permeable than acrylate coatings. In the field, the chloride surface content was reduced 5 to 10 times by the methacrylate coating, but hardly by the acrylate coatings. The effect on the chloride diffusion coefficient was small. It was observed that coatings complying to the limit for water permeability proposed in the European draft standard prEN 1504-2 [10] did not effectively protect against chloride penetration. An interesting method to demonstrate the density or openness to water vapour was recently published by Vogelsang and co-workers [11]. They prepared mortar specimens with embedded steel electrodes following Tritthart and Geymeyer [12]. The specimens were either wet or dry, then coated with two types of coating and together with uncoated specimens, exposed in either dry or wet environment. The resistance measured between the electrodes indicated a strong change of resistivity as a function of time, providing information on the rate of evaporation or water uptake from or by uncoated specimen or through the coatings. It was found that such resistivity and moisture changes occurred most rapidly in un-
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 coated specimens, less rapidly in specimens coated with water-based acrylate, and most slowly in solvent-based epoxy-coated specimens. Various researchers have tested the effect of coatings (and other surface treatments) on active reinforcement corrosion. Due to the extreme variation of materials (both coatings and concrete) and test methods and conditions, it is beyond the present scope to summarise that work. The overall impression is that coatings do not effectively reduce the rate of chloride-induced corrosion, see for example [13]. Subject to many practical influences, it is possible that coatings reduce the rate of carbonation-induced corrosion. 14.2.2
 
 Performance
 
 It should be realised that surface treatments can have negative side effects, either in their effect on young concrete or later, due to degradation of their effect. It was demonstrated that coatings can slow down the progress of curing of (young) concrete by preventing water to penetrate, as expressed by high water sorptivity values for dry, sheltered and coated specimens, as opposed to wet, exposed, uncoated specimens [4]. If hydration is not reasonably advanced before the coating is applied, the carbonation resistance may be permanently poor! Once deep carbonation has taken place, the system relies on the coating to keep the concrete dry. Subsequent degradation of the coating and increased water penetration may even promote corrosion propagation in extreme cases. Negative effects of coating degradation (during later stages of service) are illustrated by a case study on a reinforced concrete bicycle bridge exposed to de-icing salts [14]. The bicycle lane was coated with a dense epoxy coating wearing course with crushed stone strewn in for optimal road surface properties. The parapets (side walks) were left uncoated. After about 30 y, chloride profiles were taken and analysed using Fick’s second law of diffusion (Section 6.2.2). Chloride penetration in the coated part was characterised by a chloride surface content of about 1.7 % chloride by mass of cement and an apparent chloride diffusion coefficient of 2–3 q 10 –12 m2/s, which is typical for Portland cement concrete in wet conditions. It appeared that the protective effect of the epoxy coating had practically been lost after about 15 y of service, probably due to penetration of the coating layer by the crushed stone particles in combination with UV and thermal loads. The degradation of the coating had allowed water to penetrate but despite its degradation, water evaporation remained restricted. This caused the concrete to remain relatively wet, resulting in relatively quick chloride transport and high corrosion rates after depassivation. The result was that after 30 y, heavy reinforcement corrosion and concrete delamination had developed and the bridge had to be replaced. The non-coated parapets on the other hand, had not shown quick chloride penetration despite significant chloride loads. The chloride profiles in the parapets were characterised by chloride surface contents of about 1.6 % chloride by mass of cement and an apparent diffusion coefficient of about 0.7 q 10 –12 m2/s. This relatively low diffusion coefficient is well below typical values for water-saturated Port-
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 land cement concrete. This suggests that the absence of a coating on the parapets had allowed the concrete to remain dry most of the time, slowing down chloride transport. These results show that the protective effects of this type of epoxy coatings have a finite life. In this case, the coating should have been replaced after 10 to 15 y, or other preventative measures should have been taken. A simple but effective option might have been by applying a hydrophobic treatment of the concrete before applying the coating (as a dual system). Alternatively, the cover to the steel should have been increased and/or a blast furnace slag cement with higher resistance to chloride penetration should have been chosen (Chapters 11 and 12).
 
 14.3
 
 Hydrophobic Treatment
 
 Application of hydrophobic treatment to a concrete surface aims at reducing the capillary absorption of water and dissolved aggressive substances. Hydrophobising concrete leaves the pores open, so it does not affect the ingress of gaseous species. Liquid water is transported rapidly into non-water-saturated pores by capillary suction (Chapter 2), depending on the surface tension, the viscosity and the density of the liquid, on the angle of contact between the liquid and the pore walls and on the radius of the pores. The characteristics of the liquid (water) and the pore structure of the concrete are given constants. For normal concrete, the contact angle (4) is low (I 90h) due to molecular attraction between water and cement paste (this is termed hydrophilic behaviour). A drop of water will spread on a flat surface, the level inside a capillary will rise above the surrounding liquid and the concrete will absorb the water. The molecular attraction between water and concrete can be weakened by impregnating the concrete with hydrophobic agents, such as silicones, making the concrete hydrophobic. The contact angle will be i 90h, a drop takes the form of a sphere, while the capillary rise is negative, so the level of liquid in the capillary is lower than the surrounding liquid. The concrete is said to be water repellent. The two cases are shown in Figure 14.3. From the silicone group of substances, silanes and siloxanes are most important for hydrophobising concrete. Silanes are small molecules having one silicon atom; siloxanes are short chains of a few silicon atoms (Figure 14.4). Their molecules contain (organic) alkoxy groups linked to the silicon atoms, which can react with the silicates in the concrete pore wall surface to form a stable bond as illustrated in Figure 14.5. The alkoxy groups can also react with other silane molecules, causing some degree of polymerisation. Silanes and siloxanes also contain organic alkyl groups that have a fatty and water-repellent character. After reaction of the alkoxygroups with the substrate, the alkyl groups protrude from the pore surfaces [5]. As a result, water molecules will be repelled, the contact angle is greater than 90h and, ideally, water is no longer absorbed by capillary suction. In reality, capillary absorption is reduced to 10–20 % of non-treated concrete. Hydrophobic treatments form a layer of molecular thickness on the concrete pore walls. Because the pores are left open, such a treatment does not block trans-
 
 237
 
 238
 
 14 Surface Treatments
 
 Interaction between water and a non-hydrophobic or hydrophobic material; illustrated for a capillary (left) and a concrete surface (right)
 
 Figure 14.3
 
 Figure 14.4
 
 Silane and siloxane molecules
 
 Figure 14.5
 
 Reaction of (methyl-methoxy)silane with a concrete substrate [5,6]
 
 port of single water molecules, that is, water vapour. The effect, in particular in wetting/drying situations, is that hydrophobic treatment strongly reduces the ingress of liquid water from the environment, but allows the evaporation of moisture from the inside. Consequently the concrete (under alternating wetting and drying exposure) will dry out compared to non-treated concrete, as was already illustrated in Figure 14.2. This process has been confirmed experimentally [13, 15]. At the same time, the pores of hydrophobised concrete are also open for penetrating gases such as carbon dioxide [16].
 
 14.3 Hydrophobic Treatment
 
 14.3.1
 
 Properties and Testing
 
 Since the 1990s, hydrophobic treatment has been used for concrete highway structures in the UK [17]. Because the advantages of such treatment were seen as promising, in particular as additional protection for bridge decks where open asphalt was going to be applied, research was carried out in The Netherlands into various aspects of performance and durability of the water-repellent effect [18]. Test methods and requirements were designed and nine commercially available products were tested. The primary objective of the treatment is to minimise water absorption; the requirement was set at less than 20 % of control concrete (not hydrophobised). For a durable effect, the hydrophobic agent should penetrate sufficiently deep to prevent degradation by ultra-violet radiation; the requirement is a penetration depth of at least 2 mm. Water from within the concrete should evaporate freely to avoid damage, for instance due to freezing and thawing; the requirement is a level of evaporation through hydrophobic concrete that is at least 60 % of the evaporation from the control concrete. The hydrophobic material should withstand the alkalinity of the concrete pore solution; required is a water absorption level lower than 20 % of the control when applied to strongly alkaline Portland cement-sand mortar. Finally, when the hydrophobised concrete is going to be covered with an asphalt layer such as for bridge decks, the water-repellent effect should not be reduced significantly due to the temperature increase during asphalting. The requirement is a water absorption after heating at 160 hC lower than 30 % of control concrete. All requirements apply for hydrophobic products applied to standard concrete (w/c = 0.50, 340 kg of cement per m3) after storage under standard conditions (at least four weeks in air of 20 hC and 65 % R. H.). Several of the nine products tested complied with all requirements and some test results are shown in Table 14.2. Good performance was obtained with hydrophobic products that were either: x x
 
 x
 
 100 % active substance (silanes), 20–40 % active substance (silanes, siloxanes) in alkane solvents (white spirit) or ethanol, at least 20 % active substance (silane/siloxanes) in aqueous emulsion.
 
 More recently some well-performing products of the silane/siloxanes type have become available in the form of a water-based cream [15], which has practical advantages with respect to application in particular on soffit (overhead) surfaces. Based on the results of additional tests, the following was advised with regard to the application. Two coats of the hydrophobic agent are given consecutively (wet-inwet), for the investigated products resulting in an uptake of 200 to 500 g per square meter of concrete surface. The substrate should be sufficiently dry for optimal penetration, meaning that the hydrophobic agent should be applied at least 24 h after the concrete is wetted by rain. Application should not be carried out at concrete temperatures below 10 hC and not above 25 hC. Mould (formwork) surfaces require more attention than trowelled surfaces. The substrate should be free of soiling, oil
 
 239
 
 240
 
 14 Surface Treatments
 
 Table 14.2 Test results of hydrophobic products on trowel-finished surfaces of Portland cement concrete (w/c ˆ 0.50) and compliance to The Netherlands Ministry of Public Works and Waterways (Rijkswaterstaat) requirements [18]
 
 Product
 
 Product uptake (l/m2)
 
 Relative water absorption ( % of control)
 
 Water absorption after heating at 160hC ( % of control)
 
 Penetration depth (mm)
 
 Change of evaporation ( % of control)
 
 Compliance
 
 100 % silane A 100 % silane B Silane/siloxane in water C Silane/siloxane in water D Silane/siloxane in water E Siloxane in hydrocarbon F Silane in ethanol G Silane in hydrocarbon H
 
 0.15 0.16 0.13
 
 24 13 34
 
 21 8 100
 
 2–3 1–2 0
 
 ‡40 –16 –2
 
 0.10
 
 18
 
 48
 
 0
 
 –12
 
 0.20
 
 14
 
 12
 
 1–2
 
 –10
 
 OK OK insufficient penetration insufficient penetration OK
 
 0.16
 
 15
 
 81
 
 0–1
 
 –20
 
 0.12
 
 29
 
 59
 
 0
 
 –20
 
 0.17
 
 13
 
 68
 
 3
 
 –32
 
 0.17
 
 23
 
 96
 
 0
 
 –22
 
 Silane/siloxane in hydrocarbon I
 
 insufficient penetration insufficient penetration ok except heating (asphalt) insufficient penetration
 
 and other contaminations and remains of curing compounds. From 24 h after application, asphalt can be applied. A similar set of tests and requirements was designed in the UK [19]. A range of products was tested and pass/fail criteria were drawn up. Generally, a good agreement exists with the results mentioned above. 14.3.2
 
 Performance
 
 On-site measurements using portable equipment for permeability testing (Autoclam, see Section 2.3) confirmed laboratory results in terms of low water absorption for hydrophobised concrete [20–22]. The absence of chloride penetration in hydrophobised concrete was found on a motorway pier after 7 y of service. Apparently, field conditions, including thermal and load-related movement of concrete, do not harm the water-repellent effect of hydrophobised concrete. With a few of the products that complied with all requirements described above, further investigations were carried out [23, 24]. The conclusions apply to concrete of reasonable quality (w/c = 0.50) made with Portland or blast furnace slag cement, which was thought to be representative for the upper parts of bridge decks. They can be summarised as follows:
 
 14.4 Treatments that Block Pores x
 
 x
 
 x
 
 x
 
 x
 
 x
 
 x
 
 chloride ingress after intermittent (wetting/drying) contact up to one year with salt solution is reduced by a factor of 5 to 10 compared to non-treated concrete, absorption of water and salt solution during up to four weeks of permanent contact is reduced by a factor of ten, water absorption as a function of exposure time to outside conditions (horizontal, unsheltered) remains low for at least five years, carbonation depth after several years of relatively wet exposure (outside, unsheltered) is the same for hydrophobised as for non-treated concrete, effect on corrosion of bars in chloride-contaminated concrete is negligible, once corrosion has initiated; in laboratory tests, Vassie found a 37 % reduction in corrosion rate of silane treatment [13], but stated that it is less likely that such results could be obtained in the field, corrosion rate in carbonated concrete may be reduced by hydrophobic treatment [25], scaling of concrete under freeze-thaw cycles with de-icing salt application is reduced significantly [26].
 
 From tests carried out on different concrete grades, it was found that it is increasingly difficult to obtain sufficient penetration of hydrophobic agents in concrete with increasing density and compressive strength. In “standard” concrete (w/c = 0.50 and 340 kg/m3 of cement, compressive strength = 43 MPa), penetration could be up to 6 mm. For concrete with w/c = 0.40 and 400 kg/m3 of cement (75 % BFSC and 25 % OPC), with an average cube strength of about 67 MPa, the average penetration depth was less than 2 mm. For concrete with w/c = 0.30 and 475 kg/m3 of cement (50 % BFSC and 50 % OPC) plus 25 kg/m3 silica fume, with an average cube strength of about 90 MPa, the penetration depth was negligible. It seems that hydrophobic treatment of high-strength/high-density concrete is less effective. On the other hand, where locally the concrete is more porous than intended, the hydrophobic agent may penetrate comparatively deep and so provide additional protection for otherwise “weak spots”. In general, it can be concluded that hydrophobic treatment of concrete is an effective and low-cost preventative measure against corrosion that may be caused by chloride ingress. The beneficial effect is mainly a strong reduction of chloride ingress, both in semi-permanent contact and in wetting/drying situations. The effective life in fully exposed atmospheric conditions is at least five years and more, probably much more, when protected from UV radiation by a layer of asphalt.
 
 14.4
 
 Treatments that Block Pores
 
 Blocking of the pores in concrete surfaces may be achieved with materials like silicates or silico-fluorides [6]. Once these materials have penetrated the pores, they react chemically with the concrete, in particular with the calcium hydroxide present, and the reaction products block the pores, as seen in Figure 14.1c. Sodium
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 silicate (water glass)-based pore blockers have been used in the past. Their penetration into concrete is superficial, except in the most porous concrete. A reaction with CO2 is involved, forming alkali carbonates that cause efflorescence: Na2SiO4 ‡ Ca(OH)2 ‡ CO2 p C–S–H ‡ Na2CO3 ‡ H2O
 
 (1)
 
 In addition, their effectiveness with regard to reducing the water absorption is relatively poor because essentially they form C–S–H gel, which is hydrophilic. On the other hand, pores are blocked for water vapour present inside the concrete, so the risk of damage due to freezing may increase, in particular in porous, mechanically weak, concrete. It seems that the trade-off between “open” (durable) and “dense” (effective) for silicate-based pore blockers is unfavourable. Aqueous solutions of metal-hexafluorosilicates can be applied to concrete surfaces, which form CaF2, metal fluorides and silica (gel): MgSiF6 ‡ Ca(OH)2 p CaF2 ‡ MgF2 ‡ SiO2 ‡ H2O
 
 (2)
 
 all of which contribute to filling up the pores [6]. Treatment with gaseous silicofluoride SiF6 that transforms parts of the concrete surface layer into CaF2 has been applied in the past to concrete sewer pipes to increase their resistance to acid attack. No test results in terms of carbon-dioxide or chloride-penetration resistance of the inorganic pore blockers mentioned above are available. Some organic sealers may be considered to belong to the category of pore blockers [5]. They contain epoxy, polyurethane or acrylic resin, whose viscosity allows sufficient penetration into the pores (sometimes facilitated by vacuum saturation), where they set and thus exert their blocking action. Natural or synthetic gums and (raw or boiled) linseed oil can be included in this group as well [5]; they are mainly used in the US and less in Europe. As reported above, some organic sealers may be effective in reducing chloride penetration while others are not [8].
 
 14.5
 
 Cementitious Coatings and Layers
 
 Cementitious coatings and layers form a wide category that ranges from true cement-based coatings of a few to less than 10 mm thick applied by brushing, to overlays of centimetres thickness applied by plastering or high-energy spraying like shotcrete, also called gunite (Figure 14.1d). Shotcrete is in fact fine-grained concrete with a high cement content and a low w/c, sometimes with the addition of silica fume, which is very dense due to the high impact that goes with the application method. A layer of shotcrete is generally considered as additional concrete cover, because the high-density material has comparable or even better durability and mechanical properties than the original concrete cover. Shotcreting is in fact mainly a repair method (Chapter 19).
 
 14.6 Concluding Remarks on Effectiveness and Durability of Surface Treatments
 
 Plastered renders are generally porous layers that are applied mainly for esthetical reasons. True cementitious coatings are layers of low permeability and a moderate thickness of a few millimetres. The mortar or paste used is generally fine grained and modified with polymers to decrease its permeability and to increase its bond to the concrete. The addition of silica fume also brings about a reduction in permeability. Plasticizers or superplasticizers are utilised as well, to lower the w/c ratio and maintain a good workability. Application may be executed by manual methods or spraying (with lower energy than used for shotcrete). Addition of expansive agents helps to avoid differential contraction of the coatings compared to the concrete base due to drying shrinkage, which would result in cracking or separation. Tests described above show that polymer-modified cementitious coatings may have good initial carbonation resistance, which may be lost due to weathering [7] and good chloride-penetration resistance [8], but no effect on chloride-induced corrosion rate [13]. Pore fillers are a sub-category of cementitious coatings. They are applied to even out a rough surface, for instance when blowholes are present in the original surface. Usually they are applied before a final (esthetical) finish with an organic coating is applied. Fillers have a high cement content and a high polymer content and contain very fine aggregate.
 
 14.6
 
 Concluding Remarks on Effectiveness and Durability of Surface Treatments
 
 The beneficial action of surface treatments generally lies in the fact that they prolong the period of initiation of corrosion. Once corrosion has begun, only those treatments that effectively obstruct the penetration of water, both liquid and vapour, will reduce the corrosion rate. This effect may be significant, in particular, if corrosion is due to carbonation [27]. Chloride-induced corrosion processes attract moisture so strongly that in general, surface treatments cannot stop it [13]. To block the penetration of carbon dioxide, organic coatings that form a continuous film are normally used. These coatings must obviously have a low permeability for carbon dioxide. The durability with respect to weathering of the barrier effect of many coatings may be questioned. In extreme cases, an insufficient barrier effect may make matters worse if drying out occurs at early ages, which prevents sufficient hydration of cement and actually may promote carbonation [4]. At the same time, to avoid disbonding from the concrete, coatings must allow the passage of water vapour. Published testing data is difficult to generalise because many different products have been tested using different methods, preventing direct comparison between references [28]. However, comparative studies can be useful to get an impression of various materials behaviour and performance, either in the laboratory or in the field [5, 29]. To reduce penetration by water and chloride ions, organic and cementitious coatings and hydrophobic treatments are used. In particular, the latter seem to be most
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 effective [28]. In order to evaluate the contribution to the durability of the structure, it is necessary to know how effective the surface treatment is in obstructing penetration of different aggressive species and how long it can maintain this effectiveness. It seems that water absorption or permeability is a good measure of the barrier effect against chloride penetration. The effectiveness of a coating may vary greatly even with small variations in the formulation of the product. Artificial aging of products may produce a decrease or increase of the barrier properties. Again, it is difficult to generalise the results. Degradation of a coating can contribute to increasing the corrosion risk. European standardisation work is in progress for effectiveness and durability testing of surface-protection systems [10]. Surface-protection systems are classified as hydrophobic impregnation agents (H), impregnation systems (I) and film-forming systems (C). Various properties are listed, test methods have been identified [27] and requirements formulated for each of these groups and linked to the environmental classes following EN 206, as shown in Table 14.3. Some research suggests that the pass/fail criteria may not be strict enough to obtain sufficient effectiveness [9]. Surface-protection systems and in particular coatings have strongly different properties from concrete, for example with regard to modulus of elasticity and expansion due to temperature changes and wetting and drying. The resulting stresses in coatings may slowly degrade their barrier properties. (Micro)cracks appear and chloride or carbon dioxide can penetrate increasingly fast. The draft European standard prEN 1504-2 [10] specifies artificial weathering in this respect (Table 14.3). Concerning the ability of coatings to remain effective in time, there is relatively little data available at the moment to predict their durability beyond a period of 10 y under different conditions of exposure (with regard to: temperature, UV radiation, oxidation, humidity, freeze-thaw cycles, etc.). This is also because the materials used in this field have evolved rapidly in recent years. In any case, a finite service life has to be attributed to all surface-treatment-based protection systems, after which they lose integrity and progressively allow chloride, water or carbon dioxide to penetrate. If the durable effectiveness of a coating is essential for the structure’s service life, the coating should be re-applied after some time. This could be part of a strategy of planned maintenance, chosen in the design stage (Chapter 11). Alternatively, the effectiveness should be monitored using embedded probes, for instance by regularly testing the electrical resistance of the concrete (Chapter 17). Resistance decrease after some time would indicate increased water penetration and reduced effectiveness of the coating.
 
 Concrete
 
 PGU
 
 EN ISO 7783-1/2
 
 EN 1062-3
 
 prEN 13580
 
 Immersion (NT Build 489)
 
 Cell permeation
 
 Permeability to water vapour
 
 Capillary absorption/ permeability to water
 
 Water absorption and resistance to alkali
 
 Diffusion of chloride ions
 
 Concrete
 
 Porous: clay or calcium silicate bricks, mortar
 
 Free films or PGU
 
 PGU
 
 prEN 1062-6
 
 Permeability to CO2
 
 Substrate
 
 Test methods
 
 XD1; XD3; XS1; XS3; XF2; XF4
 
 XD1; XD3; XS1; XS3; XF1; XF2; XF3; XF4
 
 C
 
 H; I; C
 
 H
 
 I; C
 
 XD1; XD3; XS1; XS3; XF1; XF2; XF3; XF4
 
 I; C
 
 XS3; XF1; XF2; XF3; XF4 C
 
 I; C
 
 XD1; XD3; XS1;
 
 XC3; XC4;
 
 I; C
 
 I; C
 
 SPS
 
 XC3; XC4;
 
 XC1; XC3; XC4; XS1
 
 Environment
 
 Cell permeation: Perm coeff.: P I 10 –14 m2.s–1
 
 Equivalent thickness of concrete L i 20 mm; Resistance increase of coated versus uncoated concrete i 80 % (CScoated/CSuncoated I 0.2)
 
 Absorption ratio AR (untreated versus treated concrete) acc. to prEN 1504-2 – Immersion in water and – Immersion in alkali solution
 
 Absorp. coeff. w I 0.01 kg m–2.h–0.5 (lab tests indicate that w I 0.005 is necessary for protection against Cl–) #
 
 Absorp. coeff. w I 0.1 kg m–2.h–0.5
 
 SD i 5 m
 
 SD I 5 m (Class I acc. prEN 1504-2)
 
 I: Diffusion air equiv. thick., SD i 50 m C: Diffusion air equiv. thick., SD i 100 m
 
 Requirement
 
 Properties, test methods and requirements for surface-protection systems (SPS) formulated by prEN 1504-2 [10], # from [9]
 
 Performance characteristics
 
 Table 14.3
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 prEN 1062-7 (method A)
 
 ISO 7784-2
 
 EN ISO 2409
 
 EN 1542
 
 prEN 13581
 
 prEN 13687-1
 
 prE 13687-3
 
 prEN 13687-2
 
 prEN 1062-11 or ISO 11341
 
 Crack-bridging ability
 
 Abrasion resistance
 
 Adhesion (cross cut)
 
 Adhesion (pull-off)
 
 Freeze-thaw cycles & salt
 
 Freeze-thaw cycles (salt immers.)
 
 Thermal cycl. (no salt impact)
 
 Resist. to thermal shock
 
 Artificial weathering
 
 Concrete; mortar; U
 
 Concrete
 
 Concrete
 
 Concrete
 
 Concrete
 
 Concrete
 
 Concrete
 
 Concrete
 
 Substrate
 
 PGU: Porous glass frits; unglazed ceramic plates; U: unglazed ceramic plates.
 
 Test methods
 
 Performance characteristics
 
 Table 14.3 Continued
 
 For external surfaces under sunlight
 
 XF1; XF3
 
 XF1; XF3
 
 XF2; XF4
 
 XF2; XF4
 
 All
 
 All
 
 All (if relevant)
 
 For crack-bridging systems
 
 Environment
 
 C
 
 C
 
 I; C
 
 I; C
 
 H
 
 C
 
 C
 
 C
 
 C
 
 SPS
 
 After 2000 h: no cracking, flaking or blistering acc. ISO 4628; chalking must be described; no decrease in “barrier” properties.
 
 According to prEN 1504-2
 
 According to prEN 1504-2
 
 According to prEN 1504-2
 
 According to prEN 1504-2
 
 j 1.0 N/mm2
 
 Better than 2 (for thin films up to 0.5 mm thick)
 
 Mass loss 100 I mg after 1000 cycles (load 1 kg and wheel CS10)
 
 6 Classes depending on crack width to be sustained (2, 100, 250, 500, 1250 or 2500 mm)
 
 Requirement
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 15 Corrosion-resistant Reinforcement Reinforcing bars with a higher corrosion resistance than the common carbon-steel rebars can be used as a preventative method under conditions of high environmental aggressiveness, or when a long service life is required. The corrosion resistance of rebars can be increased either by modifying the chemical composition of the steel or by applying a metallic or organic coating on their surface. Three families of corrosion-resistant bars are used in reinforced-concrete structures, consisting, respectively, in stainless steels, galvanized steel and epoxy-coated rebars. Fibre-reinforced polymers (FRP) rebars, usually made of an epoxy matrix reinforced with carbon or aramide fibres, have also been proposed both as prestressing wires and reinforcement. Nevertheless, they are not discussed here, because these applications are still in the experimental phase and there is a lack of experience on their durability. In fact, while they are not affected by electrochemical corrosion typical of metals, they are not immune to other types of degradation. FRP are also used in the form of laminates or sheets as externally bonded reinforcement in the rehabilitation of damaged structures; this application will be addressed in Chapter 19.
 
 15.1
 
 Steels for Reinforced and Prestressed Concrete
 
 Before discussing corrosion-resistant reinforcement, mention will be made of the requirements for reinforcing bars and the characteristics of normal carbon-steel reinforcement. 15.1.1
 
 Reinforcing Bars
 
 Reinforcing bars must fulfil several requirements regarding strength, ductility, bond to concrete, weldability, etc. To achieve suitable anchorage when embedded in concrete, ribbed bars are normally used. Mechanical properties that are relevant for reinforcing bars are elastic modulus, strength and ductility. For instance, European standards that deal with reinforcement for concrete structures generally preCorrosion of Steel in Concrete. Luca Bertolini, Bernhard Elsener, Pietro Pedeferri, Rob P. Polder Copyright c 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim ISBN: 3-527-30800-8
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 scribe requirements of strength based on the characteristic values of the tensile strength (ftk) and of the yield strength (fyk). The ductility of the steel is evaluated by means of the characteristic value of the ratio between the tensile strength (ft) and the yield strength (fy) or the characteristic value of the strain at the maximum load (euk). Eurocode 2 [1] prescribes euk i 5 % and (ft/fy)k i 1.08 for high ductility steel and euk i 2.5 % and (ft/fy)k i 1.05 for normal ductility steel. Table 15.1 shows the mechanical properties of weldable ribbed steel with characteristic yield strength of 500 MPa according to ENV 10080 [2]: type A corresponds to normal ductility and type B to high ductility. It should be observed that different values of strength and ductility properties may be prescribed by national standards or legislation. For instance, because of concern about the seismic behaviour of structures, some countries such as Italy have stricter requirements for ductility even in spite of a lower strength. As far as the chemical composition is concerned, restrictions have been placed on the content of certain elements (C, P, S, Mn, etc.) for weldable rebars. In the past, relatively high levels of alloying elements (i. e. C up to 0.5 %, Mn and Si) were used to reach the required strength with hot-rolled bars; this caused poor welding behaviour. Today, to guarantee both greater strength and weldability on site or during production of mesh, new manufacturing technologies are used. High-strength and ductile steels with low contents of carbon (C I 0.2 %) and other alloying elements are produced with processes based on three principles: cold stretching of wires, addition of small amounts of alloying elements that cause precipitation hardening during hot rolling, or controlled cooling immediately following hot rolling of bars that produces a hardened outer layer and a ductile core. Mechanical properties of B500A (normal ductility) and B500B (high ductility) steels used for reinforcement according to ENV 10080 [2]; H ˆ nominal diameter, fyk ˆ characteristic yield strength, (ft/fy)k ˆ characteristic ratio between ultimate strength and yield strength, euk ˆ total strain under maximum load Table 15.1
 
 Product Steel
 
 Bars
 
 Coils
 
 Welded meshes
 
 Alphanumeric designation
 
 B500A
 
 B500B
 
 B500A
 
 B500B
 
 B500A
 
 B500B
 
 Numeric designation
 
 1.0438
 
 1.0439
 
 1.0438
 
 1.0439
 
 1.0438
 
 1.0439
 
 H fyk (ft/fy)k
 
 (mm) (MPa)
 
 6–16 500 1.05
 
 6–40 500 1.08
 
 5–16 500 1.05*
 
 6–16 500 1.08
 
 5–16 500 1.05*
 
 6–16 500 1.08
 
 euk
 
 ( %)
 
 2.5
 
 5.0
 
 2.5*
 
 5.0
 
 2.5*
 
 5.0
 
 * for H ˆ 5 mm and H ˆ 5.5 mm, (ft/fy)k ˆ 1.03 and euk ˆ 2 %.
 
