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Abstract 11 

The alkali-aggregate reaction and the internal sulfate attack are two chemical reactions that lead 12 

to expansions in concrete structures. The former is one of the main causes of expansions in 13 

concrete dams and has been extensively reported in the literature, whereas the latter is less 14 

common and, thus, less studied. The confluence of both reactions in one structure is highly 15 

unlikely but still possible as shown by the case of the dam studied in this paper. This gravity 16 

dam exhibits significantly high non-recoverable displacements that may only be justified by the 17 

superposition of both phenomena. This paper focuses on the study of a concrete dam whose 18 

diagnosis hypotheses have changed throughout the years according to evolution of the behavior 19 

observed. The hypotheses proposed in the study are validated by conducting numerical analyses 20 

through 3D and 2D finite element models. The results confirmed the diagnosis proposed and the 21 

capability of the model to reproduce the behavior of the dam.  22 
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1. INTRODUCTION 25 

Hydraulic infrastructures have a major economic influence in the environment and the 26 

society given their ability to transform the territory. Concrete dams are the greatest 27 

example of the repercussion in the territory of large infrastructures. Despite concrete 28 

dams are built to endure high external loads and be durable, pathologies may arise 29 

during their service life. In some cases, the pathology may compromise the safety of the 30 

structure, but often it only affects the daily operations of the dam.  31 

Expansive reactions are a common phenomenon in concrete dams. The expansions 32 

usually generate internal stresses, cracking and non-recoverable displacement that may 33 

alter the normal functioning. Identifying the causes and determining the extent of the 34 

damage is essential to conduct rehabilitation tasks and avoid further degradation of the 35 

dam. The most common expansive reactions in concrete dams are alkali-aggregate 36 

(AAR) and, in particular, the alkali-silica reaction (ASR) that has been extensively 37 

studied and reported in the literature. The internal sulfate attack (ISA) is another type of 38 

expansive reaction that is less frequent. 39 

The ASR has been studied for 70 years [1-4] and occurs in the presence of aggregates 40 

that contain amorphous and cryptocrystalline silica. Examples of such aggregates are 41 

glassy volcanic rocks and tuff, rocks containing opal and other rocks with high silica 42 

content. The reaction generates a gel that absorbs humidity and expands. The expansive 43 

mechanism of the ASR may be described, in simplified way, as a two-stage reaction 44 

between the alkalis (sodium and potassium) of the cement and the reactive silica of the 45 

aggregates.  46 

A certain type of ISA may be caused by the use of aggregates containing iron sulfides 47 

(pyrrhotite and pyrite) that oxidize inside the concrete releasing sulfates [5-7]. The 48 



sulfates, in turn, react with the cement paste components (portlandite and tricalcium 49 

aluminate) generating potentially expansive secondary ettringite [8]. 50 

The evolution of the ISA in concrete dams depends on the oxygen concentration and 51 

humidity, which varies from the upstream to the downstream faces. As a result, a clear 52 

difference takes place between the areas close to the oxidant agent (the oxygen in the 53 

atmosphere) and the rest of the dam, thus leading to differential deformations and 54 

internal stresses that are higher in the downstream face due to the higher concentration 55 

of oxygen. 56 

References of concrete dams experiencing separately ISA or AAR may be found in the 57 

literature; however, cases where both reactions occurred in the same dam are unusual 58 

(some cases have been diagnosed in the Spanish Pyrenees) and scarcely documented.  59 

In fact, in most cases the report the combination of AAR with a certain type of ISA 60 

known as delayed ettringite formation (DEF). DEF is associated to the decomposition of 61 

primary ettringite, which is not stable at high temperatures (generally over 70 Celsius 62 

degrees), into monosulfate and gypsum. After the hardening, the temperature in 63 

concrete decreases and the secondary ettringite is formed resulting in expansions [9, 64 

10]. Usually, the studies about these combined phenomena deal with the microstructure 65 

and experimental data [11, 12], without considering the influence in the structural 66 

damage. 67 

In this context, evaluating the rare confluence of AAR and ISA gains special relevance 68 

since it may yield further information on the degradation processes. Additionally, if 69 

numerical tools are used to validate the diagnosis hypotheses and justify the structural 70 

behavior observed in the dam, the study may serve as an example for future diagnosis. 71 



Modelling expansive reactions in concrete dams may help to estimate the long-term 72 

behavior of the structure and define the rehabilitation strategy. The studies in the 73 

literature mostly correspond to the modelling of AAR, to a lesser extent to the external 74 

sulfate attack (ESA) and those related to modelling ISA are almost non-existent. 75 

Generally, AAR models may be grouped in three categories according to their level of 76 

approximation [13]: micro, meso and macro scale.  77 

The models at a micro-scale [14-17] and a meso-scale [18-21] represent explicitly the 78 

heterogeneity of concrete and their goal is to elucidate the underlying mechanisms of 79 

the expansions. Therefore, these levels of approximations are less relevant in a 80 

structural analysis such as in the case of the present study.  81 

The models at a macro-scale are generally implemented in finite elements (FEM) and 82 

consider concrete as a homogeneous material combining chemical aspects and their 83 

mechanical effects. According to Saouma [13] can be distinguished:  84 

• Empirical models where ASR expansions are estimated through kinetic laws 85 

(depending on chemical reactions, stresses, temperature and relative humidity 86 

(RH)) that are imposed in each point of the mesh (analogously to thermal 87 

expansions) [22-25] 88 

• Coupled chemo-mechanical models that account for the time-depending nature 89 

(kinetics) of chemical reactions (due to the diffusion processes) in the 90 

mechanical response [26-32] 91 

Generally, modelling chemical reactions requires considering the transport processes 92 

involved, thus leading to reaction-diffusion systems. These systems allow evaluating 93 

how the concentration of one or more substances distributed in the space change under 94 



the influence of the chemical reactions (locally transforming substances in others) and 95 

the diffusion (transporting substances in the space). Fick’s law is usually used to 96 

describe the diffusion processes of the chemical components in pervious materials. In 97 

the case of ISA due to oxidation of the iron sulfides in the aggregate, the reaction 98 

depends on the transport of oxygen from the outside to the inside of the concrete matrix.  99 

The paper presents the real case of a concrete dam monitored for more than 25 years 100 

with cracking and significant non-recoverable displacements (in some blocks up to 200 101 

mm). The early diagnosis suggested an ISA; however, long-term monitoring has 102 

revealed that the ISA alone could not justify the displacements registered. The aim of 103 

the study is to define a conclusive diagnosis.  104 

For that, the diagnosis hypotheses are reformulated assuming the confluence of an ISA 105 

and AAR developed at different stages of the service life. Subsequently, the structural 106 

behavior is simulated through 3D and 2D finite element models. The present study 107 

applies the kinetic model proposed by Ulm et al. [26] to simulate the expansions due to 108 

AAR (in AAR, the transport models used in the literature are mainly at a micro-scale). 109 

The ISA is considered by means of a reaction-diffusion model proposed by the authors 110 

for concrete dams in [33]. The 2D non-linear model includes joints to represent the 111 

cracks observed in the structure, applying the formulation proposed by Carol et al. [34]. 112 

