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Abstract

:

The alkali–aggregate reactivity (AAR) of concrete, long known for mass concrete, can also induce corrosion of steel in reinforced concrete structures. Several examples are given for which the origin of observed reinforcement corrosion and loss of concrete cover originally was attributed to chloride-induced or to carbonation-induced reinforcement corrosion. Critical reviews of these cases, using available information, suggest that, more likely, the observed crack patterns and concrete deterioration are the result of long-term AAR-induced concrete matrix expansion and loss of concrete strength and that these effects occurred prior to the eventual initiation of reinforcement corrosion. This proposition is supported by finite element and other stress analyses of various concrete–steel ensembles. They show that concrete expansion produces tensile stresses localised at and near exterior concrete surfaces or relative to the reinforcement. The locations of high-stress and -strain zones so produced correlate with field observations of long-term concrete cracking and delamination. The present interpretations highlight that AAR may be a significant contributor to initiation and subsequent long-term development of reinforcement corrosion in structurally reinforced concretes.
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1. Introduction


Corrosion of steel reinforcement in concrete structures most commonly is attributed to two causes: “chloride-induced” reinforcement corrosion, most commonly found in marine exposure environments, or “carbonation-induced” reinforcement corrosion, which is attributed to the carbonation of the concrete by the inwards diffusion of atmospheric carbon dioxide. In both cases, corrosion of the reinforcement leads to a gradual build-up of corrosion products around the reinforcement steel and within the immediately adjacent concrete matrix. Together, these are responsible for cracking, spalling, and delamination of the concrete cover, which is often observed for RC structures after many years of exposure [1].



The initiation and development of reinforcement corrosion, particularly in chloride-rich environments, has been the subject of much research [2]. However, it is clear that the initiation of corrosion, including that of steel, requires satisfaction of the thermodynamic conditions for the underlying (electro-)chemical reactions [3]. For steel encased in concrete, this implies sufficient reduction of the concrete pH at the concrete–steel interface. In the case of chloride-rich environments, the critical pH depends also on the chloride concentration at the surface of the steel reinforcement, with pitting feasible at a higher pH than required for general corrosion [3,4]. The general corrosion often seen in longer-term exposures requires the pH of the concrete pore solution in contact with the steel reinforcement to be reduced further. Typically, this is the result of the loss of OH− ions due to the slow, long-term dissolution and outward diffusion of concrete hydroxides, with the latter being, in the long-term, principally calcium hydroxide (Ca(OH)2) [5]. The importance of this loss relative to reinforcement corrosion has been demonstrated experimentally [6], including for chloride-related reinforcement corrosion. The thickness and quality of the concrete cover play important roles. The concrete cover provides a barrier to inward diffusion of chlorides, oxygen, and carbon dioxide [1]. It also may delay the outward loss of hydroxides and thus the lowering of the pH of the concrete matrix. It follows that poor-quality cover likely will facilitate the early initiation and faster development of reinforcement corrosion. This possibility most commonly is associated with weak or permeable concretes, possibly resulting from poor compaction or poor mix proportions [7,8]. However, there is another possibility that has been largely ignored within the structural concrete community until relatively recently [9,10]. That possibility is the gradual deterioration of concrete cover through the action of alkali–aggregate reactions (AAR). Such deterioration of the concrete will lower its strength and its resistance to permeability, thereby potentially impairing its protective nature and its role as a diffusion barrier.



The next section provides a brief description of several cases of reinforcement corrosion and concrete structural damage that originally were attributed to either chloride-induced reinforcement corrosion or to carbonation-induced reinforcement corrosion. A closer examination of these cases, however, suggests that they are more likely to have arisen from what might be termed AAR-induced reinforcement corrosion. This re-assessment arises from considering the local environment and the likely source and type of the aggregates used in the concrete. Further, the observations of concrete expansion and cracking (and in some cases other forms of deterioration) indicates that these could be interpreted as the result of moderate AAR of the concrete aggregates preceding subsequent reinforcement corrosion. This is the reverse of chloride-induced and carbonation-induced reinforcement corrosion. The available evidence to date indicates that it is only the loss of concrete protection caused by AAR that then leads to reinforcement corrosion. As should be evident [1] and as shown experimentally [6], this can lead to loss of alkali material at the steel bar surfaces (i.e., loss of chemical protection) and loss of physical protection usually afforded by the presence of concrete around reinforcement bars.