 15.1 Steels for Reinforced and Prestressed Concrete
 
 15.1.2
 
 Prestressing Steel
 
 Prestressing steel, used for pre-tensioned or post-tensioned structures, can be in the form of wires, strands, or bars. The main requirement for these products is a high value of the yield strength (Figure 15.1). According to Eurocode 2, this type of steel is classified on the basis of the characteristic value of 0.1 % yield strength (fp0,1k), the ultimate tensile strength (fpk) and the relaxation behaviour. (Relaxation is reduction in stress in time under constant strain; it should be low for prestressing steel in order to reduce loss of prestressing load in time on the structure. It is conventionally measured by the percentage loss of load during a test in which a constant strain is applied for a pre-determined period (e. g. strain corresponding to 70 % of fpk for 1000 h).) The strength of prestressing steel may vary according to the production technology, the chemical composition and the geometry (low-diameter wires can reach higher strength values than bars). Compared to reinforcing steel, much higher strength levels must be obtained, and thus higher levels of carbon are used. In order to obtain high yield strength values, wires can be cold worked, hot rolled, or quenched and tempered (Table 15.2) [3, 4]. Cold-worked prestressing steel wires are obtained by drawing wires of steel with a ferritic-perlitic microstructure at room temperature, so that the reduction in the cross section leads to an increase of strength. Prestressing bars with diameter up to 36 mm are manufactured by
 
 Figure 15.1
 
 Examples of stress–strain curves for reinforcing and prestressing steels [3]
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 Table 15.2
 
 Different types of prestressing steel [3]
 
 Type
 
 Shape, surface
 
 Diameter (mm)
 
 Anchorage system
 
 Strength class European Standard (MPa)
 
 Production (ton/y)
 
 Cold deformed – wire – strand
 
 Round-smooth Round-profiled Round-smooth (7wire) Round-smooth Round-ribbed
 
 4–12.2 5–5.5 9.3–15.5
 
 Wedge or button heads
 
 1570–1860*
 
 1 000 000
 
 26–36 26.5–36
 
 Round-smooth Round-ribbed Oval-ribbed
 
 6–14 5–14 40–120
 
 Thread (ends) Thread (full length) Wedge
 
 Hot rolled – bar Quenched and tempered wire
 
 1700–2060* 1030–1230
 
 50 000 (Germany, UK)
 
 1570
 
 5000 (Germany, Japan)
 
 * In Germany max. 1770 MPa
 
 controlled cooling after hot rolling. Their chemical composition leads to a perlitic microstructure with the presence of strengthening precipitates (due to the addition of vanadium); subsequently the bars are cold drawn. Finally, all cold-worked prestressing steels are annealed at moderate temperatures; wires and strands are usually heated under tensile stresses to improve the relaxation behaviour. The quenched and tempered steels are heated to reach an austenitic microstructure and subsequently quenched (rapid cooling) and tempered to achieve a fine-grained microstructure with fine-dispersed precipitates. 15.1.3
 
 Corrosion Behaviour
 
 As far as corrosion behaviour is concerned, prestressing steel needs to be distinguished from reinforcing steel with regard to hydrogen embrittlement, since it only affects the former; this has been illustrated in Chapter 10. In non-carbonated and chloride-free concrete, the passivity of low-alloyed steels is not influenced appreciably by their composition, structure or surface conditions. Therefore, the usual thermal or mechanical treatments or the roughness of the surface of the rebars have negligible influence on their corrosion behaviour. Even the presence of magnetite scale that often covers the surface of the bars, which can cause dangerous localized attack on steel in contact with neutral solutions (such as fresh water or seawater), is not dangerous in concrete. In fact, non-carbonated and chloride-free concrete passivates all the surface of the steel. If adherent oxide films are present, they do not create problems. If the oxide layer contains chlorides, because for example it is formed in a marine environment, it must be removed completely because it can hinder passivation. Once the steel becomes active due to carbonation of concrete or chloride penetration, the influence of chemical composition, microstructure and surface finish-
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 ing is still of secondary importance, because kinetic control of the corrosive process is of the ohmic type, or dependent on oxygen diffusion and thus on the characteristics of the concrete (and in particular its moisture content) rather than on those of the metal.
 
 15.2
 
 Stainless-Steel Rebars
 
 Stainless steel is an extended family of steel types with a wide variety of characteristics with regard to physical and mechanical properties, cost, and corrosion resistance. They have a much higher corrosion resistance than carbon steel, which derives from a chromium-rich passive film present on their surface. Stainless-steel bars can be used as a preventative technique for structures exposed to aggressive environments, especially in the presence of chlorides. They can also be selectively used in those parts of structures where corrosion is most likely to occur and in the repair of corroding structures. Different available types of stainless steel allow the engineers to select the most suitable in terms of strength, corrosion resistance and cost. 15.2.1
 
 Properties of Stainless-Steel Rebars
 
 Stainless steels can be divided into four categories, based on their microstructure: ferritic, austenitic, martensitic and austenitic-ferritic (duplex). Only specific grades of austenic and duplex stainless steel are currently used in concrete, although also a ferritic type with 12 % chromium has been proposed [5–9]. In some countries also clad bars, i. e. bars with a carbon-steel core and an external layer of stainless steel are used. Chemical composition and microstructure. The composition and microstructure of stainless steels is usually represented by specific designations, such as those provided by AISI in the United States and EN 10088-1 in Europe. The chemical compositions of the three types most utilised are reported in Table 15.3. Mechanical properties. Stainless-steel rebars must have mechanical properties at least equivalent to those of carbon-steel rebars, in terms of characteristic yield strength (usually evaluated as 0.2 % proof strength, as stainless steels do not exhibit a well-defined yield point), elastic modulus and ductility. The strength of annealed austenitic stainless steels is too low to comply with requirements for reinforcing bars (Section 15.1.1) and thus bars need to be strengthened. This is usually achieved by cold working for bars of lower diameter or by means of hot rolling for bars of higher diameter [6, 7, 10]. Sufficient yield strength can be achieved with duplex stainless steels even without any strengthening.
 
 253
 
 254
 
 15 Corrosion-resistant Reinforcement
 
 Table 15.3 Typical ranges of chemical composition ( % by mass) of the three types of stainless steel most utilised for reinforcing bars
 
 Steel Types
 
 C max
 
 Cr
 
 Ni
 
 Mo
 
 Si max
 
 Mn max
 
 S max
 
 P max
 
 N
 
 1.4301 (304L) 1.4436 (316L) 1.4462 (318 duplex)
 
 0.03 0.03 0.03
 
 17.0–19.5 16.5–18.5 21–23
 
 8.0–10.5 10.5–13 4.5–6.5
 
 – 2.5–3.5 2.5–3.5
 
 1 1 1
 
 2 2 2
 
 0.003 0.015 0.0015
 
 0.045 0.0045 0.0045
 
 I 0.11 I 0.11 0.1–0.2
 
 Weldability. The weldability of stainless steel depends on its chemical composition: it is improved by decreasing the carbon content and increasing the nickel content. Although stainless-steel bars are usually weldable, welding is not recommended under site conditions unless adequate control is maintained; in fact, welding may have some negative consequences with regard to mechanical properties and corrosion resistance. In general, the composition of stainless steel used for reinforcing bars is such that it is not susceptible to intergranular corrosion (i. e. precipitation of carbides at the grain boundaries, leading to corrosion of surrounding areas due to chromium depletion); for instance, bars of austenitic and duplex stainless steel are made of weldable types 304L (1.4307) and 316L (1.4404), and duplex 318 (1.4462) with low carbon content. However, some loss of strength can occur in the heat-affected zone around the weld of austenitic steels, since the hardening that gives the steel its strength can be lost. Furthermore, even for weldable steels, the corrosion resistance is adversely affected by the oxide scale that welding produces on the steel surface and that leads to interference colours. This oxide should be removed, e. g. by pickling. Other properties. The coefficient of thermal expansion of concrete is about 10 –5 hC–1. That of ferritic steels is not very different (about 1.2 q 10 –5 as in usual carbon-steel reinforcement); that of austenitic steels is higher (about 1.8 q 10 –5); austenitic-ferritic steels are in an intermediate position. The higher thermal expansion of austenitic and duplex stainless steels is not believed to cause any problems in concrete, and no cases of damage due to differential expansion have been reported [6]. Furthermore, the thermal conductivity of austenitic stainless steel is much lower than that of carbon steel and thus the increase in temperature throughout the steel is delayed. Austenitic stainless steels are generally considered non-magnetic, although the magnetic permeability can increase due to cold drawing of the steel. This property can be useful for specific applications [6, 7]; it should also be taken into consideration when conventional magnetic covermeters are used, since they fail to detect the rebars. As far as practice at the construction site is concerned, it should be observed that compared with other types of corrosion-resistant rebars (such as epoxy-coated or galvanized steel), corrosion resistance is a bulk property of stainless steel. Therefore, the integrity of stainless steel is unaffected if its surface is cut or damaged
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 during handling. Obviously, this does not apply to clad bars, e. g. usual carbon-steel bars clad with a thin layer of stainless steel, that in some cases have been proposed as a cheaper alternative to solid stainless-steel bars. 15.2.2
 
 Corrosion Resistance
 
 Although all types of stainless steels are passive in carbonated concrete, the use of stainless-steel rebars is normally associated with chloride bearing environments. In fact, for structures subjected only to carbonation, unless an extremely long service life is required (i. e. hundreds of years), prevention of steel corrosion can be achieved with a proper design of the concrete mix and the concrete cover or, if necessary, by using less expensive additional protection measures (such as galvanized-steel rebars). Since the late 1970s, many experimental studies have been carried out in order to investigate the corrosion behaviour of stainless steel in chloride-contaminated structures [11–28]. Pitting is the only form of corrosion expected, in practice, on stainless steel in concrete. Intergranular corrosion induced by welding is normally avoided by using appropriate types of steel. Stress corrosion may take place only under conditions of high temperature, carbonated concrete, and heavy chloride contamination, which are very unlikely to occur concomitantly. Because of the alkalinity of the pore solution and the porosity of the cement paste, crevice corrosion is also unlikely on stainless steel embedded in concrete. The corrosion resistance of stainless steel is affected by the presence of a mill scale on their surface; this is, however, normally removed by pickling or sandblasting; pickling gives the best result. Resistance to pitting corrosion. In chloride-contaminated concrete, stainless steel can suffer pitting corrosion like carbon steel. As shown in Chapter 7 for carbon steel, also for stainless steels the susceptibility to pitting attack can be expressed in terms of both the pitting potential (i. e. for a given chloride content, the potential value above which pitting can initiate) or the critical chloride content (i. e. for a given potential, the threshold level of chloride content for the onset of attack). These two parameters are interrelated and depend on the chemical composition and microstructure of the steel, on the surface condition of the bars and on the properties of the concrete. Nevertheless, because of the higher stability of the passive film of stainless steel compared with carbon steel, their resistance to pitting corrosion is remarkably higher. For instance, Figure 15.2 shows the pitting potential measured in alkaline solutions of saturated Ca(OH)2 of different types of stainless steel and of carbon steel, as a function of chloride content. Carbon steel showed a reduction of about 750 mV/decade of chloride concentration, starting from potentials typical for oxygen evolution (about 600 mV SCE) to a value of about –400 mV in 3 % chloride ion by mass of solution. Pitting potentials higher than 300 mV vs SCE were found for stainless steels, even in the presence of 10 % chloride solution.
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 Figure 15.2 Schematic variation of pitting potential for austenitic 304 and 316 (with 2 %Mo), and duplex 23-04 stainless steel, as a function of the chloride concentration in saturated Ca(OH)2 solution, at 20hC [20, 22]
 
 Fields of applicability. Figure 15.3 depicts the fields of applicability of pickled stainless steels in chloride-contaminated concrete exposed to temperatures of 20 hC or 40 hC. Fields have been plotted by analysing the critical chloride values obtained by different authors from exposure tests in concrete or from electrochemical tests in solution and mortar and taking into consideration the worst conditions [11–28]. Nevertheless, it should be pointed out that values are indicative only, since the critical chloride content depends on the potential of the steel, and thus it can vary when oxygen access to the reinforcement is restricted as well as when stray current or macrocells are present. For instance, the domains of applicability are enlarged when the free corrosion potential is reduced, such as in saturated concrete. Furthermore, the values of the critical chloride limit for stainless steel with surface finishing other than that obtained by pickling can be lower. Since the pH for non-carbonated concrete is around 13, while in carbonated concrete it is near 9, the right-hand side of the graphs in Figure 15.3 is representative of alkaline concrete and the left-hand side of carbonated concrete. In alkaline concrete, austenitic steel 304L (1.4307) can be safely used in concrete up to 5 % chloride by mass of cement, and 316L (1.4404) and duplex stainless steel (1.4462) even up to or higher than 5 %, i. e. for chloride contents that are rarely ever reached in the vicinity of the steel surface. In the presence of a welding scale on the surface of reinforcement, a lower critical chloride content of 3.5 % has to be assumed [14]. Even this value will hardly ever be reached. The same reduction takes place if the surface is covered by the black scale formed at high temperature during thermomechanical treatments. Also in this case a critical content of 3.5 % has to be assumed for all types of steels. Pickling of rebars is more efficient in pushing up the
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 Schematic representation of fields of applicability of different stainless-steel bars (pickled) in chloride-bearing environments for 20 and 40hC. The threshold levels are indicative only. They can decrease if the oxides produced at high temperature, e. g. welding or during
 
 Figure 15.3
 
 manufacturing, are not completely removed, or the potential due to anodic polarization increases (e. g. due to stray current) or the concrete is heavily cracked. Conversely, they can increase when there is lack of oxygen or cathodic polarization
 
 critical chloride content than sand blasting, which does not completely free the surface from the oxide scale. In carbonated concrete, or in the case where the concrete is extensively cracked, the critical chloride contents are remarkably lower. Situations where carbonated concrete and high chloride levels are simultaneously present are rare, but can be found, for instance, inside road tunnels [29]. The more highly alloyed stainless steels should be preferred in these more aggressive conditions. It is well known that for austenitic and duplex stainless steel, an increase in the content of chro-
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 mium, molybdenum and nitrogen improves the stability of the protective film. In neutral environments, the ability of a stainless steel to resist pitting attack is usually quantified by the so-called pitting-resistance equivalent index: PRE ˆ %Cr ‡ 3.3 %Mo ‡ 16 %N
 
 (1)
 
 PRE is also a valid parameter when stainless-steel parts are not completely embedded in concrete and are partially in direct contact with the aggressive environment. In these cases it is more appropriate to specify austenitic stainless steels with molybdenum, since they provide additional corrosion resistance. A minimum molybdenum content of 2.5 % is preferable to 2 %, because of the resulting increase in corrosion resistance with only marginal increase in cost. The critical chloride content decreases as temperature increases; for instance Figure 15.3 shows the expected variations between 20 hC and 40 hC. Thus bars made of steels containing molybdenum should be preferred in hot climates. 15.2.3
 
 Coupling with Carbon Steel
 
 Often the use of stainless-steel reinforcement is limited to the outer part of the structure (skin reinforcement) or to its most critical parts for economical reasons. Furthermore, when stainless-steel bars are used in the rehabilitation of corroding structures, they are usually connected to the original carbon-steel rebars. Concern has been expressed with regard to the risk of galvanic corrosion of carbon steel induced by coupling with stainless-steel bars. Actually, the galvanic corrosion that can arise when stainless steel is used in partial substitution of carbon steel has to be compared with that which takes place in the absence of stainless steels [30]. In Chapter 8 it was shown that macrocells may be formed in reinforced concrete, since carbonation or chlorides penetrating from the surface lead to depassivation only of the outer layer of reinforcement and thus to a macrocell with the inner rebars of carbon steel that remains passive. Experimental studies clearly showed that the use of stainless steel in conjunction with carbon steel does not increase the risk of corrosion of the carbon steel. When both carbon steel and stainless-steel rebars are passive and embedded in aerated concrete, macrocell action does not produce appreciable effects, since the two types of steel have almost the same free corrosion potential. Indeed, in this environment, carbon steel is even slightly nobler than stainless steel [31]. In any case, both carbon steel and stainless steel remain passive even after connection. Only when the carbon steel is already corroding, does the macrocell current become significant. However, stainless steel is a poor cathode. Figure 15.4 shows that the consequences of coupling corroding carbon steel with stainless steel are generally modest, and they are negligible with respect to those due to the coupling with passive carbon steel that always surrounds the corroding area. Consequently, the increase in corrosion rate on carbon steel embedded in chloride-contaminated concrete due to galvanic coupling with stainless steel is significantly lower than the increase brought about by coupling with passive carbon
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 Macrocell current density exchanged between a corroding bar of carbon steel in 3 % chloride-contaminated concrete and a (parallel) passive bar of: carbon steel in chloride-free concrete, 316L stainless steel in
 
 Figure 15.4
 
 chloride-free concrete or in 3 % chloride-contaminated concrete (20hC, 95 % R. H.). Also results on stainless-steel bars with oxide scale produced at 700hC (simulating welding scale) are reported [30]
 
 steel. This behaviour is explained by a higher overvoltage for the cathodic reaction of oxygen reduction on stainless steel with respect to carbon steel [14, 30], as shown, for instance, by the cathodic polarization curves of Figure 15.5. Only minor changes in the cathodic behaviour occur due to variation of the chemical
 
 Cathodic polarization curves in saturated Ca(OH)2 solution (pH 12.6) of 316L (1.4404) stainless steel compared with the curve of carbon steel. Results of stainless steel with simulated welding scale are also shown [30]
 
 Figure 15.5
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 composition and strength of stainless-steel bars [31], confirming that they can be considered a poor cathode indeed compared to carbon steel. For this reason, stainless steel has even been suggested as a better reinforcement material for use in repair projects when a part of the corroded reinforcement is to be replaced, compared to the usual carbon steel [6]. In fact, the stainless steel will minimise problems that could occur in neighbouring corroding and passive areas after the repair (incipient anode effect, Section 18.4.1). However, stainless steel with welding oxide or with the black scale formed at high temperature is a better cathode and increased galvanic corrosion can occur in the presence of these types of scale on stainless-steel bars. Obviously, in evaluating the effect of galvanic coupling, at least in the case of welds, it has to be considered that the area covered by the scale will normally be small compared to the total rebar area. The presence of these types of scale increases the macrocell current density generated by stainless steels, to the same order of magnitude or even greater than that produced by coupling with carbon steel (Figure 15.4), as a consequence of a change in the cathodic behaviour (Figure 15.5) [30]. This risk can be avoided by removing the scale. Also in this case pickling is more effective than sand blasting. 15.2.4
 
 Applications and Cost
 
 In principle, stainless-steel reinforcement can be a viable solution for preventing corrosion in a large number of applications. The chloride threshold is much higher than the chloride content that is normally found in the vicinity of the steel even in structures exposed to marine environment or de-icing salts. There is no objection to using stainless steel only where its improved protection is necessary, combined with normal steel at other areas. Hence, stainless-steel bars can be used in the more vulnerable parts of structures exposed to chloride environments, such as joints of bridges or the splash zone of marine structures. Similarly, they can be used when the thickness of the concrete cover has to be reduced, such as in slender elements. Their use may have a significant impact on the cost of a structure. The cost of the material has decreased in recent years and further reductions are expected, due to new developments in production, but stainless-steel bars are still much more expensive than carbon-steel ones. The following indications can be provided: if 1 is the cost of carbon steel bars, 304 austenitic stainless-steel bars costs 6–8, and 316 and 318 (duplex) cost 9–10 [5, 6]. The additional cost of using stainless steel can be drastically reduced by means of a selective use of stainless-steel bars, i. e. limited to the more vulnerable parts of the structure. In the past, structural designers were reluctant to use such an alternative because of the fears regarding galvanic coupling with carbon steel. Now the combined use of stainless-steel and carbon-steel bars is encouraged in order to reduce cost, referring to an “intelligent” use of stainless steels. This additional cost must be compared to the cost of repair possibly needed in the future multiplied
 
 15.3 Galvanized-Steel Rebars
 
 by the probability of its occurrence (Chapter 11). Several authors have shown that by applying life-cycle cost analysis to several types of structures exposed to a chloride environment, the choice of a suitable type of stainless steel in specific parts of the structure can allow savings on future maintenance expenses that can be much higher than the initial increase in cost [6–8, 24, 32]. The real use of stainless-steel bars in concrete is, however, still rather modest. Among the examples reported in the literature, some documented cases are: bridges subjected to the use of de-icing salts [5, 9], marine structures [33] or historical buildings. An interesting extreme example is the GuildHall Yard East in London [6, 32], which is a building hosting a Roman amphitheatre. Stainless-steel bars were used for new reinforced-concrete walls in order to guarantee a design life of 750 y.
 
 15.3
 
 Galvanized-Steel Rebars
 
 Galvanized-steel rebars can be used as a preventative measure to control corrosion in reinforced concrete structures exposed to carbonation or mild contamination with chlorides, such as chimneys, bridge substructures, tunnels and coastal buildings. Galvanized reinforcement offers significant advantages compared to carbon steel under equivalent circumstances. These include: an increase of initiation time of corrosion; a greater tolerance for low cover, e. g. in slender (architectural) elements, and corrosion protection is offered to the reinforcement prior to it being embedded in concrete. 15.3.1
 
 Properties of Galvanized-steel bars
 
 Galvanized bars are produced by the hot-dip-galvanising process. Pickled steel bars or welded cages are dipped in a bath of molten zinc at a temperature of about 450 hC [34]. This process produces a metallic coating composed of various layers of iron-zinc alloys, which has a metallurgical adhesion to the steel substrate. An external layer of pure zinc, left by the simple solidification of the liquid metal, is formed on top of a sequence of inner layers, increasingly rich in iron, which are the result of formation of brittle intermetallic compounds. The thickness of the iron-zinc layers depends on the composition of the steel, the temperature and composition of the zinc bath and the immersion time. The silicon content in the steel has a great influence; usually it should be maintained between 0.16–0.20 % to limit the thickness of these brittle layers. The total thickness of the coating should be at least 100 mm and it should not exceed 150 mm. The proper execution of the galvanization process should guarantee that the temperature and the time of galvanization do not negatively affect the mechanical properties of the steel bars [34, 35].
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 The external layer of pure zinc is of primary importance with regard to the corrosion resistance of the bars. If galvanized steel is exposed to a neutral environment, such as the atmosphere, the duration of protection is primarily dependent on the thickness of the zinc coating, and its composition and microstructure has a negligible effect. Similarly, for galvanized-steel bars embedded in concrete, the protective properties of zinc coatings are due for the most part to the external layer of pure zinc, which can form a passive film if it has a sufficient thickness [36–39]. In fact, a loss of thickness of 5–10 mm is required prior to passivation, while, if the thickness is insufficient, the underlying layers of Zn-Fe alloy passivate with more difficulty. The passivation of zinc depends on the pH of the pore solution. In contact with alkaline solutions, as long as the pH remains below 13.3, zinc can passivate due to formation of a layer of calcium hydroxyzincate. Figure 15.6 shows the typical corrosion rate of zinc as a function of pH; however, even at pH values higher than 12, in the presence of calcium ions, such as in concrete pore solution, zinc can be passive and has a very low corrosion rate. In saturated calcium hydroxide solutions it was found that for pH values up to about 12.8 a compact layer of zinc-corrosion products forms, which will protect the steel even if the pH changes in a subsequent phase. For pH values between 12.8 and 13.3, larger crystals form that can still passivate the bar. Finally, for values above 13.3, coarse corrosion products form that cannot prevent corrosion. Since the pH of the concrete pore solution may vary in the interval where remarkable changes in the behaviour of zinc occur (Section 2.1.1), the behaviour of galvanized steel may be influenced by the composition of the concrete and, especially by the cement type and its alkali content. In practice, however, the pH of the pore solution in concrete usually is below 13.3 during the first hours after mixing, due to the presence of sulfate ions from the gypsum added to the Portland cement as a set regulator. A protective layer thus can be formed on galvanized bars.
 
 Figure 15.6
 
 Effect of pH on the corrosion rate of pure zinc
 
 15.3 Galvanized-Steel Rebars
 
 The passive film that forms on zinc not only reduces the rate of the anodic process (zinc dissolution), but even hinders cathodic reactions of oxygen reduction and hydrogen development. In conditions of passivity, the corrosion potential of galvanized steel is therefore much lower than that of carbon steel. Values typically measured are between –600 and –500 mV SCE compared to values above –200 mV usually found for passive carbon-steel reinforcement. Bonding between reinforcement and concrete is essential for a safe and reliable performance of concrete structures. Several factors, such as concrete composition, placement, curing conditions and age, may affect the bond between galvanized steel and concrete. At early age (the first days after casting) the bond strength may be lower than that of normal steel bars, due to the hydrogen evolution at the interface and the dissolution of the superficial layer of the zinc coating, which delays the hydration of the interfacial cement paste. However, after a few weeks the galvanized steel adheres well and its increased roughness improves adhesion to the concrete. A higher bond with respect to bare steel could be obtained, due to the formation of calcium hydroxyzincate crystals that fill the interfacial porosity of the cement paste and act as bridges between the zinc coating and the concrete [40]. In practice, bond strength for ribbed black steel and galvanized-steel bars is essentially the same because it is mainly provided by the mechanical interlocking between the ridges of the ribbed bars and the concrete [34, 41]. Often galvanized bars are chromate treated in order to inhibit zinc corrosion and to control hydrogen evolution (the presence of small amounts of Cr6‡ in the cement also has a similar effect) [42]. It should be noted that hydrogen evolution is possible on galvanized bars, first of all during pickling before galvanization, then in the first hours after casting and finally in hardened concrete in conditions of lack of oxygen. For this reason galvanising is not recommended as a protective measure for steel susceptible to hydrogen embrittlement (i. e. for prestressing steel). Galvanized-steel bars can be welded, but loss of the zinc coating may take place in the welded zone; the application of a zinc-rich paint should be recommended after cleaning of the welded area. 15.3.2
 
 Corrosion Resistance
 
 The passive film of galvanized rebars is stable even in mildly acidic environment, so that the zinc coating remains passive even when the concrete is carbonated. The corrosion rate of galvanized steel in carbonated concrete is approximately 0.5–0.8 mm/y, therefore a typical 80 mm galvanized coating would be expected to last over 100 y. [44]. The corrosion rate of galvanized bars remains negligible in carbonated concrete even if a low content of chloride is present. In chloride-contaminated concrete, galvanized steel may be affected by pitting corrosion. In general, a critical chloride level in the range of 1–1.5 % by mass of cement is assumed for galvanized steel (Figure 15.7), compared to the value of 0.4–1 % normally considered for carbon-steel reinforcement (Chapter 6). The
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 Depletion of the zinc coating of galvanized bars after 2.5 y of exposure in different chloride-contaminated concretes (the initial thickness was 160 mm) [45]
 
 Figure 15.7
 
 slightly improved resistance to chloride attack is due, for a large part, to the lower value of the free corrosion potential of galvanized steel. Even if pitting corrosion has initiated, the corrosion rate tends to be lower for galvanized steel, since the zinc coating that surrounds the pits is a poor cathode and thus it reduces the effectiveness of the autocatalytic mechanism that takes place inside pits on bare steel (Section 7.3.2). On the other hand, it can be observed that as long as the zinc coating is passive it is not able to provide active protection to steel (as happens for galvanized steel exposed to the atmosphere) and so it cannot reduce the corrosion rate in the areas of the steel that are not protected. Consequently, cracks in the zinc coating must be avoided and macroscopic defects have to be repaired prior to casting. The price of galvanized bars is about 2 to 2.5 times the price of normal black steel bars.
 
 15.4
 
 Epoxy-coated Rebars
 
 Epoxy coating of reinforcing bars is a protective technique developed in the 1970s in North America. Laboratory results confirmed the effectiveness of the epoxycoated bars, in many cases, in preventing corrosion of reinforcement in carbonated or chloride-contaminated concrete [46]. Recently, however, doubts have arisen about their long-term durability in very aggressive environments, doubts borne out above all by negative experience reported on structures in tropical environments [47–49].
 
