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Abstract

The alkali-aggregate reaction and the internal sulfate attack are two chemical reactions that lead to
expansions in concrete structures. The former is one of the main causes of expansions in concrete dams and
has been extensively reported in the literature, whereas the latter is less common and, thus, less studied.
The confluence of both reactions in one structure is highly unlikely but still possible as shown by the case
of the dam studied in this paper. This gravity dam exhibits significantly high non-recoverable displacements
that may only be justified by the superposition of both phenomena. This paper focuses on the study of a
concrete dam whose diagnosis hypotheses have changed throughout the years according to evolution of the
behavior observed. The hypotheses proposed in the study are validated by conducting numerical analyses
through 3D and 2D finite element models. The results confirmed the diagnosis proposed and the capability
of the model to reproduce the behavior of the dam.
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1. INTRODUCTION

Hydraulic infrastructures have a major economic influence in the environment and the society
given their ability to transform the territory. Concrete dams are the greatest example of the
repercussion in the territory of large infrastructures. Despite concrete dams are built to endure
high external loads and be durable, pathologies may arise during their service life. In some cases,
the pathology may compromise the safety of the structure, but often it only affects the daily
operations of the dam.

Expansive reactions are a common phenomenon in concrete dams. The expansions usually
generate internal stresses, cracking and non-recoverable displacement that may alter the normal
functioning. Identifying the causes and determining the extent of the damage is essential to
conduct rehabilitation tasks and avoid further degradation of the dam. The most common
expansive reactions in concrete dams are alkali-aggregate (AAR) and, in particular, the alkali-
silica reaction (ASR) that has been extensively studied and reported in the literature. The internal
sulfate attack (ISA) is another type of expansive reaction that is less frequent.

The ASR has been studied for 70 years [1-4] and occurs in the presence of aggregates that contain
amorphous and cryptocrystalline silica. Examples of such aggregates are glassy volcanic rocks
and tuff, rocks containing opal and other rocks with high silica content. The reaction generates a
gel that absorbs humidity and expands. The expansive mechanism of the ASR may be described,
in simplified way, as a two-stage reaction between the alkalis (sodium and potassium) of the
cement and the reactive silica of the aggregates.

A certain type of ISA may be caused by the use of aggregates containing iron sulfides (pyrrhotite
and pyrite) that oxidize inside the concrete releasing sulfates [5-7]. The sulfates, in turn, react
with the cement paste components (portlandite and tricalcium aluminate) generating potentially
expansive secondary ettringite [8]. The evolution of the ISA in concrete dams depends on the



oxygen concentration and humidity, which varies from the upstream to the downstream faces. As
aresult, a clear difference takes place between the areas close to the oxidant agent (the oxygen in
the atmosphere) and the rest of the dam, thus leading to differential deformations and internal
stresses that are higher in the downstream face due to the higher concentration of oxygen.

References of concrete dams experiencing separately ISA or AAR may be found in the literature;
however, cases where both reactions occurred in the same dam are unusual (some cases have been
diagnosed in the Spanish Pyrenees) and scarcely documented.

In fact, in most cases the report the combination of AAR with a certain type of ISA known as
delayed ettringite formation (DEF). DEF is associated to the decomposition of primary ettringite,
which is not stable at high temperatures (generally over 70 Celsius degrees), into monosulfate and
gypsum. After the hardening, the temperature in concrete decreases and the secondary ettringite
is formed resulting in expansions [9, 10]. Usually, the studies about these combined phenomena
deal with the microstructure and experimental data [11, 12], without considering the influence in
the structural damage.

In this context, evaluating the rare confluence of AAR and ISA gains special relevance since it
may yield further information on the degradation processes. Additionally, if numerical tools are
used to validate the diagnosis hypotheses and justify the structural behavior observed in the dam,
the study may serve as an example for future diagnosis.

Modelling expansive reactions in concrete dams may help to estimate the long-term behavior of
the structure and define the rehabilitation strategy. The studies in the literature mostly correspond
to the modelling of AAR, to a lesser extent to the external sulfate attack (ESA) and those related
to modelling ISA are almost non-existent. Generally, AAR models may be grouped in three
categories according to their level of approximation [13]: micro, meso and macro scale. The
models at a micro-scale [14-17] and a meso-scale [18-21] represent explicitly the heterogeneity
of concrete and their goal is to elucidate the underlying mechanisms of the expansions. Therefore,
these levels of approximations are less relevant in a structural analysis such as in the case of the
present study.

The models at a macro-scale are generally implemented in finite elements (FEM) and consider
concrete as a homogeneous material combining chemical aspects and their mechanical effects.
According to Saouma [13] can be distinguished:

e  FEmpirical models where ASR expansions are estimated through kinetic laws (depending
on chemical reactions, stresses, temperature and relative humidity (RH)) that are imposed
in each point of the mesh (analogously to thermal expansions) [22-25]

o Coupled chemo-mechanical models that account for the time-depending nature (kinetics)
of chemical reactions (due to the diffusion processes) in the mechanical response [26-32]

Generally, modelling chemical reactions requires considering the transport processes involved,
thus leading to reaction-diffusion systems. These systems allow evaluating how the concentration
of one or more substances distributed in the space change under the influence of the chemical
reactions (locally transforming substances in others) and the diffusion (transporting substances in
the space). Fick’s law is usually used to describe the diffusion processes of the chemical
components in pervious materials. In the case of ISA due to oxidation of the iron sulfides in the
aggregate, the reaction depends on the transport of oxygen from the outside to the inside of the
concrete matrix.

The paper presents the real case of a concrete dam monitored for more than 25 years with cracking
and significant non-recoverable displacements (in some blocks up to 200 mm). The early



diagnosis suggested an ISA; however, long-term monitoring has revealed that the ISA alone could
not justify the displacements registered. The aim of the study is to define a conclusive diagnosis.