To support the above interpretations, the Discussion section provides stress analyses for several typical cases. These show the local stress states likely caused by the expansive effect on the concrete matrix of alkaline aggregate reactivity. The resulting stress states allow inferences of the likely crack patterns that would be observed in practice for comparison with actual observations. It is concluded that the structural damage effects of severe AAR are relatively easily identified once it is realized that AAR might be involved. Further, it is concluded that relatively moderate concrete expansion resulting from AAR of the aggregates can cause concrete deterioration, including cracking. In turn, this can lead to subsequent reinforcement corrosion. Such cases are not always easily distinguished from the inverse process of reinforcement corrosion caused or initiated by chloride-induced or carbonation-induced reinforcement corrosion with subsequent concrete cracking. The largely anecdotal observations herein point to matters of practical importance, but they also give rise to a need for further research. It is noted that the mechanics and chemistry of the alkali–aggregate reactions themselves are well known and documented and need not be considered herein. Also, procedures for testing aggregates for AAR potential are not considered herein. Both aspects have had detailed treatment in the existing literature [9,11,12]. Rather, the focus of the present paper is on the research gap regarding the damaging effects of AAR on the concrete that have not usually been differentiated from those of chloride-induced and carbonation induced reinforcement corrosion and subsequent damage to structural concrete.




2. Background


The potentially severe deleterious effect of alkali–aggregate reactivity (AAR) for concretes has been known since at least the 1940s [13] but recognized mainly as a factor for massive concrete structures such as dams and road pavements. Even then, for many years, British and other investigators considered AAR a problem only for “other parts of the world” [14], and cases for which AAR was implicated were considered “exceptions” rather than examples of a more general problem [12].



AAR occurs mostly as alkali–silicate reactions (ASR) in which the concrete alkalis attack the silicate content of aggregates. Alkali–carbonate reactivity (ACR) is less common. In both cases, in the presence of moisture, the products of the AAR on aggregates cause the concrete to expand, thereby reducing concrete strength and increasing its permeability. The reactions themselves have been the subject of much investigation and appear well understood [9,14,15]. They may occur relatively quickly (one or two decades) but in other cases may occur over many decades [9,12]. Typically, as a result of the alkali–aggregate reaction of the aggregates, the concrete develops widespread, apparently random cracking or crazing of their external surfaces. In some climatic regions, such damage may be difficult to distinguish from other forms of concrete surface damage, including frost or freeze–thaw cycling, surface exsiccation due to inadequate curing, or poor workmanship [7], ([16] p. 281).



Random cracking and crazing of concrete surfaces have been observed also for reinforced concrete structures, in some cases with some preference for the orientation of the reinforcement steel. Where structures were examined in detail, exposed reinforcement usually was still well embedded in the concrete, with little evidence of corrosion other than where the cover was lost ([16], pp. 50–51). In other cases, cracking of the concrete was observed to be aligned preferentially with the main reinforcement bars, specifically those closest to the concrete surface [10]. This was considered as possibly the result of the slightly lower net presence of concrete along those lines. Alignment of concrete cracking with reinforcement bars also occurs for chloride-induced and carbonation-induced reinforcement corrosion. It follows that, in general, conclusions cannot be drawn about the underlying cause(s) of surface cracking from visual observations alone ([9], p. 281). More specifically, the presence of corroded bars does not provide proof that the gradual build-up of rusts caused cracking adjacent to the reinforcement bars. Instead, the available evidence suggests that for concretes subject to relatively moderate AAR and thus moderate concrete expansion and loss of concrete tensile strength, the observed concrete cracking and/or loss of cover could have preceded the initiation and development of reinforcement corrosion. This would then have allowed some degree of reinforcement corrosion to occur, thereby permitting some rust deposition on the adjacent exposed concrete matrix. The timing involved also is not conclusive. Except in the most severe cases of AAR attack, in practice, the time taken for AAR to become evident through the destruction of the concrete cover is not dissimilar to the times necessary for chloride-induced or carbonation-induced corrosion damage to become evident [12,14].



As noted, similar to chloride-induced or carbonation-induced corrosion, for AAR to be active requires the availability of moisture. As a result, AAR often is more severe in areas such as run-offs or where exposure to seawater or to condensation may occur [10]. These also are the locations and conditions recognized as associated with increased corrosion of reinforcement under chloride-induced or carbonation conditions. Overall, this indicates that a greater degree of discrimination is required to separate reinforcement corrosion originating from concrete deterioration caused by AAR from reinforcement corrosion initiated by chloride or carbonation mechanisms and conditions.




3. Field observations


3.1. Reinforcement Corrosion Attributed to Chloride Exposure


An analysis of some 300 cases of reinforced concrete structures presumed to have been influenced by chlorides from marine exposures or from de-icing salts on highway bridges, the latter mainly in the USA, has been reported earlier [17]. This showed that the time to reinforcement corrosion initiation (ti) and the estimated time to the commencement of active corrosion (tact), that is, to the commencement of structural damage to the concrete (Figure 1), in both cases was not strongly dependent on the estimated higher concentration of chlorides in the concretes (Figure 2). This was for concretes made with siliceous aggregates and for concrete made with calcareous aggregates, although the latter concrete appeared to have comparatively greater ti and tact. Subsequent to that analysis, it became evident that many of the Norwegian aggregates used in reinforced concrete construction were subject to AAR [18], ([16], pp. 75–84). When the values for ti and tact for those cases likely affected by AAR were taken out of the database and the trends replotted, it became clear that both ti and tact increased in value for a given concentration of chlorides at the reinforcing bars and that the corresponding scatter in the datasets was less (Figure 2). At that time and still today, it is considered unlikely that further progress can be made with this database owing to the unavailability of information about the type of aggregates and hence the possibility of AAR being involved.