This approach allows assessing the contribution of the damage and cracking on the 113 

displacements registered. Finally, the new hypotheses are numerically and 114 

experimentally validated. 115 

2. DESCRIPTION OF THE DAM 116 

2.1 General characteristics 117 



The concrete dam studied is a gravity dam located in Pyrinees in the northeast of Spain 118 

and built between 1968 and 1971. The dam presents a straight form in the ground plant 119 

with a crest length of 102.4 m and a height of 28.9 m (the lowest level of the foundation 120 

is at 1327.7 m and the crest is at 1356.6 m above sea level, respectively). The dam is 121 

divided into seven blocks as shown in Fig. 1, which are 15.0 m wide with the exception 122 

of block 1 that is 12.4 m wide. The dam presents one gallery at level 1335.3 m. The 123 

reservoir, which exhibits a capacity of 0.33 hm3, was filled for the first time in 124 

November 1971. 125 

 126 

Fig.1. View of the dam from downstream. 127 

Regarding the geological characteristics of the region, the dam is located in an area 128 

where the predominant rocks are slate and phyllites. The use of this type of aggregate in 129 

the concrete for dam construction was confirmed by the historical records on the 130 

construction procedure and by the microstructural analyses performed. 131 

2.2 Current state and behavior 132 

The original instrumentation in the dam consisted of a pendulums system that was 133 

complemented in 1981 with the equipment to measure vertical and horizontal 134 

displacements at the crest of the dam and at the gallery. The data registered between 135 

B6 B5 B4 B3 B2 B1 B7 



1981 and 1986 allowed detecting an abnormal behavior reflected by horizontal non-136 

recoverable displacements towards upstream that has increased through the years. Fig. 137 

2a and Fig.2b show the evolution of the horizontal and vertical displacements at the 138 

crest of the dam for each block since 1981. 139 

The values in Fig. 2 reveal that the non-recoverable displacements have increased 140 

significantly in the past 30 years. Notice that block B5 presents a horizontal 141 

displacement of 225 mm towards upstream in 2011 and a vertical displacement of 95 142 

mm, which are remarkable values for a dam that is 28.9 m high. The curves also show 143 

cyclic displacements as a result of the variations in temperature and level of the 144 

reservoir that are significantly lower than the non-recoverable displacement 145 

accumulated throughout the years. In the gallery, no significant displacements were 146 

observed up to 1995, when vertical non-recoverable displacements were detected. 147 

However, the magnitude of these displacements is smaller than at the crest of the dam.  148 

Fig. 2c and Fig. 2d show the evolution of the horizontal and vertical displacements, 149 

respectively, in each block since 1986 to 2011. The maximum horizontal displacements 150 

occur in blocks B4 and B5 and tend to decrease in the blocks close to the abutments. 151 

The vertical displacements are similar in the blocks with approximately the same height 152 

(B2, B4 and B5).  153 



154 

  155 

Fig. 2. Evolution of: a) horizontal and b) vertical displacements at the crest of the dam, c) 156 

horizontal and d) vertical displacements in each block. 157 

Besides the non-recoverable displacements, other proofs were observed in the dam that 158 

suggest a pathology that may be affecting the performance of the dam, particularly map 159 

cracking and an ochre shading. These evidences are observed in the dam and in other 160 

auxiliary elements. Fig. 3 shows areas with map cracking and ochre shading in several 161 

areas of the downstream face. 162 
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 163 

Fig. 3. Map cracking and ochre shading: a) downstream face and b) auxiliary elements. 164 

The phenomena described (non-recoverable displacements, map cracking and ochre 165 

shading) are indicators of a possible expansive reaction in the concrete of the dam.  166 

3. EVOLUTION OF THE DIAGNOSIS 167 

3.1 Previous studies 168 

The first experimental study on the behavior observed in the dam was conducted in 169 

1987. The study involved aggregate and concrete cores characterization through visual 170 

inspection, X-ray diffraction (XRD) and microscopy. The analyses performed revealed 171 

the presence of iron sulfides in the aggregates and secondary ettringite in the interface 172 

of the aggregate and the cement paste. Gel from an alkali-aggregate reaction (AAR) was 173 

also found in the concrete of the dam, however it was isolated and in small amounts. 174 

This product of the AAR did not justify the magnitude of the displacements observed in 175 

the dam. Therefore, at that time, the main cause for the abnormal behavior of the dam 176 

was considered to be an internal sulfate attack (ISA) due to the oxidation of the iron 177 

sulfides in the aggregates. 178 

Subsequently, in 1993 another experimental program was planned to further evaluate 179 

the origin of the increasing non-recoverable displacements registered at the dam. Again, 180 

a) b) 



aggregates and concrete cores were analyzed through several techniques. The visual 181 

inspection allowed identifying clear sulfide seams in the rock, as shown in Fig. 4a.  182 

An extensive study was conducted on the aggregates obtained from crushing the blocks 183 

extracted from the stone quarries close to the dam. Fig.4b shows the aggregate samples 184 

stored in bags outside, which exhibit rust stains due to the presence of pyrrhotite in the 185 

aggregates. 186 

 187 

 Fig. 4. Sulfide seams in rock samples: a) detail of slate and b) aggregate for testing.  188 

The chemical analysis of the rock confirmed the presence of iron sulfides, particularly 189 

phyrrotite, with sulfate concentrations around 1.98%. In the concrete cores, significant 190 

amounts of ettringite were found mainly in the interface of the aggregate and the paste. 191 

Based on the experimental studies and on the displacements registered up to 1993, it 192 

was again suggested that the main cause was an ISA. However, given that products of 193 

an AAR were also detected, it was also suggested that there might be a secondary 194 

expansive reaction (AAR) that may overlap at some point with the ISA. 195 

3.2 Current hypothesis 196 

The significant increase of the non-recoverable displacements detected from 1993 to 197 

2011 (see Fig. 2) and the presence of new cracks in the dam lead to another 198 



experimental study to evaluate the evolution of the behavior. Notice that in 1993 the 199 

horizontal and vertical displacement at the crest of the dam in block B5 were 82 mm 200 

and 18 mm, respectively; however, in 2011 these values are 225 mm and 95 mm, 201 

respectively, as previously mentioned. In addition, the displacements at the gallery in 202 

block B5 were negligible, whereas in 2011 the vertical displacements are 10 mm. The 203 

vertical shafts of the pendulum system did not exhibit visible cracks in 1991, however 204 

since 2009 several cracks are observed (see Fig. 20 in subsequent sections). 205 

The studies performed reveal that the horizontal displacements of the dam are caused by 206 

the expansion of concrete due to ASI. This type of expansive reaction requires oxygen 207 

to occur and, for that reason, the increment in volume is concentrated in the faces in 208 

contact with oxygen. Such expansion leads to displacements at the crest of the dam 209 

towards upstream. However, this reaction does not explain the displacements registered 210 

in the gallery, which is located at a low level and near the reservoir (the upstream face). 211 

Such location would involve high humidity and low oxygen transportation. 212 

Furthermore, the magnitude of the vertical displacements at the crest of the dam in 2011 213 

cannot be the result of only an ISA. 214 

For this reason, another experimental study was conducted in 2011 (see Fig. 18 in 215 

section 6.2) involving scanning electron microscopy (SEM) that confirmed the presence 216 

of the two expansive reactions (ISA and AAR) in the concrete of the dam. According to 217 

the images obtained from SEM, the ISA occurred first and then the AAR appeared, 218 

developing at a slower pace.  219 

The current hypothesis based on the observation and study of the behavior of the dam 220 

over 25 years is that two expansive reactions coexist: one of them is global (AAR) and 221 

the other (ISA) affects the region in contact with oxygen, in other words, areas where 222 



the water may contain higher contents of oxygen to initiate the primary reaction of the 223 

phyrrotite oxidation such as the downstream face. The expansion resulting from both 224 

reactions could explain the high horizontal displacements registered due to ISA, the 225 

elevation of the gallery (this measurement was key to determine the magnitude of the 226 