 15.4 Epoxy-coated Rebars
 
 15.4.1
 
 Properties of the Coating
 
 Protection of rebars by organic coatings is based on the principle of insulating the steel and protecting it from aggressive agents that penetrate the concrete cover. The use of coated bars should not require any changes in the structural design or during the different phases of construction. The coating must be able to cover the reinforcement uniformly, be tough and well adherent, flexible enough to allow bending of the reinforcement, able to transmit stresses from the concrete to the reinforcement. Of all organic coatings available, the only coating types able to satisfy all these conditions are those made with epoxy resins [46]. Beyond the need to insure good adhesion of the coating to the steel surface (essential in order to guarantee adequate resistance to corrosion and to allow bending of the rebar), it is of crucial importance to have proper bonding between the coated bar and the concrete. In fact, to avoid changes in the structural-design procedures, it is necessary to obtain levels of bond strength with epoxy-coated bars comparable to those of bare reinforcement. Usually coatings are less than 300 mm in thickness, and the reduction in bond strength to concrete of ribbed bars with epoxy coating with respect to uncoated bars of the same geometry is limited, at least for commonly used diameters. Requirements for epoxy-coated reinforcing bars are reported in different international standards and recommendations; the first dates back to 1981 (ASTM A775-81) and more recent national standards in European countries are based on it, even though their requirements are much more rigorous. The price of epoxy-coated bars is roughly twice the price of uncoated bars. 15.4.2
 
 Corrosion Resistance
 
 Even though it is not completely impermeable to oxygen, water and chlorides, epoxy coating of reinforcing bars can guarantee protection against reinforcement corrosion in chloride-contaminated concrete. The protection provided by the coating improves as its thickness increases. There is, however, an upper limit fixed by the need to achieve adequate bonding between the steel and the concrete. Standards specify thicknesses between 0.1 and 0.3 mm. Effective protection depends to a great extent on the integrity of the coating; in fact any damage will expose bare metal to the aggressive environment. In the case of chloride-contaminated concrete, the attack tends to penetrate below the coating and widens the area affected. In carbonated concrete, on the other hand, the attack tends to remain in the region of the defect. Very high corrosion rates in the vicinity of defects in the coating can occur in the presence of macrocells. A typical situation is that of structures in which epoxycoated reinforcement in contact with chloride-contaminated concrete is coupled to non-coated reinforcement embedded in concrete that is uncontaminated or contains a level of chlorides below the critical level. In this case, the passive non-coated
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 reinforcement can act as an effective cathode of much greater size than the anodic areas corresponding to the defects in the coating, thereby determining a very unfavourable anode/cathode area ratio (Chapter 8). The corrosion rate will be particularly high if the resistivity of the concrete is low. For this reason, design and application rules require that the coated bars be electrically isolated from each other. 15.4.3
 
 Practical Aspects
 
 As indicated above, defects in epoxy coating on bars present the risk of strong local attack. Specifications and site practice must be aimed at obtaining coated bars without such defects, particularly with regard to production, handling, cutting, bending, storage, welding and bonding. Furthermore, having concrete with good chloride-penetration resistance and electrical resistance adds to the protection by making the complete system more robust. It is, furthermore, important to pay attention to those cases in which, for economical reasons, coated steel is used only in the most critical areas of the structure. In these cases it is important to ensure that epoxy-coated bars are electrically insulated from the uncoated reinforcement, in order to avoid macrocells. 15.4.4
 
 Effectiveness
 
 In recent years there have been very serious cases of corrosion damage in some structures in tropical areas where severe attack of epoxy-coated steel has been observed only a few years after construction. This situation has led contractors and designers to reconsider the widespread use of this technique on structures exposed to chloride-bearing environments [47]. Serious doubts have been expressed about whether epoxy coatings, even in the absence of any damage, can insure long-lasting protection in heavily chloride contaminated and hot environments, particularly when the concrete is frequently wetted [48, 49]. It should also be observed that, because of the absence of electrical connection between the individual coated bars, if the coating is not effective in protecting the bar, the application of electrochemical techniques (Chapter 20), such as cathodic protection, is not possible in practice. Even the inspection of structures is difficult, e. g. potential mapping (Chapter 16) cannot be applied if bars are disconnected. To avoid this problem, for pre-cast elements in Europe the coating has also been applied on welded mesh or complete reinforcement cages, so that electrical connection of bars was guaranteed [46].
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 16 Inspection and Condition Assessment There are many reasons why inspection or condition assessment of concrete structures is performed. Many large-scale owners of structures have a routine schedule according to which every structure is inspected every five to twelve years. This is part of their management operations. The assumption is that signs of deterioration will be observed and proper follow-up can be taken before damage is too large. Another reason for assessment is change of ownership, in which case the economical value has to be estimated, including any deterioration that may form a hidden liability. Furthermore, insurance companies may want the insured capital to be evaluated occasionally. Structures with damage due to incidents, such as fires and collisions need to be inspected to establish proper corrective measures. Concrete structures showing damage caused by reinforcement corrosion have to be repaired in order to reach their expected service life (see part V). To find the optimum repair solution and to avoid further corrosion problems in the future, a thorough condition assessment of the structure has to be performed, concentrating on the location of those areas already corroding, the identification of the cause of damage and the prediction of the expected progress of damage with time. A full evaluation normally is a two-step process: a preliminary survey (mainly based on a visual inspection) should identify the nature of the problem and give the basis for planning the detailed survey, where several investigation techniques described below are necessary (Figure 16.1). As corrosion is an electrochemical process, electrochemical techniques are especially well suited to assess the corrosion state of the reinforcement, to pinpoint corrosion sites and to measure the corrosion rate.
 
 16.1
 
 Visual Inspection and Cover Depth
 
 Visual inspection is the first step in any investigation. It should give a first indication of the extent of damage. Starting from a simple general impression of part of a structure it may finish with a careful registration of every defect seen on the concrete surface. Special attention should be given to the presence of cracks, concrete spalling, wet areas, signs of water run-off or rust staining. A detailed visual survey Corrosion of Steel in Concrete. Luca Bertolini, Bernhard Elsener, Pietro Pedeferri, Rob P. Polder Copyright c 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim ISBN: 3-527-30800-8
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 Example of integrated methodology of inspection for assessing corrosion of reinforcement
 
 Figure 16.1
 
 has to be planned in advance, the results and its interpretation should always be confirmed by additional testing. The presence of cracks can have many causes (Figure 16.2). Some types of cracks originate from early processes like plastic shrinkage of the fresh concrete, or drying out in the early life of the hardened product. They will have irregular patters, called map cracking. Other cracks stem from differential shrinkage due to drying out or temperature gradients. Yet another type of crack is due to settlement or loading beyond the capacity. All of these cracks may negatively influence the durability of the structure, in that they provide pathways for aggressive substances to reach the reinforcement. Cracks may also be the consequence of lack of durability: alkali-silica reaction may cause cracks that have a map-like appearance, but occur in the later stages of the life. Freezing and thawing cycles may cause cracking and surface scaling. Finally, reinforcement corrosion may show up as rust staining, cracking parallel to reinforcement and spalling of parts of the cover. Many of these processes have been described in previous chapters. When a visual inspection is carried out, each type of cracking should be recognised and appropriate action should be taken. This chapter focuses on identifying reinforcement corrosion, and cracking can be an important sign that corrosion is occurring. Visual inspection can be combined with measurement of the concrete cover. Low cover will favour the onset of corrosion because carbonation or chlorides reach the rebars more rapidly. The availability of oxygen and moisture usually is higher, resulting in a higher corrosion rate. A cover survey is essential to explain why some areas of a structure are corroding and to identify areas of future corrosion risk.
 
 16.1 Visual Inspection and Cover Depth
 
 Figure 16.2a
 
 Types of cracks that can be encountered during visual inspection (from CEB)
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 Figure 16.2b
 
 Magnetic cover meters are available with programmed data-logging capabilities, data storage and printer or computer output. Nowadays, there is the possibility of actually scanning the surface and obtaining a map of cover depths and rebar layout. Nevertheless, care should be taken because congestion of rebars, different steel types and diameters may give misleading information.
 
 16.2
 
 Electrochemical Inspection Techniques
 
 The electrochemistry of corrosion and the basics of electrochemical potentials and corrosion rate have been discussed in Chapter 7. Here the principles and application of electrochemical inspection techniques for reinforced-concrete structures are given. The different techniques will give different types of information (Figure 16.3).
 
 16.2 Electrochemical Inspection Techniques
 
 Figure 16.3
 
 Types of information obtainable from different electrochemical techniques
 
 16.2.1
 
 Half-cell Potential Mapping
 
 Today potential mapping is the only widely recognised and standardised nondestructive method for assessing the corrosion state of rebars in concrete structures. In addition to the American standard ASTM C876-91 [1], a RILEM recommendation has been published recently [2] where the extensive recent experience with potential mapping has been included. Several national guidelines (e. g. the Swiss SIA 20061996 [3]) describe the use and interpretation of half-cell potential measurements. Half-cell potential mapping has provided a very useful, non-destructive means to locate areas of corrosion for monitoring and condition assessment as well as in determining the effectiveness of repair work [4]. As an early-warning system, corrosion is detected long before it become visible at the concrete surface. Based on potential mapping, other destructive and laboratory analysis (e. g. cores to determine chloride content) and corrosion-rate measurements can be performed more rationally [3]. In addition, the amount of concrete removal in repair works can be minimized because the corrosion sites can be located precisely. Principle. Corroding and passive rebars in concrete show a difference in electrical potential of up to 0.5 V, thus a macrocell generates and current flows between these areas (Chapter 8). The electric field coupled with the corrosion current between corroding and passive areas of the rebars (Figure 16.4) can be measured experimentally with a suitable reference electrode (half-cell) placed on the concrete surface, resulting in equipotential lines (potential field) that allow the location of corroding rebars at the most negative values [5–8].
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 Schematic view of the electric field and current flow in an active/passive macrocell on steel in concrete
 
 Figure 16.4
 
 Procedure. The procedure for measuring half-cell potentials is straightforward (Figure 16.5): a sound electrical connection is made to the reinforcement, an external reference electrode is placed in a wet sponge on the concrete surface and potential readings are taken with a high impedance voltmeter (i 10 MV) on a regular grid on the free concrete surface. Good electrolytic contact is essential to get stable readings, the point of measurement should be clean and wetted with a watersoaked sponge on the surface. The use of tap water with the addition of a small amount of a detergent is recommended. A few types of reference electrodes are used for potential mapping, mainly silver/ silver chloride (Ag/AgCl) or copper/copper sulfate (CSE). They differ in their standard potential, which is the potential difference to the standard hydrogen electrode (SHE). Standard potentials of these reference electrodes are given in Table 16.1, together with some other types used as embedded probes in concrete (Chapter 17).
 
 Figure 16.5
 
 Schematic representation of the measurement of potential of steel reinforcement
 
 16.2 Electrochemical Inspection Techniques Table
 
 16.1 Potentials vs. NHE for reference electrodes [9, 10]
 
 Electrode
 
 Potential (mV vs NHE)
 
 Saturated Calomel (SCE) Silver/silver chloride (SSE)* Copper/copper sulfate (CSE) Manganese dioxide Graphite Activated titanium Stainless steel Lead
 
 ‡244 ‡199 ‡316 ‡365 ‡150/–20 ‡150/–20 ‡150/–20 – 450
 
 * value depends on internal KCl electrolyte concentration
 
 Data collection and representation. The simplest configuration is described above. Different microprocessor-controlled single or multiple electrode devices have been developed and are commercially available, as are wheel electrodes that simultaneously record potential readings and position on site. To facilitate the potential survey of large bridge decks, walls, or parking decks, an eight-wheel measuring system was developed [11] that allows the survey of 300 m2/h with grid dimensions of only 150 mm using computer-assisted data acquisition and processing (Figure 16.6). The way of data representation depends on the amount of potential readings: for small sized elements (e. g. columns), a simple table might be appropriate. For large surfaces with thousand of readings the best way of representing the data has been found to be a colour map of the potential field, where every individual potential
 
 Multiple-wheel electrode half-cell potential measuring instrument with computerassisted data acquisition. Note the slight wetting of the concrete surface at the wheels in order to achieve a good electrolytic contact between reference electrode and concrete
 
 Figure 16.6
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 Figure 16.7 Examples of half-cell potential maps (riding deck in the tunnel San Bernardino). Data representation: colour plot (a) and equicontour line plot (b). DF: dilatation joint (every 25 m)
 
 reading can be identified as a small square (Figure 16.7). This representation does not require a numerical scale and is insensitive to single erroneous readings. Alternatively, equipotential contour plots or 3D plots can be generated. Interpretation. Half-cell potential measurements allow the location to be determined of areas of corroding rebars being the most negative zones in a potential field (Figure 16.7). However, the interpretation of the readings is not straightforward because the concrete cover and its resistivity in addition to the actual corrosion potential of the steel (Chapter 7) influence the readings at the concrete surface. In atmospherically exposed reinforced concrete the potential of passive steel is between ‡50 and –200 mV CSE (Figure 16.8). If corrosion is ongoing the potential becomes more negative: chloride-induced pitting corrosion results in values from
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 Figure 16.8
 
 Correlation between potential and state of corrosion of carbon-steel reinforcement
 
 –400 to –700 mV CSE, corrosion due to carbonation usually results in values from –200 to –500 mV CSE, strongly depending on the presence of moisture (Figure 16.8). Problems in the interpretation of “negative” potentials may occur when dealing with structures that are completely immersed in the ground or in seawater, or are water saturated (or in any other condition of lack of oxygen); such conditions are characterized by very negative potentials (lower than –700 mV CSE). It is important to point out that despite these negative potential values the steel in such water-saturated concrete normally does not exhibit a significant corrosion rate [12]. For reinforced concrete structures exposed to the atmosphere (e. g. bridge decks), the American Standard ASTM C876 provides criteria for interpretation, summarised in Table 16.2. This way of interpretation was derived empirically from chloride-induced corrosion of cast-in-place bridge decks in the USA, thus the values reflect a specific condition, concrete type and cover and are not universally applicable. Indeed, as theoretical considerations and practical experience on a large number of structures [7, 13] have shown, there are no absolute potential values to indicate the probability of corrosion in a structure, in contrast to the interpretation given in the ASTM C876-91 that relies on a fixed potential value of –350 V CSE. Depending on moisture content, chloride content, temperature, carbonation of the concrete and cover thickness, different potential ranges indicate corrosion of the rebars in different structures (Figure 16.9). In order to locate areas of corroding rebars the gradient between corroding and passive zones is more important than Table 16.2
 
 Interpretation of potential measurements according to the American Standard ASTM
 
 C876 [1] Measured potential E (mV vs CSE)
 
 Probability of corrosion
 
 E i 200 200 i E i E I 350
 
 I 10 % unknown i 90 %
 
 350
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 Experimentally determined potential range indicating active corrosion on different bridge decks compared to the ASTM standard: 1: Cugnertobel II, 2: Tunnel San Bernardino, 3: Rhinebridge Tamins, 4: Caslertobel bridge, 5: Morbio bridge, 6: column in seawater, 7: ASTM C876 standard [7, 16]
 
 Figure 16.9
 
 the absolute value of the potential. This information and its consequences for interpretation of half-cell potential readings have been incorporated into a RILEM recommendation [2]. When large areas are to be surveyed the huge number of potential readings can be examined statistically. Half-cell potential data represented in a cumulative probability plot (Figure 16.10) are especially well suited for this purpose. The different bridge decks represented in Figure 16.10 show similar curves but are shifted along the potential axis. This shift is due to the influence of concrete temperature and humidity. The “San Bernardino curve” corresponds to the map in Figure 16.7 and it is interesting to note that in the potential range between –200 mV and
 
 Figure 16.10 Cumulative probability of half-cell potential measurements on different bridge decks [14, 16]
 
 16.2 Electrochemical Inspection Techniques
 
 –400 mV SCE very few readings are found (horizontal part of the curve). This clearcut distinction between corroding (negative) and passive (more positive) potentials is due to the huge difference in concrete humidity: the active zones are situated near (leaking) joints, contaminated with de-icing salts, the passive zones in dry parts of the deck. Further examples of application of half-cell potential mapping and their interpretation are given in [14, 15]. Half-cell potentials cannot be correlated directly with the corrosion rate of the rebars. By excavating suitable inspection windows in the transition areas between very negative (active) and passive regions, the intensity of corrosion attack can be determined, and a correlation between potential and corrosion state can be established. This is valid only for the specific structure investigated. All of the correlations seen above refer to situations of steel reinforcement in the free corrosion condition, that is, in the absence of factors that modify the potential of the system. They are in particular not applicable to: structures in concrete containing corrosion inhibitors; galvanized reinforcement (on stainless steel it is possible in the same way); structures subjected to electrical fields produced by stray current that induce current exchange between reinforcement and concrete (this case is dealt with in Section 9.4). 16.2.2
 
 Resistivity Measurements
 
 The electrical resistivity of concrete may be useful for monitoring and inspection of reinforced-concrete structures with regard to reinforcement corrosion [16, 17]. The resistivity of concrete in a given structural element exposed to chloride load gives information about the risk of early corrosion damage, because generally a low concrete resistivity is correlated to more rapid chloride penetration [18, 19]. In addition, resistivity mapping may show the most porous spots, where chloride penetration is likely to be fastest and future corrosion rates will be highest; preventative measures may be taken accordingly. The resistivity can be measured nondestructively using electrodes placed on the concrete surface. Together with information from half-cell potential mapping or chemical analysis the corrosion risk can be determined. General. The resistivity of cement paste, mortar and concrete depends on the pore volume and pore-size distribution of the cement paste, the pore-water composition (alkali content, chloride content) and the moisture content of the concrete (Figure 16.11) [19, 20]. Depending on environmental conditions and concrete quality, resistivity may vary by several orders of magnitude, from 100 to 100 000 V p m. High resistivities are found for dry concrete, concrete with low w/c ratio or with blended cements. Because the electrical current is transported only by the ions in the pore liquid in the cement paste (Chapter 2), concrete is not a homogeneous conductor. Aggregate particles are essentially isolating bodies. Coarse aggregates may have a similar size as the concrete cover and the spacing of the measuring electrodes has to be adjusted accordingly.
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 Figure 16.11 Dependence of resistivity of cement paste and mortar on water/cement ratio and relative humidity of the environment [20]
 
 Temperature changes have important effects on concrete resistivity. A higher temperature causes the resistivity to decrease and vice versa (for a constant relative humidity). This is caused by changes in the ion mobility in the pore solution and by changes in the ion–solid interaction in the cement paste. As a first approach an Arrhenius equation can be used to describe the effect of temperature on conductivity (inverse of resistivity): s(Ti) = s(To) p exp(b p [To–1 – Ti–1])
 
 (1)
 
 with: s = conductivity of concrete (1/V p m); To = reference temperature (K), Ti = actual temperature when conductivity is measured (K), b = an empirical factor (K–1). For steady-state conditions, b was found to be in the range of 1500 to 4500 [20–23]. The b value increases with decreasing relative humidity for a given cement paste, mortar or concrete and decreases with w/c ratio of the mix for a given relative humidity. The temperature dependence of the conductivity of the bulk pore solution differs significantly from that of cement paste or mortar with the same ion concentration in the pores. This is due to strong ion–solid interactions. The humidity dependence of the temperature exponent in cement paste or concrete can be explained by the fact that at lower R. H. the pore solution becomes more concentrated and is present in more narrow pores, so the ratio of pore-wall surface area to liquid volume increases and consequently the degree of interaction between ions and solid increases. These interactions may be different for cements with different chemical compositions (e. g. they change with addition of GGBS or PFA). From
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 the foregoing, it will be clear that accurate temperature correction of resistivity data is very complex. The concrete composition and the moisture content both influence the resistivity itself and its temperature dependence. For simplicity, it may be assumed that in the range of 0 hC to 40 hC, doubling of resistivity takes place for a decrease of 20 hC, or that a change of 3 % to 5 % per degree occurs [17]. According to the electrochemical nature of the corrosion process and the macrocell-corrosion model (Chapter 8), a relationship may be expected between the concrete resistivity and the corrosion rate of the reinforcement after depassivation. Using a simplified approach, the corrosion rate of steel in concrete should be inversely proportional to the resistivity. This was confirmed in a general sense [24, 25], although the relationship is not universal rather it depends on the concrete composition [21]. Measurements at the concrete surface. All methods for on-site measurement of concrete resistivity involve at least two electrodes (of which one may be a reinforcing bar). A voltage is superimposed between the electrodes and the resulting current is measured, the ratio gives a resistance (measured in V). The resistivity is obtained by multiplying the measured resistance by a geometrical conversion factor, the cell constant. This approach is valid only for a homogeneous material. Resistivity can be measured using a four-point probe [26] placed directly on the concrete surface. The probe consists of four equally spaced point electrodes that are pressed on the surface (Figure 16.12). Usually a small amount of conducting liquid is applied locally to improve the contact between electrode tips and the concrete surface. The two outer point electrodes induce the measuring current (usually with an AC current at a frequency of between about 100 and 1000 Hz (avoiding the exact values 100, 150 Hz, etc., which may induce power line interference) and the two inner electrodes measure the resulting potential drop of the electric field. The measured resistance R is given by DE/DI and the resistivity of the concrete, r, is calculated as:
 
 r = 2p p a p R
 
 (2)
 
 Figure 16.12 Scheme of the Wenner technique to determine the electrical resistivity of concrete from the surface. Spacing of the electrodes shall be larger than the maximum aggregate diameter
 
 285
 
 286
 
 16 Inspection and Condition Assessment
 
 where a is the spacing between the electrodes. The applicability of this formula to concrete has been shown in references [27, 28]. A good correlation was found between calibrated data measured with cast in electrodes and 4-point resistivity obtained on the surface [29, 30]. Other types of resistance measurements, especially also involving the rebar network, have been applied. Commercially available instruments combine half-cell potential mapping with resistance measurements between the electrode and the rebars. This results in resistance maps, however, conversion to true resistivity is much more difficult because the cell constant is also influenced by the cover depth to the steel bars and the size of the external electrode. Procedure. The detailed procedure for the measurement of resistivity of concrete is described in a RILEM recommendation [17]. The measuring system should be calibrated on concrete with known resistivity. As with half-cell potential measurements, concrete shall be clean and a good electrolytic contact between the electrodes and the concrete surface is important, but complete wetting of the surface should be avoided. When using the 4-point method, measurements should be taken as far from the rebars as possible (e. g. diagonally inside the rebar mesh, Figure 16.13). Interpretation. The results of concrete resistivity measurements can be used for a quantitative or qualitative interpretation. Resistivity data measured on a structure and corrected for the temperature effect can be compared to reference data of similar concrete types (Table 2.4). Usually additional information is necessary. If, for example, a wet structure made with OPC has a mean resistivity value of 50 V p m, it means that the water-to-cement ratio and the porosity must be quite high. Consequently, the corrosion rate after depassivation will be high. If the concrete composition is relatively homogeneous, mapping the resistance may show wet (low-resistance) and dry (high-resistance) areas. The average resistivities in the wet or dry areas can be interpreted quantitatively, as explained above. In addition a rough relationship between resistivity and corrosion rate can be obtained as suggested for OPC concrete (Table 16.3).
 
 Figure 16.13 Positioning of Wenner probe electrodes on the concrete surface in order to stay as far as possible from the rebars after locating the reinforcement mesh
 
 16.2 Electrochemical Inspection Techniques Table 16.3 Interpretative criteria for measurement of electrical resistivity of concrete structures exposed to the atmosphere for OPC concrete [16]
 
 Concrete resistivity (V p m)
 
 Corrosion rate
 
 i 1000 i 500 200–500 100–200 I 100
 
 negligible low modest high very high (no ohmic control)
 
 16.2.3
 
 Corrosion Rate
 
 Quantitative information on the corrosion rate of steel in concrete is of great importance for the evaluation of repair methods in the laboratory, for service-life prediction and structural assessment of corroding structures as well as control of repair work on site. The only technique available today is the polarization resistance method; a RILEM recommendation covering this subject has been published recently [31]. General. When speaking about “corrosion rate” of steel in concrete, two different meanings, average corrosion rate and instantaneous corrosion rate, have to be distinguished. The average corrosion rate is the “engineering” value needed for implementation in models for service-life calculations or to predict the evolution of structural degradation (the slope of the propagation curve in Figure 16.3). It can be determined as the average value over a long period of time by measuring weight loss (limited to homogeneous corrosion, possible only in the laboratory) or loss of cross section of the steel on site. If the time of depassivation, i. e. the start of corrosion, is not known (as is usually the case in practice), the calculated average corrosion rates will contain an unknown error. Furthermore, in real structures exposed to changing environmental conditions the average value is composed of periods with low and high corrosion rates [32–34]. The instantaneous corrosion rate (icorr) can be determined using electrochemical methods, in particular polarization resistance (Rp) measurements [35], determined by stationary or non-stationary electrochemical methods. The calculation of a corrosion rate from Rp measurements is straightforward and correct only for general corrosion attack; the implications for measurements on real structures and on locally corroding rebars are discussed below. It is obvious that “corrosion rate” values measured at different times during the life of a structure or on different structures have to be corrected for the influence of moisture, temperature etc., in order to allow a reasonable comparison. x
 
 x
 
 Determination of the polarization resistance. The polarization resistance method is based on the observation that the polarization curve close to the corrosion potential
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 Figure 16.14 Polarization curve close to the corrosion potential
 
 is linear (Figure 16.14), the slope DE/DI (DE = step in potential, DI = resulting current) being defined as polarization resistance, Rp. The technique is called linear polarization resistance measurement (LPR). The Rp value is related to the corrosion current Icorr by the formula [36]: Icorr = B / Rp
 
 (3)
 
 where: B is a constant containing the anodic and cathodic Tafel slopes, i. e. the slopes of the polarization curves shown in Chapter 7 (Table 16.4). For actively corroding steel in concrete usually B = 26 mV is taken, for passive steel B = 52 mV [37]. Rp and thus Icorr is related to the area of the sample under test, resulting in the specific polarization resistance Rp* [V p m2] and the corrosion current density icorr [mA/m2], the instantaneous corrosion rate. Several precautions have to be taken in order to get reliable values, namely, compensation of the high electrical (ohmic) resistance of the concrete cover, achievement of a quasi steady state and linearity of the DE/DI slope as discussed in more detail in references [16, 38, 39].
 
 Table 16.4
 
 Principal relationships in linear polarization
 
 Rp ˆ (dE/i)
 
 Rp ˆ polarization resistance (V p m2) dE ˆ polarization with respect to corrosion potential (mV) i ˆ applied current density (mA/m2)
 
 i ˆ I/A
 
 I ˆ applied current (A) A ˆ polarized surface (m2)
 
 icorr ˆ B/Rp
 
 icorr ˆ corrosion rate (expressed as corrosion current density, mA/m2) B ˆ Stern–Geary constant (mV)
 
 vcorr ˆ K p icorr
 
 vcorr ˆ corrosion rate (mm/y) K ˆ 1.17 (mm/y)/(mA/m2) for iron
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 When these precautions are taken into account, good correlations between the electrochemical weight loss, calculated by integrating Rp data from LPR measurements and gravimetric measurements [37] or measurement of corrosion pit volume [40] have been found. Execution of the measurements. The device for measuring the polarization resistance on site is illustrated in Figure 16.15. In its simplest version, it consists of a counter-electrode disk and a central reference electrode placed on the surface of the structure; the supply unit, usually a potentiostat, is connected to the reinforcement (the working electrode), to the counter-electrode, and to the reference electrode, as indicated in the figure. After having selected the measuring position (preferably based on half-cell potential mapping), proper connections to the rebar and between counter-electrode and concrete surface are made (wetting). The corrosion potential is measured and then a predetermined variation of potential (dE), in general equal to 10 mV, is applied and the current di that the system requires to achieve this variation is recorded. The measurement lasts about one minute. From the polarization resistance, Rp = dE/di (V p m2), the corrosion current density icorr (mA/m2) is calculated using Eq. (3). Finally, the corrosion rate expressed as penetration rate (mm/y) is obtained, keeping in mind that for iron an anodic current density of 1 mA/m2 corresponds to a corrosion rate of 1.17 mm/y. Corrosion rate measurements on-site. The main difference in measuring the polarization resistance Rp on site and not in the laboratory is the geometrical arrangement of the electrodes. In the laboratory a uniform geometry and thus uniform current distribution can be achieved usually with small specimens, whereas on site a there is a non-uniform current distribution between the small counter-electrode (CE) on the concrete surface and the large rebar network (WE). The current fed by the external counter electrode (Figure 16.15) not only polarizes the surface of the reinforcement below the CE itself but also spreads laterally or may reach
 
 Figure 16.15
 
 Schematic set-up for linear polarization measurements
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 deeper layers of the reinforcement. Due to the current spreadout the measured polarization resistance is related to an unknown rebar surface and cannot be converted directly to a corrosion rate with the Stern–Geary equation [41, 42]. The current spread-out, given by the critical length Lcrit where 90 % of the current vanishes, depends both on the concrete resistivity and on the specific polarization resistance Rp* of the rebar (thus on the corrosion state). Briefly summarizing the available literature [39, 43] it can be stated that in the case of homogeneous, actively corroding rebars (small specific polarization resistance Rp*) the applied current is concentrated nearly completely beneath the counter-electrode (Figure 16.16). Conversely, if the steel is passive (high specific polarization resistance) a large current spreadout has to be expected and the measured apparent polarization resistance Rp,eff is related to an area of rebars that may be up to 100 times larger than the CE surface. The concept of a sensorised guard ring [44] is usually implemented in commercial instruments and avoids the current spread-out on passive rebars. The calculation of a local corrosion rate (penetration rate) is intrinsically difficult because the area of the localized attack is not known [39]. Interpretation of the results. The interpretation has to be done by corrosion specialists with experience in reinforced concrete structures in the context of other information from condition assessment. The results can be used to pinpoint sites with high corrosion activity (in addition to half-cell potential measurements), to predict future deterioration of the structure or to assess residual service life. Daily and seasonal variations in the corrosion current due to changes in temperature and relative humidity will induce variations in Icorr values by more than a factor 2. To predict future deterioration several measurements in time are usually needed. When only one single value is available, it is recommended to assume a variation in Icorr
 
 Figure 16.16
 
 On-site measurements of corrosion rate
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 between 50 % and 200 % of the measured value. The interpretation of single values can be improved by taking cores, measuring their resistivity “as received”, wetting them and measuring again. If the resistivity at the time of measurement was high (compared to the wet value), the corrosion rate is on the low side of the temporal (seasonal) variation. If the resistivity “as received” is low and comparable to the wet value, the corrosion rate measured at that point in time is more representative for wet and high corrosion rate parts of the seasonal cycle. This approach was proposed by Andrade [46]. Several examples of application are given in the literature [40], e. g. for predicting the residual service life of a corroding bridge and testing the efficiency of protection with a corrosion inhibitor [44].
 