3.2. WW2 Reinforced Concrete Handrails at Arbroath, Scotland (UK)


The condition of the reinforced concrete handrails along King’s Drive, northeast of Arbroath, Scotland, and directly facing the North Sea, has been described in some detail before [21,22]. The earlier reports placed emphasis on some 900 essentially identical but individually pre-cast elements each, about 2 m long and some 150 mm deep × 130 mm wide in cross-section, made during 1943. These elements were found to contain seashells and to have aggregate of widely varying sizes, with wide variations in the 25 mm nominal concrete cover to the 6 mm diameter reinforcing bars. With just a few exceptions, even after some 65 years of continuous exposure to the North Sea marine atmosphere, the reinforcement bars showed almost no evidence of corrosion when extracted from the concretes. Little attention was given in those papers to the condition of some 100 elements located apparently randomly in the overall balustrade and deduced as having been made in 1968 (and some in 1993), presumably as replacements for failed 1943 elements. At the same time as the 1943 elements were examined in detail [21], it was observed that the 1968 elements, which had only two 12 mm diameter (nominal) reinforcement bars and 30 mm nominal cover, showed very considerable damage. They showed wide longitudinal cracking in various radial and other directions but with only a limited amount of rust products around the reinforcing bars (Figure 3). This suggests that the build-up of rust products as corrosion progressed was unlikely to be directly responsible for the damage to the concrete.



As reported earlier [21,22], compared to the 1943 concretes, the 1968 concretes showed no seashells in the concrete, suggesting the use of seawater in the mix was unlikely. Also, by that time, seawater for concrete mixes would have been prohibited. Relative to the 1943 concrete, the aggregates in the 1968 concrete appeared to be harder and the concrete overall denser and more compact. This suggests greater attention to mix design and construction, including sourcing of aggregates. In this context, it is of interest that a major bridge at Montrose, only some 18 km from Arbroath, built in 1930 presumably with what was at the time considered the best available materials, showed by the early 1990s considerable cracking, which was eventually attributed to AAR [23]. Although now impossible to confirm, this suggests that the extensive cracking (Figure 3) of the 1968 concrete is likely the result of AAR as distinct from chloride-induced reinforcement corrosion.




3.3. Concrete Structures on and near the Yucatan (MX) Coast


The very extensive southeast part of Mexico consists mainly of the Yucatan peninsula, with extensive limestone deposits as the predominant source for concrete aggregates and fine-crushed rock for construction, much of it quarried close to the northern Yucatan coast [24]. The resulting concrete typically was noted as porous and considered of relatively poor quality [25]. Building construction typically included off-form reinforced concrete walls, reinforced in-plane both vertically and horizontally. After some years of exposure to the atmosphere, these showed fine cracking and crazing and also quite extensive areas of concrete cover delamination [26]. These damages were attributed to poor “construction practices” and the use of high water–cement ratios, even though the latter would have been necessary to offset the porous nature of the limestone. Despite the overall damage and a high rate of loss of concrete alkalinity, which is attributed to carbonation [24], the photographs in the reports show only low to moderate reinforcement corrosion and limited penetration of corrosion products into the surrounding concrete.



In the same region, the relatively short life of the so-called “second” Progreso pier has striking similarities. It was built essentially with the same materials as the domestic constructions and was demolished after about 30 years owing to extensive damage attributed to marine corrosion of the reinforcement in its flat slab deck and above the mean tide level for the supporting piers. This case has been used repeatedly to argue the poor performance in chloride-rich marine environments of reinforced concrete structures with conventional steel reinforcement [27]. However, in view of much more recent evidence of the long-term durability of well-made reinforced concrete structures in marine environments [2,28], this simple interpretation is unlikely to be correct.



The Yucatan reinforced concretes were all made, as noted, with local limestone as aggregate. As seen in Figure 1, provided the aggregates are not reactive, the use of limestone should have had the beneficial effect of extending the times to initiation (ti) and the time to active corrosion (tact) (Figure 2). But as noted, this does not appear to be the case both for on-land reinforced concrete structures and for the second Progreso pier. The likely reason lies with the character of the Yucatan limestones.



