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Abstract

Alkali-aggregate reaction (AAR) is one of the most harmful distress mechanisms affecting the
performance of aging reinforced concrete structures worldwide. Although several prediction
models have been developed to assess the chemical reaction, a thorough and comprehensive
approach with the capabilities to correlate important parameters that affect AAR and the
mechanical properties of deteriorated materials, as well as the abilities to describe the current
damaged state of AAR-affected structures (diagnosis) and predict the potential of further damage
(prognosis) is still lacking. Such information is essential in selecting efficient
remedial/rehabilitation actions for existing structures in the field. This project aims to develop a
practical, yet accurate engineering-based finite element (FE) model for assessing AAR damage
and predicting the future behaviour of affected infrastructure. The model is validated through three
analyses. First, its capability to accurately simulate sound concrete under mechanical loading is
verified by successfully simulating different beam failure mechanisms and cracking patterns, as
well as predicting the members’ full force-deflection curves. Next, AAR anisotropic expansion
under different stress-state (confinement) conditions is accurately simulated and verified by
correlation with laboratory tests. Lastly, an AAR-affected slender reinforced concrete structure
(Robert-Bourassa/Charest overpass) is successfully simulated by performing a condition

assessment based on several tests performed prior to its demolition.
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Important Definitions and Acronyms

The following abbreviations and acronyms will be consistently used throughout this thesis to avoid

confusion:

o AAR = alkali-aggregate reaction

o ACR = alkali-carbonate reaction

o ASR = alkali-silica reaction

. CDP = concrete damaged plasticity (material model)
. CPT = concrete prism test

o CSA = Canadian Standard Association
o DRI = damage rating index

o FE = finite element

o FT = freeze-thaw (cycles)

o E = exposed

o NE = non-exposed

o RBC = Robert-Bourassa/Charest Overpass
o RH = relative humidity
o SDT = stiffness damage test

o USDFLD = specific type of Abaqus user subroutine
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1. INTRODUCTION

1.1 General

Alkali aggregate reaction (AAR) has been reported to lead to severe structural damage and to
significantly reduce the service life of a number of reinforced concrete structures worldwide
(Shayan, et al., 2009; Nomura, et al., 2013; Chulliat, et al., 2017). AAR is a very complex
anisotropic reaction, which is influenced by several parameters, such as temperature, alkali
loading, type and nature/minerology of aggregates, presence of moisture, stress-state, etc.
(Gautam, et al., 2017; Goshayeshi, et al., 2018). In general, AAR is divided in two categories:
alkali-silica reaction (ASR) and alkali-carbonate reaction (ACR). ASR is the most common type
of AAR, and it is usually described as a chemical reaction between the alkalis from the concrete
pore solution and the reactive silica from the aggregates, which forms an expansive gel (Fournier
& Bérubé, 2000). In the presence of water, the ASR gel swells, eventually leading to concrete
cracking and deterioration of the mechanical properties of the material. Alternatively, ACR is not
fully understood, with some researchers suggesting that it is a specific type of ASR (Katayama,
2010; Katayama & Grattan-Bellew, 2012), while others defending that it is a totally different

distress mechanism (Fecteau, et al., 2012; CSA-A864, 2000).

The implications on the serviceability and the risk of global and/or local failure of structures
affected by AAR enhance the importance of properly assessing the current and future states of
reinforced concrete structures. By analyzing the present state of deterioration (i.e., diagnosis), it is
possible to both evaluate the structural safety and to understand the mechanisms leading to the
damage observed in the different members or in the entire structure. Otherwise, it is known that
the reaction varies over time as a function of the surrounding conditions, such as alkali and

moisture availabilities (Larive, 1997). Therefore, the potential of further damage due to AAR (i.e.,
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prognosis) must be thoroughly evaluated to fully and confidently appraise the safety and integrity

of the structure as the reaction progresses.

Figure 1-1 illustrates the extent of AAR-induced damage in the reinforced concrete pier of the

Robert-Bourassa Charest Overpass, located in Québec City, Canada.

Figure 1-1. AAR damage extent on Robert-Bourassa Charest Overpass: a. Close up of the
cracks on the side of the pier, b. Overview of the pier distress. Source: (Sanchez, et al., 2015).

Several finite element (FE) models have been developed over the years to describe the implications
of the reaction at several scales, ranging from microscopic models describing the ion diffusion
(Multon, et al., 2009; Poyet, et al., 2007) to macroscopic approaches assessing the overall

structural implications (Charlwood, 1994; Ulm, et al., 2000; Saouma & Perotti, 2006; Grimal, et

al., 2008). It is clear that considerable progress has been achieved recently in the area, especially
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due to a better understanding of the reaction parameters and behaviour. However, there is still a
need for an approach that intuitively describes the reaction without oversimplifying the
physicochemical aspects involved nor overcomplicating them by requiring extensive fitting of
parameters for each case based on the literature, laboratory test procedures or even non-technical

guceSses.