 16.3
 
 Chemical Analysis of Concrete
 
 Carbonation (Chapter 5) or ingress of chloride ions (Chapter 6) are the two principal causes of rebar corrosion. Inspection, condition assessment and prediction of the future service life of a structure require information on the carbonation depth or chloride content of concrete. The areas on a structure where these chemical analyses are performed should be based on a problem-oriented approach, e. g. on visual inspection or better on potential mapping. 16.3.1
 
 Carbonation Depth
 
 Carbonation of concrete is associated with loss of alkalinity of the pore solution. This change in pH can be revealed by a suitable indicator that changes colour near pH 10. A phenolphthalein solution will remain colourless where concrete is carbonated and will turn pink where concrete is still alkaline. The best indicator solution for maximum contrast of the pink coloration is a solution of phenolphthalein indicator in alcohol and water, usually 1 g of indicator in 100 ml of 50:50 or more alcohol to water mix. To determine the carbonation depth it is essential to spray freshly broken concrete surfaces with the indicator solution. Fresh concrete surfaces can be obtained by breaking off pieces of concrete or by coring and splitting the core in the laboratory. Care has to be taken that dust from drilling, coring or cutting does not get on the treated surface, otherwise already carbonated zones can show up as alkaline. Carbonation depth sampling should allow the average and standard deviation of the carbonation depth on a structural element to be calculated [46, 47]. Comparing this value to the average reinforcement cover, the amount of depassivated steel can be estimated. The progress of the carbonation front cannot be calculated on a single carbonation depth measurement because the time law of carbonation progress usually is not known (Chapter 5). Using a square root law, the future carbonation depth on atmospherically exposed concrete will generally be overestimated.
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 16.3.2
 
 Chloride Determination
 
 Chlorides in concrete structures can be present as cast-in chlorides (in cases where chloride-containing admixtures or seawater as mixing water was used) or can be transported into concrete from the environment (seawater, de-icing salts). To distinguish between these two cases and to be able to get information on the future service life of a structure, a chloride depth profile should be determined. This is essential because the actual chloride level at the reinforcement determines the present probability of corrosion, but the profile determines the future development of corrosion. Above a “critical chloride content” pitting corrosion of the steel will start (Chapter 6). As mentioned earlier, it is thus essential to determine the location for chloride profile analysis on the basis of a half-cell potential map, e. g. cores should be taken at corroding areas, passive areas and in the transition region in order to correlate half-cell potential and chloride content. Chloride contents can be measured by different methods, described in several recommendations or standards. Field methods are rapid but usually of poor accuracy whereas laboratory methods are more accurate, but more time consuming and costly. All methods (except the “dry” method of X-ray fluorescence) require three working steps: 1) sampling, 2) crushing to powder and 3) dissolution, before the actual chloride analysis can be performed. As concrete is an inhomogeneous material and chlorides are present only in the cement paste, a minimum diameter of 50 mm for cores or three to five points for 20 mm diameter dust drilling is recommended in order to get representative chloride depth profiles. Relatively simple methods based on spraying the surface of split cores with silver nitrate have been proposed; a colour change indicates the chloride penetration front [48]. The result may depend on the original colour of the concrete and its particular chemistry. More complex tests are based on cutting slices from cores and pressing out the pore solution for determination of the free chloride concentration; this techniques was developed for hardened cement paste [49] but is also used for concrete [50]. Chloride profile based on cores or powder drilling. The location of the cores to be taken should be based on a problem-oriented approach, e. g. on a half-cell potential map. For cores dry drilling is preferable, in any case excess of water should be avoided due to the risk of washing out chlorides. The cores shall be identified and stored in plastic bags until analysis in the laboratory. Cores are cut in slices of maximum 10 mm thickness that are then crushed and milled. The resulting powder should have a controlled fineness (usually obtained with constant time of crushing and milling). The equipment has to be carefully cleaned after every slice, in order to avoid cross-contamination of powders from different depths or samples. The location of powder drilling should be determined as for cores. Three to five 20 mm diameter holes should be drilled to the required depth (e. g. in steps of
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 10 mm) and the powder sampled. It is essential to mix the powder of the individual depths and to store it dry. After every depth sample is drilled, the equipment has to be cleaned carefully in order to avoid cross-contamination between different depth samples. Dissolution of the powder. After homogenising the powder, obtained either directly by drilling or by crushing core slices, a part is weighed precisely and dissolved in a constant amount of liquid, most frequently in concentrated nitric acid solution with ISA (ionic strength adjuster). In this way the total or acid soluble chloride content is determined. The dissolution process is the most important step determining the reproducibility of the chloride analysis. Alternatively, the Soxhlet extraction technique (reflux of boiling water on the concrete powder for 24 h) is used to dissolve chloride ions. Both methods result in a similar total chloride content. Considerable work has been done to differentiate between bound and free chlorides, using cold-water dissolution, alcohol dissolution, etc. The results of such chloride-extraction processes strongly depend on the level of powder fineness, time of dissolution, etc., and no sufficient reproducibility has been obtained. For routine analysis only acid soluble [51] or Soxhlet procedures are recommended. Recently, a method was proposed for determining water-soluble chloride [52]. Chemical analysis. Chloride ions in the extraction solution described above can be determined by different analytical techniques such as colour-based titration, potentiometric tritration, chloride-ion selective electrodes, etc. All of the analytical techniques have been shown to give comparable results with good accuracy, provided that frequent calibration with standard solutions is carried out. For very small amounts of liquid (as for example obtained by pore-water expression) the ICP technique (inductively coupled plasma spectroscopy) has been used successfully. However, this instrumentation is available only in specialised analytical laboratories. Interpretation. The presence of an above-critical amount of chloride ions at the rebars leads to depassivation and in the presence of oxygen and water to corrosion attack. From chloride profiles information on the transport of chlorides into the concrete (Chapter 6) can be obtained. In combination with results from potential mapping, the critical chloride content for the specific structure can be obtained. On chloride-contaminated structures an empirical correlation between chloride content and half-cell potential could be established, thus the chloride distribution can be roughly obtained from the potential map.
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 17 Monitoring 17.1
 
 Introduction
 
 A number of techniques can be used to carry out a condition survey on reinforcedconcrete structures suffering from corrosion of the reinforcement, e. g. in bridge management (Chapter 16). These techniques, alone or in combination, provide a picture of the structure at a particular point in time. However, if one is interested in detecting the corrosion risk (before corrosion actually starts) or the rate of deterioration of the structure, it is necessary to monitor the condition change with time. According to the new codes for design for durability [1], monitoring becomes a part of the design and construction process. Monitoring of concrete structures can be done at different levels [2], starting from a simple low-level form of periodic visual inspections. This type of “monitoring”, although it is still the basis of most bridge management programs, can detect deterioration only in a rather late stage, when rust staining, spalling or cracking have occurred. An intermediate level of monitoring combines periodic visual inspection with detailed investigation using non-destructive or destructive techniques. A high-level form of monitoring, treated in this chapter, is the use of embedded sensors that are built in the structure at the time of construction or inserted later. Optical fibre sensors, strain gauges, etc. can monitor the structure deformation or local temperature changes [3]. Other sensors, which will be described later, can detect the depassivation of the rebars, changes in resistivity of the concrete cover or the ingress of chlorides and carbonation. Depending on the datacollection system used, the sensors allow periodic or continuous monitoring. The benefits of such a long-term monitoring strategy are obvious. First, if corrosion-risk conditions for the reinforcement are detected sufficiently early, relatively simple maintenance measures or protection systems can be programmed in a costeffective way and damage can be avoided. Secondly, the progress of condition changes allows the future development of the structure to be predicted and the optimum time of an intervention to be determined. The installation of monitoring systems on new structures is to be recommended, especially where access is difficult, when the durability of the structure is a major issue and for structures with very long service lives, where adequate maintenance must be defined in the design Corrosion of Steel in Concrete. Luca Bertolini, Bernhard Elsener, Pietro Pedeferri, Rob P. Polder Copyright c 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim ISBN: 3-527-30800-8
 
 300
 
 17 Monitoring
 
 stage. It should, however, be defined at the time of installation of the monitoring system what action has to be taken if one or more sensors indicate critical values.
 
 17.2
 
 Monitoring with Non-electrochemical Sensors
 
 In recent years great progress has been made in the development of embedded sensors and remote data acquisition. Some of the sensors are already well proven in the field, others are highly sophisticated research instruments and not (yet) used on a large scale. In this chapter sensor types are described that do not need any reference electrode to be embedded (essentially macrocell and resistivity sensors). Sensors based on macrocell measurements. Since about 1990, macrocell sensor systems, for example the so-called anode-ladder system, have been used to monitor the corrosion risk of new concrete structures [4]. This sensor system (Figure 17.1) consists of carbon-steel anodes mounted at different depths from the surface. A cathode (stainless steel or activated titanium) is placed in the concrete near the anodes. By connecting the individual anodes with the cathode a galvanic current can be measured: as long as a carbon-steel bars are still in the passive condition, the electrical current that it exchanges with the cathode is very small. When either ingress of chlorides or carbonation has reached the depth of the first carbon steel and leads to depassivation, the macrocell current increases markedly (Chapter 8). In the course of time the deeper carbon-steel anodes will be depassivated one by one, allowing the time to depassivation and the critical depth of the chloride or carbonation front to be monitored. In this way, the time until the depassivation front reaches the rebars can be estimated using simplified equations. Although the macrocell currents measured with the anode-ladder system can detect the time-to-depassivation, no information regarding the corrosion rate of the
 
 Figure 17.1
 
 Monitoring time-to-corrosion system (anode ladder) developed by P. Schiessl [4, 5]
 
 17.2 Monitoring with Non-electrochemical Sensors
 
 steel can be obtained due to the small cathode/anode ratio. This macrocell monitoring system has been installed since 1990 into tunnels, bridges, foundations and other structures exposed to aggressive environments [5]. Similar systems have been developed and are on the market [6]. Sensors based on in-depth resistivity measurements. As has been shown in Chapter 2, changes in the resistivity of the concrete cover are related to changes in the humidity and/or ion content in the pore solution. Sensors that allow monitoring of changes in the resistivity allow (indirectly) getting information on the corrosion risk. Since several years a combined chloride/resistivity sensor is used to monitor the ingress of water and chloride ions into mortar and concrete [7]. The basic sensor element is shown in Figure 17.2. It consists of a central chloride-sensitive element mounted electrically isolated in a stainless-steel tube. When arranging several sensor elements in depth (Figure 17.3), changes in resistivity can be followed for any depth interval by measuring the AC resistance between two adjacent stainless steel tubes. For monitoring existing structures, cores are taken from the position to be monitored and the sensor elements are inserted in the laboratory by drilling small holes. Sound electrical connections are made and the core is re-mounted at its original position in the structure. More than one hundred of such resistivity sensors were installed at different exposure conditions mainly in bridges, bridge abutments and side-walls (Figure 17.4). The results obtained [8] underline the marked temperature influence on concrete resistivity that has to be compensated correctly, otherwise erroneous conclusions on the wetting/drying process will be drawn. A different sensor type based on in-depth resistivity measurements are the socalled multi-ring electrodes [9]. These devices (Figure 17.5) are designed for new structures. Many of them have been mounted, including in bore holes in existing structures, which are then injected [10]. The space between sensors and concrete is kept as small as possible. A further development, the expansion-ring-system, allows a hole to be drilled in the concrete and the in-depth distribution of the concrete resistance on existing structures to be measured as well. Combining the multi-ring device with rings made of carbon steel with a nearby cathode, macrocell currents between the different rings and the cathode can be measured (as in the
 
 Combined chloride and resistivity sensor element. (1) silver wire, (2) AgCl coating, (3) teflon tube (isolation), (4) stainless steel tube (1.4301), (5) epoxy sealing, (6) insulation. Dimensions are in mm [22]
 
 Figure 17.2
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 Figure 17.3
 
 Sensor arrays mounted in the concrete cores taken from structures [7]
 
 anode-ladder described above) and time to depassivation can be determined [4]. The different possibilities of on-site monitoring of the concrete resistivity are discussed in reference [11]. Macrocell corrosion monitoring. Monitoring the macrocell current by connecting a micro-ammeter between a small piece of corroding reinforcing steel (probe or cut out from the rebar network) with the surrounding passive reinforcement allows information on the rate of the ongoing (macrocell) corrosion to be obtained, the influence of temperature and humidity, etc. In addition, the potential difference and the resistance between corroding and passive rebars can be measured. This type of measurement (Figure 17.6) has been used frequently to monitor the efficiency of
 
 17.2 Monitoring with Non-electrochemical Sensors
 
 Installation of the monitoring units on different parts of a bridge to study different exposure conditions [7]
 
 Figure 17.4
 
 Figure 17.5
 
 Multiring electrode to measure in-depth resistance profiles in concrete
 
 repair methods on site, e. g. the effect of shotcrete on a 17-year-old jetty [12], the application of inhibitors on a side-wall in a tunnel [13] or to follow the drying out of a bridge substructure after repair [14]. Instead of cutting a piece of rebar to get an isolated probe, an external preconditioned corroding piece of steel can be mounted into the structure, usually contained in a concrete core (Figure 17.3) that is put into a hole drilled in the structure. This measurement arrangement allows the same information to be obtained as from the isolated piece of rebar. Experience from several years (Figure 17.7) has shown that in this way correct corrosion rates (when compared to weight-loss measurements) can be obtained and the prediction of future corrosion rates for a given exposure condition becomes possible [15].
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 Schematic view of macrocell current measurements between an isolated piece of rebar (anode) and the surrounding rebar network (cathode). In the open-circuit condition the potential difference and the resistance between the two electrodes can be monitored [15]
 
 Figure 17.6
 
 Loss of cross section of rebars in (b) subway Malabarba bridge abutment, concrete contaminated by about 1.5 % chloride (c) Tunnel Cianca Presella, column exposed, by mass of cement for different exposure (d) bridge Nanin edge area, exposed [15] classes. (a) bridge Nanin edge area, sheltered,
 
 Figure 17.7
 
 Relative humidity sensors. Instead of measuring the concrete resistivity it is interesting to determine the relative humidity (R. H.) of concrete because it gives direct information on moisture content and allows the degree of capillary saturation to be determined. R. H. monitoring over time can indicate critical changes in the degree of saturation of concrete as a function of temperature, e. g. daily, monthly and seasonal variations. Such moisture sensors are available and their reliability is discussed in reference [16]. On site it is usually necessary to drill holes into the concrete, clean them carefully and mount the R. H. sensor carefully sealed. The procedure and results on R. H. monitoring as well as a critical evaluation of the R. H. influence on corrosion rate is given in reference [17].
 
 17.3 Monitoring with Electrochemical Sensors
 
 17.3
 
 Monitoring with Electrochemical Sensors
 
 If electrochemical data (steel potential, linear polarization resistance for corrosionrate measurements), the chloride content or the pH of the concrete pore solution shall be monitored, an embedded reference electrode is an essential element of the sensor system. Most of the commonly used reference electrodes are not suitable for embedding into concrete, only the MnO2 (manganese dioxide, Figure 17.8) or Ag/AgCl (silver/silver chloride) reference electrodes can be embedded (Section 16.2.1). The long-term stability of reference electrodes is a critical issue, which is why sometimes pseudo-reference electrodes such as activated titanium or lead electrodes are used [18]. Information on the long-term behaviour of commercial reference electrodes embedded in concrete is reported in reference [19]. MnO2, graphite and lead electrodes are sensitive to pH changes. Corrosion potential. Any embedded reference electrode allows the electrochemical potential of the adjacent rebars to be measured. This allows depassivation of the rebars or of any other steel sensor element put at different depths to be detected by a drop in half-cell potential. The corrosion potential will be influenced by concrete humidity and oxygen content (Chapter 7). The depassivation of the steel probe located in the outermost cover concrete will present an early warning and suitable in-depth distribution of a set of steel probes allows the corrosion risk to be evaluated or the time of depassivation of the rebars to be calculated. Linear polarization resistance (LPR). These measurements allow the actual corrosion rate of embedded probes or of the reinforcing bars to be monitored over time. The measurement principle is described in Section 16.2.3. In addition to the reference electrode a counter-electrode of a corrosion resistant material (e. g. stainless steel or activated titanium) has to be embedded. Several compact LPR sensor systems were developed and installed in structures such as precast deck elements in a road tunnel [6,20]. When existing structures have to be monitored for corrosion rate, a corroding piece of rebar can be isolated (by cutting) to get
 
 Manganese dioxide reference electrode
 
 Figure 17.8
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 the working electrode and only a reference and a counter-electrode have to be embedded; alternatively, cores are taken and provided with reference and counter-electrodes and connecting cables in the laboratory [8, 15, 21]. This type of corrosion-rate monitoring can be used to control the effect and durability of repair work, to follow the onset of corrosion, the influence of climatic variations and to predict the future corrosion rate (loss in cross section) of the rebars. Chloride content. By embedding the combined chloride/resistivity sensor elements mentioned above (Figure 17.2), the activity of the free chloride ions in the pore solution of concrete can be monitored over time at different depths. The potential of the embedded chloride sensors is measured versus a MnO2 reference electrode and converted by Nernst’s law to chloride concentration. In several field applications, hundreds of chloride sensors worked well over several years [15]. A more detailed description of the chloride sensor, its calibration and long-term stability is given in references [20, 22]. pH monitoring. The pH of the pore solution of concrete is an important parameter; it can indicate the risk of corrosion due to carbonation and it is important for the evaluation of the correct [Cl–]/[OH–] ratio leading to the depassivation of the rebars due to chloride ingress. Commercial sensors for pH monitoring are not available so far, but several materials have been tested in the laboratory. There is some evidence on the performance of activated titanium (coated with metal oxides, see also Chapter 20) as the pH electrode in concrete where the alkaline and carbonated state of the surrounding concrete could clearly be differentiated by a potential difference of about 200 mV (Figure 17.9) [18, 23].
 
 Average value in time and standard deviation of potential of activated titanium electrodes embedded in alkaline and carbonated concrete (Portland cement, w/c 0.65, outside exposure, unsheltered) [23] Figure 17.9
 
 17.4 Critical Factors
 
 Oxygen-transport monitoring. In some circumstances it might be important to know the oxygen concentration in concrete, especially when dealing with submerged structures or with protection or repair systems based on organic coatings on the concrete. Oxygen concentration measurement is based on the cathodic oxygen reduction current at constant potential (Section 7.2.2). The higher the cathodic current measured, the higher the oxygen transport. Laboratory tests and field trials have been performed in Norway [24]. Oxygen-transport measurements allowed evaluating various repair measures on areas where the rebars were still passive and non-corroding.
 
 17.4
 
 Critical Factors
 
 Monitoring of reinforced-concrete structures exposed to aggressive environmental loads with regard to the time evolution of their durability can optimize the management of structures and secure their reliability and safety. However, the monitoring strategy has to be clearly defined, otherwise heavily instrumented structures produce large amounts of data with little or no practical value. The points below are discussed in more detail in references [18, 25]. Objective of monitoring. A monitoring system, eventually with computerised data acquisition, should meet specifically defined objectives, such as: a) to monitor the durability of the structure and its condition in order to make timely decisions for preventive and/or repair actions, b) to monitor the effect of preventative or repair actions, c) to monitor the condition of structures based on new materials and/or new technology (including service-life prediction models), d) to follow the time development in areas where access is difficult. Monitoring design. In order to meet one or several of the objectives the number and location of permanently installed sensors should be defined based on the geometry of the structure, structural and environmental loads, previous experience with similar types of structures and the planned level of maintenance of the structure. The representativity of the individual sensor location should be evaluated. Early-warning probes should be located in critical areas for the initiation of corrosion. Procedures and responsibilities regarding operation and service of the monitoring system and quality assurance and control of the recorded data have to be established. Data collected should be presented in a clear way, understandable for the end-user. Choice of sensors and probes. The choice of the sensors should take into account their stability as a function of time, so that the necessary calibrations and maintenance can be planned. Initial sensor calibration has to be documented. For remote or inaccessible locations only very robust and durable sensors should be installed.
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 17.5
 
 On the Way to “Smart Structures”
 
 The installation of sensors in a reinforced concrete structure is a feasible way to get information on durability related changes, e. g. indication of the corrosion risk. There are, as discussed above, several problems and doubts related with the long-term stability of some sensor types. Depending on the measurement method, sensors can be more or less sensitive to loss of stability. In general, “passive” methods (corrosion potentials, using a reference electrode) tend to be more sensitive; “active” methods (LPR, resistivity) tend to be less sensitive to “drift” or poor stability. An interesting example of an “active” method has been applied to posttensioned structures where the high-strength steel strands are placed in (grouted) polymer ducts with complete electrical isolation (Figure 17.10). These new posttensioning systems have the advantage of reduced friction, increased fretting fatigue resistance and a tight and non-corroding duct that avoids ingress of aggressive substances from the environment. In addition, because of the electrically isolated anchor heads, it offers the possibility of monitoring the electrical impedance between the steel strands in the duct and the rebar network [26]. Monitoring of the electrically isolated tendons requires only sound electrical connections to the rebar network and to one of the end anchorages. The AC impedance is measured at a fixed frequency (120 Hz or 1 kHz) with a portable instrument and the ohmic and capacitive impedance is recorded. The experimentally measured impedance data of six individual tendons (length 100 m, PT Plus duct, diameter 59 mm) are presented in Table 17.1. As can be observed, the ohmic resistance of five out of six of the tendons is very high (Nr. 1–5) indicating electrical isolation. Tendon Nr. 6 shows a short circuit. The capacitance values of the polymer duct (with 100 m length) are very reproducible at 235 nF. This capacitance value agrees with the laboratory tests of the same duct where 2.34 e 0.03 nF/m were determined [27].
 
 Figure 17.10
 
 Electrically isolated post-tensioned strands
 
 17.5 On the Way to “Smart Structures” Experimental and derived specific values of the ohmic resistance R and the capacitance C from the flyover “P. S. du Milieu” (length 100 m) [26]
 
 Table 17.1
 
 Tendon No.
 
 Experimental
 
 1 2 3 4 5
 
 R (kV) 7.234 13.70 20.87 17.81 28.25
 
 Specific values C (nF) 234.0 233.0 235.0 237.2 234.7
 
 R (V*m) 723 1370 2087 1781 2825
 
 C (nF/m) 2.34 2.33 2.35 2.37 2.35
 
 The different AC resistance values indicate different amounts of very small sized defects along the duct. More interesting than the actual value of the resistance is its evolution over time (Figure 17.11): due to hydration of the cement grout and the concrete and drying out, the electrical resistance increases approximately with the square-root of time. A steadily decreasing resistance of one of the tendons at a certain time would indicate the infiltration of water (and potentially also chlorides) at one of these defects long before corrosion of the high-strength steel starts. In the case of post-tensioned structures with electrically isolated tendons in polymer ducts a simple, robust and highly efficient monitoring system is built, producing a “smart structure”. It allows, together with simple data treatment, quality control of the electrical isolation, monitoring of the corrosion protection of the high-strength steel over time and detecting of a corrosion-risk situation of individual tendons at a very early stage. Because no special sensors are needed, the monitoring system can be used during the whole service period of the structure. Such systems are increasingly used throughout Europe, e. g. in a number of viaducts and railway bridges in Switzerland or within the new high-speed train system in Italy.
 
 Figure 17.11 Evolution of the electrical resistance with time of six electrically isolated post-tensioned strands [26]
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 18 Principles and Methods for Repair Various repair options are available for the rehabilitation of structures damaged by corrosion of steel reinforcement. In recent years, some recommendations and standards have been developed by different organizations, such as Rilem 124-SRC and CEN TC 104, to help designers in the choice of the repair strategy [1–4]. They suggest three phases should be considered. A first phase is aimed at defining the repair option, i. e. at deciding whether to take on actions to control the corrosion process of steel or adopt other approaches. If intervention in the corrosion process has been chosen, a second phase will be dedicated to the selection of a repair principle that can avoid further corrosion. Finally, the last phase is the choice of the repair method and the design of the details of its application. This chapter deals with the strategies for repair of reinforced-concrete structures damaged by carbonation or chloride-induced corrosion of the reinforcement, and outlines the most common methods. Details of conventional repair and electrochemical maintenance methods are reported in Chapters 19 and 20. The repair of prestressed concrete structures is outside the scope of this book.
 
 18.1
 
 Repair Options
 
 Several factors may influence the decision of the approach for intervention. Figure 18.1 and Figure 18.2 show the main steps for the decision on the repair option suggested by the Rilem committee 124-SRC. A preliminary assessment of the condition of the structure is required. Techniques described in Chapter 16 may be used to diagnose the causes of deterioration and the extent of damage. Degradation processes that may indirectly contribute to corrosion of the reinforcement (freeze-thaw, sulfate attack, etc.) should also be considered. Distinction should be made between different parts of the structure where: a) reinforcement is still passive, i. e. corrosion has not initiated since carbonation or chloride penetration has not reached the steel surface; b) reinforcement is corroding but the propagation is in the early stages, e. g. concrete cover is not cracked and reduction in cross section of rebars is negligible; Corrosion of Steel in Concrete. Luca Bertolini, Bernhard Elsener, Pietro Pedeferri, Rob P. Polder Copyright c 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim ISBN: 3-527-30800-8
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 Steps to be taken in the repair process, according to Rilem 124-SRC [1]
 
 Figure 18.1
 
 c) corrosion of steel has already led to loss of serviceability of the structure, e. g. due to cracking, spalling or delamination of the concrete cover and/or more than insignificant loss of rebar cross section. In order to define a proper repair option, the future evolution of the damage should also be estimated in situations a and b, and the length of time required to reach the critical condition c should be evaluated (Chapter 11). This time must be compared with the design life of the repair, which can be the remaining period of use of the structure or the time expected before a new planned repair action. It is then possible to distinguish between the conditions where damage already exists, those where it is expected, and those where damage is not likely during the design life of the repair. Any future development of damage has to be considered in relation to the required residual service life of the repaired structure.
 