For that, the diagnosis hypotheses are reformulated assuming the confluence of an ISA and AAR
developed at different stages of the service life. Subsequently, the structural behavior is simulated
through 3D and 2D finite element models. The present study applies the kinetic model proposed
by Ulm et al. [26] to simulate the expansions due to AAR (in AAR, the transport models used in
the literature are mainly at a micro-scale). The ISA is considered by means of a reaction-diffusion
model proposed by the authors for concrete dams in [33]. The 2D non-linear model includes joints
to represent the cracks observed in the structure, applying the formulation proposed by Carol et
al. [34]. This approach allows assessing the contribution of the damage and cracking on the
displacements registered. Finally, the new hypotheses are numerically and experimentally
validated.

2. DESCRIPTION OF THE DAM
2.1 General characteristics

The concrete dam studied is a gravity dam located in Pyrinees in the northeast of Spain and built
between 1968 and 1971. The dam presents a straight form in the ground plant with a crest length
of 102.4 m and a height of 28.9 m (the lowest level of the foundation is at 1327.7 m and the crest
is at 1356.6 m above sea level, respectively). The dam is divided into seven blocks as shown in
Fig. 1, which are 15.0 m wide with the exception of block 1 that is 12.4 m wide. The dam presents
one gallery at level 1335.3 m. The reservoir, which exhibits a capacity of 0.33 hm?, was filled for
the first time in November 1971.

Fig.1. View of the dam from downstream.

Regarding the geological characteristics of the region, the dam is located in an area where the
predominant rocks are slate and phyllites. The use of this type of aggregate in the concrete for
dam construction was confirmed by the historical records on the construction procedure and by
the microstructural analyses performed.

2.2 Current state and behavior

The original instrumentation in the dam consisted of a pendulums system that was complemented
in 1981 with the equipment to measure vertical and horizontal displacements at the crest of the
dam and at the gallery. The data registered between 1981 and 1986 allowed detecting an abnormal
behavior reflected by horizontal non-recoverable displacements towards upstream that has
increased through the years. Fig. 2a and Fig.2b show the evolution of the horizontal and vertical
displacements at the crest of the dam for each block since 1981.



The values in Fig. 2 reveal that the non-recoverable displacements have increased significantly in
the past 30 years. Notice that block B5 presents a horizontal displacement of 225 mm towards
upstream in 2011 and a vertical displacement of 95 mm, which are remarkable values for a dam
that is 28.9 m high. The curves also show cyclic displacements as a result of the variations in
temperature and level of the reservoir that are significantly lower than the non-recoverable
displacement accumulated throughout the years. In the gallery, no significant displacements were
observed up to 1995, when vertical non-recoverable displacements were detected. However, the
magnitude of these displacements is smaller than at the crest of the dam.

Fig. 2¢ and Fig. 2d show the evolution of the horizontal and vertical displacements, respectively,
in each block since 1986 to 201 1. The maximum horizontal displacements occur in blocks B4 and
B5 and tend to decrease in the blocks close to the abutments. The vertical displacements are
similar in the blocks with approximately the same height (B2, B4 and BS).
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Fig. 2. Evolution of: a) horizontal and b) vertical displacements at the crest of the dam, c)
horizontal and d) vertical displacements in each block.

Besides the non-recoverable displacements, other proofs were observed in the dam that suggest a
pathology that may be affecting the performance of the dam, particularly map cracking and an
ochre shading. These evidences are observed in the dam and in other auxiliary elements. Fig. 3
shows areas with map cracking and ochre shading in several areas of the downstream face.



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

The phenomena described (non-recoverable displacements, map cracking and ochre shading) are
indicators of a possible expansive reaction in the concrete of the dam.

3. EVOLUTION OF THE DIAGNOSIS
3.1 Previous studies

The first experimental study on the behavior observed in the dam was conducted in 1987. The
study involved aggregate and concrete cores characterization through visual inspection, X-ray
diffraction (XRD) and microscopy. The analyses performed revealed the presence of iron sulfides
in the aggregates and secondary ettringite in the interface of the aggregate and the cement paste.
Gel from an alkali-aggregate reaction (AAR) was also found in the concrete of the dam, however
it was isolated and in small amounts. This product of the AAR did not justify the magnitude of
the displacements observed in the dam. Therefore, at that time, the main cause for the abnormal
behavior of the dam was considered to be an internal sulfate attack (ISA) due to the oxidation of
the iron sulfides in the aggregates.

Subsequently, in 1993 another experimental program was planned to further evaluate the origin
of the increasing non-recoverable displacements registered at the dam. Again, aggregates and
concrete cores were analyzed through several techniques. The visual inspection allowed
identifying clear sulfide seams in the rock, as shown in Fig. 4a.

An extensive study was conducted on the aggregates obtained from crushing the blocks extracted
from the stone quarries close to the dam. Fig.4b shows the aggregate samples stored in bags
outside, which exhibit rust stains due to the presence of pyrrhotite in the aggregates.

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



The chemical analysis of the rock confirmed the presence of iron sulfides, particularly phyrrotite,
with sulfate concentrations around 1.98%. In the concrete cores, significant amounts of ettringite
were found mainly in the interface of the aggregate and the paste. Based on the experimental
studies and on the displacements registered up to 1993, it was again suggested that the main cause
was an ISA. However, given that products of an AAR were also detected, it was also suggested
that there might be a secondary expansive reaction (AAR) that may overlap at some point with
the ISA.

3.2 Current hypothesis

The significant increase of the non-recoverable displacements detected from 1993 to 2011 (see
Fig. 2) and the presence of new cracks in the dam lead to another experimental study to evaluate
the evolution of the behavior. Notice that in 1993 the horizontal and vertical displacement at the
crest of the dam in block BS were 82 mm and 18 mm, respectively; however, in 2011 these values
are 225 mm and 95 mm, respectively, as previously mentioned. In addition, the displacements at
the gallery in block B5 were negligible, whereas in 2011 the vertical displacements are 10 mm.
The vertical shafts of the pendulum system did not exhibit visible cracks in 1991, however since
2009 several cracks are observed (see Fig. 20 in subsequent sections).