The northern part of the Yucatan Peninsula (and many other surrounding areas) was subject to widespread fall-out of silica materials from a meteorite estimated to have impacted the Peninsula some 65 ± 0.2 Ma ago (the so-called Chicxulub impact event) at a location only a few kilometres from the modern-day town of Progreso. The siliceous “impact ejecta” layer is buried to various depths [29], and mixed in with the quarried limestone rock, this would facilitate alkali–silica reactivity (ASR). In turn, this likely is responsible for the observed damage of the concrete surfaces in buildings [26]. It also is likely to be responsible for the early deterioration of the piers and slab of the second Progreso pier. In contrast, the original Progreso pier, built during the late 1930s, is largely a massive concrete structure using local limestone for aggregate but with very little reinforcement, which is mainly buried deep inside the concrete and for which any ASR would have little or no significance for reinforcement corrosion. However, an inspection in 2001 showed the exterior concrete surfaces to have widespread fine cracking, some up to 3 mm in size [30]. This is not inconsistent with cracking typical for AAR (although other causes cannot be excluded).




3.4. Heritage Harbour-Side Crane Gantry, Amsterdam (NL)


The “Kraanspoor” (crane way) is a heritage reinforced concrete high-portal-frame gantry-type structure that is 270 m long, 8.7 m wide and 13.5 m and was built in 1950 in the Amsterdam harbour complex to support a rail-based crane system [31]. After the cessation of ship building in the 1960s, it fell into disrepair but was saved from demolition in 1997. Subsequently, it was surmounted by a modern three-story-high office complex (Figure 4a). Field inspection of the off-form reinforced concrete substructure during 2019 revealed very little evidence of reinforcement corrosion despite nearly 70 years of exposure to the marine atmosphere of the Amsterdam harbour. However, in some isolated locations, there was evidence of loss of concrete cover in the corners of concrete piers in purely atmospheric-exposure locations (Figure 4b,c). The flat surfaces of the columns also showed some loss of concrete aligned entirely with the locations of the steel bars underneath, as exemplified in Figure 4d. None of these can be considered closely consistent with carbonation-induced corrosion, noting that chloride-induced corrosion would be very unlikely for this site, which is located some 21 km from the North Sea but close to the freshwater (now) inland lake Ijsselmeer.



Prior to about 1990, the concrete industry in the Netherlands did not consider AAR as a threat to concrete structures [32], even though there was evidence of ASR for concretes dating back to the 1950s [33], which was attributed to the use at that time of land-based cherts (which are siliceous aggregates) and reactive sandstones. There also were several road bridges affected by ASR ([16], p. 18). Subsequently, an expanding concrete industry was forced to rely increasingly on aggregates sourced from the Ardennes in Belgium ([16], p. 26) and the North Sea and also on marine gravels such as porous chert, chalcedony, and impure sandstone sourced from the Meuse and the Rhine rivers. These aggregates all are known to be prone to AAR. It follows that almost certainly these were the aggregates used in the structural concrete of the Kraanspoor gantry and that potentially they and ASR are responsible for the observations in Figure 4.




3.5. Reinforced Concrete Bridge Piers (AU, NZ)


Early field observations of concrete cracking and surface deterioration for several east coast Australian reinforced concrete bridges and bridge piles exposed to tidal seawater attributed the damage to chloride-induced corrosion of the reinforcement [34]. Carbonation depths of less than 14 mm after 20–30 years of exposure showed that carbonation could be discounted as a factor, but detailed examination eventually showed that AAR was likely, noting that the coarse aggregates were mostly highly deformed quartz gravel of gneissic or schistic origin [35]. In terms of structural damage, the reinforced concrete piles of the bridges showed vertical cracking particularly near the edges of rectangular piles and, in the case of circular piles, isolated randomly spaced vertical cracking of various crack widths [36]. There also was evidence of concrete cover delamination, crumbling of exterior cover concrete, and “drumminess” of the concrete cover. Moreover, the cover concrete was easily removed to reveal corroded reinforcement.



Australian aggregates subject to AAR appear to react relatively slowly compared with Scandinavian aggregates and appear to be more subject to delayed ettringite formation and related expansion [35]. On the other hand, New Zealand South Island aggregates have been noted to be highly reactive [37], and some reinforced concrete piles for bridges have exhibited so-called “hour-glass” thinning of their profiles in the tidal region [38].




3.6. Reinforced Concrete Bridge Piers, Georgia (U.S.)


The influence of AAR on concrete construction has been noted also in the U.S. [7] but, as in other jurisdictions, appears to have been underestimated. For example, the deterioration by longitudinal cracking, spalling, and exposed reinforcement and softening of the concrete near the waterline observed for a reinforced concrete road bridge some 36 years old was attributed primarily to chloride-induced corrosion [39] because of elevated concentrations of concrete chlorides despite the bridge being located some 16 km inland from the Georgia Atlantic coast. The softening of the concrete, particularly below the water line, was considered possibly the result of some type of chemical or biological attack [39].