 18.1 Repair Options
 
 Figure 18.2
 
 Basic strategies for intervention, according to Rilem 124-SRC [1]
 
 When damage is not likely, no action is required, while in the case of already present or expected damage an option from those shown in Figure 18.2 has to be selected. A decision may be made to replace or partially reconstruct components that have undergone severe damage, e. g. in the case of particularly exposed elements that can be easily replaced. More frequently, interventions aimed at stopping corrosion or reducing the corrosion rate in the existing structure are adopted, possibly after strengthening of damaged reinforcement and repair and/or replacement of the damaged concrete. In some cases, especially if the extent of damage is limited or the remaining period of use is short, it may be decided not to intervene in the corrosion process, but to keep the conditions of corrosion and serviceability under control by some form of monitoring. In other cases, an alternative structural system may be provided or the function of the structure may be downgraded, if structural requirements are not fulfilled. The decision on the repair option has to be taken starting from the extent and the cause of damage, its evolution in time, the intended use and importance of the structure and the consequences of degradation for its structural safety and serviceability (Figure 18.1). The cost of the repair methods, the availability and the experience with their use in the place where the structure is located, and the time available for repair also have to be considered. Several questions should be answered during this step, which go far beyond corrosion aspects. Table 18.1 gives an example of the most frequent questions to be considered. Although this chapter only deals with methods aimed at providing protection to the reinforcement, safety aspects must be taken into serious consideration. The risks to health and safety from falling debris or local failure due to loss of material,
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 18 Principles and Methods for Repair Table 18.1
 
 Key factors in the decision of the repair strategy, according to Rilem 124-SRC [1]
 
 Cause and extent of damage What is the extent of depassivation? Has the damage been caused by carbonation, chlorides or by other aggressive factors? Has the damage been caused mainly by an extremely aggressive environment or by bad design, detailing or execution? Has the damage been caused by an unexpected environment or use? What are the dominant transportation mechanisms for the aggressive agents into and within the concrete (e. g. absorption or diffusion)? The consequences of the damage Does the damage influence structural safety or just the appearance of the structure? Does the damage influence the fitness of the structure for its intended use? In cases of damage influencing the structural safety would in the worst instance, a global or a local failure occur? What would be the consequence of a failure? Would the public be at risk from falling debris? The appropriate time for intervention Is immediate action necessary to avoid a sudden failure or to avoid further significant deterioration? Is the rate of damage so low that repair could be postponed or not attempted? Should early, preventive measures be taken to avoid damage in the future? Is it advisable only to change the environment, and to repair the damage at a later stage (e. g. after the structure is in equilibrium under the new environmental conditions), or not to attempt repair after all? The remaining time in use Is the remaining time in use sufficiently short for repair or maintenance not to be attempted? Does the decision on the type of intervention fix the remaining time in use? Economic aspects, i. e. the most cost-effective solution including such aspects as the costs of maintenance. May intervention be deferred to a later stage? Is the structure accessible to the maintenance needed? Are the costs of maintenance acceptable? Practicability of repair work Can the requirements be fulfilled under the given site conditions, e. g. the required surface condition of steel for coating? Are the appropriate techniques and materials available? Is sufficient access possible to all areas needing repair? Is pollution by sandblasting or water jetting acceptable?
 
 and the effects of deterioration upon the mechanical stability of the concrete structure must be assessed. If this analysis leads to the conclusion that the structure has to be considered unsafe, appropriate actions must be specified to make it safe before other protection or repair work is undertaken, taking into account any additional risk that may arise from the repair work itself. Such action may include local protection or repairs, the installation of supports or other temporary works, or partial or even complete demolition [3].
 
 18.2 Basic Repair Principles
 
 18.2
 
 Basic Repair Principles
 
 The corrosion rate of steel can be controlled throughout the residual service life of the structure using several techniques that rely on four different principles, as shown in Figure 18.3. As illustrated in Chapter 7, in order to reduce the corrosion rate it is possible to stop the anodic process or the transport of current within the concrete (electrolytic process). The anodic process can be stopped by restoring passivity on the steel surface, by coating the rebars, or by application of cathodic protection. Alternatively, the electrolytic process can be stopped by reducing the moisture content of concrete. For structures exposed to the atmosphere, there are no reliable techniques that can stop the cathodic process; this would only be possible if the structures could be kept permanently and constantly saturated with water. In the past, attempts have been made to stop the cathodic process, by applying a coating to the concrete surface aimed at excluding oxygen access. In many cases, this approach has failed. Failure is caused by the fact that even the densest coating allows some oxygen transport; the oxygen already present in the concrete may be sufficient to sustain corrosion and new cracks to be formed, allowing more oxygen to enter. Furthermore, in general it is not possible to apply a coating to the whole surface (i. e. on all sides) of a concrete element or structure. Consequently, there is always a path for access of oxygen. The principle adopted to control corrosion has to be clearly defined in the design phase of the repair work. Similarly, a specific repair method suitable to achieve
 
 Figure 18.3
 
 Principles of repair to stop corrosion of reinforcement, according to Rilem 124-SRC [1]
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 such principles has to be found. Several methods of repair have been developed since the 1970s. Some of them have been used successfully in many countries; others have only local traditions; some are still in the experimental stage; others have been through the experimental phase and demonstrated their usefulness on many real structures but cannot be considered routine because their longterm behaviour is not yet known. The next sections summarise the most common repair methods for carbonated or chloride-contaminated structures, and outline the minimum requirements necessary to satisfy the repair principle they are based on. Normally only one method should be adopted and all the conditions that are necessary for it to be effective must be fulfilled. In principle, more than one method can also be used simultaneously. Nevertheless, it should be clear that all the requirements of at least one method must be carefully observed (Rilem 124-SRC calls this the “main method”). Additional methods must not interfere negatively with the main method and cannot, in any case, be used as an alibi for avoiding the fulfilment of requirements of the main method. In fact, any combination of different methods cannot be sufficient to guarantee reliable protection of the reinforcement if none of the methods has been applied properly.
 
 18.3
 
 Repair Methods for Carbonated Structures
 
 Figure 18.4 shows the methods used for repair of carbonated structures, which are based on repassivation of steel, limitation of moisture content of concrete and coating of the reinforcement. 18.3.1
 
 Repassivation
 
 Methods based on the principle of repassivation of rebars must insure that the reinforcement becomes passive and further depassivation is prevented during the remaining service life of the structure. For structures suffering carbonation-induced corrosion, this means that alkaline conditions have to be restored around the steel rebars. Therefore, the reinforcement will be protected even if the moisture content of the concrete should be high. Conventional repair. The most utilised method consists in the removal of carbonated concrete and its replacement with alkaline mortar or concrete. This method is convenient when the corrosion attack is limited to zones of small extent (for example when the thickness of the concrete cover is reduced locally). In that case it is usually called patch repair. Conversely, it may be rather expensive when repair is required on large surfaces. In fact, concrete must be removed in all the zones where carbonation and subsequent corrosion of steel are expected to damage the structure within the design life of the repair. Even structurally sound concrete must be removed where the corrosion rate of the embedded steel is expected to
 
 18.3 Repair Methods for Carbonated Structures
 
 Summary of widely used methods for the repair of structures affected by carbonation-induced corrosion (modified from [1])
 
 Figure 18.4
 
 be high enough to produce unacceptable cracking of concrete within this period. Furthermore, concrete removal may be required also in zones where carbonation has not reached the reinforcement yet, if carbonation down to the steel and subsequent corrosion damage to the structure are to be expected. After concrete has been removed, loose rust has to be removed from the surface of the rebars and a new alkaline material is applied. The properties of the alkaline material and the thickness of the new cover have to be sufficient to guarantee the design life of the repair (Chapter 19). A coating may be applied on the repaired surface and the non-repaired surface to increase the resistance to penetration of carbonation (Chapter 14). The beneficial effect of this coating can be considered both in the evaluation of the quantity of concrete to be removed and in the zones where the new material has been applied (e. g. if the cover thickness itself is not sufficient to prevent damage of the structure in the design life). It should, however, be taken into consideration that the effectiveness of coatings is limited in time and a strategy for their maintenance is required.
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 When the extent of carbonation is large, it may be necessary to remove a large amount of mechanically sound concrete. In order to avoid this expensive and undesirable operation, other methods have been developed that are aimed to realkalize the original concrete. An additional benefit of this method is that the thickness and/or density of the concrete cover is increased. This is beneficial in that it reduces wetting/drying effects at the steel. Repassivation with alkaline concrete or mortar. This method is based on the application of a sufficiently thick (i 20 mm) cement-based layer of concrete or mortar over the surface of carbonated concrete. Only cracked or delaminated concrete has to be removed, while mechanically sound concrete, even if it is carbonated up to the reinforcement and thus in contact with corroding steel, will not be removed. The method relies on the diffusion of hydroxyl ions (OH–) from the new external alkaline layer towards the carbonated concrete substrate. In wet environments or in the presence of wetting-drying cycles (i. e. the worst conditions for corrosion), this can lead to realkalization of the carbonated concrete in time and thus to repassivation of the reinforcement. This method is mainly applied in Germany and has proved to be effective in repassivating the reinforcement, usually within a few months, if the carbonation depth is not high [5]. This method should not be used if carbonation has penetrated behind the reinforcement more than 20 mm. The beneficial effects of this type of repair are durable if the external layer offers an effective barrier to penetration of carbon dioxide. The thickness and permeability of this layer must therefore be sufficient to prevent its carbonation during the complete design life of the repair. In fact, the original concrete underlying this layer cannot be counted on to resist carbonation. Electrochemical realkalization. This method is based on the application of direct current from a temporary anode placed on the surface of the concrete to the reinforcement. The treatment lasts several days to a few weeks. The realkalization of concrete takes place both from the surface of the concrete (due to the ingress of the alkaline solution used as anolyte) and from the surface of the steel (due to the cathodic process that takes place at the steel surface). This technique is described in Section 20.4.2. Cathodic protection. The technique of cathodic protection, which is usually applied for chloride-induced corrosion, has also been applied to carbonated structures in the presence of small amounts of chlorides. It requires the permanent application of a small direct current to the steel and it can lead to repassivation of the reinforcement because of the realkalization of the concrete around the steel [6]. This technique is described in Section 20.3.
 
 18.3 Repair Methods for Carbonated Structures
 
 18.3.2
 
 Reduction of the Moisture Content of the Concrete
 
 In Chapter 5 it was shown that, at least in the absence of chloride contamination, the corrosion rate of steel in carbonated concrete is negligible when the concrete is dry (for instance when it is exposed to environments with relative humidity lower than 70 %, Figure 5.9). In many exposure conditions where the concrete is dry, even if carbonation has reached the reinforcement, the corrosion rate is very low. This occurs for instance inside buildings where, in the absence of specific causes of wetting (such as capillary suction from the soil or condensation in bathrooms), the corrosion rate is usually low enough to permit a significant service life without any repair. In environments with higher humidity or in the presence of wetting–drying cycles in the concrete, the application of a surface treatment that avoids absorption of water from the environment (Chapter 14) may lead to a reduction in the moisture content of the concrete and thus in the corrosion rate of the reinforcement. This is usually achieved through hydrophobic treatment, impermeable coatings or cladding systems. Unexpected humidity that may enter the concrete, e. g. through capillary suction, should be prevented. The efficiency of the treatment must be monitored by visual observation of the condition of the surface coating, by measuring the internal relative humidity of concrete, or with electrochemical measurements (Chapter 16) that measure the resistivity of concrete or the corrosion conditions of the embedded steel. The effectiveness will decrease in time and, when necessary, the coating must be maintained or even replaced. This method should not be used if the carbonated concrete is also contaminated by chlorides, since the corrosion rate may be high even if the moisture content of concrete is relatively low (Section 5.3.1). Concrete surface coatings may also be used to restrict penetration of carbonation or chlorides in zones where corrosion has not yet initiated (Chapter 14). 18.3.3
 
 Coating of the Reinforcement
 
 The anodic process can be stopped by applying a coating to the reinforcement that acts as a physical barrier between the steel and the repair mortar. For this purpose only organic coatings, preferably epoxy based, should be used. Protection is entirely based on the barrier between the reinforcement and the mortar, and passivation of steel cannot be achieved because contact with alkaline repair material is prevented. This method should be used to protect depassivated areas of the reinforcement only as a last resort, i. e. when other techniques are not applicable and only for small specific applications [1, 4]. It may be used, for instance, when the thickness of the concrete cover is very low and it is impossible to increase it to the proper level, so that the repair material cannot provide durable protection to the embedded steel.
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 Concrete must be removed from all areas that are damaged or are expected to be damaged within the design life of the repair. In order to reduce the amount of concrete that must be removed, a coating may be applied on the concrete surface so that penetration of carbonation may be kept under control after the intervention. The surface of the steel to be coated must be very carefully cleaned from corrosion products, bringing the metal close to bright finishing (SA 21⁄2) by grit blasting. Recent information suggests that such coatings operate by increasing the electrical resistance between the steel and the concrete; both epoxy and polymer-cementbased materials seem to have this effect, reducing local corrosion current exchange [9].
 
 18.4
 
 Repair Methods for Chloride-contaminated Structures
 
 Stopping or reducing the corrosion rate in reinforced-concrete structures damaged by chloride-induced corrosion is more difficult than in carbonated concrete. For instance, distinguishing between “aggressive” and “protective” concrete, i. e. concrete containing chloride above and below the threshold, is difficult, since the chloride threshold depends on the concrete composition and the exposure conditions (Chapter 6). The most frequently used methods for repair of chloride-contaminated structures are shown in Figure 18.5. When the chloride level is high, conventional repair methods usually do not give a durable result. In these cases, it is necessary to consider other methods such as cathodic protection or electrochemical chloride removal. 18.4.1
 
 Repassivation
 
 In chloride-contaminated structures, repassivation of steel can be achieved by replacing the contaminated concrete with chloride-free material (conventional repair), by removing chlorides from the concrete or by means of cathodic protection (Chapter 20). Repassivation with alkaline mortar or concrete. Repassivation of steel can be obtained by replacing the chloride-contaminated concrete with chloride-free and alkaline mortar or concrete. Because of the mechanism of chloride-induced corrosion, it is not sufficient to repair the concrete in the area where the reinforcement is depassivated. The concrete must be removed in all areas where the chloride threshold has reached the depth of the reinforcement or is expected to reach it during the design life of the repair. In fact, the concrete that surrounds the zones of corrosion usually has a chloride content higher than the chloride threshold, even though the steel remains passive because it is protected by the corroding site. In fact, a macrocell forms (Figure 18.6a) that provides cathodic polarization to adjacent steel and
 
 18.4 Repair Methods for Chloride-contaminated Structures
 
 Summary of most widely used methods for the repair of structures affected by chloride-induced corrosion (modified from [1])
 
 Figure 18.5
 
 thus prevents the initiation of corrosion (Section 7.3). If only concrete near the corroded reinforcement is replaced, the attack may start in the areas near to those repaired because they no longer benefit from the cathodic polarization and, moreover, pitting corrosion may even be stimulated by anodic polarization from the repassivated steel in the repaired zone (Figure 18.6b). Sometimes electrically insulating coatings are applied to the steel surface in the repaired area, but this does not solve the problem, as shown in Figure 18.6c. Recently, the use of sacrificial anodes embedded in the repair patches has been proposed as a means of preventing corrosion of the reinforcing bars surrounding the repair [7]. A special anode consisting of zinc encased in a high alkalinity mortar saturated with lithium hydroxide was developed to provide continuing protection to the surrounding bars even when a chloride content higher than the critical threshold is left in the original concrete (Figure 18.6d); this is a sort of localised cathodic prevention (Chapter 20). Besides removing all chloride-contaminated concrete, the surface of the reinforcement must be carefully cleaned to remove all chloride-contaminated rust around it, including that inside the corrosion pits.
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 For the replacement of the original concrete, an alkaline material with high resistance to chloride penetration should be applied with a sufficient cover thickness to prevent corrosion initiation during the design life of the repair (Chapter 19). Effects of possible diffusion of chlorides into the repair mortar from the concrete substrate should also be considered. A chloride resistant coating or mortar layer can also be applied on the concrete surface to limit further chloride penetration (Chapter 14). Electrochemical chloride removal. This method is based on the application of direct current to the reinforcement from a temporary anode placed on the surface of the concrete. The treatment may last up to several months. Chloride ions are removed from the concrete since they migrate towards the surface of concrete due to the applied current. This technique is described in Section 20.4.1. 18.4.2
 
 Cathodic Protection
 
 This technique requires the permanent application of a small direct current to protect the steel. It can also lead to repassivation of the reinforcement if it lowers the steel potential below the repassivation potential (Section 7.3). Provided it is applied properly, cathodic protection is able to stop corrosion for any level of chloride con-
 
 Schematic representation of the consequences of local repair on a structure contaminated by chlorides. Arrows indicate the flow of positive current due to corrosion or sacrificial protection
 
 Figure 18.6
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 tamination of concrete or exposure condition of the structure. This technique is described in Section 20.3. 18.4.3
 
 Other Methods
 
 Because of the high penetration rate of pitting corrosion and the uncertainty due to structural consequences of localized attack, the methods aimed at repassivation of steel should be preferred for chloride-contaminated structures. Only if the chloride content in concrete is low and the penetration of chloride is limited in extent, can other repair techniques be taken into consideration. Hydrophobic treatment. In principle, reduction in the moisture content of concrete can also reduce the corrosion rate in chloride-contaminated concrete, and thus hydrophobic treatment may be used to control the corrosion rate. Nevertheless, there is insufficient knowledge about the critical moisture content in the case of chloride-induced corrosion. The greater the content of chlorides and their hygroscopicity, the lower the moisture content must be. The literature is conflicting; in some cases hydrophobic treatments seem to slow down chlorideinduced corrosion, in other cases they clearly do not [8]. However, since no precise data are available in this instance, an evaluation must be made of the advisability of applying hydrophobic treatments and impermeable coatings that prevent concrete from coming into direct contact with water (but allow aqueous vapour to pass so that the concrete will dry out), on a case-by-case basis. Coating of the reinforcement. Protection of steel by means of an organic coating creating a barrier between the reinforcement and the repair mortar is very difficult in chloride-contaminated concrete (it should be considered only when it is not possible to apply any other repair technique [1]). It is essential to remove concrete around reinforcement that is corroding or will presumably corrode during the design life of repair. Also, removal of chlorides from pits is necessary. To reduce the amount of concrete that must be removed, this technique usually necessitates the use of a surface coating so that after the intervention, chloride penetration remains under control. In order to insure adhesion to the reinforcement, the surface to be treated must be carefully prepared, with SA 21⁄2 grade grit blasting. In practice, this operation may be quite difficult to perform. Particularly crucial are the back sides of the reinforcement, corners, overlapping parts, etc. Therefore, before proceeding with repair based on coating the reinforcement, it is necessary to make sure that sufficient cleaning of reinforcement has been achieved. Migrating inhibitors. Substances have been recently developed that, once applied on the concrete surface, are expected to migrate through the concrete cover and reach the steel surface where they can act as corrosion inhibitors. The properties and the effectiveness of migrating inhibitors are discussed in Chapter 13.
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 19 Conventional Repair The term conventional repair is used in this book to indicate a repair work made on a damaged reinforced concrete structure, which is aimed at restoring protection to the reinforcement by means of replacement of non-protective concrete with a suitable cementitious material. The durability of the repair work is due to the achievement and maintenance of passivity on the reinforcement by the contact with the protective repair material. The repair work can be divided in the following steps: a) assessment of the condition of the structure; b) removal of concrete in well-defined parts of the structure and for specific depths; c) cleaning of the exposed rebars; d) application of a suitable repair material to provide an adequate cover to the reinforcement [1–6]. Each of these steps must be carried out properly in order to guarantee the effectiveness of the whole repair work. Additional protection measures can be used to increase the durability of the repair, but they must not interfere with the protection provided by the alkalinity of the repair material. Strengthening may also be required to restore the structural safety of the structure. This chapter illustrates the procedure that should be followed in the design of the conventional repair to guarantee that it is effective in the aims of providing protection to the structure and preventing further corrosion damage during the remaining service life.
 
 19.1
 
 Assessment of the Condition of the Structure
 
 As illustrated in Chapter 18, even before making a decision on the use of conventional repair, the causes of deterioration and the condition of the structure have to be clearly assessed (otherwise, any repair work should only be considered a waste of time and money). If carbonation or chloride contamination is the cause of degradation and the decision of using conventional repair has been made, a more detailed analysis is required. A survey of the structure has to be carried out with the aim of identifying the extent of the areas where concrete has to be removed and the depth that should be removed. A clearly described working plan of the repair should be made. Corrosion of Steel in Concrete. Luca Bertolini, Bernhard Elsener, Pietro Pedeferri, Rob P. Polder Copyright c 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim ISBN: 3-527-30800-8
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 A sufficient number of tests should be carried out in order to evaluate the depth of carbonation and/or the chloride profiles (Chapter 16) in different parts of the structure where the conditions of exposure or the properties of the concrete may have led to different penetration. The actual thickness of the concrete cover should also be detected throughout the structure, taking into account its variability due to lack of quality control during the construction phase (often for structures built in the past, significant differences can be found in different parts). The designer should be aware that protection can only be guaranteed if all of the non-protective concrete in contact with the rebars is removed. On the other hand, it is in general desirable to limit as much as possible concrete removal since it is a slow, costly, noisy, and dusty operation. The actual number of analyses required to outline the condition of the structure can only be judged on the basis of experience, depending on many factors related to the specific structure (dimensions, importance, possible risks related to safety, etc.). Although a smaller number of analyses may reduce the cost of the assessment, it may also lead to underestimation or overestimation of the quantity of concrete to be removed and thus to risks of failure of the repair or to much higher costs for concrete removal. Even if the principal cause of corrosion is carbonation or chloride penetration, construction defects (voids, honeycombs, early cracks, etc.) or other processes of deterioration (sulfate, freeze-thaw, dynamic loading, etc.) can contribute to the damage of the structure. These should be detected in order to take appropriate measures in the repair work. Furthermore, the condition of the structure with regard to stability must be investigated in order to define if strengthening is required.
 
 19.2
 
 Removal of Concrete 19.2.1
 
 Definition of Concrete to be Removed
 
 To provide protection to the reinforcement after the repair work, concrete has to be removed not only in all zones where it is weak, cracked or damaged. Removal of structurally sound concrete is also often necessary if carbonation or chloride contamination is expected to damage the structure (Section 18.3.1). Unfortunately this requirement is often not taken into serious consideration in many repair specifications. It is therefore useful to go into details and give some examples. A single bar will be initially considered to illustrate the procedure to be followed for carbonation or chloride-induced corrosion. Variability throughout the structure will be discussed afterwards. The proposed thickness of removal in the following examples is only intended to satisfy requirements relating to corrosion protection. If other requirements are necessary, e. g. to repair construction defects or mechanical damages, this should be considered as a minimum value. It should be emphasised that the consequences of concrete removal on the structural performance and the stability of the structure, even during the repair work, should be carefully evaluated.
 
 19.2 Removal of Concrete
 
 Carbonation-induced corrosion. If carbonation has been identified as the cause of corrosion of steel reinforcement and other deterioration processes can be neglected, the evaluation of the depth of concrete to be removed can be carried out as shown in Figure 19.1. The present condition of the structure has to be expressed by means of: the thickness of the concrete cover (x): this is usually evaluated on the most external reinforcement (e. g. stirrups), the carbonation depth do, the possible presence of small amounts of chlorides (both mixed-in or penetrated from the environment) that, even though they cannot cause pitting corrosion, may increase the corrosion rate of steel once the concrete is carbonated (Figure 5.8). x
 
 x x
 
 Three cases can then occur: a) the depth of carbonation is lower than the concrete cover, b) the carbonation depth is higher than the concrete cover, but corrosion has not yet cracked the concrete cover, c) carbonation has reached and passed the reinforcement and corrosion has damaged the concrete cover. In the third case, which is not shown in Figure 19.1, it is obvious that concrete has to be removed beyond the reinforcement. In the first two cases, a further analysis is required in order to evaluate the future evolution of corrosion within the intended service life of the repair and to assess the expected condition of the structure at the end of this period (i. e. at time tf equal to the time of repair to plus the intended life of repair) following the hypothesis that no repair work is made. In fact, since for carbonation-induced corrosion the propagation period may be long, e. g. if the concrete is dry, to estimate the condition of the structure at time tf, both the initiation time (ti) and the propagation time (tp) have to be considered according to Tuutti’s model (Figure 4.1). This means that both penetration of carbon dioxide and subsequent corrosion of steel have to be considered. Concrete should be removed only if damage is expected before time tf, namely if tf i ti ‡ tp, as shown in Figure 19.1. To evaluate the penetration of carbonation, the square-root model can be considered (Section 5.2.1). In most cases it is reasonable to assume that the conditions of exposure of the structure will not change in time and thus the carbonation coefficient K can be calculated from the present carbonation depth: K = do/(to)1/2. It is therefore possible to describe the carbonation depth in time as: d = K p (t)1/2 and thus to evaluate the time for initiation of corrosion: ti = (K/x)2. If this time is higher than tf carbonation is not expected to reach the reinforcement within the required residual life of the structure, and thus neither concrete removal nor repair is required. When ti I tf carbonation is expected to reach the reinforcement and thus consequences of corrosion after time ti should be considered. The time of propagation can be estimated as the time required to obtain a maximum penetration for corrosion attack that is expected to crack the concrete (often a Pmax value of 100 mm is considered, Section 11.5.1). Estimation of the corrosion rate is thus required. The most critical factors are the humidity of concrete and its possible chloride con-
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 Figure 19.1 Definition of the depth of concrete removal for structures subjected to carbonation-induced corrosion as a function of the present condition of the structure (time to) and the estimated evolution of the damage at the time tf when use of the structure is expected to
 
 finish (or new repair is planned). ti and tp are the duration of the periods of initiation and propagation of corrosion, x is the thickness of the concrete cover, dt is the depth of carbonation at time t
 
 tamination (Section 5.2). A surface treatment (Chapter 14) may be considered to slow down the rate of corrosion and further carbonation. If the concrete is already carbonated up to the reinforcement at time to (case b), electrochemical measurement (mapping) of steel potential, concrete resistivity and polarization resistance may help in evaluating the moisture conditions of the concrete and the corrosion rate of the steel (Chapter 16). Chloride-induced corrosion. If chlorides have been identified as the cause of corrosion of reinforcement and other deterioration processes can be neglected (including carbonation), the evaluation of the depth of concrete to be removed can be carried out as shown in Figure 19.2. The present condition of the structure has to be expressed by means of: x x x
 
 the thickness of the concrete cover (x), the chloride profile measured in the concrete cover, the chloride threshold for corrosion initiation (Cth).
 
 19.2 Removal of Concrete
 
 While the thickness of the concrete cover and the chloride profile can be measured, the chloride threshold can only be estimated. This is a critical point for successful repair of chloride-contaminated structures. Because of the many influencing factors (Section 6.2.1) the evaluation of the chloride threshold is often rather difficult, especially if the actual concrete composition of concrete is not known. From a safe point of view a value of 0.4 % may be usually considered, but even lower values may be possible for certain concretes and exposure conditions (Chapter 6). In general for chloride-induced corrosion the propagation period is neglected since consequences of corrosion are difficult to assess because of the local and penetrating nature of pitting corrosion and the usually high corrosion rate. Two cases can therefore be considered (Figure 19.2): a) the chloride threshold (Cth) is found at depth do lower than the concrete cover thickness (x); b) the chloride content at the depth of the reinforcement is higher than the chloride threshold. In the second case corrosion has already initiated and thus concrete has to be removed beyond the reinforcement. It is important to remember that concrete has to be removed everywhere the chloride threshold has been reached at the steel surface, even if corrosion has not initiated (Section 18.4.1). In case a, future penetration of chlorides has to be evaluated in order to assess if the chloride threshold will be reached at the surface of the reinforcement before time tf. If this is expected, the concrete with a chloride content higher than the critical value has to be removed (and replaced with a chloride-free material that prevents further penetration of chloride). Equation (1), Chapter 6, may be used to evaluate the future penetration of chlorides. By fitting the present chloride profile, the surface content Cs and the apparent diffusion coefficient Dapp may be calculated at time to. Since these parameters are evaluated on the actual structure and usually after a long time of service, it is often reasonable to assume that they will not change significantly in the future (unless the conditions of exposure of the structure will change). Equation (1), Chapter 6, can then be used to plot the expected chloride profile at time tf. Variability. The examples of Figures 19.1 and 19.2 summarise the process of evaluation of the depth of concrete removal when a single rebar is considered and measurement of carbonation, chloride and cover thickness are available locally. In a real structure carbonation and chloride penetration may vary due to spatial variation of exposure conditions (microclimate) and of concrete properties (e. g. cracking or bad compaction), etc. The cover depth may also be very variable. Since an accurate analysis covering the complete structure is not generally possible, the evaluation should be carried out on parts of the structure that may be supposed to be homogeneous with regard to both concrete composition and exposure conditions, for example as established by visual inspection. An adequate amount of sampling should then be carried out within each “homogeneous” area to assess the variability of the different parameters and thus define the depth of concrete removal. In principle, a statistical approach would be possible where all factors are described in terms of probability distributions and a depth of concrete removal is calculated that can guarantee a given probability of success
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 Figure 19.2 Definition of the depth of concrete removal for structures subjected to chloride-induced corrosion as a function of the present condition of the structure (time to) and the estimated evolution of the chloride penetration damage at the time tf when use of the structure is expected to finish (or new repair is planned).
 
 ti and tp are the duration of the periods of initiation and propagation of corrosion, x is the thickness of the concrete cover, Cs is the surface chloride content, Cth ˆ chloride threshold value, dt is the depth at which the chloride threshold is reached at time t
 
 of the repair. Nevertheless this is in practice difficult to do, especially because the number of analyses of carbonation depth or chloride penetration that can be carried out is often limited and data are usually insufficient for a statistical approach. A statistical model for evaluating future carbonation has been proposed by Mattila [10]. An experienced and skilled engineer, however, should be able to determine the depth of removal on the basis of in situ observations and of a limited number of representative analyses. The accuracy of the estimation should also be adapted to the importance of the structure, the risks connected with failure of the repair and the required residual service life. Further tests can also be prescribed during the repair work to verify the preliminary assessment, e. g. in the case of carbonation the actual depth of penetration can be easily verified by phenolphthalein tests on the freshly broken concrete.
 