The studies performed reveal that the horizontal displacements of the dam are caused by the
expansion of concrete due to ASI. This type of expansive reaction requires oxygen to occur and,
for that reason, the increment in volume is concentrated in the faces in contact with oxygen. Such
expansion leads to displacements at the crest of the dam towards upstream. However, this reaction
does not explain the displacements registered in the gallery, which is located at a low level and
near the reservoir (the upstream face). Such location would involve high humidity and low oxygen
transportation. Furthermore, the magnitude of the vertical displacements at the crest of the dam
in 2011 cannot be the result of only an ISA.

For this reason, another experimental study was conducted in 2011 (see Fig. 18 in section 6.2)
involving scanning electron microscopy (SEM) that confirmed the presence of the two expansive
reactions (ISA and AAR) in the concrete of the dam. According to the images obtained from
SEM, the ISA occurred first and then the AAR appeared, developing at a slower pace.

The current hypothesis based on the observation and study of the behavior of the dam over 25
years is that two expansive reactions coexist: one of them is global (AAR) and the other (ISA)
affects the region in contact with oxygen, in other words, areas where the water may contain
higher contents of oxygen to initiate the primary reaction of the phyrrotite oxidation such as the
downstream face. The expansion resulting from both reactions could explain the high horizontal
displacements registered due to ISA, the elevation of the gallery (this measurement was key to
determine the magnitude of the AAR) and the high vertical displacements (up to 95 mm) at the
crest of the dam.

The damage and the cracking observed in the dam could also have affected the behavior of the
dam and the magnitude of the displacements registered. This assumption will be evaluated in
subsequent sections through numerical modelling.

4. NUMERICAL MODELLING

Gravity dams with a straight form are generally satisfactorily modelled through 2D finite element
models in plain-strain conditions. However, given the magnitude of displacements registered at
the central blocks of the dam, a more detailed analysis is required. Notice that the expansions at
the central blocks may lead to longitudinal compression in the structure and to an arch effect that
would contribute to increase the displacements. Therefore, a 3D finite element model was
developed to study the complete dam and a 2D model of block 5 was also implemented to
specifically evaluate the behavior of that block.



4.1 Description of the FE Model
4.1.1 3D model

The geometry of the 3D model, the generation of the FE mesh and the representation of the results
was conducted with the software GiD, whereas the calculations were performed by means of the
FE code DRAC, developed at the Department of Civil and Environmental Engineering at the
Universitat Politécnica de Catalunya (UPC). Fig. 5a shows the 3D geometry of the dam from
downstream and the FE mesh. Fig. 5b presents the interfaces between the blocks of the dam and
between the dam and the surrounding soil.

Block 5

Fig. 5. a) Geometry of the 3D model and FE mesh, b) interfaces in the 3D model and c)
geometry of the 2D model and FE mesh.

The FE mesh is denser in the downstream face and in the upper part of the upstream face of the
dam, which correspond to the areas exposed to the ISA. The mesh consists of 56920 linear
tetrahedron elements and 3349 triangular interface elements.

4.1.2 2D model

Fig. 5c presents the finite element mesh created for modeling block 5 with a higher density of
elements close to the downstream face (up to 2.0 m inside the dam), where the expansion occurs
due to the presence of oxygen. The maximum dimension of the elements in the denser zone is 10
cm. A linear joint was defined in the interfaces between the concrete dam and the rock.

4.2 Definition of the expansions
4.2.1 ISA diffusion-reaction model

The ISA develops in two stages: a primary reaction due to the oxidation of the iron sulfides in the
aggregate (pyrrhotite) and a secondary reaction due to a sulfate attack of the products of the
oxidation to the cement paste. The expansions due to ISA are obtained with the model proposed
by the authors in [33], which is briefly described in this section. Further detail on the model may
be found in the previous reference.



The primary reaction is addressed by means of a diffusion-reaction model that takes into account
the kinetic of the oxidation reactions of pyrrhotite and the oxygen diffusion in concrete. The
evolution of the process depends of the oxidation of pyrrhotite in the aggregates, whose
development is governed by the system of equations Eq. (1-4).
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where x ranges between 0 and 0.125 and defines the stoichiometry of pyrrhotite, g = 0.25, p= 8-
2x and 0= 9-3x are stoichiometrical coefficients of the reactions, &, and k; are kinetic coefficients
of the iron sulfide oxidation reaction and D is the oxygen diffusion coefficient in concrete.

The diffusion of the Fe** and Fe** will not be taken into account, because the proposed model
considers the concrete as a homogeneous material, and the diffusion of the iron ions occur
between aggregates and the mortar (process that could only be taken into account in a
heterogeneous model like, for example, a meso-structural model).

Eq. (1) is obtained by applying Fick's Law. This equation allows taking into account the process
of transport of oxygen from an external source (the atmospheric air) and its consumption by the
chemical reactions inside the concrete. Expression Eq. 2 is the kinetics equation in terms of
pyrrhotite consumption. Expression Eq. 3 is the continuity equation of the Fe*" ion concentration
in time. Likewise, expression Eq. 4 is the continuity equation of the concentration of Fe*" ions.

The solution of this system is solved incrementally and iteratively, where the concentration of
oxygen ([O:]) is a global variable, whereas the concentrations of pyrrhotite ([Fe;..S]) and iron
ions ([Fe’"], [Fe’"]) are local variables.

The presence of water is an essential factor for the development of the oxidation reactions inside
the concrete. In case of low water content in the environment of the pyrrhotite particles, oxidation
will not occur. However, increasing the water content increases the number of pyrrhotite particles
in contact with water, presenting conditions for the development of oxidation.

The kinetic coefficients are dependent on the water content () in concrete through the expression
Eq. (5).