AAR) and the high vertical displacements (up to 95 mm) at the crest of the dam. 227 

The damage and the cracking observed in the dam could also have affected the behavior 228 

of the dam and the magnitude of the displacements registered. This assumption will be 229 

evaluated in subsequent sections through numerical modelling.   230 

4. NUMERICAL MODELLING 231 

Gravity dams with a straight form are generally satisfactorily modelled through 2D 232 

finite element models in plain-strain conditions. However, given the magnitude of 233 

displacements registered at the central blocks of the dam, a more detailed analysis is 234 

required. Notice that the expansions at the central blocks may lead to longitudinal 235 

compression in the structure and to an arch effect that would contribute to increase the 236 

displacements. Therefore, a 3D finite element model was developed to study the 237 

complete dam and a 2D model of block 5 was also implemented to specifically evaluate 238 

the behavior of that block. 239 

4.1 Description of the FE Model  240 

4.1.1 3D model 241 

The geometry of the 3D model, the generation of the FE mesh and the representation of 242 

the results was conducted with the software GiD, whereas the calculations were 243 

performed by means of the FE code DRAC, developed at the Department of Civil and 244 

Environmental Engineering at the Universitat Politècnica de Catalunya (UPC). Fig. 5a 245 



shows the 3D geometry of the dam from downstream and the FE mesh. Fig. 5b presents 246 

the interfaces between the blocks of the dam and between the dam and the surrounding 247 

soil. 248 

 249 

 250 

Fig. 5. a) Geometry of the 3D model and FE mesh, b) interfaces in the 3D model and c) 251 

geometry of the 2D model and FE mesh. 252 

The FE mesh is denser in the downstream face and in the upper part of the upstream 253 

face of the dam, which correspond to the areas exposed to the ISA. The mesh consists 254 

of 56920 linear tetrahedron elements and 3349 triangular interface elements. 255 

4.1.2 2D model 256 

Fig. 5c presents the finite element mesh created for modeling block 5 with a higher 257 

density of elements close to the downstream face (up to 2.0 m inside the dam), where 258 

the expansion occurs due to the presence of oxygen. The maximum dimension of the 259 

elements in the denser zone is 10 cm. A linear joint was defined in the interfaces 260 

between the concrete dam and the rock. 261 

Block 5 

a) 

b) 

c) 



4.2 Definition of the expansions 262 

4.2.1 ISA diffusion-reaction model 263 

The ISA develops in two stages: a primary reaction due to the oxidation of the iron 264 

sulfides in the aggregate (pyrrhotite) and a secondary reaction due to a sulfate attack of 265 

the products of the oxidation to the cement paste. The expansions due to ISA are 266 

obtained with the model proposed by the authors in [33], which is briefly described in 267 

this section. Further detail on the model may be found in the previous reference.  268 

The primary reaction is addressed by means of a diffusion-reaction model that takes into 269 

account the kinetic of the oxidation reactions of pyrrhotite and the oxygen diffusion in 270 

concrete. The evolution of the process depends of the oxidation of pyrrhotite in the 271 

aggregates, whose development is governed by the system of equations Eq. (1-4). 272 

𝜕𝜕[𝑂𝑂2]
𝜕𝜕𝜕𝜕

= ∇2(𝐷𝐷[𝑂𝑂2]) − 𝑔𝑔𝑘𝑘2[𝑂𝑂2][𝐹𝐹𝐹𝐹2+] (Eq.1) 

𝜕𝜕[𝐹𝐹𝐹𝐹1−𝑥𝑥𝑆𝑆]
𝜕𝜕𝜕𝜕

= −𝑘𝑘4[𝐹𝐹𝐹𝐹1−𝑥𝑥𝑆𝑆][𝐹𝐹𝐹𝐹3+] (Eq.2) 

𝜕𝜕[𝐹𝐹𝐹𝐹2+]
𝜕𝜕𝜕𝜕

= 𝛿𝛿𝑘𝑘4[𝐹𝐹𝐹𝐹1−𝑥𝑥𝑆𝑆][𝐹𝐹𝐹𝐹3+] − 𝑘𝑘2[𝑂𝑂2][𝐹𝐹𝐹𝐹2+] (Eq.3) 

𝜕𝜕[𝐹𝐹𝐹𝐹3+]
𝜕𝜕𝜕𝜕

= 𝑘𝑘2[𝑂𝑂2][𝐹𝐹𝐹𝐹2+] − 𝜌𝜌𝑘𝑘4[𝐹𝐹𝐹𝐹1−𝑥𝑥𝑆𝑆][𝐹𝐹𝐹𝐹3+] (Eq.4) 

where x ranges between 0 and 0.125 and defines the stoichiometry of pyrrhotite, g = 273 

0.25, ρ = 8-2x and δ = 9-3x are stoichiometrical coefficients of the reactions, k2 and k4 274 

are kinetic coefficients of the iron sulfide oxidation reaction and D is the oxygen 275 

diffusion coefficient in concrete.  276 



The diffusion of the Fe2+ and Fe3+ will not be taken into account, because the proposed 277 

model considers the concrete as a homogeneous material, and the diffusion of the iron 278 

ions occur between aggregates and the mortar (process that could only be taken into 279 

account in a heterogeneous model like, for example, a meso-structural model). 280 

Eq. (1) is obtained by applying Fick's Law. This equation allows taking into account the 281 

process of transport of oxygen from an external source (the atmospheric air) and its 282 

consumption by the chemical reactions inside the concrete. Expression Eq. 2 is the 283 

kinetics equation in terms of pyrrhotite consumption. Expression Eq. 3 is the continuity 284 

equation of the Fe2+ ion concentration in time. Likewise, expression Eq. 4 is the 285 

continuity equation of the concentration of Fe3+ ions. 286 

The solution of this system is solved incrementally and iteratively, where the 287 

concentration of oxygen ([O2]) is a global variable, whereas the concentrations of 288 

pyrrhotite ([Fe1-xS]) and iron ions ([Fe2+], [Fe3+]) are local variables. 289 

The presence of water is an essential factor for the development of the oxidation 290 

reactions inside the concrete. In case of low water content in the environment of the 291 

pyrrhotite particles, oxidation will not occur. However, increasing the water content 292 

increases the number of pyrrhotite particles in contact with water, presenting conditions 293 

for the development of oxidation. 294 

The kinetic coefficients are dependent on the water content (θ) in concrete through the 295 

expression Eq. (5). 296 

𝑘𝑘𝑖𝑖(𝜃𝜃) = 𝑘𝑘𝑖𝑖(1) �
𝜃𝜃 · 𝐹𝐹𝛽𝛽

1 + 𝜃𝜃(𝐹𝐹𝛽𝛽 − 1)� 
(Eq.5) 



where ki(1) is the kinetic coefficient of reaction i in satured concrete and β is the 297 

parameters that controls the shape of the curve, that may range from a linear variation 298 

between the kinetic coefficient and the water content to variations with different 299 

curvatures depending on the value and sign of β. 300 

The diffusion coefficient of oxygen is another parameter strongly dependent on the 301 

water content of the concrete. Experimental studies have shown that this coefficient is 302 

maximum in a dry concrete, leading to a very low value (near to zero) in saturated 303 

concrete. The diffusion coefficient is also dependent on the water content according to 304 