 19.2 Removal of Concrete
 
 19.2.2
 
 Techniques for Concrete Removal
 
 Many techniques are used to remove concrete in repair works, which vary from mild surface removal to destructive methods such as blasting techniques [2, 4, 6]. When conventional repair is used, however, only some methods are suitable to achieve the following requirements: x
 
 x
 
 x x
 
 concrete removal should be selective, i. e. limited to the designated area and depth, damage of the original concrete that is intended to remain in place should be minimized to maintain the structural integrity and guarantee sufficient bond for the repair material, the reinforcement should not be damaged; the surface of concrete left in place should be rough and clean (otherwise further treatment is required).
 
 Removal of concrete is easy where it is cracked or weak, while it may be difficult where it is mechanically sound, especially if it should also be removed beyond the reinforcing bars. The choice of the most suitable technique depends on the depth of concrete that should be removed. If only surface removal is required (i. e. only a thin surface layer has to be removed), milling methods (such as a scarifier) or abrading methods (such as sandblasting) can be used. When concrete removal has to extend to the concrete cover or even beyond the reinforcement, it is required to operate between and around the reinforcing bars without damaging the bars, cracking the concrete substrate or compromising the bond between concrete and the reinforcement in zones where concrete will not be removed. This task is usually performed with the use of pneumatic breakers, or with high-pressure water jetting (hydrodemolition) [6]. The first method is the most common. The rate of concrete removal depends on the size of the breaker and the skill of the operator. Massive breakers may proceed quicker, but it is difficult to control the microcracking they produce on the surface of the residual concrete and thus the result is more influenced by the quality of the workmanship. Hydrodemolition consists in the application of a water jet with very high pressure (70–240 MPa) that destroys the cement matrix of concrete and liberates aggregate particles. Aggregates are not broken and the final surface is irregular and thus suitable for application of the repair mortar (after removal of residual coarse aggregate particles and of the slurry produced by hydrodemolition). Hydrodemolition is usually convenient when concrete has to be removed on large surfaces and for high depths. The equipment required to generate and control the high-pressure water jet is complex and expensive. Nevertheless, the productivity may be very high and the system may be programmed in order to remove the required depth. Furthermore, this method allows to preserve and clean the steel reinforcement and to minimize damage to concrete remaining in place.
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 19.2.3
 
 Surface Preparation
 
 The surface of the concrete substrate has to be prepared to provide sufficient bond of the repair material. Factors that may affect the bond are the strength and integrity of the substrate, the cleanliness of the surface, and the roughness. The surface should be rough and dust or incoherent residues should be removed (for instance by sandblasting or waterblasting). This operation is usually not necessary if hydrodemolition has been used. If the cementitious repair material is applied directly on the surface of the concrete, the surface should be saturated by water in order to avoid absorption of water from the substrate and subsequent plastic shrinkage and incomplete hydration of the repair material, which will result in loss of bond. Bonding agents may also be applied in some cases on the concrete surface in order to enhance adhesion of the repair mortar. These may be cementitious systems (cement paste or fine mortars), polymer latex or epoxy systems [4]. Epoxy systems should be used carefully since they create a moisture barrier between the substrate and the repair material, which can result in failure of the repair if moisture is trapped in the concrete.
 
 19.3
 
 Preparation of Reinforcement
 
 The surface of the reinforcement that has been exposed by concrete removal should be cleaned by sandblasting or mechanical methods. Loose rust or mortar that could compromise bonding with the repair material should be removed without damaging the steel bars. If the concrete, and thus also the corrosion products, are free of chlorides the removal of adherent rust spots is not required since small residues of rust will not prevent repassivation when steel is in contact with the alkaline repair material. Conversely, cleaning of the reinforcement surface requires special attention when the concrete is contaminated by chlorides. It is not enough to eliminate only the loose rust, as in the case of carbonation. Corrosion products may contain significant amounts of chlorides that will attract moisture (hygroscopicity), causing re-activation of corrosion. Consequently, chloride-containing corrosion products need to be removed completely, including those in hidden parts of the reinforcement or inside pits. Very often this can only be achieved with highpressure waterblasting.
 
 19.4 Application of Repair Material
 
 19.4
 
 Application of Repair Material 19.4.1
 
 Requirements
 
 A repair material suitable to protect the reinforcement during the required design life of the repair should be applied. Many requirements should be considered in order to achieve this goal. Alkalinity and resistance to carbonation and chloride penetration. Since the protection of the reinforcement relies on the long-term contact with alkaline and chloride-free environment, the repair materials should be: x
 
 x x
 
 cement-based mortar or concrete (polymer concrete or mortar, obtained by embedding aggregates in a polymer matrix do not provide alkalinity);1) resistant to carbonation; resistant to chloride penetration (if the structure is subjected to chloride penetration).
 
 The repair material should also be able to resist other types of attack that could occur in the specific environment (sulfate, freeze-thaw, etc.). Cover thickness. The thickness of the cover produced by the repair material should be designed, as in the case of new structures, to be sufficient to protect the reinforcement for the required time. Therefore, it depends on the resistance of the repair material to carbonation and chloride contamination (Section 19.4.3), on the aggressiveness of the environment and on the design life of the repair. Often for geometrical and aesthetic reasons the original thickness of the concrete cover is reconstructed; however, if this is not sufficient to obtain the required durability, it should be increased or additional protection should be used (Section 19.5). Rheology and application procedure. The properties required of the repair material in the fresh state depend on the thickness of the new cover and the procedure used for the application [2, 3]. If the thickness of the cover is high (e. g. higher than 50 mm) formworks may be used and the repair material should have a flowable or pumpable consistency and should be self-compacting, to be able to fill the space inside the form without segregating. When a lower thickness is required or a form cannot be used, the material can be applied by trowelling or can be 1) (Non-alkaline (polymer) mortars have been
 
 used for repairs; however, they do not promote repassivation and they are only based on physical effects. Epoxy mortars applied as patch repairs have in the past been unsuc-
 
 cessful in stopping corrosion, in particular where chloride has caused corrosion, as has been shown in many cases. This type of mortar will not be addressed.)
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 sprayed or pneumatically conveyed at high velocity onto the surface (shotcrete process). In this case the repair material should not be flowable, but once it has been put in place it should not move until it sets, even on vertical surfaces or soffits (i. e. it should have a thixotropic behaviour). Other techniques such as preplaced-aggregate concrete, dry packing or injection grouting, may also be used under particular circumstances [2]. Bond to the substrate and dimensional stability. The repair materials should have a good bond to the concrete substrate. This bond depends on the surface preparation and the use of a bonding agent (Section 19.2.3) but is also influenced by the properties of the repair material and the compaction during its application. Dimensional stability of the mortar with regard to moisture or temperature variations is also important. As far as moisture is concerned, drying shrinkage should be of particular concern. The fresh repair material that is applied on the hardened concrete substrate will experience drying shrinkage due to loss of water present in its pores. This shrinkage is constrained since the repair material is bonded to the original concrete, which has negligible shrinkage, and tensile stresses may generate that tend to crack the repair material. Furthermore, shear stresses are built up at the bonding plane between the repair material and the concrete, which can compromise the adhesion. Therefore the drying shrinkage of the repair material should be as low as possible. Thermal variations also may lead to differential deformation between the repair material and the concrete substrate, especially in large and thick patches. To limit the risk of loss of bond, the thermal expansion coefficients of the two materials should be similar. Mechanical properties. The compressive strength of repair materials is often rather high, even if it is not required for structural reasons, because it is a consequence of the low water/cement ratio required for durability reasons. A low modulus of elasticity is beneficial with regard to the deformations due to moisture or temperature changes; in fact, stresses generated by constrained shrinkage decrease as the modulus decreases and thus the risk of loss of bond is lower. However, if the repair material is intended to sustain stresses parallel to the bond plane, the modulus should match that of the original concrete. If the modulus of the repair material is significantly lower than that of the original concrete, loads will only be partially transferred to the repair material, which will therefore give a small contribution to the strength of the structure. Nevertheless, the contribution to the load-bearing capacity of repairs is generally neglected. 19.4.2
 
 Repair Materials
 
 Although ordinary Portland cement mortars (or concretes) can be used as materials for conventional repair, different types of additions or admixtures may improve their performance [8, 9]. The water/cement ratio is usually low (e. g. 0.4 or even
 
 19.4 Application of Repair Material
 
 lower) to guarantee resistance to carbonation and chloride penetration and high strength. Pozzolanic materials, such as fly ash or silica fume, are often added to improve the durability (Section 1.3.1). Superplasticizing admixtures (Section 12.1.4) may be used to obtain adequate workability, especially when selflevelling properties are required. Addition of fibres may improve the resistance to cracking of the repair mortar and may change the rheological behaviour of the fresh material (usually they reduce the slump, but they may also contribute to obtain thixotropic behaviour). Quick-setting admixtures may also be used. Because of the high cement content, the drying shrinkage of these materials may be rather high and cracking or loss of bond has to be prevented. Shrinkage-compensating mortars can be obtained using expansive-cements or adding expansive agents (e. g. calcium oxide, anhydrous calcium sulfoaluminates, etc.) in a proper amount to ordinary cement [4, 8]. The expansion that takes place in the plastic mortar or after it has hardened is intended to compensate for the expected tensile stresses due to plastic and drying shrinkage and to maintain a tight bond to the substrate. For the shrinkage-compensating mortar to be effective, however, two requisites should be fulfilled. First, the expansion should be constrained so that compressive force can be built up in the repair material; subsequent drying shrinkage will simply relieve the compressive forces. Secondly, wet curing is essential for expansion to take place. Polymer-modified mortars can be obtained by replacing part of the mixing water with a synthetic latex (e. g. styrene butadiene or acrylate) to the mix. Although the binder is still cementitious, and thus alkalinity is guaranteed, the latex may improve the workability, the waterproofness, the carbonation and chloride resistance, the tensile and flexural strength of the repair mortar [8]. It can also reduce the modulus of elasticity, increase the bond to the substrate, reduce the rate of drying out and thus the rate of shrinkage. The selection of cement used in the repair material may also be influenced by other requirements, such as early strength or the necessity to match the colour of the original concrete [2–4]. The definition of mix proportions that can fulfil the different properties required for the repair material may be rather difficult. A wide variety of commercial premixed products of proprietary compositions are available that can suit different requirements. Specifications for the repair mortars should, however, be clear in order to allow the selection of an appropriate material. 19.4.3
 
 Specifications and Tests
 
 Specifications for the selection of the repair material should be based on tests that can be carried out prior to the application. Each test should be suitable to assess the performance of the materials with regard to the specific property that it is intended to evaluate. Several standards cover tests to be used for the evaluation of workability or mechanical properties (compressive, tensile or flexural strength, elastic modulus, adhesion) of the repair material. However, as far as durability performance is
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 concerned, there is a lack of tests. Many types of accelerated tests have been proposed to evaluate the performance of concrete and repair materials to chloride penetration and carbonation but there is no general agreement on them [7]. This is due to the difficulty in reproducing with short-term tests the long-term performance of the material. Parameters obtained from accelerated tests, such as the coefficient of carbonation K, or the apparent diffusion coefficient Dapp can hardly be converted in values to be used in models for service-life prediction. Even the simple comparison of different materials tested in the same condition may be misleading, because if the increased severity of the accelerated test introduces phenomena that do not occur in real conditions, even the ranking of the materials may be different. Recently, CEN has drafted a method for testing chloride ingress in repair mortars [12], which is being tested by various laboratories in a RoundRobin test scheme.
 
 19.5
 
 Additional Protection
 
 Under particular circumstances, the long-term protection given by the repair material may be improved by additional measures that are aimed at prolonging the passivity of the reinforcement. In any case, the main objective of the repair work remains passivation of the reinforcement due to the alkalinity of the repair mortar (otherwise other repair methods illustrated in Chapter 18 should be considered). Corrosion inhibitors. Corrosion inhibitors may in principle improve the protection of the steel reinforcement. Mixed-in inhibitors added to repair mortar may increase the chloride threshold or delay the chloride penetration in the repair material. Migrating inhibitors applied on the surface of the original concrete are intended to reduce or stop corrosion and thus make concrete removal and its replacement unnecessary. The role of inhibitors and their effectiveness are discussed in Chapter 13. It is, however, useful to remember that if a corrosion inhibitor is used, the concentration that is needed in the vicinity of the reinforcement should be specified and suitable means for demonstrating that such conditions are actually achieved and maintained for an adequately long time should be proposed [1]. Surface treatment of concrete. Surface treatment of concrete may be used in association with conventional repair to achieve the required service life of the repair. A specific type of treatment may be used to delay penetration of carbonation or chlorides or to decrease the moisture content (Chapter 14) either in the original concrete or in the repair mortar. The effect of this treatment can be taken into consideration in the evaluation of the residual service life of the structure, both in the repaired and unrepaired zones. This can lead to a reduction in the extent of the areas to be repaired or in the thickness of the repair material.
 
 19.6 Strengthening
 
 Coating of rebars. Proprietary products are often applied on the surface of the rebars, to promote adhesion to the repair mortar and to improve the corrosion resistance (often inhibiting properties are also claimed, “anti-corrosion coatings” [10]). The use of a surface coating on the reinforcement should be carefully evaluated. As far as corrosion of steel reinforcement is concerned they should not be recommended, since the repair mortar is the material intended to protect the reinforcement. Only if it is impossible to provide adequate thickness of repair material cover, so it is locally not possible to provide the required long term protection, may a coating that acts as a physical barrier be useful. In that case, however, it should be clearly understood that the repair principle is locally changed and requirements illustrated in Sections 18.3.3 or 18.4.3 should be fulfilled [10].
 
 19.6
 
 Strengthening
 
 Evaluation of the stability of the structure and interventions in case strengthening is required are outside the scope of this book. Nevertheless, it is useful to recall the main methods of strengthening of the structure that can be applied before, during or after repair work. In fact, although the repair of corrosion damage and strengthening of the structure are different in scope, in the methods and in the competence required, they should be considered together in the design of the rehabilitation work. Strengthening is aimed at restoring the capacity of weakened components or elements to their original design capacity [2]. Supplemental members can be provided for temporary (e. g. during the repair work) or permanent support of the damaged structural members. If concrete that will not be removed and replaced is cracked, cracks must be sealed using cementitous or polymeric grouts. During the repair work, reinforcing bars may be substituted or additional bars may be added where corrosion has led to unacceptable reduction of the cross section (sufficient length of overlap should be provided). The repair material itself may be used to increase the cross section of structural elements and thus the cover thickness may be increased for structural reasons. New reinforcement may also be required in the repaired area to provide anchorage to the substrate, to control cracking or to counteract expansion of shrinkage compensating mortar. If concrete removal is not required or supplementary reinforcing bars cannot be used, external reinforcement can be applied. For instance, steel bars may be encased in a shotcrete layer or steel plates may be bonded onto the concrete surface. Recently, the use of steel plates has been substituted by fibre-reinforced plastics (F. R.P.), that are composite materials with glass, aramide or carbon fibres embedded in a polymeric matrix (usually an epoxy system). F. R.P. are available in the form of laminates or sheets that are bonded to the concrete surface using an epoxy adhesive [11]. They are typically used to improve the flexural and shear strength or to provide confinement to concrete subjected to compression. The
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 low weight of these composite materials and the high design flexibility make this rather recent technology quite attractive, although experience on its performance is limited. The durability of the complex system consisting of the combination of composite, adhesive and reinforced concrete has yet to be studied. Effects of temperature and moisture, including their cycles, on the long-term performance of the structural adhesive should be clarified, in relation to the exposure condition of the structure.
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 20 Electrochemical Techniques Electrochemical techniques applied for controlling corrosion of steel in concrete are: cathodic protection, cathodic prevention, electrochemical chloride removal and electrochemical realkalization. Cathodic protection (CP) is applied to structures already affected by corrosion, mainly induced by chlorides; the steel is subjected to cathodic polarization, i. e. its potential is brought to values more negative than the free corrosion value, so that the corrosion rate is reduced. Corrosion can actually be stopped if a potential more negative than the value of repassivation (Epro, Figure 7.9) is reached. Cathodic prevention (CPre) is applied to new structures that will presumably be contaminated by chlorides; the passive reinforcement is cathodically polarized with the aim of increasing the critical chloride content necessary to initiate pitting attack in such a way that it will not be reached within the service life of the structure. Electrochemical realkalization (RE) and electrochemical chloride removal (CE) can be applied to structures in which corrosion has not or has already initiated. They are techniques aimed at modifying the composition of concrete that is carbonated or contains chlorides, in order to restore its original protective characteristics. Due to increasing field experience, the confidence in the electrochemical techniques is growing. They share one advantage: only detached concrete needs to be removed and repaired. As the electrochemical treatment takes over the protection of the steel, there is no need to remove carbonated or chloride contaminated but mechanically sound concrete. Both the beneficial effects on the steel as well as those modifying the protective properties of the concrete are obtained by forcing a direct current to circulate between an anode, placed on the external surface of the structure, and the reinforcement (Figure 20.1). The current density imposed varies from 1–2 mA/m2 for cathodic prevention, to 5–20 mA/m2 for cathodic protection, up to 1000–2000 mA/m2 for electrochemical realkalization and chloride removal. Once applied, cathodic protection and cathodic prevention must operate for the remaining service life of the structure. Consequently, the design should take into account the durability of the installation, that is, its ability to provide sufficient protection current for a long period. Normally, the quality of protection offered by CP and CPre is checked regularly using electrical measurements. Corrosion of Steel in Concrete. Luca Bertolini, Bernhard Elsener, Pietro Pedeferri, Rob P. Polder Copyright c 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim ISBN: 3-527-30800-8
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 Figure 20.1
 
 Schematic representation of application of electrochemical techniques
 
 On the other hand, electrochemical realkalization and chloride removal need only be applied for a limited period of time (of the order of a few weeks and a few months, respectively). For these methods, the design of the treatment should take into account that a protected situation is established at the end of the treatment and that this protected situation will last as long as needed. Here the durability of the final situation is the central issue. Monitoring of the protection during further service of the structure is recommended.
 
 20.1
 
 Development of the Techniques 20.1.1
 
 Cathodic Protection
 
 Cathodic protection of reinforced-concrete structures exposed to the atmosphere was applied for the first time to bridge decks contaminated by de-icing salts by R. F. Stratfull in California in 1973 [1, 2].1) In the years following, design and protection criteria were elaborated, as well as power supply and monitoring systems completely different from those used for cathodic protection of buried steel structures or structures operating in seawater. Above all, it was proved that cathodic protection was a reliable repair technique even in the presence of high chloride contents, where traditional systems of rehabilitation are inefficient or very costly. 1) (R. F. Stratfull may be considered the pioneer
 
 of cathodic protection in concrete. In 1956, he was the first to publish laboratory results demonstrating the applicability of this method in a high-resistivity material like concrete.
 
 Practical applications, however, had to wait nearly twenty years: cathodic protection experts were sceptical about such a strange electrolyte.)
 
 20.1 Development of the Techniques
 
 In the 1980s, anodes based on titanium meshes activated with special oxides (especially ruthenium and iridium) or conductive paints were developed. The technique, by now utilised beyond North America, is applied not only to bridge decks, but also to bridge substructures (girders, cross beams, piers), and marine structures, parking garages, industrial, office and residential buildings, etc. In the late 1990s, sacrificial cathodic protection (SCP) of concrete reinforcement has been introduced. In SCP, dissolution of a less noble metal such as zinc or aluminium connected to the reinforcement provides the current instead of an external power source. Up to now several million square metres of concrete have already been treated worldwide with impressed current systems that utilise a variety of anodes. The developments of the techniques have been reviewed in recent years [3–6]. Many papers have reported on case studies and practical experience [7–12]. European and North American Standards are available [13, 14]. Cathodic protection is not generally advisable for prestressed concrete structures, in order to avoid the risk of hydrogen embrittlement in high-strength steel. A few cases exist where reinforcing steel is protected in structures that also contain posttensioning steel [7,8]. This requires special monitoring to prevent damage to the prestressing steel. Cathodic protection also proved to be effective in repassivating steel in carbonated concrete. This type of cathodic protection was called “continuous realkalization”, since the continuous application of low currents leads to protection effects similar to those achieved by the technique of electrochemical realkalization [15]. In general, cathodic protection is not applied to carbonated structures, because other methods of protection (conventional repair) tend to be more economical in most cases. Despite this, the technique has recently been utilised in Italy and in the Netherlands to protect parts of buildings and structures of the 1960s and 1970s that were characterized by carbonated concrete with small quantities of chlorides (added as accelerating admixtures or contaminants of the mixing water at the time of construction, or penetrated from marine atmosphere). CP was chosen here because previous traditional methods of repair had not provided longlasting results. 20.1.2
 
 Cathodic Prevention
 
 Cathodic protection of new reinforced and pre-stressed structures exposed to the atmosphere was applied for the first time in Italy: in 1989 to two highway bridge decks and in the following four years to many other bridges, viaducts and infrastructural works with a total surface of more than 100 000 m2. Pedeferri presented this technique as ‘a method of preventive maintenance of new structures that are expected to become affected by chloride contamination in the future’ [16]. To underline that this type of cathodic protection has aims, operating conditions, throwing power, effects, especially important those regarding hydrogen embrittlement, many engineering and economic aspects connected with design, construction,
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 monitoring and maintenance different than the ones of the usual cathodic protection’, he proposed to name it cathodic prevention [17]. The technique is based on the fact that the chloride threshold increases as the potential of steel decreases. In practice, application of very low current densities (I 2 mA/m2) can bring the potential to values in which steel operates in conditions of “imperfect passivity” so that initiation of pitting is suppressed even if high levels of chlorides, penetrating through the cover concrete, build up at the surface of the steel. A European standard is available [13] and the developments of the techniques have been reviewed in recent years [3–6, 18, 19]. Recently this technique has been proposed in conjunction with conventional patch repair of chloride-contaminated structures in order to avoid the initiation of incipient pitting around the repaired zones, by utilising sacrificial anodes embedded near the periphery of the repair patches [20, 21]. Cathodic prevention is now being used in several countries.1) 20.1.3
 
 Electrochemical Chloride Removal
 
 The possibility to remove chloride ions from concrete by an electrochemical process was first studied in the USA in the 1970s (see [24] for references), using a liquid electrolyte and very high DC voltages (up to 220 V). In Europe, chloride extraction was patented by the Norwegian company Noteby in 1986, using a water-retaining substance, such as paper fibre pulp or retarded shotcrete [25], wetted with calcium hydroxide or tap water and moderate voltages, normally less than 40 V. Since the beginning of the 1990s, research papers were published on this method, see for instance [26]. Presently, there is no standard for electrochemical chloride extraction. A state-of-the-art report was published by the European Federation of Corrosion [24] and technical information was provided from European Commission supported COST Materials Actions, 509 and 521 [27, 28]. Because the original concrete surface is left unchanged after the treatment, CE may be particularly suited for structures with special architectural values such as monuments. 1) (C. L. Page writes [22]: “Although cathodic
 
 prevention is now being used in several countries, some researchers think there is still a need to convince some engineers of its appropriateness as the following statement, reproduced from the most recent edition of a widely used reference book on concrete
 
 would appear to indicate: “Cathodic protections have shown to be effective in some applications, but its use in a new structure is an admission of defeat in that a particular reinforced-concrete structure is manifestly not durable.” [23].)
 
 20.2 Effects of the Circulation of Current
 
 20.1.4
 
 Electrochemical Realkalization
 
 Reinstalling the passivation of steel in carbonated concrete by electrochemical realkalisation with impressed current was introduced by Noteby in the late 1980s [29]. The original system used a surface-mounted steel mesh anode and sprayed paper pulp wetted by sodium carbonate solution as the electrolyte. Later, titanium mesh anodes and liquid electrolytes were introduced. In various countries, particularly in Norway and the UK, hundreds of thousands of square meters have been treated. A variant of this technique was recently developed by Ciment d’Obourg and Freyssinet, wherein the current is obtained from a sacrificial anode [30, 31]. Because after the treatment the original concrete surface is left unchanged, realkalisation may be particularly suited for structures with special architectural values such as monuments. A state-of-the-art document on realkalisation (and chloride extraction) was published by the European Federation of Corrosion [24] and technical information was provided from two European COST Actions [27, 28]. Presently, CEN is working on a European standard for realkalisation of concrete.
 
 20.2
 
 Effects of the Circulation of Current
 
 Circulation of current between the anode and the reinforcement has several consequences. Besides lowering of the steel potential (which was discussed in Section 7.5), chemical reactions on the surface of the reinforcement and ionic migration within the concrete take place. 20.2.1
 
 Beneficial Effects Reactions on the steel surface. Oxygen reduction takes place on the surface of the reinforcement: O2 ‡ 2H2O ‡ 4e– p 4OH– and, if very negative potentials are reached, hydrogen evolution also occurs: 2H2O ‡ 2e– p 2OH– ‡ H2. The two reactions produce hydroxyl ions and thus alkalinity in the concrete closest to the steel surface. Migration. Circulation of current in concrete is produced by migration of ions present in the pore solution: positive ions, Na‡, K‡, move towards the steel, negative ones, OH– and Cl–, in the opposite direction. The flow of each ion is proportional to its transport number and thus to its mobility and concentration (Section 2.5). Circulating current is thus mainly carried by hydroxyl ions, so that most of the alkalinity produced by the cathodic reaction is removed from the reinforcement surface. On the other hand, the fraction of current carried by chlorides is modest
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 Profiles of ionic concentration measured between an anode and a cathode embedded in cement paste after one month of circulating current (average current density 350 mA/m2) obtained by maintaining a potential of the cathode at 850 mV SCE [20]
 
 Figure 20.2
 
 and it decreases with decreasing concentration. High current densities are therefore required to remove large quantities of chlorides from the cathodic region or to completely prevent their ingress into the concrete of new structures. At medium to low current densities typical for cathodic protection, there will nevertheless be a certain reduction in the level of these anions on the cathodic surface. Chemical modifications resulting from the cathodic reaction and from ionic transport produce, respectively, increases in the OH– concentration and decreases in the chloride level in the cathodic region, as illustrated in Figure 20.2. Their amount grows along with current density and time. These chemical modifications are at the basis of chloride removal and concrete realkalization, but are also a decisive factor for the long-term operation of cathodic protection and prevention. 20.2.2
 
 Side Effects
 
 The circulation of current may have undesirable side effects: it may lead to hydrogen embrittlement of high-strength steel, stimulate alkali aggregate reactions, reduce the bond between reinforcement [32] and concrete or lead to acidification in the anodic region. Hydrogen embrittlement. If the imposed current is such that the steel potential becomes more negative than 1000 mV SCE, hydrogen evolution takes place on the surface of the steel and thus high-strength prestressing steel (but not usually reinforcing steel) may be subject to hydrogen embrittlement (Chapter 10) [32]. Tak-
 
 20.2 Effects of the Circulation of Current
 
 ing into account a safety margin of 100 mV, the European Standard limits the polarisation of prestressing steel to –900 mV SCE [13]. Realkalization and electrochemical chloride removal bring the potential to about –1100 mV, so they may lead to critical conditions and thus their application on prestressed structures must be considered carefully. The situation with regard to cathodic protection and prevention is more complex, and will be dealt with later. Alkali-aggregate reaction. The increase in alkalinity produced at the cathode can cause damage if the concrete contains aggregates potentially susceptible to alkali-silica reaction (Section 3.4). In practice, this may happen only for current densities well over 20 mA/m2 [33]. Therefore it may involve electrochemical chloride removal or electrochemical realkalization, which in fact cause large increases in pH [34, 35, 36] at the surfaces of the reinforcement, but not cathodic protection, and much less, cathodic prevention. Loss of bond strength. At very negative potentials, a loss of bond strength between reinforcement and concrete may be observed. There are many uncertainties regarding this phenomenon, but it cannot be excluded that this happens in the long run if the potentials falls below 1100 mV SCE. Therefore, this value may be taken as the lower limit for cathodic protection (even though this is probably a conservative figure). Application of strong negative polarisation due to high current density for relatively short periods is involved in chloride extraction and realkalisation, which will be dealt with in the separate sections concerning these techniques. Anodic acidification. At the anode surface, the anodic process of oxygen evolution takes place: 2H2O p O2 ‡ 4H‡ ‡ 4e–. In the presence of chlorides, even chlorine develops: 2Cl– p Cl2 ‡ 2e–. Such processes may directly or indirectly produce acidity and may thus lead to destruction of the cement paste in contact with the anode [34]. Experience shows that such deterioration is negligible for activated titanium mesh anodes if the anodic current density does not exceed 100 mA/m2 (or values 3–4 times greater for brief periods). Design of the anodes for cathodic prevention and cathodic protection must respect these limits. A few studies have tried to quantify acid formation at the anode. Early work used relatively high current densities for CP [37]. From tests up to one year it was found by spraying colour-pH indicators that acidification occurred, but only over distances of about one millimetre from the anode. The pH was reduced from 13 down to 8 after seven months at current densities of about 100 mA/m2 (anode surface) and down to 4 at densities considerably higher (up to 2 A/m2 anode surface). The amount of acid formed by the anodic process can be calculated by Faraday’s law. The amount of acid observed in these experiments can be estimated. It appears that only about 10 % of the acid theoretically produced actually attacks the cement paste. This is because most of the hydroxyl ions produced at the cathode migrate to the anode and neutralise the acid formed. Later work studied acid production in CP installations in the field and long-term laboratory tests. Samples were studied of conductive coatings that had served as anode material in several CP systems in
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 the field for up to about 9 y [38]. The current densities in these systems were relatively low, about 1 mA/m2 (anode surface), however, the 100 mV depolarisation criterion was systematically met. Cores were taken and thin sections were prepared and studied using light microscopy and scanning electron microscopy (SEM). No significant dissolution due to acid formation could be observed at the coating/ concrete interface. Also when migration of hydroxyl ions from the cathode was taken into account, the amount of dissolution was less than what was calculated from the current flow. It was suggested that another mechanisms mitigates the acid formation near the anode. Further work studied samples from CP and CPre tests in the laboratory using activated titanium mesh anodes [39]. These test involved current densities of about 20 mA/m2 for up to 6 y. Light microscopy and element mapping were used. Again less acid formation was observed than calculated, taking into account hydroxyl ion migration. Various alkaline substances (NaOH, KOH, Ca(OH)2) could be involved in these processes, which are insufficiently understood. Whatever the mechanisms, it appears that acid formation at the anode, at least at moderate current densities, is not critical for the service life of CP systems. Anodic processes may cause premature failure of oxidisable anode materials, however. A CP system based on a carbon-filled polymer cable anode functioned properly until 6 to 8 y of service. Later, it became increasingly difficult to achieve the criterion of 100 mV depolarisation. Detailed examinations after 15 y showed that the carbon had dissolved from the outer layers of the cable and the polymer had become brittle. This caused high-resistance build-up in the circuit and decreasing current density [40]. In another case using the same anode, however, the material itself was found to be in good condition after 12 y. This was probably related to lower operation current densities. In this case, the system required maintenance in that the power sources, the connections and the reference electrodes had failed and needed to be replaced [41]. In the case of realkalization and chloride extraction, acidification is not relevant because the anode is placed outside the structure in an appropriate (alkaline) electrolyte and so any acid formation would only affect the surface of the concrete. 20.2.3
 
 How Various Techniques Work
 
 Electrochemical techniques are applied in order to avoid corrosion: by stopping it, by containing it within reasonable limits or by preventing it. The way to do this, as already stated, is to have a direct current circulate from the concrete to the reinforcement. The mechanism by which the circulation of current leads to avoiding corrosion is different in different techniques, as shown in Figure 20.3. Further details are discussed in the following sections.
 