6 -ef
kicgy = ki1 [m (Eq.5)

where ki) is the kinetic coefficient of reaction 7 in satured concrete and £ is the parameters that
controls the shape of the curve, that may range from a linear variation between the kinetic
coefficient and the water content to variations with different curvatures depending on the value
and sign of S.

The diffusion coefficient of oxygen is another parameter strongly dependent on the water content
of the concrete. Experimental studies have shown that this coefficient is maximum in a dry



concrete, leading to a very low value (near to zero) in saturated concrete. The diffusion coefficient
is also dependent on the water content according to Eq. (6).

6.e¥
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where 7y is a parameter that controls the shape of the curve and Dy is the diffusion coefficient of
dry concrete.

The water content in the concrete is determined assuming that most of the dam is under saturated
conditions due to the direct contact with the reservoir, with the exception of the area near the
downstream face, where the water content decreases up to air humidity. For that Eq. (7) is used,
which correlates the water content with the distance towards the surface exposed to the air (1).

0y =0y + (1= 0(p). (1 —e™) (Eq.7)

where 6,9, is the water content of the concrete surface exposed to the air, 4 is the distance of the
point evaluated to the concrete surface and o is a parameter that controls the shape of the water
content variation (¢) with /.

The sulfuric acid from the oxidation of the iron sulfides in the aggregates in contact with the
cement paste generates an acid attack that leads to the secondary reaction. This type of reaction
was observed in tests performed on concrete samples from dams located in the Spanish Pyrenees
that contain aggregates with phyrrotite. The tests revealed that the pH around the aggregates is
lower than the pH in most of the paste. These findings indicate that the acid attack is caused by
the aggregates.

The most relevant chemical reactions that occur were extensively studied for the external sulfate
attack [35-37]. The sulfuric acid reacts first with the calcium hydroxide (portlandite) of the paste
to form gypsum (CaS0,. 2H, 0) and, afterwards, reacts with the different phases of non-diffusive
calcium aluminates in the hydrated cement paste to generate secondary ettringite.

Ettringite formation depends on the transportation process of the sulfates from the inside of the
aggregates towards the paste (a distance of centimeters). This process is faster than the oxidation
of the iron sulfides, which depends on the oxygen diffusion inside the concrete in a distance of
several meters in the case of dams. Therefore, the attack of the sulfates from the aggregates may
be assumed as instantaneous if compared to the oxidation of pyrrhotite. Consequently, an
additional kinetic treatment is not necessary. Campos et al. [33] develop the chemical reactions
of the sulfate attack in more detail and justify why it is considered together with the oxidation
processes of the primary reaction.

The evolution of volumetric expansion (AV/V), over time can be expressed as the function of
pyrrhotite oxidation, as follows:

AV AV [Fei_xSl(oy — [Fe1—xS(e
(7)(1;) B (7)00 ' < [Fel—xS](o) > (Eq.8)

where (4V/V). is the final or maximum volumetric expansion (obtained as the sum of the
deformations due to the oxidation of the pyrrhotite and the formation of ettringite, considering as
well a certain initial filling of the voids; further detail may be found in [33]) and [Fe;..S]) and
[Fe .S are the initial pyrrhotite concentration and in the time t, respectively. The value of [Fe;.
S| 1s obtained by solving the system of equations Eq. (1-4).



4.2.2 AAR model

The expansions due to AAR will be evaluated through the kinetic model proposed by Ulm et al.
[26]. This model assesses the evolution of AAR with time depending on the temperature
according to the differential equation Eq. (9).

_L(m
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where ¢ is the extension of the reaction, T is the absolute temperature, ¢ is the time, 7. and 7; are
constant of the characteristic time and latency time, respectively. These time constants depend of
the temperature according to the Eq. (10-11) based on the Arrhenius equation.

1 1
Te(r) = Tc(ro)eUC(T_T") (Eq-10)

1 1
TL(r) = TL(Tp) € UL(T_TO) (Eq.11)

where Ty is the reference temperature, U, and U, are the activation constants of the characteristic
time and latency time, respectively. From the tests performed by Larive [38], Ulm et al. [26]
propose the following ranges for the activation constants: U, = 5400 £+ 500K and U; = 9400 +
500K (where K is Kelvin degrees).

In case of constant temperature, the analytical solution of the differential equation Eq. (9) is:

t

§(6) = = (Eq.12)

1+e Tc

Fig. 6 presents the curve given by Eq. (12), where the time corresponding to 7z and to z.are shown.
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The expansion is considered to be proportional to the extension of the reaction, where (7) is
max

the maximum volumetric expansion due to AAR.



(AVV)@ = (Avv)m O (Eq.13)

max

Once the temperature for each month of a typical year are known, the differential equation Eq.
(9) may be integrated for each point of the mesh over time, obtaining with Eq. (13) the
deformation for each point at different ages of the block. A reference temperature of 38 Celsius
degrees was adopted since this value was used for the tests of Larive [38].

The temperature inside the dam depends on its boundary conditions (water temperature,
environment temperature, speed of wind, incidence of sunlight, etc.) and the thermal properties
of concrete (thermal conductivity, specific heat, among others). Based on the previous, the
temperature in each point of the structure at different ages may be numerically obtained.

4.3 Constitutive law for zero-thickness interface elements

A convenient approach to simulate the cracks in finite element models (FEM) is using zero-
thickness interface elements with a nonlinear constitutive law that describes the cracking and
allows considering the normal/shear coupling effect according to Mohr-Coulomb models. The
literature reports several examples of interface laws that incorporate fracture concepts [39, 40]
and examples of application in the analysis of dams [41, 42].

The constitutive law for zero-thickness interface elements used is based on the theory of elasto-
plasticity and incorporates fracture mechanic concepts [34]. The interface behavior is formulated
in terms of the normal and shear components of the stresses on the interface plane and the
corresponding relative displacements, which may be identified as crack openings.