Eq. (6). 305 

𝐷𝐷(𝜃𝜃) = 𝐷𝐷(0) �1 −
𝜃𝜃. 𝐹𝐹𝛾𝛾

1 + 𝜃𝜃(𝐹𝐹𝛾𝛾 − 1)� (Eq.6) 

where γ is a parameter that controls the shape of the curve and D(0) is the diffusion 306 

coefficient of dry concrete.  307 

The water content in the concrete is determined assuming that most of the dam is under 308 

saturated conditions due to the direct contact with the reservoir, with the exception of 309 

the area near the downstream face, where the water content decreases up to air 310 

humidity. For that Eq. (7) is used, which correlates the water content with the distance 311 

towards the surface exposed to the air (λ).  312 

𝜃𝜃(𝜆𝜆) = 𝜃𝜃(0) + �1− 𝜃𝜃(0)�. �1− 𝐹𝐹−𝛼𝛼𝜆𝜆� (Eq.7) 

where θ(0) is the water content of the concrete surface exposed to the air, λ is the 313 

distance of the point evaluated to the concrete surface and α is a parameter that controls 314 

the shape of the water content variation (θ) with λ. 315 



The sulfuric acid from the oxidation of the iron sulfides in the aggregates in contact 316 

with the cement paste generates an acid attack that leads to the secondary reaction. This 317 

type of reaction was observed in tests performed on concrete samples from dams 318 

located in the Spanish Pyrenees that contain aggregates with phyrrotite. The tests 319 

revealed that the pH around the aggregates is lower than the pH in most of the paste. 320 

These findings indicate that the acid attack is caused by the aggregates.  321 

The most relevant chemical reactions that occur were extensively studied for the 322 

external sulfate attack [35-37]. The sulfuric acid reacts first with the calcium hydroxide 323 

(portlandite) of the paste to form gypsum (𝐶𝐶𝐶𝐶𝑆𝑆𝑂𝑂4. 2𝐻𝐻2𝑂𝑂) and, afterwards, reacts with 324 

the different phases of non-diffusive calcium aluminates in the hydrated cement paste to 325 

generate secondary ettringite.  326 

Ettringite formation depends on the transportation process of the sulfates from the 327 

inside of the aggregates towards the paste (a distance of centimeters). This process is 328 

faster than the oxidation of the iron sulfides, which depends on the oxygen diffusion 329 

inside the concrete in a distance of several meters in the case of dams. Therefore, the 330 

attack of the sulfates from the aggregates may be assumed as instantaneous if compared 331 

to the oxidation of pyrrhotite. Consequently, an additional kinetic treatment is not 332 

necessary. Campos et al. [33] develop the chemical reactions of the sulfate attack in 333 

more detail and justify why it is considered together with the oxidation processes of the 334 

primary reaction.  335 

The evolution of volumetric expansion (ΔV/V)(t) over time can be expressed as the 336 

function of pyrrhotite oxidation, as follows: 337 



�
∆𝑉𝑉
𝑉𝑉
�

(𝑡𝑡)
= �

∆𝑉𝑉
𝑉𝑉
�
∞

· �
[𝐹𝐹𝐹𝐹1−𝑥𝑥𝑆𝑆](0) − [𝐹𝐹𝐹𝐹1−𝑥𝑥𝑆𝑆](𝑡𝑡)

[𝐹𝐹𝐹𝐹1−𝑥𝑥𝑆𝑆](0)
� (Eq.8) 

where (ΔV/V)∞ is the final or maximum volumetric expansion (obtained as the sum of 338 

the deformations due to the oxidation of the pyrrhotite and the formation of ettringite, 339 

considering as well a certain initial filling of the voids; further detail may be found in 340 

[33]) and [Fe1-xS](0) and [Fe1-xS](t) are the initial pyrrhotite concentration and in the time 341 

t, respectively. The value of [Fe1-xS](t) is obtained by solving the system of equations 342 

Eq. (1-4). 343 

4.2.2 AAR model 344 

The expansions due to AAR will be evaluated through the kinetic model proposed by 345 

Ulm et al. [26]. This model assesses the evolution of AAR with time depending on the 346 

temperature according to the differential equation Eq. (9). 347 

1 − 𝜉𝜉(𝜕𝜕) = 𝜏𝜏𝑐𝑐(𝑇𝑇)𝜆𝜆(𝜉𝜉,𝑇𝑇)
𝜕𝜕𝜉𝜉(𝑡𝑡)

𝜕𝜕𝑡𝑡
,        𝜆𝜆(𝜉𝜉 ,𝑇𝑇) = 1+𝑒𝑒

−
𝜏𝜏𝐿𝐿(𝑇𝑇)
𝜏𝜏𝑐𝑐(𝑇𝑇)

𝜉𝜉+𝑒𝑒
−
𝜏𝜏𝐿𝐿(𝑇𝑇)
𝜏𝜏𝑐𝑐(𝑇𝑇)

   (Eq.9) 

where ξ is the extension of the reaction, T is the absolute temperature, t is the time, τc 348 

and τL are constant of the characteristic time and latency time, respectively. These time 349 

constants depend of the temperature according to the Eq. (10-11) based on the 350 

Arrhenius equation.  351 

𝜏𝜏𝑐𝑐(𝑇𝑇) = 𝜏𝜏𝑐𝑐(𝑇𝑇0)𝐹𝐹
𝑈𝑈𝑐𝑐�

1
𝑇𝑇−

1
𝑇𝑇0
�
 (Eq.10) 

𝜏𝜏𝐿𝐿(𝑇𝑇) = 𝜏𝜏𝐿𝐿(𝑇𝑇0)𝐹𝐹
𝑈𝑈𝐿𝐿�

1
𝑇𝑇−

1
𝑇𝑇0
� (Eq.11) 

where T0 is the reference temperature, Uc and UL are the activation constants of the 352 

characteristic time and latency time, respectively. From the tests performed by Larive 353 



[38], Ulm et al. [26] propose the following ranges for the activation constants: Uc = 354 

5400 ± 500K and UL = 9400 ± 500K (where K is Kelvin degrees). 355 

In case of constant temperature, the analytical solution of the differential equation Eq. 356 

(9) is:  357 

𝜉𝜉(𝜕𝜕) = 1−𝑒𝑒
− 𝑡𝑡
𝜏𝜏𝑐𝑐

1+𝑒𝑒
−

(𝑡𝑡−𝜏𝜏𝐿𝐿)
𝜏𝜏𝑐𝑐

   (Eq.12) 

 358 

Fig. 6 presents the curve given by Eq. (12), where the time corresponding to τL and to τc 359 

are shown. 360 

 361 

Fig. 6. Normalized isothermal expansion curve 𝜉𝜉(𝜕𝜕). Definition of τL and τc. [26] 362 

The expansion is considered to be proportional to the extension of the reaction, where 363 

�∆𝑉𝑉
𝑉𝑉
�
𝑚𝑚𝑚𝑚𝑥𝑥

𝑟𝑟𝑚𝑚𝑚𝑚
 is the maximum volumetric expansion due to AAR. 364 

�∆𝑉𝑉
𝑉𝑉
�

(𝑡𝑡)
= �∆𝑉𝑉

𝑉𝑉
�
𝑚𝑚𝑚𝑚𝑥𝑥

𝑟𝑟𝑚𝑚𝑚𝑚
. 𝜉𝜉(𝑡𝑡)   (Eq.13) 
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Once the temperature for each month of a typical year are known, the differential 365 

equation Eq. (9) may be integrated for each point of the mesh over time, obtaining with 366 