The bridge in question was one of several considered in a wider investigation of eleven reinforced and prestressed concrete highway bridges on and near the Atlantic coast in Georgia, USA, reported in Appendix A of a thesis by Holland [40]. The thesis itself deals mainly with the effects of various additives to produce high-performing concretes against sulphate attack and carbonation. Given the observations in the thesis of concrete softening, it is of interest whether the set of observations could be interpreted as examples of AAR rather than primarily of chloride-induced or carbonation-induced corrosion damage. All the bridges are located along or near the Atlantic coast and include crossings over seawater (mouths of rivers) over brackish waters and others over freshwaters. Table 1 summarises the information available for these bridges. With one exception (case 8), concrete chloride concentration measurements were not available. The use of limestone aggregates for some bridges was identified from field observations.



As shown in Table 1, some degree of longitudinal concrete cracking was observed for the reinforced concrete piles in eight bridges, in each case at or near the corners of the piles or, in one case, of the vertical guide-rail supports. Such cracking also can be observed, under enlargement and very detailed examination of photographs of the other bridges, for at least some piers. Only the piers of older bridges showed signs of rust staining, in some cases only when samples of the piers were broken open (site 8). Such staining is indicative of reinforcement corrosion, but it does not demonstrate that corrosion preceded concrete damage as usually assumed—it merely shows that reinforced corrosion occurred. It could equally have occurred after the concrete (cover) was damaged, such as could occur under AAR conditions. As now recognised, concrete cover cracking is consistent with the time- and moisture-dependent volumetric expansion of concrete under AAR conditions of whatever type [10,41].



The evidence of “hour-glass” profiles of some the concrete piers, concrete cover loss in and near the pier corners and typically in the tidal or waterline zones, and loss of concrete cement matrix material between aggregates, termed “surface abrasion” ([40], Figure A6), were proposed as possibly the result of sulphate attack. However, the field observations of sulphate concentration vary quite considerably between the bridge locations and do not appear closely correlated, even qualitatively, with “surface abrasion”. An alternative explanation lies with the AAR of the concrete aggregates since, as noted, AAR is known to weaken the concrete matrix, with an associated loss of concrete fines [10,41]. Typically, the effects of AAR increase with increased period of exposure, and this appears to be borne out in Table 1, with “abrasion” being more pronounced for the older concretes. Further support for the influence of AAR is that for case 8, the concrete cover of the extracted piles was noted as “soft” and easily “chiselled off” ([40], p. 64). Such softening usually is associated with loss of concrete integrity from AAR [41].



Finally, the U.S. Geological Survey information [28] indicates that for the state of Georgia, by far the dominant aggregate type is crushed granite, with only some 15% listed as crushed limestone. Many granites are known to be prone to AAR [9]. It follows that the observations in Table 1, proposed as primarily (but not only) the result of chloride-induced corrosion, are more likely the result of AAR activity. This is consistent with the observations of the deterioration of the concrete surface by the softening and of the localised longitudinal cracking in the direction of the reinforcement. The mechanisms by which such localised rather than uniform widespread cracking can occur are considered in the next section.





4. Analysis


The apparently random cracking or crazing typically observed for concrete surfaces for mass concrete affected by AAR has been associated with the time- and moisture-dependent volumetric expansion of concrete under AAR conditions of whatever type [41]. Such expansion will be slightly greater well within the concrete matrix, aided by the slight temperature rise associated with the alkali–aggregate reaction. For mass concrete objects, completely unrestrained, the result is likely to be simple volumetric expansion without significant induced stresses (or strains), although some in-plane tensile stresses may develop on the exterior surfaces. In theory, these would be spread evenly over larger uniform areas [15].



The situation for practical reinforced concrete structures, however, is rather different. These contain reinforcement, including longitudinal bars, stirrups, and hoops that tend to inhibit volumetric expansion. For longitudinal elements such as beams and piers, such restraint is principally for the concrete confined by the hoops and stirrups. The concrete not confined by these, such as cover concrete, is less constrained and has greater freedom to expand. This likely is one reason for the observations that where reinforcement is present close to the concrete surface, cracking of the surface concrete occurs, trending along the lines of the reinforcement [10]. Also, the presence of steel bars reduces the concrete that can act in tension, thereby tending to focus concrete cracking along the orientation of the reinforcement bars. Evidently, the extent to which this can occur and the width of resulting cracks will depend on the thickness of the concrete cover and on its spatial variability. In practical concrete structures, concrete cover is seldom uniform in thickness and properties [8].



As to why cracking of piers and other longitudinal objects affected by AAR tends to occur at and near the corners (Figure 5), it is necessary to consider differential movement between the interior of the concrete piers and that at the surface and also the effects of the reinforcement and the presence of stirrups in relation to the expanding concrete under the volumetric expansion action of AAR. The main reinforcement and the stirrups act in combination as a “cage” to offer restraint to the interior concrete. The concrete cover, on the other hand, is not restrained directly by this cage, although there could be transfer of (mainly shear) resistance between the interior and exterior concrete. Evidently, the cover concrete is able to expand laterally (as well as transversely) at a different rate to the constrained bulk concrete. To ascertain the effects of these different strain conditions, the structural response was modelled using a standard finite element analysis program. For convenience and simplicity, the expansion was modelled using an increase in temperature of the concrete (but not the reinforcement steel) to create the material expansion and the resulting stress distribution. Without considering the precise details, the overall result of the analysis, in terms of the triaxial stresses generated by the volume expansion of the concrete, are shown in Figure 6. This is for a typical pier in Table 1, with a 450 × 450 mm cross-section with 60 mm cover. It is evident that the high triaxial stresses correspond to the corner zones where the tensile cracks are observed for AAR-affected concrete.