 20.2 Effects of the Circulation of Current
 
 Figure 20.3
 
 rate [3]
 
 Mechanisms by which different electrochemical techniques control the corrosion
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 20.3
 
 Cathodic Protection and Cathodic Prevention 20.3.1
 
 Cathodic Protection of Steel in Chloride-contaminated Concrete
 
 To achieve cathodic protection of steel reinforcement embedded in chloride-contaminated concrete it is not necessary to establish immunity conditions, that is, lowering the potential below the equilibrium potential Eeq given by Nernst’s law. These immunity conditions are normally required on steel in active condition as on steel structures in soil or immersed in seawater, where potentials more negative than –850 mV vs Cu/CuSO4 or than –950 mV in the presence of sulfate reducing bacteria must be imposed (Figure 20.3a). Conversely, the target of cathodic protection in concrete structures is to reduce the corrosion rate by taking the steel into the passivity range or by reducing the macrocouple activity on its surface, and this can be done with a small reduction in potential and a small current (Figure 20.3b). The conditions for pitting corrosion initiation and those for repassivation of steel in chloride-contaminated concrete were pointed out in Chapter 7. Figure 20.4 summarizes the different domains of potentials and chloride contents where pitting can initiate and propagate. The boundaries between these domains are indicative, since they depend on several factors such as pH and temperature. Domain A (corrosion zone) indicates the conditions that cause initiation and
 
 Evolution paths of potential and chloride content on the rebar surface of an aerial construction during its service life for: cathodic prevention (1–2–3); CP restoring pas-
 
 Figure 20.4
 
 sivity (4–5); CP reducing corrosion rate (4–6). By definition, cathodic prevention is applied before corrosion has initiated, CP after corrosion has initiated [17]
 
 20.3 Cathodic Protection and Cathodic Prevention
 
 stable propagation of pits; domain B (“imperfect” passivity zone) the conditions which do not allow the initiation of new pits but that do allow the propagation of pre-existing ones; domain C (“perfect” passivity zone) the conditions that do not allow either the initiation or the propagation of pits; domain D (immunity and also hydrogen evolution zone) where corrosion cannot take place for thermodynamic reasons and where hydrogen evolution and consequently hydrogen embrittlement of high-strength steel can take place; finally domain E where loss of bond between steel and concrete may occur. The trajectory of the potential of steel reinforcement in a concrete structure exposed to chlorides and then protected by a cathodic protection system is shown in Figure 20.4. The initial condition is represented by point 1 where the chloride content is zero and the steel is passive. By increasing the chloride content, the working point shifts to 4, within the corrosion region. Corrosion of the steel occurs rapidly by pitting or macrocell mechanisms. Applying cathodic protection leads to 5 so that the passivity is restored or to 6 without fully restoring passivity. In all cases the corrosion rate is reduced. Initial current densities in the range of 5–15 mA/m2 of reinforcing steel surface area are generally needed for protecting reinforced concrete structures exposed to the atmosphere. Much lower current densities are required under conditions that reduce the access of oxygen towards the surface of the steel, such as in water-saturated concrete. For elements operating under water, current densities typically in the range 0.2 to 2 mA/m2 are sufficient. The experience on bridge decks shows that, in the cases in which the cathodic protection path runs according to 4–5 of Figure 20.4, the current required to maintain protection conditions (verified by the so-called four-hour 100 mV potential decay empirical criterion1) decreases with time, even after months or years from start up. This happens because the cathodic current can bring about repassivation of steel in active zones. When passivity is established on the entire surface of the steel, the current required to maintain passivity is reduced to a few mA/m2 (e. g. 2– 5 mA/m2). If the CP path runs according to 4–6, the current density to fulfil the protection criterion remains high and does not decrease with the time, since passivity is not obtained. The development of passivity is also favoured by the decrease of the [Cl–]/[OH–] ratio on the steel surface produced by the cathodic reaction (i. e. production of OH–) and by the migration of ionic species inside the concrete (i. e. removal of Cl– from the steel surface). These beneficial effects do not cease immediately if the current is interrupted but can last for months and, under some situations, give rise to the possibility of intermittent application of cathodic protection [42] as well as the application of initial pre-polarization at high currents in order to achieve passivity or a more persistent protection condition. 1) (The “100 mV decay” criterion, used for veri-
 
 fying the protection conditions in reinforcedconcrete structures, is based on the measurement of potential decay after switching off the current. The structure is considered protected
 
 if the difference between the instant-off potential and the potential measured after four hours (or up to 24 h) is higher than 100 mV. This criterion is adopted by NACE [14] and CEN Standards [13].))
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 20.3.2
 
 Cathodic Prevention
 
 Cathodic protection is also applied to non-corroding structures in order to prevent corrosion otherwise expected during the service life. This technique, called “cathodic prevention”, is based on the strong influence of the potential on the critical chloride content (Figure 20.3d). In Figure 20.4 a typical evolution path (1–2–3, in terms of potential and chloride content) is shown for a structure to which cathodic prevention is applied. At usual current densities in the range 1–2 mA/m2, a decrease in potential of at least 100–200 mV is produced leading to an increase in the critical chloride content higher than one order of magnitude. To this concern, Figure 20.5 shows the results of application of cathodic prevention to slabs subjected to ponding with a NaCl solution [43]. After about 700 days, initiation of rebar corrosion was detected in the control slab (in the free corrosion condition) at spots where the chloride content at the steel surface had reached more than about 1 % by mass of cement. From about that point in time, the slab receiving a very low current density of 0.4 mA/m2 showed a similar (instant-off) potential as the control slab and its 4-hour decay values became lower than 100 mV. The slab receiving 0.8 mA/m2 showed lower decays from about
 
 Instant-off potential of non corroding steel cathodically polarized with current densities typical of cathodic prevention and chloride content in the control slab. Specimens exposed to saturated NaCl solution alternating
 
 Figure 20.5
 
 ponding, consisting of wetting for 1 week followed by drying for 2 weeks. Control slab started corroding after about 700 days (S ˆ summer, W ˆ winter) [43, 44]
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 24 months on, but generally still above 100 mV. Its instant-off potential was about 50–100 mV lower than in the control slab. Further work on these slabs including destructive analysis showed that after five years, strong local corrosion occurred in the control slab; limited but significant corrosion had occurred with 0.4 and 0.8 mA/m2 and no corrosion at all with 1.7 mA/m2 or higher [44]. On the basis of these results, the increase of the chloride threshold brought about by cathodic prevention in practical applications is expected to be sufficient to avoid corrosion initiation throughout the entire service life, even where the exposure is very aggressive and the concrete itself is unable to sufficiently resist chloride penetration. 20.3.4
 
 Cathodic Protection in Carbonated Concrete
 
 Figure 20.3c shows the effect of application of cathodic protection on carbonated concrete. The applied cathodic current density, even if it brings about only a small lowering of the steel potential, can produce enough alkalinity to restore the pH to values higher than 12 on the reinforcement surface and thus promote passivation. The effectiveness of cathodic protection in carbonated concrete was studied with specimens with alkaline concrete, carbonated concrete and carbonated concrete with 0.4 % chloride by cement mass that were tested at current densities of 10, 5, and 2 mA/m2 (of steel surface) [45]. Carbonated concrete specimens polarised at 10 mA/m2 showed that, although initially protection was not achieved since the four-hour decay was slightly lower than 100 mV, after about four months of polarization, the protection criterion was fulfilled and higher values, in the range 200–300 mV of the four-hour potential decay were measured (Figure 20.6). The same results were obtained on carbonated and slightly chloride-contaminated concrete. The variations in the pH of concrete around the cathode were monitored by means of two pH sensitive probes (activated titanium wires) placed respectively 1 mm and 3 mm far from the steel surface. During the first 4 months, the potential difference between the two electrodes for all specimens was negligible, showing that the pH was low (carbonated) throughout the concrete. After five months, in the carbonated specimens protected at 10 mA/m2, the potential difference between the two activated titanium electrodes increased significantly and reached a value up to 200 mV, suggesting that the alkalinity produced by the cathodic reaction at the steel surface induced localized realkalization of the concrete in the vicinity of the rebar. For the other specimens (i. e. in carbonated concrete at 2 and 5 mA/m2) realkalisation of concrete and repassivation of steel did not occur even after five years of testing [45]. In the same study, it was found that the application of a start-up current density of 70 mA/m2 for 1 month proved to be an effective way for achieving repassivation of steel in carbonated concrete [46]. The tests showed that, once repassivation is induced, even a current density of 5 mA/m2 is sufficient to guarantee protection.
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 Figure 20.6 Four-hour depolarisation of steel in carbonated concrete, against time and cathodic current density [45]
 
 20.3.5
 
 Throwing Power
 
 High-strength steel utilized in prestressed structures (but not ordinary steel utilized for reinforced concrete) can be subjected to hydrogen embrittlement if its potential is brought to values at which hydrogen evolution can take place (Chapter 10). However, the risk of hydrogen embrittlement of prestressed steels is low, provided the potential is more positive than 900 mV [47]. Cathodic protection applied on corroding steel works mainly in point 5 of Figure 20.4, that is relatively close to the hydrogen evolution zone. Because of this, in order to operate cathodic protection properly, it is necessary to consider the throwing power. The throwing power of cathodic polarisation depends on the corrosion condition of the steel. In cathodic protection, which is applied to corroding reinforcement, a uniform current is difficult to achieve because of the high electrical resistivity of concrete, the generally small distance between anode and reinforcement, the low polarizability of corroding steel and the complex geometry of reinforcement. To achieve a protection condition on inner active mats, higher current densities are required on the top mat, with the risk of overprotection (the accepted thresholds for overprotection are –900 mV vs SCE for high-strength steel and –1100 mV vs SCE for ordinary steel). The highest throwing power is achieved when these potential thresholds are obtained on the first mat. Regarding these thresholds, sufficient protection is obtained (by operating in zone C or in the lower part of zone B of Figure 20.4) for the case of actively corroding steel at about 0.25 m from the first mat for ordinary steel and 0.15 m for high-strength steel [48]. The throwing power is much higher in the case of passive steel, where protection is achieved
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 (by operating in zone B of Figure 20.4) even at a depth of 0.80 m from the first mat for ordinary steel and 0.6 m for high-strength steel [49]. The higher throwing power and the less negative potentials needed allow safe application of cathodic prevention with regard to avoiding the risk of hydrogen embrittlement of prestressing steel [50]. 20.3.6
 
 The Anode System
 
 Titanium activated with oxides of different metals, in particular ruthenium or iridium, used in the form of mesh, wire or strip, is the most reliable and widely used type of anode [51]. It has good mechanical properties and can easily be adapted to the entire surface of the structure in order to obtain a good distribution of current. It is usually coated with an overlay of mortar but can also be embedded directly into the concrete. It can deliver current densities up to 100 mA/m2 over long periods, with short-term maximum levels of even 300–400 mA/m2. Laboratory tests and field experience indicate that the service life can range from 20 to over 100 y (if the quality of concrete and overlay are adequate). A second type of anode is based on a conductive coating with carbon powder in an organic matrix. It has the following advantages: it does not require an overlay, it can easily be applied to structures of any form, and it does not present problems of additional weight to the structure or limitations of dimension; the cost of installation can be lower, down to about half that of activated titanium mesh systems. On the other hand, it cannot deliver current densities above 20 mA/m2 over long periods (and maximum levels of 35 mA/m2) and its service life can reach 10–15 y, but not in humid climates where there may be loss of adhesion and effects of premature deterioration. Anodes of conductive asphalt that have been operating for over 20 y in the protection of bridge slabs in North America must be excluded from many applications due to problems of weight and limitations of dimension, and because they cannot be applied to vertical surfaces or to roofs. However, systems that are operated well (not forgotten) appear to function well after such long periods. New types of anodes (cement overlays with bare or nickel-coated carbon fibres, sprayed titanium coatings, ceramic conducting oxides, etc.) have been used for a few years, but the experience achieved is still inadequate to define their reliability over long periods. Thermally sprayed soluble coatings of zinc or aluminium (or their alloys) are also used. Practical experience exists in the USA, among others, on bridges. Another sacrificial system is based on a zinc foil attached to the concrete surface via an ion-conducting gel adhesive [52–54]. Sacrificial CP systems have obvious advantages of simplicity and ease of application; the main questions concern their effective service life.
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 20.3.7
 
 Practical Aspects
 
 Practical aspects of a CP system should be taken into account when deciding to apply CP and during the design process. The design should consider the anode system, the power source and other electrical parts, the monitoring system, the execution and the operation and maintenance of the installation. Carrying out and evaluating trials can be part of the design and decision process. Design. The design of a CP system should consider the type and location of anodes in order to achieve sufficient and durable protection. Generally, the anodes are placed on the concrete surface or inside the structure in such a way that uniform current distribution can be achieved. A number of examples are given in Figure 20.7 [7, 8, 21, 55]. Anode system. The anode system, which consists of the anode material plus its overlay, must supply the required current for the anticipated service life and distribute it to the reinforcement that needs to be protected. Anode materials and current density aspects have been dealt with in a previous section. The general requirements of an anode system are: it has to adhere to the concrete surface; it should be suitable for application to the surface needing protection (top, bottom, horizontal, vertical, flat, curved), it should be durable and have low installation cost; it should produce acceptable weight addition and change of the appearance and dimensions of the structure. If an overlay is used, it should have durable bond to the substrate concrete, sufficient mechanical strength and electrical characteristics equal to those of base concrete (ionic conductivity).
 
 Figure 20.7
 
 Examples of anode layouts with respect to a concrete cross section
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 Power system. The current densities needed to reduce or stop corrosion in atmospheric structures will be generally less than 20 mA/m2 of steel surface area. The required current density decreases with time; typical long-term values for activated titanium systems are lower than 10 mA/m2, for conductive coating systems 2 mA/m2 or less. The current density needed for immersed structures to obtain sufficient polarization is indicatively in the range 0.2–2 mA/m2 of rebar area. Power is usually delivered by transformers/rectifiers. They transform mains (AC) voltage to low-voltage direct current. A CP system can be run either at constant voltage or constant current. Power units should be able to keep the current or the voltage (whichever is intended) constant at the preset level over long periods of time. In situations where mains power is not available, solar- or wind-powered systems can be used with a normal battery backup. Electrical connections. Electrical connections should be made of durable materials and, especially in the anode circuit, should be isolated well against corrosion that may occur due to anodic polarization. Cables are usually normal isolated low-voltage wires. They should have sufficient diameter for transporting the current with minimal voltage drop. Cables should be color coded or labeled to facilitate identification in junction boxes, wire bundles and at the central cabinet containing the power sources. Usually multiple connections and cables are provided to anode and cathode circuits to ensure uninterrupted current flow in case one connection is lost, e. g. by damage to the installation due to vandalism. Zones. Where parts of the structure need different current densities or have different resistivities, CP systems are divided into electrically separated zones. A zone then is a separate part of the anode system with its own power source and current or voltage control and monitoring devices. The reinforcement can be continuous over more than one zone. Different resistivities may be present if parts of the concrete are exposed to different moisture conditions (sheltered versus exposed to rain) or differ by composition (Portland cement versus blended cement). In practice, it has proven useful to divide a CP system in smaller parts (”sections”) during the execution phase. Small sections allow for checking the absence of short circuits by electrical-resistance measurements. The method is based on the principle that a continuous metallic system has a resistance of (much) less than 1 V. In the absence of short circuits, the resistance of the concrete between anode and cathode substantially contributes to the total resistance. If a section is small enough, the total resistance is well over 1 V, clearly demonstrating the absence of short circuits. Repair materials. Repair materials to be used in areas where current is flowing should have similar electrical resistivity as the parent concrete in order not to disturb uniform current flow. Repair mortars should be tested for resistivity for several months to obtain mature values, preferably in a climate that simulates the exposure of the structure [7, 8]. A difference of a factor two between mortar and concrete resistivity is considered acceptable [13]. It appears that most cementitious
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 mortars or modified mortars with limited polymer content are in the practical range of resistivities for concrete. Polymer mortars (e. g. epoxy mortars) do not conduct protection current sufficiently; they should not be used in association with CP. The resistivity of the concrete of the structure can be measured during the preliminary investigation [56] or can be obtained from reference tables [27]. The monitoring system. To determine the performance of the CP system and to ensure that protection conditions are reached and overprotection is avoided, monitoring systems have to be installed. Such systems are based mainly on potential measurements of the reinforcing steel with respect to embedded reference electrodes. In some cases also measurement of the current picked up by probes, or exchanged in macrocells is performed. Reference electrodes and current pick-up probes have to be embedded in the concrete in the most critical areas or where the control of the potential is most important. True reference electrodes for permanent embedment are: silver-silver chloride (Ag/AgCl/KCl- 0.5M) and manganese dioxide (Mn/MnO2/KOH-0.5M). In practice, so-called decay probes are used widely based on activated titanium and graphite. The European standard recognizes both true reference electrodes and decay probes [13]. The most widely used criteria are based on potential variation, such as the socalled 100 mV decay or depolarization criterion: protection conditions are reached if a potential decay of at least 100 mV over a period between 4 and 24 h from instant-off potential is measured [13, 14, 57]. The instant-off potential is measured between 0.1 and 1 s after switching the protection current off, in order to remove ohmic drop from the potential measured. In some cases, for example in splash or submerged zones, criteria based on absolute potential measurements can be more convenient: e. g. protection or prevention conditions are reached when the potential is more negative than –720 mV with respect to Ag/AgCl [13, 58]. To avoid overprotection, the potential should not be more negative than –1100 mV with respect to Ag/AgCl for plain reinforcing steel or –900 mV for prestressing steel. The need of monitoring sacrificial CP systems is under discussion. Some authors state that sacrificial CP does not need monitoring, because the current is self-regulating. Others state that all CP installations are self-regulating to a certain extent and that verification is needed to make sure the system is not outside its region of ability to provide protection current where and as much as it is needed. Because most sacrificial CP systems involve direct metallic contact between the steel and the sacrificial anode system, monitoring then requires special provisions. A possibility is to make parts of the system without anode-to-steel connections and to provide an external circuit that is normally connected, but may be switched open to allow current and depolarization measurements. Those parts should be representative for the whole system. CP systems are increasingly being provided with data loggers and telephone modem connections for remote sensing and control from a computer in the office of the responsible party. Remote control allows frequent monitoring without actually visiting the structure.
 
 20.4 Electrochemical Chloride Extraction and Realkalisation
 
 Trials. In several cases it has proved to be useful to carry out a trial, that is a small part of a structure to which CP is applied in order to test various aspects of the proposed system(s) [59]. Usually a trial area is between 10 and 100 m2. Various anode layouts or different anode systems can be tested. Monitoring probes and other control systems can be tested as well. Seasonal variations can be established. This is why a trial should last at least several seasons, preferably one year. Execution. In the execution phase, the CP system is applied to the structure following the design. During the work, the complete concrete surface is checked for cracking, delaminations, cover depth, steel continuity and the presence of metal objects that might cause short circuits. If necessary, continuity is provided and metal objects are connected to the reinforcement. Subsequently the cracked and spalled areas are removed and repaired. The reference electrodes and other monitoring probes are embedded. Then the anode is applied, with overlay or top coat as designed. All electrical connections are made and the power source is installed. After sufficient curing of materials, the installation is first checked for proper electrical functioning of all parts and absence of short circuits and then commissioned. For a period of several weeks to months, the functioning is tested frequently and adjustments to the voltage or current are made. If this has been carried out successfully, the normal operation phase begins. A practical aspect to be considered for the execution phase is the availability of the structure. For example, parts of a bridge deck will be closed to traffic during removal of asphalt, surface preparation, installing of the anodes and applying the overlay. The execution plan has to take into account the diversion of traffic. When work is carried out on the galleries of a building, inhabitants should be provided means to access their houses. Operation and maintenance. In the operation phase, a CP system must be kept working properly. This is achieved by checking voltage, current and depolarization (or other criteria) regularly, usually two to four times per year and more frequently when a remote control system is present. Once a year the installation is visually inspected for cracks, rust spots, loss of adhesion, cable defects, etc., which should all be corrected or further investigated. Usually the responsibility for checks and maintenance is organized under a maintenance contract between the owner and the contractor. Normally, the contractor gives a ten-year guarantee that no corrosion and damage to the concrete will occur, provided he is allowed to carry out the control measurements.
 
 20.4
 
 Electrochemical Chloride Extraction and Realkalisation
 
 Electrochemical chloride extraction and electrochemical realkalisation have been proposed as an alternative to traditional repair methods for the rehabilitation of chloride-contaminated or carbonated structures. Due to increasing field experience
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 and laboratory studies, the confidence in these methods is growing [24, 27, 28, 60–65]. 20.4.1
 
 Electrochemical Chloride Extraction
 
 For electrochemical chloride extraction (abbreviated CE, also called chloride removal, or desalination), a direct current is applied between the reinforcement (cathode) and an anode that is placed temporarily on the outer surface of the concrete. The anode is an activated titanium wire mesh or a reinforcing steel mesh. The anode is surrounded by tap water or saturated calcium hydroxide solution in ponds (upper, horizontal surfaces) or tanks (vertical or overhead surfaces) or as a paste that can be sprayed onto all types of surface. Chloride ions migrate from the reinforcement to the anode. Due to a relatively high current density of 1 to 2 A/m2, relatively large amounts of chloride can be removed from the concrete within a relatively short time, usually 6 to 10 weeks. After that, the anode, the electrolyte and the incorporated chloride ions are removed from the structure. The principle layout and electrode reactions involved are indicated in Figure 20.8. The strong polarisation associated with such high current densities brings the potential of the steel below –1000 mV versus SCE and the electrolysis of water produces a significant amount of hydrogen gas evolution. The hydroxide that is produced simultaneously increases the pH at the steel surface and together with the reduction of the chloride concentration in the pore water near the cathode, will repassivate the steel in a short time. On the longer term, migration takes away the chloride ions from the concrete cover zone to the anode system, where it is oxidised to chlorine gas (depending on the electrolyte pH) or removed together with the electrolyte solution. The strongly negative potential and the evolution of
 
 Figure 20.8
 
 Principle reactions involved in chloride extraction
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 hydrogen poses the risk of hydrogen embrittlement of high-strength steel. Consequently, chloride extraction should not be carried out on prestressed concrete, unless it has been convincingly demonstrated that in the particular situation at hand, the risk is negligible. Until recently, CE always involved impressed current. For a few years now, sacrificial anodes have been used as well [31, 66]. With sacrificial systems, a zinc or aluminium anode is connected to the reinforcement, providing current by galvanic dissolution. No power source is needed, but the treatment time is longer than with impressed current CE. Treatment effectiveness. From many studies it is clear that large amounts of chloride can be removed from concrete and that the steel will be repassivated, even inside corrosion pits [67]. The quantity of chloride removed depends on the total charge circulated (which is the integral of the current imposed and the duration of the treatment), as well as on the efficiency of removal. For practical reasons, the treatment duration should be as short as possible. An upper limit for the current density should be respected in order to avoid deterioration of the concrete, which occurred in early tests above 10 A/m2. The effect on the steel/concrete bond is discussed below. Limit values between 1 and 5 A/m2 are given in the literature [68]. Because the current distribution may be non-uniform, a safety margin should be imposed on the average “design” current density. For systems with a galvanic anode, the current density decreases spontaneously with time, so it is not a process parameter. The design in such cases must be based on the total charge, which means that the current must be monitored and integrated and thus the total time needed cannot be known beforehand. Only a fraction of the total current is actually removing chloride ions, corresponding to the chloride ion transport number (Section 2.5). The remaining part of the current is transporting other ions, mainly hydroxyl and to a lesser extent alkali metal ions. As the chloride concentration in the pore solution is high in the beginning, but decreases upon removal, its transport number decreases and consequently the efficiency is higher in the early stages but it decreases going to later stages. The removal efficiency depends on the initial chloride content, the distribution of chlorides in the concrete and on the geometry of the reinforcing bars (which determines the current distribution). The removal efficiency has been reported from laboratory studies to be between 0.1 and 0.5 [67, 69, 70]. In practical cases it is probably between 0.1 and 0.3 [71]. On heavily chloride-contaminated structures an average removal efficiency of 0.5 has been reported [72]. Experiments with chloride removal of cores from a marine structure showed that the efficiency using sodium carbonate solution as the electrolyte was very low. Apparently the introduction of sodium and carbonate ions and the associated increase of pH strongly reduced the chloride ion transport number [73]. Predictions of chloride removal can be made using physico-chemical models [74, 75] and estimated transport numbers. Literature data indicate that between about 50 % [24, 76] and 90 % [67] of the total chloride content can be removed. These figures however, apply to penetrated chloride. A special case is concrete
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 with chloride mixed-in in the fresh concrete. In several laboratory studies it was shown that mixed-in chloride is removed with low efficiency. In practice, it is unlikely that sufficient chloride can be removed within a practical time span. As mentioned above, the total treatment time required varies from a few weeks to a few months. If the maximum current density is respected, the removal efficiency and the required final result (in terms of the acceptable level of remaining chloride) determine the duration. As the steel is repassivated quickly during the treatment, the main consideration should be the durability, that is the period after the end of the treatment in which corrosion will most likely be absent. Durability after chloride extraction. After removal, significant amounts of chloride are left in the concrete. In addition, the remaining chloride is distributed nonhomogeneously. Usually a profile remains with higher values near the concrete surface and lower values near the rebar. Also, because the removal current density is higher near the rebars, the remaining chloride content near the reinforcing bars is lower than in between the bars. For a durable result of the treatment, the remaining chloride should not initiate corrosion for a reasonable period of time. Moreover, new chloride could penetrate. This makes accepting the final result of a particular case of chloride extraction a difficult matter. If it is guaranteed that no new chloride would penetrate, a safe upper limit for accepting the remaining chloride would be 0.4 % by mass of cement throughout the complete cross section. In practical cases, this requirement can be difficult to meet. A solution to this problem can be found considering that in the course of time, remaining chloride would redistribute by diffusion, going from regions with high contents (from zones between the rebars) to regions with lower contents, such as near the rebars [67]. Consequently, situations with a higher average chloride content than 0.4 % may be tolerated if it can be shown that during a reasonable period of time, the chloride content at the rebar will not become higher than 0.4 %. Following this approach, a procedure was proposed assuming that the remaining chloride is redistributed by diffusion from the profile present immediately after CE, to a uniform distribution, as observed in specimens studied one year after treatment [77]. Diffusion coefficients for Portland and blast furnace slag cement concrete were taken from a study of a 16-year submersion of concrete in seawater [78]. Furthermore, it was assumed that no additional chloride penetrates. This can be achieved by applying a coating or hydrophobic treatment to the concrete surface after CE (Chapter 14). Disregarding differences between remaining chloride contents in the mesh and near the rebars, the calculation model may be one-dimensional. For a remaining chloride profile with the highest values near the concrete surface (similar to a penetration profile) and assuming no new chloride entering, it can be calculated at what minimum depth the chloride content will not exceed 0.4 % by mass of cement in 10 y. This depth is termed the “durable cover depth”: steel at this depth will not develop corrosion in 10 y time. In many cases, the chloride content at this depth does not exceed 0.4 % for much longer times due to diffusion of chloride to deeper parts. If significantly more chloride remains in the mesh than at the rebar, two-dimensional calculations are necessary [78].
 