Eq. (13) the deformation for each point at different ages of the block. A reference 367 

temperature of 38 Celsius degrees was adopted since this value was used for the tests of 368 

Larive [38]. 369 

The temperature inside the dam depends on its boundary conditions (water temperature, 370 

environment temperature, speed of wind, incidence of sunlight, etc.) and the thermal 371 

properties of concrete (thermal conductivity, specific heat, among others). Based on the 372 

previous, the temperature in each point of the structure at different ages may be 373 

numerically obtained.  374 

4.3 Constitutive law for zero-thickness interface elements 375 

A convenient approach to simulate the cracks in finite element models (FEM) is using 376 

zero-thickness interface elements with a nonlinear constitutive law that describes the 377 

cracking and allows considering the normal/shear coupling effect according to Mohr-378 

Coulomb models. The literature reports several examples of interface laws that 379 

incorporate fracture concepts [39, 40] and examples of application in the analysis of 380 

dams [41, 42]. 381 

The constitutive law for zero-thickness interface elements used is based on the theory of 382 

elasto-plasticity and incorporates fracture mechanic concepts [34]. The interface 383 

behavior is formulated in terms of the normal and shear components of the stresses on 384 

the interface plane and the corresponding relative displacements, which may be 385 

identified as crack openings.  386 

The main characteristics of the plastic model are represented in Fig. 7. The initial 387 



loading (failure) surface F = 0 is given as a three-parameter hyperbola (see Eq. (13)). 388 

22
N

2
T )tanc()tanc(F φc−+φσ−−σ=                                       (Eq.14) 389 

where tensile strength χ (the vertex of the hyperbola), asymptotic cohesion c and 390 

asymptotic friction angle tan ϕ are model parameters (see Fig. 7a). The model assumes 391 

that the crack appears when the stress in the interface plane reaches the condition of 392 

F(σN, σT) = 0, where σN is the normal stress at the interface and σT is the shear stress at 393 

the interface. 394 

 395 

Fig. 7. Crack laws: a) hyperbolic cracking surface F and plastic potential Q; b) fundamental 396 

modes of fracture; c) evolution of cracking surface; d) softening laws for c and c; e) softening 397 

law for tanφ (reprinted from Carol et al. 2001, with permission). 398 

As the cracks appear, the loading surface begins to shrink due to the decrease in the 399 

main parameters according to evolution laws based on the work dissipated in fracture 400 

process (Wcr). The increment of the work dissipated is calculated as the increment of 401 

plastic work, from which the frictional work is subtracted in compression. In order to 402 

control the evolution of F, the model has two parameters that represent the classic 403 

energy of fracture in mode I, indicated as GFI (pure tension), and a second fracture 404 



energy under mode IIa defined under shear and high compression without dilatancy, 405 

denoted as GFIIa (schematically shown in Fig. 7b).  406 

Under pure tension the final loading surface is given by a hyperbola with a vertex that is 407 

the origin in the stress space (curve “1” in Fig. 7c). Under a shear/compression load, the 408 

final state, reached when c = 0 and tan ϕ = tan ϕr (tan ϕr represents the residual internal 409 

friction angle), is defined by a pair of straight lines representing the pure residual 410 

friction state (curve “2” in Fig. 7c). Additional parameters αx, αc, αϕ control the 411 

softening curves evolution (for αx =αc = αϕ=0, the decrease is linear, Fig. 7d and 7e).  412 

The model is associated in tension (Q = F), but not in compression, where dilatancy 413 

vanishes progressively for σN → σ dil (Fig. 7a). Dilatancy is also decreased as the 414 

fracture process progresses, so that it vanishes for Wcr = Gf
IIa. The dilatancy decay 415 

functions also include shape parameters ασ
dil and αc

dil (also linear decay for zero values 416 

of shape parameters). A more detailed description of the interface law may be found in 417 

[34, 43, 44]. 418 

The elastic stiffness matrix is diagonal with constant KN (normal interface elastic 419 

stiffnesses) and KT (tangential interface elastic stiffnesses) values, which can be 420 

regarded simply as penalty coefficients. This means that their values should be as high 421 

as possible. The upper bound for these values must be set as a compromise between the 422 

added elastic compliance and the numerical instability found for very high values 423 

(leading to very large trial stresses).  424 

This model was satisfactorily applied to reproduce concrete meso-structures and other 425 

materials [43-48, 21]. Recently, these interface elements were applied in the structural 426 

analysis of a gravity dam [49]. 427 



5. NUMERICAL RESULTS 428 

5.1 Results of the expansion models 429 

5.1.1 Expansions due to ISA  430 

The diffusion-reaction model described in section 4.2.1 was applied to obtain the 431 

expansions due to ISA. Table 1 presents the parameters used in the kinetic model 432 

assuming that Fe3+ is the main oxidant of the iron sulfides. Notice that the initial 433 

concentration of iron sulfides was estimated based on the FRX analysis of a sample 434 

from the dam. Further detail on how these parameters were determined may be found in 435 

[33]. 436 

Table 1. Parameters adopted for the ISA diffusion-reaction model. 437 

moles/m3 m3/(mol.s) m2/s θ0 α β γ [O2]atm [Fe1-xS]0 [F2+]0 k2 k4 D(0) 
9.26 375.00 2.00 1.58.10-7 2.85.10-11 5.10-7 0.85 0.5 -1.4 0.3 

 438 

The ratio (ΔV/V)t was estimated using expression Eq. (8), by assuming that all iron 439 

sulfides had reacted. Fig. 8 presents a cross-section of block 5 with the evolution over 440 

time of the expansions due to ISA, assuming a maximum deformation of 6 mm/m 441 

((ΔV/V)∞ = 0.018). The results indicate that the ISA develops in an area close to the 442 

downstream face, without any signs of expansion in the interior of the dam.  443 

 444 
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 445 

Fig. 8. Evolution of the expansions due to ISA (%). 446 

5.1.2 Expansions due to AAR  447 

The kinetic model proposed by Ulm et al. [26] and previously described in section 448 

4.2.2, requires a thermal analysis to determine the average monthly temperature. For 449 

that, the code DRACFLOW developed at the Department of Civil and Environmental 450 

Engineering at UPC was used since solves several diffusion problems such as the heat 451 

diffusion. Table 2 presents the thermal properties adopted for the thermal study. 452 

Table 2. Parameters adopted for the thermal characterization of concrete. 453 

Thermal conductivity 
W/(m2

 °C) 
Specific heat 

J/(Kg °C) 
Specific weight 

(Kg/m3) 
Convection coefficient 

W/(m2
 °C) 

2.5 1000 2500 20.63 
 454 

For the calculations, the soil is considered adiabatic and the temperature of water is 455 

defined in the nodes of the mesh that would be in contact with the reservoir. The heat 456 

transportation between the concrete and air is considered by applying flows imposed in 457 

the faces of the elements of the mesh in contact with the surface. These fluxes are 458 

obtained from the product between the convection coefficient and the difference of 459 



temperature between concrete surface and air. An initial temperature of the concrete 460 

was defined and, subsequently, the boundary conditions were applied each month until 461 

the annual cycle of temperatures is obtained. This way, the average temperatures for 462 

each point of the mesh and each month of the year may be found.  463 

Fig. 9 presents the temperature calculated in block 5 for four months of the year, as an 464 

example. The results show that the interior of the dam does not present significant 465 

changes in temperature over the year, whereas the regions close to the faces of the dam 466 

experience variations of temperature from 0ºC in the winter to 16ºC in the summer.  467 