A generally similar result is obtained if the cross-section is changed to that corresponding to the handrails at Arbroath. Figure 7 shows the results for the triaxial stresses generated under volumetric expansion of the concrete. In this case, there is no hoop reinforcement. Nevertheless, the regions of high triaxial stress correspond with the pattern of cracking where it reaches the surface of the handrail (cf. Figure 5).



For circular columns, the stress analysis for volumetric expansion is elementary. It corresponds directly to that of a thin-walled pipe under internal pressure that generates a hoop (i.e., circumferential) tensile stress that, under idealised conditions, would be uniform around the circumference. In turn, for sufficient high tensile stress, this would result in fine uniform cracking all around the circumference. In practice, however, the concrete cover is unlikely to be precisely uniform around the circumference or of precisely the same tensile capacity. Thus, localisation of tensile stress and hence cracking is inevitable (Figure 8). Once commenced, such localized cracking is almost certain to extend longitudinally, causing isolated longitudinal cracking, as observed for practical circular piers, for example, those of the St. David highway bridge, Québec City, Canada [42].



Finally, the delamination of the concrete cover in the case of the two-way reinforced concrete walls and similar elements for Yucatan housing can be seen to follow a similar analysis, again based on concrete expansion. In this case, while the concrete will tend to expand in all directions under the influence of AAR, the steel reinforcement in contact with the concrete will tend to offer a degree of in-plane restraint to the expansion of the concrete in the direction of the reinforcement (Figure 9). If the concrete expansion is sufficient, the concrete shear capacity will be exceeded, and delamination will result. Obviously, this is an entirely different mode of delamination failure compared to that resulting from the build-up of rusts forcing the concrete laterally away from the reinforcement. The shearing pattern of failure along the plane of the reinforcement without significant build-up of rusts being required is consistent with the field observations of low to modest reinforcement corrosion [26].




5. Discussion


The examples given above all illustrate that crack patterns that might be associated with reinforcement corrosion initiated by chloride-induced or carbonation-induced initiation mechanisms are not dissimilar from cracking that can arise from the AAR of the concrete aggregates. This implies that misdiagnosis is possible—a possibility not helped by a perception in some parts of the concrete industry that AAR is a problem only associated with reinforced concrete structures “elsewhere” [9]. However, such a perception is not supported by the examples given above. They are drawn from a wide variety of locations nonetheless limited to those reported in the literature (Norwegian coastal structures and Australian and NZ bridge piers), those for which it has been possible to make reasonable deductions (e.g., Yucatan structures and Georgia bridge piers), or those available through personal inspection (Arbroath and Kraanspoor).



As has now been well established, the main structural concern with the AAR of aggregates is that its expansive effect tends to reduce the strength of the concrete and increase its permeability. The latter facilitates material deterioration as a function of time and exposure through the softening of the concrete and increasing its permeability, increasing the rate of loss of calcium hydroxide after it has undergone dissolution in water. Previous studies have shown that alkaline dissolution contributes to a more open, more permeable concrete matrix structure [6]. Likely, this is responsible for the relatively open structure of surface concrete (Figure 4b,c) affected by AAR and may be responsible for the apparently greater openness of the concrete matrix structure over the locations of the reinforcement bars (Figure 4d). This possibility is also supported by observations that where the concrete cover was lost, little evidence could be seen of reinforcement corrosion products (Figure 10). There also is little evidence of corrosion products having settled into the adjacent concrete matrix, as often reported [43]. There is also little evidence of rust staining, as typically observed in the presence of advanced reinforcement corrosion. These observations support the notion that the concrete matrix deteriorated sufficiently to permit the loss of concrete cover, which then facilitated the subsequent development of reinforcement corrosion.



Both the Sydney and the Georgia observations of bridge pier deterioration note the occurrence of an “hour-glass” profile within the tidal zone, that is, a greater loss of concrete cover in that zone, without evidence of reinforcement corrosion. This is a phenomenon not conventionally associated with chloride-induced or carbonation-induced reinforcement corrosion. It can be the result only of locally weakened concrete and in particular weakened concrete cover.



Comparisons of the bridge piers in Table 1 show considerable differences in the severity of their deterioration, including when compared to the other cases, such as the second Progresso pier. Further, the deterioration at Arbroath (Figure 3) after 60 years is not unlike that of the oldest Georgia piers (50–60 years) and possibly the Sydney piers but more severe than the younger Georgia piers. More detailed comparisons between these cases is difficult owing to a lack of information about the aggregates used in each case and their reactivity. Nevertheless, the cases given above support the notion that the effect of AAR increases with longer exposures, as expected [9].