The main characteristics of the plastic model are represented in Fig. 7. The initial loading (failure)
surface F = 0 is given as a three-parameter hyperbola (see Eq. (13)).

F=0} —(c-oy tan$)’ +(c—ytan )’ (Eq.14)
where tensile strength y (the vertex of the hyperbola), asymptotic cohesion ¢ and asymptotic
friction angle tan ¢ are model parameters (see Fig. 7a). The model assumes that the crack appears
when the stress in the interface plane reaches the condition of F(ow, o7) = 0, where oy is the normal

stress at the interface and o7 is the shear stress at the interface.
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Fig. 7. Crack laws: a) hyperbolic cracking surface F and plastic potential Q; b) fundamental
modes of fracture; c) evolution of cracking surface; d) softening laws for y and c; e) softening
law for tan¢ (reprinted from Carol et al. 2001, with permission).



As the cracks appear, the loading surface begins to shrink due to the decrease in the main
parameters according to evolution laws based on the work dissipated in fracture process (W*).
The increment of the work dissipated is calculated as the increment of plastic work, from which
the frictional work is subtracted in compression. In order to control the evolution of F, the model
has two parameters that represent the classic energy of fracture in mode I, indicated as GF’ (pure
tension), and a second fracture energy under mode Ila defined under shear and high compression
without dilatancy, denoted as GF™™ (schematically shown in Fig. 7b).

Under pure tension the final loading surface is given by a hyperbola with a vertex that is the origin
in the stress space (curve “1” in Fig. 7¢). Under a shear/compression load, the final state, reached
when ¢ = 0 and tan ¢ = tan ¢, (tan ¢, represents the residual internal friction angle), is defined by
a pair of straight lines representing the pure residual friction state (curve “2” in Fig. 7c).
Additional parameters o, oc, 0y control the softening curves evolution (for a. =a. = a;=0, the
decrease is linear, Fig. 7d and 7e).

The model is associated in tension (Q = F), but not in compression, where dilatancy vanishes
progressively for ox — o % (Fig. 7a). Dilatancy is also decreased as the fracture process
progresses, so that it vanishes for W = G{"*. The dilatancy decay functions also include shape
parameters o' and ™! (also linear decay for zero values of shape parameters). A more detailed

description of the interface law may be found in [34, 43, 44].

The elastic stiffness matrix is diagonal with constant Kx (normal interface elastic stiffnesses) and
Kr (tangential interface elastic stiffnesses) values, which can be regarded simply as penalty
coefficients. This means that their values should be as high as possible. The upper bound for these
values must be set as a compromise between the added elastic compliance and the numerical
instability found for very high values (leading to very large trial stresses).

This model was satisfactorily applied to reproduce concrete meso-structures and other materials
[43-48, 21]. Recently, these interface elements were applied in the structural analysis of a gravity
dam [49].

5. NUMERICAL RESULTS

5.1 Results of the expansion models

5.1.1 Expansions due to ISA

The diffusion-reaction model described in section 4.2.1 was applied to obtain the expansions due
to ISA. Table 1 presents the parameters used in the kinetic model assuming that Fe*" is the main
oxidant of the iron sulfides. Notice that the initial concentration of iron sulfides was estimated
based on the FRX analysis of a sample from the dam. Further detail on how these parameters
were determined may be found in [33].

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

moles/m’ m?/(mol.s) m?/s 0 o | p
[Oz]am | [FersSo | [F7lo | ks ks Do | " 1
9.26 | 375.00 | 2.00 | 1.58.107|2.85.10" | 5.107 | 0.85|0.5| -1.4|0.3

The ratio (AV/V), was estimated using expression Eq. (8), by assuming that all iron sulfides had
reacted. Fig. 8 presents a cross-section of block 5 with the evolution over time of the expansions
due to ISA, assuming a maximum deformation of 6 mm/m ((AV/V). = 0.018). The results indicate
that the ISA develops in an area close to the downstream face, without any signs of expansion in
the interior of the dam.
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Fig. 8. Evolution of the expansions due to ISA (%).
5.1.2 Expansions due to AAR

The kinetic model proposed by Ulm et al. [26] and previously described in section 4.2.2, requires
a thermal analysis to determine the average monthly temperature. For that, the code DRACFLOW
developed at the Department of Civil and Environmental Engineering at UPC was used since
solves several diffusion problems such as the heat diffusion. Table 2 presents the thermal
properties adopted for the thermal study.

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

Thermal conductivity | Specific heat Specific weight | Convection coefficient
W/(m?°C) J/(Kg°C) (Kg/m?) W/(m?°C)
2.5 1000 2500 20.63

For the calculations, the soil is considered adiabatic and the temperature of water is defined in the
nodes of the mesh that would be in contact with the reservoir. The heat transportation between
the concrete and air is considered by applying flows imposed in the faces of the elements of the
mesh in contact with the surface. These fluxes are obtained from the product between the
convection coefficient and the difference of temperature between concrete surface and air. An
initial temperature of the concrete was defined and, subsequently, the boundary conditions were
applied each month until the annual cycle of temperatures is obtained. This way, the average
temperatures for each point of the mesh and each month of the year may be found.

Fig. 9 presents the temperature calculated in block 5 for four months of the year, as an example.
The results show that the interior of the dam does not present significant changes in temperature
over the year, whereas the regions close to the faces of the dam experience variations of
temperature from 0°C in the winter to 16°C in the summer.
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Fig. 9. Average monthly temperatures in block 5.

Given that no experimental data are available of the AAR in the concrete of the dam, an inverse
analysis is conducted to determine the other parameters of the model. Table 3 presents the

parameters adopted for the AAR kinetic model. The ratio (AV/V), was estimated using expression

raa
Eq. (13). The maximum deformation is set to 2.8 mm/m ((AVV) = 0.0084), which leads to

max
vertical displacements in the gallery similar to those measured at the dam. Notice that the gallery

is not influenced by the ISA.

Table 3. Parameters adopted for the AAR kinetic model.