 20.4 Electrochemical Chloride Extraction and Realkalisation
 
 From the profiles of remaining chloride in specimens subjected to chloride extraction in the laboratory with various amounts of charge, the relationship between the “durable cover depth” values and the charge was established [67]. Before CE testing, the 144 specimens studied were subjected to chloride ponding that resulted in the penetration of about 2.5 % chloride by mass of cement in the outermost 15 mm and about 0.6 % from 15 to 30 mm depth. The results of the CE tests were interpreted as follows. It was considered that it should take at least 10 y after treatment before the chloride content at the rebar surface would exceed 0.4 % chloride by mass of cement. If no new chloride would penetrate, it was concluded that [67]: x
 
 x
 
 for Portland cement concrete, at least 2400 Ap h/m2 (concrete surface) is required to obtain a sufficiently low remaining chloride profile, independent of the cover depth above a minimum of 15 mm; this is equivalent to 100 days at 1 A/m2, for blast furnace slag cement concrete, the required charge depends on the cover depth; for cover depths of 15 to 20 mm, 2230 Ap h/m2 is required; for cover depths of 20–25 mm, 1130 Ap h/m2 is needed; for cover depths over 25 mm, about 1000 Ap h/m2 is required (equivalent to 42 days at 1 A/m2).
 
 Trials. The effectiveness of chloride extraction depends on characteristics of individual structures, such as the concrete composition, the actual chloride-penetration profile and the depth of cover. So, it may be useful to carry out a trial on an area (about 1 to 10 m2), which must be representative of the structure to be treated and should last at least 4 to 8 weeks. The results of such a trial in terms of the chloride profile before, during and after chloride extraction gives an indication of the duration required and can be used to show that chloride-extraction treatment of the particular structure will be effective under field conditions. Trials are most certainly recommended if prestressed structures are to be treated with chloride extraction. Careful monitoring of the potential of the prestressing steel should be carried out to establish the risk of hydrogen embrittlement. As a safe criterion, the potential should not become more negative than –900 mV SCE, as applies for cathodic protection [13]. Monitoring of the process. During the treatment, a form of monitoring of its progress is necessary. Taking cores and determining the remaining chloride profile can be a reliable method. For electrolyte solutions confined in tanks, monitoring the chloride in the electrolyte is another method. Provided that the electrolyte pH is high enough to prevent chlorine-gas evolution, the amount of chloride in the electrolyte is equal to the amount of chloride removed from the concrete [70, 73]. Under that condition, the chloride in the electrolyte can be reliably used to monitor the progress. Monitoring after treatment. After the application of chloride extraction, non-destructive measurements may be carried out for controlling the durability of the structure, for example, by measuring the half-cell potential of reinforcement. How-
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 ever, it should be realised that due to strong polarisation, immediately after chloride extraction steel potentials are very negative. They become more positive with time. Consequently, potentials are not stable during the first months. Where potential mapping before treatment has shown the presence of potential gradients over the surface, successful treatment may be expected to flatten out the gradients [72, 79]. In general, potentials should shift towards positive values in a few months, showing reduction of corrosion activity and reinstatement of passivity. When at some point in time potentials become more negative again, this is a sign that repeated treatment may be needed. Embedding reference electrodes and measuring regularly may be used to monitor the durability of a structure treated with chloride extraction (Chapter 16). Side effects. During chloride extraction, hydroxyl ions are formed around the reinforcing steel, locally increasing the pH and sodium and potassium ions are enriched around the steel. These changes might stimulate alkali-silica reaction (ASR, Section 3.4). In the framework of COST 521, the possibility of ASR was checked as a side-effect of chloride extraction [28, 36, 80, 81]. The aggregates studied were reactive and the alkali content of the cement was just below the critical values. The results obtained with non-carbonated concrete showed that, under the worst conditions, chloride extraction induced concrete expansion, but no cracking was observed. For practical application of chloride extraction on structures with potentially sensitive aggregate, it is recommended to assess this in a stepwise process, going to the next step only if the previous step confirms the possible risk of ASR: x
 
 x x
 
 evaluate the potential reactivity of the aggregate by considering its geological source and practical experience in structures containing the aggregate, study the concrete using microscopy for actual presence of reactive material, perform chloride extraction trials, either on a small part of the structure or in the laboratory on cores taken from it and check treated parts by microscopy and expansion measurements.
 
 If deleterious expansion is found in representative tests, chloride extraction should not be recommended. Concern may be justified for high current density or very long chloride-extraction treatment and loss of bond between steel and concrete. Steel/concrete bond was determined by pulling out ribbed bars from cylindrical concrete specimens after polarisation [82]. The water-to-cement ratios were 0.48, 0.58 and 0.66. The polarisation duration was 1, 3 and 5 months, at current densities of 4 and 12 A/m2 of cathode (steel) surface. It was found that bond strength was reduced by 7 to 55 %, increasing with higher total electrical charge passed and higher w/c of the concrete. Microhardness and analysis of Na and K near the steel suggested that softening of the cement paste related to polarisation caused the reduction of bond strength. The current densities studied are relevant for CE application. One month at 4 A/m2 (or 4 months at 1 A/m2) is equivalent to 2880 Ap h/m2, which was found to cause 7 to
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 15 % loss of bond strength. The results support the view expressed above that current densities significantly higher than 1 A/m2 of steel surface and treatment times longer than 4 months should be avoided in order to avoid loss of bond between reinforcement and concrete. Similar results in term of bond-strength reduction and accumulation of Na and K in chloride-extraction tests were found by Vennesland and co-workers [69]. Recently, changes in the pore structure have been reported at lower current densities than previously mentioned [83]. Portland cement concrete specimens (w/c 0.4) were subjected to chloride migration tests at about 0.75 A/m2 for one to four weeks. Samples from near the cathode electrolyte chamber and near the anode surface were analysed by mercury intrusion porosimetry. It appeared that after treatment for 3 and 4 weeks, the amount of the smallest pores (diameter below 50 nm) increased near the cathode and to a lesser extent, also near the anode. The volume of pores with diameters between 50 nm and 5 mm decreased near the anode. After post-treatment storage for 8 months, pore sizes had redistributed, decreasing pores below 50 nm and increasing between 50 nm and 5 mm. Reductions were found near the anode in the amount of calcium hydroxide and ettringite. It appears that current flow influences the equilibria between liquid and solid phases in the concrete, changing the pore-size distribution. In other work, chemical changes were observed (i. e. liberation of sulfate ions), but no reduction of microhardness [34]. This subject requires further study. 20.4.2
 
 Electrochemical Realkalisation
 
 For electrochemical realkalisation (abbreviated RE), a direct current is applied between the reinforcement (cathode) and an anode that is placed temporarily on the outer surface of the concrete. The method is comparable to chloride extraction. The anode is an activated titanium mesh or a reinforcing steel mesh. The anode is surrounded by a sodium (or other alkali metal) carbonate solution of about 1 mole per litre in ponds (upper, horizontal surfaces) or tanks (vertical or overhead surfaces) or as a paste that can be sprayed onto all types of surface. Due to a relatively high current density of 1 to 2 A/m2, a carbonated concrete cover of several centimetres can be realkalised within a relatively short time, usually a few days to a few weeks. After that, the anode and the electrolyte are removed from the structure. The layout and principle reactions involved are indicated in Figure 20.9. As illustrated in the figure, hydroxyl ions are produced by electrolysis at the reinforcement, of which only a part migrates to the anode, the remaining part being balanced by sodium ions migrating in. In addition, carbonate ions penetrate from the electrolyte into the concrete by electro-osmotic flow, diffusion and capillary absorption. The high amount of hydroxyl ions formed produces pH values near to or above 14 [73, 84]. After realkalisation at least part of the hydroxyl ions will react with atmospheric carbon dioxide, further increasing the carbonate concentration, resulting in a drop of pH. Sodium carbonate of sufficient concentration stabilises the pH between 10.5 and 11.
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 Figure 20.9
 
 Principle of electrochemical realkalisation
 
 There has been some controversy about electro-osmosis. No evidence of its occurrence has been found in early laboratory tests or during testing of cores in a realkalisation demonstration project [24, 84, 85]. On the other hand, recent laboratory experiments by Andrade and co-workers [86, 87] have confirmed the occurrence of electro-osmosis, supporting previous observations by Banfill [80, 88]. Electro-osmotic flow was observed in carbonated concrete, while it was not observed in uncarbonated concrete. Full understanding of the mechanism and the controlling factors in terms of practical characteristics of structures needs further study. The development of realkalisation is schematically shown in Figure 20.10. The left figure shows the extent of carbonation before treatment. The middle figure shows the presence of alkaline material after a short duration: around the reinforcement (due to electrolysis) and from the surface into the concrete (due to absorption, electro-osmosis and/or diffusion). The right-hand figure shows a more advanced state of realkalisation, where the alkaline zone around the steel has become continuous with that penetrating from the surface. End-point determination and treatment effectiveness. An important issue is how to determine when the realkalisation treatment can be stopped. As the amount of realkalisation is related to the total charge passed, contractors tend to empirically apply values between 200 to 450 Ap h/m2. Such amounts of charge are obtained with a treatment duration between 8 and 18 days with a current density of 1 A/m2 of steel surface. In any case, the total charge flow can only indicate the quality of the treatment in a general sense; however, it does not indicate steel repassivation. The sodium content in cores taken during and after realkalisation is often used as an additional criterion for the effectiveness of the treatment. However, the sodium content can vary strongly, depending among others on the cement type. Pol-
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 Figure 20.10
 
 Development of realkalisation detected with pH-indicator [28, 84]
 
 let and Dieryck [89] have observed no correlation between the sodium content and the amount of realkalisation in their experiments. It appears that the sodium content does not provide a direct indication on the pH value around the steel nor on its repassivation. Van den Hondel and Polder [90] found some correlation between the sodium content and the amount of electrical charge passed, but the correlation was poor in the range of the usually applied amounts of charge. They also observed significant amounts of sulfate ions to be present in the pore solution in realkalised blast furnace slag cement concrete [90]. This shows that the carbonate concentration can be lower than the value indicated by sodium analysis. Using pH indicator liquids on cores taken during or after treatment provides another means of assessing the effect of realkalisation. Phenolphthalein is a widely used pH indicator for measuring the carbonation depth in concrete, turning from colourless to pink as the pH rises over about 9 (Chapter 16). However, a pH (just) above 9 may leave the steel in an unpassivated condition. Thymolphthalein has a colour change near pH 10 and thus appears more appropriate. To be visible on concrete, the solution should contain 1 % thymolphthalein in a 70 % ethanol solution [89]. In laboratory tests it was documented that phenolphthalein has another colour change (as proposed by applicators of realkalisation), namely at pH values between 13.5 and 14, from pink back to colourless. At amounts of charge normally used for realkalisation, only a narrow zone around the rebars has such a high pH that this colour change actually takes place. It is however, a method that can be used to show that realkalisation has progressed to an advanced stage. Sergi and co-workers [91] suggest using a two-stage method applied to cored samples taken from concrete structures that have undergone realkalisation. This two-stage method involves the use of acid/base indicators and galvanostatic polarisation to determine the effectiveness of realkalisation treatment. For realkalisation process control, spraying phenolphthalein onto cores is the most widely used method in addition to monitoring the total amount of charge passed. In addition to the methods outlined above for direct process control, there is a need to effectively assess the passivation of reinforcement brought about by realkalisation. Pollet and Dieryck [89] and Elsener and co-workers [76, 79] have studied electrochemical methods. Half-cell potential measurement is the most frequently used technique on site to evaluate corrosion of steel in concrete, giving an indication of the corrosion prob-
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 ability (Chapter 16). However, special precautions have to be respected when taking potential measurements after realkalisation. According to references [76, 79, 89], the following development takes place. Immediately after switching off the current, potentials below –1000 mV SCE are measured and after 1 day the potentials are in the range of –600 to –800 mV SCE. The process of depolarisation is quite slow. After about one month the potentials stabilise around –100 mV SCE. At longer times, a trend towards slightly more positive potentials was noted. Thus, meaningful half-cell potentials can be measured only one to several months after completion of the treatment. In addition to absolute potential values, evaluating potential gradients can be useful. Before treatment, strong potential gradients may be present that indicate corroding spots. The presence of a homogeneous potential field after the treatment is considered a strong indication of repassivation. In this context, it is interesting to note that the potential field over the treated area can be quite homogeneous already after 7 days. Corrosion-rate assessment by linear polarisation resistance (LPR, Section 16.2.3) measurement after realkalisation was also studied. Applying the usual criteria for LPR appeared not to be suitable for evaluating the corrosion state after realkalisation [89]. Unusually low polarisation resistances were found, suggesting high corrosion rates. The explanation may be that during such measurements, oxidisation takes place of (low valence) iron oxides present on the reinforcement after the treatment [92]. Influence of the cement type. Most of the published data and empirical information on realkalisation is based on tests on Portland cement concrete. Effective realkalisation of concrete made with blast furnace slag and fly ash cements seems much more difficult [84, 90]. After a total charge of 336 Ap h/m2 of steel surface had passed (14 days at 1 A/m2), nearly total realkalisation was observed using phenolphthalein for Portland cement (CEM I 42.5) concrete. However, after 672 Ap h/m2 had passed (28 days) through concrete made with blast furnace slag cement (CEM III/A 42.5), only a small pink ring around the rebar was observed after spraying phenolphthalein. Similar effects were found with fly ash cement concrete. It appears that concrete made with slag cement or fly ash cement needs considerably more electrical charge than Portland cement concrete before it has reached a high pH over a substantial part of the cross section. Consequently, the treatment time is longer for structures made with slag or fly ash cements. Van den Hondel and Polder [90] recommend applying 100 Ap h/m2 of concrete surface for Portland cement and 350 Ap h/m2 for slag cement concrete (CEM III/B was studied). Durability. Electrochemical realkalisation has been applied for over ten years, mainly to structures made with Portland cement concrete. Although well-documented case studies are rare, those available show that the corrosion protection obtained is durable [93]. Laboratory tests followed over several years support the durability of the effect on reinforcement corrosion, as long as sufficient electrical charge has been applied [89, 90]. As noted above, the amount of charge needed may depend on the cement type.
 
 20.4 Electrochemical Chloride Extraction and Realkalisation
 
 Elsener et al. [76] reported half-cell potential measurements made after six months and after more than one year on a test site. The potential field was homogeneous with values around –100 mV SCE, indicating good corrosion protection. Pollet and Dieryck [89] have studied the durability of realkalisation of concrete specimens made with different cement types and different realkalisation durations by following the corrosion potential during two years after realkalisation and by measuring the extent of the highly alkaline zone with a pH indicator just after treatment and two years after treatment. The two types of measurement indicate a reduction of the effect of realkalisation with time. In the case of specimens made with blast furnace cement (CEM III/A 42.5) and fly-ash cement (CEM II/A-M 42.5), this reduction leads to reactivation of corrosion. At the end of the realkalisation, first potentials are very negative; then a change to less negative values of potential can be observed. In the case of blast furnace slag cement and fly ash cement, a third stage occurred, in which a subsequent change to more negative values was observed with time, indicating a higher probability of corrosion. Visual examination of rebars two years after the treatment and the decrease of pH observed using indicators corroborate the potential measurements. A CEN draft published in 2000 states that the treatment shall be terminated when a total charge of 200 Ap h/m2 has been delivered to the reinforcement [94]. Research carried out within COST 521 has shown, however, that such an amount of charge may be insufficient to achieve durable corrosion protection for concrete made with blended cements [85, 89, 90]. The reduction of pH after realkalisation by reaction between hydroxyl ions and atmospheric carbon dioxide can be prevented by using a carbon-dioxide-resistant coating on the concrete surface (Chapter 14). Side effects. The increased content of alkali ions and the production of hydroxyl ions might theoretically cause accelerated ASR in concrete with reactive aggregate. Following Miller [95], it is highly improbable that realkalisation can have any pronounced effect on ASR and none have been reported from actual structures. Banfill [36, 80] has found that realkalised concrete expanded about the same as the reference concrete, because the treatment did not raise the hydroxyl ions concentration to the threshold for expansion. In potentially critical cases, lithiumbased electrolyte can be used to reduce the risk of ASR [91]. The amount of charge passed during realkalisation treatment is well below empirical thresholds for loss of steel/concrete bond strength [27]. It seems highly unlikely that realkalisation will negatively affect the bond between steel and concrete. 2.4.3
 
 Practical Aspects
 
 Practical aspects for chloride extraction and realkalisation are similar [28]. The treatment has to be designed for achieving sufficient protection from immediately after treatment until some future point in time, at least for 10 y. This means that
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 the required treatment time and current density must be established beforehand, taking into account local variations of chloride penetration or carbonation and variations occurring during the treatment. Monitoring the process must be anticipated, e. g. by indicating where control cores are going to be taken. Preparation includes cleaning of the surface, filling wide cracks and preventing short circuits and points with excessively low surface-to-steel resistance. During the process, the current is monitored. Leaking of the electrolyte should be avoided and paste electrolytes should be kept wet. Calcium hydroxide or sodium carbonate solution concentrations should be maintained. Recent developments include using small tanks (each containing an anode and electrolyte) with individual current monitoring and control. Finally, the working area and the concrete surface are cleaned and, if planned, a surface treatment is applied.
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 – galvanized steels 264 – potential mapping 280 – reinforcement 255 – repair 331 – stray currents 141 pitting resistance equivalent index (PRE) 258 plain concrete 195 plastic cracking 275 plastic drying 202 plastic shrinkage 172, 274, 339 pneumatic breakers 335 polarization 112 ff – cathodic 137 – chloride extraction 364 – HI-SSC 150, 158 – inhibitors 227 – macrocells 131 – monitoring 305 – resistance 274 ff, 287 ff pollution 318 polyacrylates 235 polyethylene 233 polymer concrete 337 polymer-modified mortars 339 polymeric surface treatments 232 ff polyurethane 233 pore blocking 220, 232 f, 241 ff pore lining treatment 232 pore size distribution 7 pore solution 22 ff – alkali content 60 f – electrochemical mechanisms 109 porosity 5 f, 8 f, 35 – durability 173 – inhibitors 217 ff – surface treatments 237 Portland cement 3 ff – carbonation 79 – chloride extraction 366 – chloride-induced corrosion 95 – durability 169, 176 – hydrophobic treatments 240 – ordinary (OPC) 23, 95 – prevention techniques 193, 211 – realkalization 372 – repair materials 338 ff – resistivity 38 – surface treatments 236 post-tensioned structures 308 potential mapping 274 f, 277 ff potential shifts 220 powder drilling 291 power systems, cathodic protection 361 Powers formula 7
 
 Index
 
 pozzolanic materials 10 ff, 15 ff – alkali silica reaction 63 – durability 169 – prevention techniques 194, 210 – repair 339 pozzolanic reaction 11 precipitation hardening 250 ff pressure – frost damage 51 – transport processes 32 ff, 40 prestressed structures 195, 249 ff – cathodic prevention 347 – hydrogen embrittlement 147 ff, 161 f, 358 prevention 163–270 – alkali silica reaction 63 probabilistic performance-based durability design of concrete structures (DuraCrete) 177 ff probes, monitoring 307 profile grinding 31 propagation, corrosion 71 – chloride-containing concrete 119 – cracking 149 – durability 181 – inhibitors 223 – inspection 277 – repair 315, 331 protection – durability 187 – films 71 ff – macrocells 126 – pitting 92, 120 – stray currents 144 – sulfate attack 59 pulverized fuel ash (PFA) 11, 84, 97 quality control 203 ff quasi-immunity 113, 281 quenching – HI-SSC 155, 161 – prevention techniques 211 – reinforcement 251 quick-setting cements 17, 339 railway stray currents 135 ff rapid chloride migration (RCM) 182 f, 185, 283 realkalization, electrochemical 341–372 rebars 125 ff – coating 341 see also: reinforcement recombination, HI-SSC 157 reference electrodes – cathodic protection 362 f
 
 – monitoring 305 – potential mapping 278 rehabilitation 256 reinforcement 3, 39,49, 249–270 – coated 126 – inspection 274 ff – monitoring 299 ff – prevention techniques 195 – repair 336 repair 273, 313–380 repair materials 337, 361 repassivation 120 – cathodic protection 354 – realkalization 370 – repair 319 ff, 324 ff replacement 317, 320, 329 residual life 274 resistance control, anodic 118 resistivity 38 ff – carbonation 87 – chloride ingress 102, 184 – epoxy coatings 265 – galvanized steels 263 – monitoring 301 ff – potential mapping 280, 283 – prevention techniques 210 – stainless steels 255 – surface treatments 237 – repair 337 ff restrained shrinkage 172 retarders 195 rheological behavior, repair materials 337 ff RILEM 124-SCR, repair 315 ff RILEM recommendation, inspection 277, 282 risk classes 186 rolling 250 roughness, surface repair 336 rust removal 273, 321, 325 ruthenium electrodes 359 sacrificial cathodic protection 247 safety, repair 317 saftey factors, durability 179, 186 salts, surface treatments 246 sampling, chemical analyis 291 sandblasting 255, 318, 335 scaling 50 scanning electron microscopy (SEM) 7 sealers, surface treatments 233 ff seasonal temperature variations 275 seawater environment 64, 128, 167 – cathodic protection 353 segregation 196, 204, 337
 
 389
 
 390
 
 Index
 
 selection criteria, concrete compositions 193 self-compacting concrete (SCC) 210 ff self-compacting repair materials 337 sensors 300 ff, 307 service ability limit state (SLS) 179, 183 service life – durability 165 ff, 175 ff, 186 – electrochemical repair 345 f – inhibitors 217 ff – inspection 273 ff – libraries 178 – prevention techniques 203 – reinforcement 255 – repair 316, 331 ff, 340 – surface treatments 231 setting 49, 274 f – prevention techniques 195 – repair materials 339 – retarders 195 shear cracking 275 shotcrete – monitoring 302 – repair 338 – surface treatments 232, 242 f shrinkage 26, 49, 79 – durability 172 – inspection 274 – prevention techniques 201 ff – repair 338 ff silanes 235 ff silica fume (SF) 10 ff, 15 ff – chloride-induced corrosion 97 – ionic concentrations 24 ff – prevention techniques 194 – repair materials 339 – resistivity 38 silicates 3 ff, 233 silicon content, galvanized steels 261 silicones 233, 237 siloxanes 237 silver nitrates 291 silver/silver chloride electrode – cathodic protection 362 f – monitoring 305 – potential mapping 278 skin reinforcement 188, 256 slump test 197 smart structures 308 sodium carbonate 369 sodium chloride 50 sodium monofluorophosphate (MFP) 221 ff soil environment 55, 127 – cathodic protection 353 solid hydration products 6
 
 solvents, surface treatments 233 sorptivity 33 Soxhlet solution 293 spacers 3, 204 spalling 50, 75 – durability 181 – inhibitors 226 – inspection 273 – repair 316, 321 splash zone 38, 42 – chloride-induced corrosion 101 – durability 167, 185 – reinforcement 260 square-root model 331 stability 318, 338 ff stainless steel 126, 189, 249 ff, 253 stainless steel electrode 279 standard hydrogen electrode (SHE) 112, 278 stationary diffusion 28 f steel – electrochemical mechanisms 109 – inhibitors 218 – passivity 136 ff steel protection 142, 354 steel reinforcement 3, 249 ff steel surface reactions 349 Stern–Geary model 288 f stray current-induced corrosion 73, 135–146 strengthening, repair 317, 330, 341 strengths 74 – EN cements 17 – prevention techniques 194 ff – reinforcement 249 ff stress-corrosion cracking (SSC), hydrogeninduced 147–162 stress intensity factor 150 stress-strain curve 251 structural degradation 49 structural design 208 structural safety 318 stupidity-induced corrosion 208 styrene butadiene 339 subcritical cracking 150 submerged structures – chloride-induced corrosion 97 ff – durability 185 suction, capillary 21 f, 32 ff sulfate attack 49 ff, 58 f sulfate resistant cements 17 sulfate resistant Portland cement (SRPC) 95 sulfates 5, 330 sulfuric acid attack 56 superplasticizers 196, 212, 339 surface active agents 196
 
 Index
 
 surface analytical techniques 221 surface coating 321 surface conditions 21 ff, 139 surface preparation, repair 336 surface reactions, steel 349 surface scaling 274, 285 surface temperatures 207 surface tension 32 surface treatments 231–248 – durability 188 – inhibitors 217 – repair 325, 332, 340 susceptibility – HI-SSC 153, 156 ff – pitting 255 synergistic effecs, AC/DC stray currents 143 synthetic latex 339 temperatures – carbonation 83 – cathodic protection 354 – control 207, 275, 299 – durability 166 – galvanized steels 261 – potential mapping 284 – reinforcement 256 tempering 155, 181, 251 tendons 308 tensile strength 74, 200, 250 tensile stress 50 – HI-SSC 148, 152, 155 – repair materials 339 f tension bending cracking 275 test methods – accelerated 340 – chemical attack 55 – diffusion 28 ff – hydrophobic treatments 239 ff – inhibitors 226 ff – inspection 274 ff – organic coatings 234 – repair materials 339 f – water absorption 33 ff textures 235 thermal cracking 275 thermal expansion coefficient – repair materials 338 – stainless steels 254 thermal shock 246 thermal shrinkage 202 thermal spraying 359 thermal variations – prevention techniques 196
 
 – repair 338 thixotropic behavior 338 threshold values – chloride-induced corrosion 93, 324, 332 – inhibitors 219 throwing power 358 thymolphthalein 371 tidal zones 101, 185 time to depassivation 300 titanium 76 titanium electrodes – cathodic protection 357 ff, 369 – monitoring 306 – potential mapping 279 transcrystalline fracture, HI-SSC 155 transpassivity 113 transport processes 5, 8 ff, 21–48 – inhibitors 224 f – prevention techniques 205 – repair 318 transverse cracks 174 tricalcium aluminate 96 tricalcium silicate 3 ff tropical environment, epoxy coatings 264 tunnels, service lifes 178 Tuutti model 72, 218 f two-electrode method (TEM) 183 ultimate limit state (ULS) 179 ultimate tensile strength 251 ultraviolet radiation-induced degradation 239 vanadium additions 251 vapor phase inhibitors 226 viaducts 167 vibe test 197 vinyl 233 viscosity 32, 213 visual inspection 273 ff, 299 voids 5 – chloride-induced corrosion 95 – inspection 274 – prevention techniques 196 – repair 330 volatile compounds 222 volume fractions 194 water attack 49 f, 55 ff water-binder ratios 185 water content 4 f, 22 ff, 26 ff water jetting 318, 335
 
 391
 
 392
 
 Index
 
 water permeability 34, 40 ff water reducers 195 f water repellents 237 water run-off 273 water stagnation 167 water-to-cement ratio 6 ff, 169, 196 weathering 246 weldability 250, 254 Wenner inspection technique 285 wet areas 273 wetting – carbonation 81, 87 – hydrophobic treatments 241 – inhibitors 227 wetting–drying cycles 43 – durability 166, 173
 
 – monitoring 301 – repair 322 white cements 17 workability 196 X ray fluorescence 291 yield strength 250, 253 zinc 127, 261, 359 zones, electrical separation 361
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