The apparently higher rate of occurrence of cases of damage attributed to AAR for structures constructed during the 1960s sometimes is claimed to be the result of changes in cement making. These were the introduction of higher clinkering temperatures and finer grinding to achieve higher early-strength cements with a higher alkali content, a factor considered to increase AAR for aggregates that are susceptible [9]. However, there appears to be no substantial evidence to support the proposition that changes in cement making have influenced the rate of concrete deterioration [44]. Similarly, there is no support for the proposition that these changes in cement making can be correlated with an increased occurrence of reinforcement corrosion [45]. According to Sims ([23], p. 200), a more likely explanation, for the U.K. at least, is the higher rate of construction of new infrastructure during the 1960s.



The key message from the analyses presented herein is that reinforcement corrosion of reinforced concrete structures should not be seen only in the light of “chloride-induced” or “carbonation-induced”, as is the usual dichotomy in textbooks and most academic papers. When sufficiently, closely, and critically examined, many cases of reinforcement corrosion could be interpreted alternatively as initiated by the prior deterioration of the enveloping concrete matrix. The damage so caused to the concrete and in particular its cover then could have allowed the reinforcement corrosion to initiate and develop. This sequence differs completely from the conventional notions of “chloride-induced” or “carbonation-induced” reinforcement corrosion, for which concrete damage potentially follows reinforcement corrosion and rust build-up rather than the other way around. While the physical appearance of the concrete damage may superficially appear to be similar, as noted in some of the examples given above, the underlying causes and mechanisms are very different.



An important practical implication that arises from the above observations is that much more attention should be given to the examination of aggregates proposed for use in concretes for long-term structural applications. While this has been recognized in some jurisdictions [36], in others, this recognition is only more recent [12], including for nuclear facilities [46].



Finally, there also are environmental implications. Long-term viability of (exposed) concrete in reinforced concrete structures is being increasingly recognized as a contributor to carbon capture and storage [47], and for this reason, as well as for the conventional wisdom of long-term durability being desirable for overall socio-economic benefits, account should be taken of the potential for the reduction of AAR the effective lifespan of concrete structures.




6. Conclusions


The following conclusions are drawn from the material presented herein.



1. Alkali–aggregate reactivity can influence the initiation of reinforcement corrosion through causing the loss of the physical protection of the concrete cover and through the loss of chemical protection caused by lowering of local pH around the steel bars, a process known to result from the outward leaching and loss of concrete alkalis;



2. Alkali–aggregate reactivity reduces the strength of the concrete and causes its volumetric expansion, potentially setting up internal differential concrete strains and compressive stresses and also, at exterior surfaces, tensile stresses. If sufficiently high relative to the local concrete strength, these stresses can cause cracking, spalling, and delamination of the concrete cover;



3. The loss of concrete-protective effect may permit access of the external environment to the reinforcement, thereby potentially causing corrosion initiation. In this sequence, reinforcement corrosion is caused by the loss of protection offered by the concrete. This is opposite to the sequence of reinforcement corrosion causing concrete damage as in “chloride-induced” and “carbonation-induced” reinforcement corrosion;



4. Particularly where reinforcement is relatively close to the exterior concrete surface, the crack patterns resulting from the expansive effect of AAR have a tendency to follow the lines of the reinforcement, thereby often appearing to be similar to the crack patterns caused by “chloride-induced” and “carbonation-induced” reinforcement corrosion, with the potential effect of misdiagnosis;



5. It appears that insufficient attention has been given by sections of the structural concrete industry to the possibility of alkali–aggregate reactivity. As a result, reinforcement corrosion attributed to “chloride-induced” and “carbonation-induced” effects has been overestimated. This increases the possibility of misdiagnosis and application of inappropriate remedial actions.
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Figure 1. Typical development of reinforcement corrosion showing the separation of corrosion initiation and the slow development of long-term corrosion for good quality concretes, with definition of ti and tact [19]. 
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Figure 2. Data and trends for reinforced concrete corrosion (a) initiation time ti and (b) time to active corrosion tact for two different types of aggregate. Original data in refs. [17,20]. 
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Figure 3. Colour-enhanced and sharpened-focus photograph in 2008 of saw-cut cross-section of reinforced concrete handrail likely made in 1968, showing very low volume of rust around the steel bars and extensive cracking [21]. 
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Figure 4. (a) Overview of 1950s Kraanspoor reinforced concrete structure with recently constructed superstructure (b,c) localised loss of concrete cover and reinforcement corrosion at corners of portal frame columns in 2019, showing some evidence of (unsuccessful) patch repair, (c,d) examples of flat off-form concrete surface showing alignment of the reinforcing bars underneath. 
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Figure 5. Schematic cross-section of a reinforced concrete pier with hoops showing typical field-observed longitudinal crack pattern (a) near the corners, (b) cracks causing loss of corner concrete cover, and (c) cracking through the corner chamfer. 
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Figure 6. Triaxial stresses generated by the volumetric expansion of a reinforced concrete cross-section restrained by steel hoops, showing high stresses near and at the corners. 
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Figure 7. Schematic triaxial stress-state distribution for the upper right part of the reinforced concrete handrail in Figure 3 under the volumetric expansion of the concrete. The highest stresses occur at the top right quadrant surface (and at corresponding other quadrants). 
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Figure 8. Plan section of a nominally circular reinforced concrete column or pier subject to expansion from AAR and the development of a tensile stress state (at right) resulting from non-perfect alignment of reinforcement within the circular formwork. 
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Figure 9. Plan section of reinforced concrete wall with centrally placed two-directional in-plane reinforcement, showing schematic strain states set up by expanding concrete enveloped by the two-way steel reinforcement and the generation of shear stresses in the concrete from the AAR-induced expansion as shown and resulting in cracking along the plane of the reinforcement. 
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Figure 10. Close-up view of exposed reinforcement bar showing corrosion on the outer surface of the bar but negligible corrosion at the sides and negligible corrosion products into the concrete surrounding the bar (detailed view of bar in Figure 4b). 
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Table 1. Summary of Georgia Bridges (compiled from information in Holland [40].
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Site