To °C) | Ue (K) | Ur (K) | Te(ry) (days) | Tucry) (days)
38 | 5400 | 9700 387 422

Fig. 10 presents the evolution over time of the expansions due to RAA in the cross-section of
block 5. The results show that the expansion begins in the area near to the downstream face due
to the higher temperatures in the summer, which accelerate the reactions, and develops to the
entire dam more uniformly than in the case of the ISA, which is a more localized reaction.
Nevertheless, the results indicate a certain delay in the development of the reaction in the area
below the gallery (see evolution in Fig. 10).
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Fig. 10. Evolution of the expansions due to AAR (%).



5.1.3 Expansions due to ISA and AAR

The joint implementation of both expansive reactions leads to certain uncertainties, since it is not
clear how one process may influence the evolution of the other. A reasonable hypothesis is to
assume that the predominant deformation is the one generated by the most expansive reaction.
Hence, the products of the reaction less expansive would fill the voids and cracks caused by the
most expansive reactions. Such assumption does not imply the sum of the expansions of both
reactions.

Fig. 11 presents the evolution of the expansions of both reactions (in mm/m) in block 5. The
results indicate that the early expansions are located near the downstream face and are mainly due
to the ISA, whereas the expansions due to the AAR appear later and affect the rest of the dam.

33
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Fig. 11. Evolution of the expansions in block 5 due to ISA and AAR (mm/m).

Fig. 12 shows the distribution of the expansions due to [ISA and AAR from the upstream face to
the downstream face of a horizontal cross-section located approximately at mid-height of block 5
for different ages of the numerical simulation. The difference between the downstream face and
the upstream face is clear in Fig. 12. In subsequent sections (section 5.3), the results of the non-
linear analysis of block 5 of the dam are presented and the discussion of the joint action of the
ISA and AAR is resumed.
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Fig. 12. Distribution of the expansions in a section a mid-height of block 5 due to the ISA and
AAR at different ages of the numerical simulation.



5.2 Linear analysis of the concrete dam

In general, the structural analysis of gravity dams with straight form in ground plant may be
satisfactorily conducted through 2D model under plain strain conditions since their behavior can
be assumed similar to a cantilever. The expansions in the concrete generate compressions in the
longitudinal direction of the dam. Nevertheless, the high horizontal displacements registered in
the central blocks of the dam suggest that the expansions may cause an arch effect that would
contribute to increase the horizontal displacements of the structure. Therefore, besides the 2D
modelling of certain blocks, a 3D numerical analysis of the concrete dam was also performed.
The results of the linear behavior of both simulations are presented subsequently.

In the previous section, the distribution of the expansions due to the joint effect of the ISA and
AAR for different ages obtained through the numerical models was presented (see Fig. 12). For
the purpose of the linear calculations of the 3D and 2D meshes, the simplified distribution of the
deformations presented in Fig. 13 was assumed. Notice that a constant distribution with a value
of &, = 1.62 mm/m was adopted for the deformations due to the AAR, whereas for the area near
the downstream face (with a thickness of 8 = 1.5 m), whose surface is exposed to the air, a constant
deformation of &, = 5 mm/m is applied. The transition between both deformations is linear along
adistance of 0.5 m. As shown in Fig. 13, the adopted values correspond to a simplified distribution
of the deformations at an age ranging from 35 and 40 years of the numerical simulation previously
presented in Fig. 12. In the areas of concrete located below the level in contact with air, a uniform
distribution with a value of &, = 1.62 mm/m is considered, which correspond to AAR.

n

Penetration towards the interior of the dam

Expansion

Fig. 13. Simplified deformation distribution due to expansion depending on the penetration
from a surface exposed to oxygen towards the interior of the dam.

This distribution was applied to all blocks of the dam, assuming that the expansions are a global
phenomenon, which is the hypothesis suggested in some of the previous studies.

The material parameters for the modelling take the following values: Young modulus of 20 GPa
and 70 GPa for the concrete and the rock, respectively, and a Poisson coefficient of 0.2 for both
materials. The values of the stiffness coefficients defined for the 3D modelling of the interface
elements between the blocks of the dam are K, = 10° KN/m?® (this high value is defined to simulate
a perfect contact between blocks) and K, = 10° KN/m® (the influence of this parameter in the
displacements is not relevant). In terms of the boundary conditions of the soil, the horizontal
displacement is restrained in the sides and the vertical displacement is restrained at the bottom
(see Fig. 5).

Regarding the actions, first the self-weight and the hydrostatic pressure are applied and then the
expansions are included as imposed deformations at the nodes of the mesh (in an equivalent
manner to the case of increments of temperature). In the several examples calculated, the
displacements analyzed correspond to the nodes of the mesh located the closest to the real location
of the measuring points at the crest of the dam.



Fig. 14 presents the horizontal and vertical displacements calculated in the 3D simulation
(continuous line) and in the 2D meshes in blocks 4, 5 and 6 (points). The results indicate that the
calculated displacements present the same tendency as the corresponding displacements measured
at the dam and shown in Fig. 2¢ and Fig. 2d, although the values are lower than the ones registered.
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Fig. 14. Horizontal (a) and vertical (b) displacements calculated at the crest of the dam in the
3D (continuous line) and 2D (points).

The 3D simulation allowed evaluating the displacements in all blocks, considering as realistically
as possible, all the constraints and interactions between blocks. The results indicate that the
displacements calculated for blocks 4, 5 and 6 are very similar to those obtained with the 2D plain
strain model. This confirms that the 2D simulation under plain strain conditions represents a valid
simplification for the study of these blocks affected by internal expansions.

The calculated displacements under the assumption of a linear behavior of the materials yielded
displacements that are qualitatively similar to those registered. However, as expected, the values
are significantly lower due to the limitations of the linear analysis that does not consider the
material degradation nor the contribution of the crack opening, as shown in subsequent sections.