  468 

             469 

Fig. 9. Average monthly temperatures in block 5.  470 

Given that no experimental data are available of the AAR in the concrete of the dam, an 471 

inverse analysis is conducted to determine the other parameters of the model. Table 3 472 

presents the parameters adopted for the AAR kinetic model. The ratio (ΔV/V)t was 473 

estimated using expression Eq. (13). The maximum deformation is set to 2.8 mm/m 474 

(�∆𝑉𝑉
𝑉𝑉
�
𝑚𝑚𝑚𝑚𝑥𝑥

𝑟𝑟𝑚𝑚𝑚𝑚
 = 0.0084), which leads to vertical displacements in the gallery similar to those 475 

measured at the dam. Notice that the gallery is not influenced by the ISA. 476 

January April July October 



Table 3. Parameters adopted for the AAR kinetic model. 477 

T0 (°C) Uc (K) UL (K) 𝛕𝛕𝐜𝐜(𝐓𝐓𝟎𝟎) (days) 𝛕𝛕𝐋𝐋(𝐓𝐓𝟎𝟎) (days) 
38 5400 9700 387 422 

 478 

Fig. 10 presents the evolution over time of the expansions due to RAA in the cross-479 

section of block 5. The results show that the expansion begins in the area near to the 480 

downstream face due to the higher temperatures in the summer, which accelerate the 481 

reactions, and develops to the entire dam more uniformly than in the case of the ISA, 482 

which is a more localized reaction. Nevertheless, the results indicate a certain delay in 483 

the development of the reaction in the area below the gallery (see evolution in Fig. 10).  484 
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 485 

Fig. 10. Evolution of the expansions due to AAR (%). 486 

5.1.3 Expansions due to ISA and AAR 487 

The joint implementation of both expansive reactions leads to certain uncertainties, 488 

since it is not clear how one process may influence the evolution of the other. A 489 

reasonable hypothesis is to assume that the predominant deformation is the one 490 

generated by the most expansive reaction. Hence, the products of the reaction less 491 



expansive would fill the voids and cracks caused by the most expansive reactions. Such 492 

assumption does not imply the sum of the expansions of both reactions.  493 

Fig. 11 presents the evolution of the expansions of both reactions (in mm/m) in block 5. 494 

The results indicate that the early expansions are located near the downstream face and 495 

are mainly due to the ISA, whereas the expansions due to the AAR appear later and 496 

affect the rest of the dam.  497 
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 498 

Fig. 11. Evolution of the expansions in block 5 due to ISA and AAR (mm/m). 499 

Fig. 12 shows the distribution of the expansions due to ISA and AAR from the upstream 500 

face to the downstream face of a horizontal cross-section located approximately at mid-501 

height of block 5 for different ages of the numerical simulation. The difference between 502 

the downstream face and the upstream face is clear in Fig. 12. In subsequent sections 503 

(section 5.3), the results of the non-linear analysis of block 5 of the dam are presented 504 

and the discussion of the joint action of the ISA and AAR is resumed.  505 



 506 

Fig. 12. Distribution of the expansions in a section a mid-height of block 5 due to the ISA and 507 

AAR at different ages of the numerical simulation. 508 

5.2 Linear analysis of the concrete dam 509 

In general, the structural analysis of gravity dams with straight form in ground plant 510 

may be satisfactorily conducted through 2D model under plain strain conditions since 511 

their behavior can be assumed similar to a cantilever. The expansions in the concrete 512 

generate compressions in the longitudinal direction of the dam. Nevertheless, the high 513 

horizontal displacements registered in the central blocks of the dam suggest that the 514 

expansions may cause an arch effect that would contribute to increase the horizontal 515 

displacements of the structure. Therefore, besides the 2D modelling of certain blocks, a 516 

3D numerical analysis of the concrete dam was also performed. The results of the linear 517 

behavior of both simulations are presented subsequently.  518 

In the previous section, the distribution of the expansions due to the joint effect of the 519 

ISA and AAR for different ages obtained through the numerical models was presented 520 

(see Fig. 12). For the purpose of the linear calculations of the 3D and 2D meshes, the 521 

simplified distribution of the deformations presented in Fig. 13 was assumed. Notice 522 

that a constant distribution with a value of εa = 1.62 mm/m was adopted for the 523 
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deformations due to the AAR, whereas for the area near the downstream face (with a 524 

thickness of δ = 1.5 m), whose surface is exposed to the air, a constant deformation of εb 525 

= 5 mm/m is applied. The transition between both deformations is linear along a 526 

distance of 0.5 m. As shown in Fig. 13, the adopted values correspond to a simplified 527 

distribution of the deformations at an age ranging from 35 and 40 years of the numerical 528 

simulation previously presented in Fig. 12. In the areas of concrete located below the 529 

level in contact with air, a uniform distribution with a value of εa = 1.62 mm/m is 530 

considered, which correspond to AAR. 531 

 532 

Fig. 13. Simplified deformation distribution due to expansion depending on the penetration 533 

from a surface exposed to oxygen towards the interior of the dam. 534 

This distribution was applied to all blocks of the dam, assuming that the expansions are 535 

a global phenomenon, which is the hypothesis suggested in some of the previous 536 

studies. 537 

The material parameters for the modelling take the following values: Young modulus of 538 

20 GPa and 70 GPa for the concrete and the rock, respectively, and a Poisson 539 

coefficient of 0.2 for both materials. The values of the stiffness coefficients defined for 540 

the 3D modelling of the interface elements between the blocks of the dam are Kn = 109 541 

KN/m3 (this high value is defined to simulate a perfect contact between blocks) and Kt = 542 

105 KN/m3 (the influence of this parameter in the displacements is not relevant). In 543 
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terms of the boundary conditions of the soil, the horizontal displacement is restrained in 544 

the sides and the vertical displacement is restrained at the bottom (see Fig. 5).  545 

Regarding the actions, first the self-weight and the hydrostatic pressure are applied and 546 

then the expansions are included as imposed deformations at the nodes of the mesh (in 547 

an equivalent manner to the case of increments of temperature). In the several examples 548 

calculated, the displacements analyzed correspond to the nodes of the mesh located the 549 

closest to the real location of the measuring points at the crest of the dam.  550 

Fig. 14 presents the horizontal and vertical displacements calculated in the 3D 551 

simulation (continuous line) and in the 2D meshes in blocks 4, 5 and 6 (points). The 552 

results indicate that the calculated displacements present the same tendency as the 553 

corresponding displacements measured at the dam and shown in Fig. 2c and Fig. 2d, 554 

although the values are lower than the ones registered.  555 

       556 

Fig. 14. Horizontal (a) and vertical (b) displacements calculated at the crest of the dam in the 557 