	
Distance from Sea (km)

	
Water Type a

	
Built

	
Age (years)

	
Aggregate Type b

	
pH

	
NaCl

%

	
SO42−

mg/L

	
“Abrasion” (Loss of Mortar)






	
1

	
13

	
S

	
1964

	
46

	

	
7.4

	
2.77

	
2070

	
?




	
2

	
27

	
F

	
1953

	
57

	

	
7.0

	
0.05

	
53

	
Severe




	
3

	
19

	
S

	
1954

	
56

	

	

	

	

	
Yes




	
4

	
0

	
S

	
1960

	
50

	

	

	

	

	
?




	
5

	
13

	
B

	
1963

	
47

	
Limestone

	
7.3

	
1.38

	
1060

	
Yes




	
6

	
13?

	
B

	
1987

	
23

	

	

	

	

	
Limited




	
7

	
48

	
F

	
1968

	
42

	

	
5.9

	
0

	
14

	
Yes




	
8

	
16

	
B

	
1977

	
33

	
Limestone

	
7.5

	
1.99

	
1530

	
Yes

“Soft cover”




	
9

	
0

	
S

	
1950s

	
60?

	

	
7.4

	
2.34

	
1750

	
Yes




	
10

	
32

	
B

	
1957

	
53

	
Limestone

	
7.3

	
0.38

	
220

	
Yes




	
11

	
16

	
F

	
1981

	
29

	
limestone

	
7.2

	
0

	
23

	
Limited




	

	
Seawater

	
S

	

	

	

	
7.4

	
3.5

	
2700

	




	
Hour-glass

profile

	
Longitudinal corner cracks

	
Rust staining

	
Driving cracks (trans-verse)

	
Shells (tidal zone)

	
Comments




	
n

	
Yes

	
?

	
n

	
n

	
In deck barriers c




	
Severe

	
Yes

	
n

	
n

	
Some

	
Crack visibility poor




	
Limited

	
Severe

	
Minor

	
n

	
Very few

	




	
?

	
?

	
?

	
Some

	
n

	
Inspection issues c




	
Yes

	
Yes

	
Yes

	
n

	
Yes

	




	
n

	
n

	
n

	
n

	
Many

	
Corrosion inhibitors




	
n

	
n

	
n

	
Some

	
n

	




	
Yes

	
Yes d

	
Yes, internal e

	
n

	
Yes

	
Turtle River bridge e;

crack visibility poor




	
Yes

	
Yes

	
Yes

	
n

	
Yes

	
Older of 2 bridges




	
n

	
Yes

	
Yes

	
n

	
n

	




	
n

	
Yes d

	
n

	
n

	
n

	
Crack visibility poor




	

	

	

	

	

	
Typical coastal








Notes: Cases shown shaded (1–3, 5, and 8–11) are those for which direct or indirect evidence is available for reinforcement corrosion. (a) F, fresh; B, brackish; S, seawater. (b) Aggregate type in most cases was not reported. (c) Bridge piers could not be inspected at low tide, and thus, pile deterioration was not observed in the original investigation. Some reinforcement corrosion and rust staining and cover spalling for parts of superstructure was reported. (d) Piles hollow core. (e) Turtle River bridge: Piles 760 × 760 mm with 425 mm diam hollow core, 62.5 mm nominal cover to prestressing strands (14 mm diam). Cover concrete noted as “soft” and easily removed by chiselling it off. Detailed investigation showed reinforcement to be covered with a thin layer of corrosion products. There also was some internal rust staining. n, none or not observed; ?, not accessible for observation; blank entry, no information.
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