5.3 Non-linear analysis of the block 5

In the past years, several horizontal cracks were detected in the shafts of the pendulum system up
to a depth of 5.0 m from the crest (see Fig.20 in subsequent sections). The cracking may have a
noticeable effect in the displacements registered in the dam, as previously reported by the authors
[49].

The contribution of the cracking to the displacements is evaluated through the non-linear analysis
of block 5. For that purpose, horizontal interface elements were defined in the discretization of
the block (see Fig. 15b) at a distance of 0.5 m in the upper part of the dam. This distance
corresponds to the average crack spacing observed in the shafts of the pendulum system. Interface
elements were also incorporated to the lower part of the block according to the location and
direction of construction joints (see Fig.15a) that are weak planes susceptible of cracking (the
joints in the lowest part of the block, which are only affected by the uniform expansion due to
AAR, have not been included in the model). The construction joints in the upper part of the dam
are also inclined, however they are represented horizontally in the model according to the cracking
observed in the dam. A 2D mesh was generated for block 5 as shown in Fig. 15b.



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

The same parameters of the linear calculations presented in section 5.2 are used for the continuum.
The behavior of the joints is defined according to the non-linear constitutive law described in
section 4.3. The tensile strength of the interface elements was set to 2.0 MPa. Stiffness constants
and other model parameters take the following values: Ky = Kr=10° KN/m?, tan ¢, =0.80, tan ¢,
=0.40, cp= 14 MPa, GF'=0.12 KN/m, GF"*=10 GF', 641 = 40 MPa, with the rest of the parameters
equal to zero. The distribution and evolution over time of the deformations due to the expansive
reactions (see section 5.1) is considered in the model by a kinetic model for ASI (described in
section 4.2.1 and developed in detail in Campos et al. [33] and a kinetic model for AAR proposed
by Ulm et al. [26] and described briefly in section 4.2.2.

The mechanical response of block 5 is analyzed for two situations. In the first one, the deformation
is mainly due to the most expansive reactions and that varies according to Fig.11 and Fig.12. The
second situation assumes that the deformations is the superposition of both reactions. The degree
of superposition is unknown but the real situation would never reach values higher than the
addition of both expansions (this unrealistic assumption was made in order to delimit the highest
value). Therefore, two hypotheses are evaluated:

Hypothesis 1 (H1): ) = max(s('gl , sé‘sm )

Hypothesis 2 (H2): () = (s(Agl + sé‘sm

where: £ is the final expansion, séb)v and sé‘sm are the expansions due to ASI and AAR for a
time ¢, respectively.

Fig.16 shows the displacements registered at the dam and the ones yielded by the model with non-
linear joints for hypotheses H1 and H2. The curves reveal that considering the cracking in the
model increases of the horizontal and vertical displacements in comparison with the linear
analysis (see Fig.14). In case of hypothesis H1, the displacement yielded by the model reach
values close to real displacements.



In terms of the horizontal displacements, hypothesis H1 leads to an increase of 5 cm in 2011 with
respect to the displacements of the linear analysis (see Fig.16a). The horizontal displacements for
hypothesis H2 increase significantly with no tendency to stabilization (see Fig.16a).

The vertical displacements increase around 3 cm and 4 cm with respect to the linear analysis for
hypothesis H1. These values are higher for hypothesis H2; however, they are not of the magnitude
observed for the horizontal displacements. In addition, Fig.16b also reveals that the values yielded
by the model are consistent with the vertical displacements measured at the gallery (are without
expansion due to ISA and without joints in the model).
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Fig. 16. Evolution of the horizontal (a) and vertical displacements (b) measured at the dam and
calculated with non-linear models (NL) at the crest and in the gallery (vertical displacements).

6. VALIDATION OF THE HYPOTHESES

6.1 Growth rate of the displacements

The evolution over time of the displacements registered at the dam were presented in previous
sections. However, at this point, it may be interesting to evaluate the increment of the

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

Figure 17a shows that the growth rate of the horizontal displacements starts shortly before 1985
(after the equipment to measure displacements was installed in the dam) and reaches its peak
approximately in 1995, where maximum values of the growth rate are observed in all blocks. In
the case of blocks B4 and B5, the growth rate reached values of 10 mm/year. From 1995 onwards,
the growth rate decreases gradually and proportionally to the geometric characteristics of each



block. Notice that the maximum growth rate represents the turning point in the evolution of the
displacements in Fig. 2a, which corresponds to 300-320 months after the dam started operating.

The curves in Figure 17b indicate that the vertical displacements are experiencing a similar
evolution to the horizontal displacements but with a higher amplitude of the curve and lower
absolute values. Notice that the maximum growth rate occurs around 2006 and the maximum
values are slightly below 5 mm/year for blocks B4 and B5. The turning point in the evolution of
the displacements registered corresponds to 430 months after the dam started operating.

6.2 Influence of the reaction Kkinetics in the displacements of the dam

The curves described in the previous section highlight an interesting phenomenon. The process
generating the horizontal displacements occurred before and at a higher rate than the process
causing the vertical displacements. Fig. 11 in section 5.1.3 reveals that the first expansions occur
in the areas close to the downstream face due to ISA and the subsequent expansion caused by the
AAR appear in the rest of the dam. This difference in the kinetics between both reactions is
consistent with the behavior detected in the evolution rate of the horizontal and vertical
displacements in Fig.17.

This hypothesis was confirmed with scanning electron microscopy (SEM) conducted on samples
extracted from the dam, which revealed the presence of ettringite associated to the ISA and gel
from the AAR. In particular, Fig. 18 shows ettringite crystals covered by the gel, which indicates
that the gel was formed after the ettringite.

Spm

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

Experimental studies dating from 1993 indicate that only small amounts of gel of the AAR were
found in the cores drilled from the dam. This may be attributed to the kinetics of the reaction,
which requires more time to develop. Therefore, at that time, the reaction had not advanced
significantly. This is consistent with the vertical displacements registered in the gallery, where
the non-recoverable displacements are detectable from 1995 (see block 5 in Fig. 16).