3D (continuous line) and 2D (points). 558 

The 3D simulation allowed evaluating the displacements in all blocks, considering as 559 

realistically as possible, all the constraints and interactions between blocks. The results 560 

indicate that the displacements calculated for blocks 4, 5 and 6 are very similar to those 561 

obtained with the 2D plain strain model. This confirms that the 2D simulation under 562 
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plain strain conditions represents a valid simplification for the study of these blocks 563 

affected by internal expansions.  564 

The calculated displacements under the assumption of a linear behavior of the materials 565 

yielded displacements that are qualitatively similar to those registered. However, as 566 

expected, the values are significantly lower due to the limitations of the linear analysis 567 

that does not consider the material degradation nor the contribution of the crack 568 

opening, as shown in subsequent sections.   569 

5.3 Non-linear analysis of the block 5 570 

In the past years, several horizontal cracks were detected in the shafts of the pendulum 571 

system up to a depth of 5.0 m from the crest (see Fig.20 in subsequent sections). The 572 

cracking may have a noticeable effect in the displacements registered in the dam, as 573 

previously reported by the authors [49]. 574 

The contribution of the cracking to the displacements is evaluated through the non-575 

linear analysis of block 5. For that purpose, horizontal interface elements were defined 576 

in the discretization of the block (see Fig. 15b) at a distance of 0.5 m in the upper part of 577 

the dam. This distance corresponds to the average crack spacing observed in the shafts 578 

of the pendulum system. Interface elements were also incorporated to the lower part of 579 

the block according to the location and direction of construction joints (see Fig.15a) that 580 

are weak planes susceptible of cracking (the joints in the lowest part of the block, which 581 

are only affected by the uniform expansion due to AAR, have not been included in the 582 

model). The construction joints in the upper part of the dam are also inclined, however 583 

they are represented horizontally in the model according to the cracking observed in the 584 

dam. A 2D mesh was generated for block 5 as shown in Fig. 15b. 585 



 586 

             587 

Fig. 15. a) Profile of the casting stages and b) finite element mesh of block 5. 588 

The same parameters of the linear calculations presented in section 5.2 are used for the 589 

continuum. The behavior of the joints is defined according to the non-linear constitutive 590 

law described in section 4.3. The tensile strength of the interface elements was set to 2.0 591 

MPa. Stiffness constants and other model parameters take the following values: KN = KT 592 

=109 KN/m3, tan ϕ0 =0.80, tan ϕr = 0.40, c0 = 14 MPa, GFI=0.12 KN/m, GFIIa=10 GFI, 593 

σdil = 40 MPa, with the rest of the parameters equal to zero. The distribution and 594 

evolution over time of the deformations due to the expansive reactions (see section 5.1) 595 

is considered in the model by a kinetic model for ASI (described in section 4.2.1 and 596 

developed in detail in Campos et al. [33] and a kinetic model for AAR proposed by Ulm 597 

et al. [26] and described briefly in section 4.2.2.  598 

a) b) 



The mechanical response of block 5 is analyzed for two situations. In the first one, the 599 

deformation is mainly due to the most expansive reactions and that varies according to 600 

Fig.11 and Fig.12. The second situation assumes that the deformations is the 601 

superposition of both reactions. The degree of superposition is unknown but the real 602 

situation would never reach values higher than the addition of both expansions (this 603 

unrealistic assumption was made in order to delimit the highest value). Therefore, two 604 

hypotheses are evaluated: 605 

Hypothesis 1 (H1): 𝜀𝜀(𝑡𝑡) = 𝑚𝑚𝐶𝐶𝑚𝑚�𝜀𝜀(𝑡𝑡)
𝐴𝐴𝐴𝐴𝐴𝐴 , 𝜀𝜀(𝑡𝑡)

𝐴𝐴𝐴𝐴𝐴𝐴�                                    606 

Hypothesis 2 (H2): 𝜀𝜀(𝑡𝑡) = �𝜀𝜀(𝑡𝑡)
𝐴𝐴𝐴𝐴𝐴𝐴  + 𝜀𝜀(𝑡𝑡)

𝐴𝐴𝐴𝐴𝐴𝐴� 607 

where: 𝜀𝜀(𝑡𝑡) is the final expansion, 𝜀𝜀(𝑡𝑡)
𝐴𝐴𝐴𝐴𝐴𝐴  and 𝜀𝜀(𝑡𝑡)

𝐴𝐴𝐴𝐴𝐴𝐴  are the expansions due to ASI and 608 

AAR for a time t, respectively. 609 

Fig.16 shows the displacements registered at the dam and the ones yielded by the model 610 

with non-linear joints for hypotheses H1 and H2. The curves reveal that considering the 611 

cracking in the model increases of the horizontal and vertical displacements in 612 

comparison with the linear analysis (see Fig.14). In case of hypothesis H1, the 613 

displacement yielded by the model reach values close to real displacements.  614 

In terms of the horizontal displacements, hypothesis H1 leads to an increase of 5 cm in 615 

2011 with respect to the displacements of the linear analysis (see Fig.16a). The 616 

horizontal displacements for hypothesis H2 increase significantly with no tendency to 617 

stabilization (see Fig.16a).  618 

The vertical displacements increase around 3 cm and 4 cm with respect to the linear 619 

analysis for hypothesis H1. These values are higher for hypothesis H2; however, they 620 

are not of the magnitude observed for the horizontal displacements. In addition, Fig.16b 621 



also reveals that the values yielded by the model are consistent with the vertical 622 

displacements measured at the gallery (are without expansion due to ISA and without 623 

joints in the model).  624 

 625 

Fig. 16. Evolution of the horizontal (a) and vertical displacements (b) measured at the dam and 626 

calculated with non-linear models (NL) at the crest and in the gallery (vertical displacements). 627 

6. VALIDATION OF THE HYPOTHESES 628 

6.1 Growth rate of the displacements 629 

The evolution over time of the displacements registered at the dam were presented in 630 

previous sections. However, at this point, it may be interesting to evaluate the increment 631 

of the displacements per year. Fig. 17 shows the growth rate of the horizontal and the 632 

vertical displacements in each block in terms of mm per year.  633 
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Fig. 17.  Evolution of the growth rate (mm/year) for: a) horizontal and b) vertical displacements.  635 

Figure 17a shows that the growth rate of the horizontal displacements starts shortly 636 

before 1985 (after the equipment to measure displacements was installed in the dam) 637 

and reaches its peak approximately in 1995, where maximum values of the growth rate 638 

are observed in all blocks. In the case of blocks B4 and B5, the growth rate reached 639 

values of 10 mm/year. From 1995 onwards, the growth rate decreases gradually and 640 

proportionally to the geometric characteristics of each block. Notice that the maximum 641 

growth rate represents the turning point in the evolution of the displacements in Fig. 2a, 642 

which corresponds to 300-320 months after the dam started operating.  643 

The curves in Figure 17b indicate that the vertical displacements are experiencing a 644 

similar evolution to the horizontal displacements but with a higher amplitude of the 645 

curve and lower absolute values. Notice that the maximum growth rate occurs around 646 

2006 and the maximum values are slightly below 5 mm/year for blocks B4 and B5. The 647 

turning point in the evolution of the displacements registered corresponds to 430 648 

months after the dam started operating.  649 

6.2 Influence of the reaction kinetics in the displacements of the dam 650 

The curves described in the previous section highlight an interesting phenomenon. The 651 

process generating the horizontal displacements occurred before and at a higher rate 652 

than the process causing the vertical displacements. Fig. 11 in section 5.1.3 reveals that 653 

the first expansions occur in the areas close to the downstream face due to ISA and the 654 

subsequent expansion caused by the AAR appear in the rest of the dam. This difference 655 

in the kinetics between both reactions is consistent with the behavior detected in the 656 

evolution rate of the horizontal and vertical displacements in Fig.17. 657 



This hypothesis was confirmed with scanning electron microscopy (SEM) conducted on 658 

samples extracted from the dam, which revealed the presence of ettringite associated to 659 

the ISA and gel from the AAR. In particular, Fig. 18 shows ettringite crystals covered 660 

by the gel, which indicates that the gel was formed after the ettringite.  661 

 662 

Fig. 18. SEM of sample extracted from the dam: a) ettringite crystals and gel of the AAR, b) 663 

detail of the gel covering the ettringite crystals. 664 

Experimental studies dating from 1993 indicate that only small amounts of gel of the 665 