6.3 Extent of expansions

The 2D and 3D linear calculations in section 5.2 were obtained by defining the same deformation
law in all blocks. The horizontal and vertical displacements at the crest of the dam yielded by the
model (see Fig. 14) are qualitatively consistent with the tendency registered in each block of the
dam (see Fig. 2c and Fig. 2d). However, the magnitude of the displacements is lower due to the
limitations of the linear analysis (the influence of the cracking in the results is presented in section
5.3). Despite the above, the tendency observed indicates that the expansions are generalized and
similar in all blocks, being the different geometry of the blocks the cause of the differences in



magnitude. The annual increments of horizontal and vertical displacements shown in Fig. 17
support this idea.

6.4 Influence of the cracking

The non-linear analyses in section 5.3 show that considering cracking in the model increases the
horizontal and vertical displacements in block 5, which results in values that are close to the
displacements registered in the dam.

Fig. 19 shows the evolution of the cracking for hypothesis H1 for different ages in terms of
released energy during the fracture process. This amount of energy is represented by the thickness
of the line in the joints. Notice that the red stretches represent loaded areas of the joint where the
crack is active, whereas the blue stretches correspond to elastic unloaded cracks.

Several cracks are detected close to the crest, many of them connected to the face of the dam.
Cracking is also observed in the construction joints of the block, particularly in the internal part.
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Fig. 19. Evolution of cracking in block 5.

The cracking observed in the upper part (in the 5.0 m above) and their width are very similar to
those detected in the dam (the numerical cracks vary between 1 and 4 mm and the ones measured
range from 1 to 5 mm). The evolution of horizontal cracking with time is also consistent with
what was observed in the dam. According to Fig. 19, the main cracking appears after 20 years of
construction, being significant at 40 years (this corresponds to year 2010). Photographic
information dating from 1991 (age 20 years) is presented in Fig. 20a and Fig. 20c, showing two
wells of the pendulum system with no cracking. However, the same wells in 2009 (age 38 years)
present significant cracking (see Fig. 20b and Fig. 20b).

Additional internal cracks in the lower levels of the block may exist but cannot be confirmed since
they are not connected with the faces of the dam. Given the distribution of expansions from the
downstream to the upstream face (above the gallery where the two expansions occur, as shown in
Fig. 12), compressive stresses appear close to the faces and tension stresses in inner part of the
cross-section. Cracks appear when the stresses exceed the tensile strength of concrete and develop
as shown in the joint elements in Fig.19. Also, the biaxial compressive stress state parallel to the
surface formed due to the restrained in-plane expansion may lead to material detachment
(delamination) in the downstream face if the stresses in this area are high. This stress distribution
in the cross-section has been also reported by other authors [26, 13, 32].



Experimental studies conducted in 2011 in samples from the dam revealed more degradation in
areas close to the downstream face (rather than internal areas of the dam). Even though no
detachments are detected externally, beyond the common freeze-thaw cycles, further analysis is
required regarding the effects of the biaxial compressive state.

?b)

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

6.5 Relation between expansive deformations and displacements at the crest

Fig. 16 shows an evolution of displacements in the dam closer to the ones obtained with
hypothesis H1 than with those yielded with hypothesis H2 (both hypothesis represent theoretically
the limits values). Hypothesis H1, which is a reasonable assumption, fits the vertical
displacements; however only fits the horizontal displacements up to the year 2000. Afterwards,
the values decrease and remain below the displacements registered.

The situation that would best fit both displacements should consider a certain superposition of the
effects caused by the ISA and AAR. This superposition would only be possible in the downstream
face where the ISA takes place (see Fig. 8). The drills cored from the experimental study in 2011
exhibited gel from the AAR covering the ettringite needles caused by the ISA (see Fig. 18).
Therefore, assuming a certain superposition of effects in the downstream face is possible, thus
leading to an increase of the horizontal displacements if compared to the values calculated
according to hypothesis H1.

7. CONCLUSIONS

This paper presents the real case of a concrete dam that exhibits high non-recoverable
displacements caused by the confluence of two expansive reactions: an internal sulfate attack
(ISA) and an alkali-aggregate reaction (AAR). The early diagnosis attributed the behavior of the
dam only to an internal sulfate attack, however, the study over time of the behavior allowed its
reformulation.



Based on the results obtained through the numerical analyses, the following conclusions may be
derived from the study:

e The numerical model yields results that are consistent with the diagnosis of a combined
effect of an AAR that affects the dam globally and an ISA localized close to the
downstream face.

e The kinetics of the reactions are different. The ISA is faster and generates expansions
with higher unitary deformations. Furthermore, this reaction governs the horizontal
displacements at the crest of the dam since the gradient is higher the downstream face
than in the upstream face. The AAR is slower and the expansions are smaller in terms of
deformations. This reaction is the main cause of the vertical displacements.

e An approximate order of magnitude of the expansions was determined with 2D and 3D
linear models with a simplified deformation distribution. Furthermore, the results of the
models revealed that the expansions were a global issue in the dam.

e The structural analysis considering joint elements in order to simulate cracking was
essential to reproduce the cracks observed in the dam and include their contribution in
the displacements, yielding a better fit of the values registered at the crest of the dam.
This aspect was also paramount in the analysis of the dam in [50].

e A kinetic model for the ISA was also proposed by using a diffusion—reaction model that
considers the oxygen transport into the concrete and its consumption by the oxidation
reactions, thus determining the distribution and evolution of the volumetric deformations
due to the ISA over time. A detailed description of this model may be found in [33].

The paper presents a singular case of a concrete dam that is affected by an ISA and AAR. This
type of situation is scarcely documented in the literature and, thus, represents an interesting
contribution to the dam engineering profession. In addition, the validation of the diagnosis is
conducted through numerical simulation tools that may be applied to other cases.
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