AAR were found in the cores drilled from the dam. This may be attributed to the 666 

kinetics of the reaction, which requires more time to develop. Therefore, at that time, 667 

the reaction had not advanced significantly. This is consistent with the vertical 668 

displacements registered in the gallery, where the non-recoverable displacements are 669 

detectable from 1995 (see block 5 in Fig. 16). 670 

6.3 Extent of expansions 671 

The 2D and 3D linear calculations in section 5.2 were obtained by defining the same 672 

deformation law in all blocks. The horizontal and vertical displacements at the crest of 673 

the dam yielded by the model (see Fig. 14) are qualitatively consistent with the 674 

tendency registered in each block of the dam (see Fig. 2c and Fig. 2d). However, the 675 

a) b) 



magnitude of the displacements is lower due to the limitations of the linear analysis (the 676 

influence of the cracking in the results is presented in section 5.3). Despite the above, 677 

the tendency observed indicates that the expansions are generalized and similar in all 678 

blocks, being the different geometry of the blocks the cause of the differences in 679 

magnitude. The annual increments of horizontal and vertical displacements shown in 680 

Fig. 17 support this idea.  681 

6.4 Influence of the cracking 682 

The non-linear analyses in section 5.3 show that considering cracking in the model 683 

increases the horizontal and vertical displacements in block 5, which results in values 684 

that are close to the displacements registered in the dam.  685 

Fig. 19 shows the evolution of the cracking for hypothesis H1 for different ages in terms 686 

of released energy during the fracture process. This amount of energy is represented by 687 

the thickness of the line in the joints. Notice that the red stretches represent loaded areas 688 

of the joint where the crack is active, whereas the blue stretches correspond to elastic 689 

unloaded cracks.  690 

Several cracks are detected close to the crest, many of them connected to the face of the 691 

dam. Cracking is also observed in the construction joints of the block, particularly in the 692 

internal part. 693 
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Fig. 19. Evolution of cracking in block 5.  694 

The cracking observed in the upper part (in the 5.0 m above) and their width are very 695 

similar to those detected in the dam (the numerical cracks vary between 1 and 4 mm and 696 

the ones measured range from 1 to 5 mm). The evolution of horizontal cracking with 697 

time is also consistent with what was observed in the dam. According to Fig. 19, the 698 

main cracking appears after 20 years of construction, being significant at 40 years (this 699 

corresponds to year 2010). Photographic information dating from 1991 (age 20 years) is 700 

presented in Fig. 20a and Fig. 20c, showing two wells of the pendulum system with no 701 

cracking. However, the same wells in 2009 (age 38 years) present significant cracking 702 

(see Fig. 20b and Fig. 20b). 703 

Additional internal cracks in the lower levels of the block may exist but cannot be 704 

confirmed since they are not connected with the faces of the dam. Given the distribution 705 

of expansions from the downstream to the upstream face (above the gallery where the 706 

two expansions occur, as shown in Fig. 12), compressive stresses appear close to the 707 

faces and tension stresses in inner part of the cross-section. Cracks appear when the 708 

stresses exceed the tensile strength of concrete and develop as shown in the joint 709 



elements in Fig.19. Also, the biaxial compressive stress state parallel to the surface 710 

formed due to the restrained in-plane expansion may lead to material detachment 711 

(delamination) in the downstream face if the stresses in this area are high. This stress 712 

distribution in the cross-section has been also reported by other authors [26, 13, 32]. 713 

Experimental studies conducted in 2011 in samples from the dam revealed more 714 

degradation in areas close to the downstream face (rather than internal areas of the 715 

dam). Even though no detachments are detected externally, beyond the common freeze-716 

thaw cycles, further analysis is required regarding the effects of the biaxial compressive 717 

state. 718 

 719 

Fig. 20. Access points to the pendulum system: a) well 1 in 1991, b) well 1 in 2009, c) well 2 in 720 

1991 and d) well 2 in 2009. 721 

6.5 Relation between expansive deformations and displacements at the crest 722 

1991 2009 a) b) 

1991 2009 c) d) 



Fig. 16 shows an evolution of displacements in the dam closer to the ones obtained with 723 

hypothesis H1 than with those yielded with hypothesis H2 (both hypothesis represent 724 

theoretically the limits values). Hypothesis H1, which is a reasonable assumption, fits 725 

the vertical displacements; however only fits the horizontal displacements up to the year 726 

2000. Afterwards, the values decrease and remain below the displacements registered. 727 

The situation that would best fit both displacements should consider a certain 728 

superposition of the effects caused by the ISA and AAR. This superposition would only 729 

be possible in the downstream face where the ISA takes place (see Fig. 8). The drills 730 

cored from the experimental study in 2011 exhibited gel from the AAR covering the 731 

ettringite needles caused by the ISA (see Fig. 18). Therefore, assuming a certain 732 

superposition of effects in the downstream face is possible, thus leading to an increase 733 

of the horizontal displacements if compared to the values calculated according to 734 

hypothesis H1. 735 

7. CONCLUSIONS 736 

This paper presents the real case of a concrete dam that exhibits high non-recoverable 737 

displacements caused by the confluence of two expansive reactions: an internal sulfate 738 

attack (ISA) and an alkali-aggregate reaction (AAR). The early diagnosis attributed the 739 

behavior of the dam only to an internal sulfate attack, however, the study over time of 740 

the behavior allowed its reformulation.  741 

Based on the results obtained through the numerical analyses, the following conclusions 742 

may be derived from the study: 743 



• The numerical model yields results that are consistent with the diagnosis of a 744 

combined effect of an AAR that affects the dam globally and an ISA localized 745 

close to the downstream face.  746 

• The kinetics of the reactions are different. The ISA is faster and generates 747 

expansions with higher unitary deformations. Furthermore, this reaction governs 748 

the horizontal displacements at the crest of the dam since the gradient is higher 749 

the downstream face than in the upstream face. The AAR is slower and the 750 

expansions are smaller in terms of deformations. This reaction is the main cause 751 

of the vertical displacements. 752 

• An approximate order of magnitude of the expansions was determined with 2D 753 

and 3D linear models with a simplified deformation distribution. Furthermore, 754 

the results of the models revealed that the expansions were a global issue in the 755 

dam. 756 

• The structural analysis considering joint elements in order to simulate cracking 757 

was essential to reproduce the cracks observed in the dam and include their 758 

contribution in the displacements, yielding a better fit of the values registered at 759 

the crest of the dam. This aspect was also paramount in the analysis of the dam 760 

in [50]. 761 

• A kinetic model for the ISA was also proposed by using a diffusion–reaction 762 

model that considers the oxygen transport into the concrete and its consumption 763 

by the oxidation reactions, thus determining the distribution and evolution of the 764 

volumetric deformations due to the ISA over time. A detailed description of this 765 

model may be found in [33]. 766 



The paper presents a singular case of a concrete dam that is affected by an ISA and 767 

AAR. This type of situation is scarcely documented in the literature and, thus, 768 

represents an interesting contribution to the dam engineering profession. In addition, the 769 

validation of the diagnosis is conducted through numerical simulation tools that may be 770 

applied to other cases. 771 
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