1.2 Objectives and scope of the work

The objective of this work is to develop a new intuitive engineering-based FE model to fully
describe AAR and evaluate the future structural implications of the reaction (prognosis) based on
the current state of the structure/structural member (diagnosis). The model can assess the most
important parameters involved in the reaction in a simple and intuitive way by introducing new
coefficients to the well-established equation proposed by Larive (1997) to describe the evolution
of AAR-induced expansion over time according to Gautam et al. (2017). This approach is
particularly realistic because it allows the coefficients to vary as a function of time, thus allowing

for a full simulation of the environmental conditions affecting the chemical reaction.

The AAR FE modelling approach is first validated for sound concrete by simulating six reinforced
concrete beams that had previously been tested and modeled at the University of Toronto (Vecchio
& Shim, 2004). The beams presented different reinforcement configurations and three different
geometries, which affected the observed behaviour and led to different failure modes. By
conducting these analyses, the proposed AAR FE model proved its applicability to describe
reinforced concrete structures and the mechanical implications of applied loads, especially by

comparing it to another well-established FE approach to simulate damage in concrete structures.
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Next, the AAR FE model is validated by simulating the expansion of three different ASR-affected
push-off specimens, which were tested by Sanchez et al. (2016). Each one of the specimens had a
different transverse reinforcement configuration, which led to different confinement magnitudes
and, consequently, different expansion levels. To describe the anisotropic nature of the reaction,
the stress-state dependence relationship proposed by Gautam et al. (2017) is implemented through
the use of a subroutine. In summary, the latter allows to demonstrate the model’s capacity to
simulate the development of the reaction over time and the influence of restraining on the induced

expansion.

Lastly, the approach is applied to a real case where severe ASR damage was observed. The Robert-
Bourassa/Charest Overpass (RBC) was located in Quebec City, Canada, and it had to be
demolished in 2010/2011 due to the structural implications of the reaction. Sanchez et al. (2016;
2018) performed several tests before and after the RBC was demolished, which were used to
validate the computational model. Hence, by properly predicting the actual condition of the
structure based only on simple measurable parameters, the model proves its applicability to

simulate AAR in slender reinforced concrete structures over time.

1.3 Overview of the thesis

The thesis consists of 5 chapters. Chapters 3 and 4 are written in a journal paper format and are
currently being considered for publication in two of the best journals in the area. These chapters
consist of the reproduction of these papers; therefore, some repetition of concepts and discussions

is unavoidable. The overall description of each chapter is presented below.

e Chapter 1 introduced the research needs, objectives and scope of the work.
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J Chapter 2 provides both a literature review of the current AAR-modeling state-of-the-art
and a brief discussion highlighting the existing knowledge gaps to justify the need for the
development of the proposed approach. It first discusses the main topics related to modeling the
reaction and then compares the existing AAR macro-models by highlighting its similarities,

differences and basic concepts.

o Chapter 3 presents the first two validations of the new approach proposed: the sound
concrete and the AAR-induced expansion validation in the format of a technical paper, which is

cited below:

Gorga, Sanchez, Martin-Pérez and Noél, 2018. Engineering-based FE approach to appraise slender

reinforced concrete structures affected by alkali-aggregate reaction (AAR).

e Chapter 4 presents the application of the proposed FE approach by analyzing the RBC
overpass. This chapter is presented in the format of a technical paper, which is cited below:
Gorga, Sanchez and Martin-Pérez, 2018. FE approach to perform the condition assessment of a

concrete overpass damaged by ASR after 50 years in service.

e Chapter 5 provides a summary of the research contributions presented, the conclusions and

future research recommendations.

1.4 References
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2. LITERATURE REVIEW

2.1 Alkali-aggregate reaction (AAR)

Alkali aggregate reaction (AAR) is one of the most harmful distress mechanisms affecting concrete
infrastructure worldwide (Fournier & Bérubé, 2000). Overall, AAR can be subdivided in two main
categories: alkali-carbonate reaction (ACR) and alkali-silica reaction (ASR), with the latter being
the most frequently observed reaction type. The distress mechanism of ASR is fairly well
understood, at least in its major steps, and it can be summarized in the following stages. First, a
chemical reaction between the “unstable” silica mineral forms, which are found within fine and/or
coarse reactive aggregate materials, and the alkali hydroxides (Na, K — OH) dissolved in the
concrete pore solution takes place and generates a secondary product, the so-called alkali-silica
gel. This gel then uptakes water from its surrounding environment and swells, therefore inducing
expansive pressures (and tensile stresses) within the reacting aggregate material(s) and the adjacent
cement paste. Finally, when these stresses reach the tensile strength of the material, major
microcracking is generated, which often leads to the loss of material’s integrity
(mechanical/durability) and, sometimes, functionality of the affected structure (Fournier &
Bérubé, 2000; Giaccio, et al., 2008). Conversely, ACR is a much rarer chemical reaction and its
distress mechanism is not fully comprehended. Some researchers believe that ACR is a specific
form of ASR (Katayama, 2012; Katayama & Grattan-Bellew, 2012) while others attribute to ACR

a distinct mechanism (Fecteau, et al., 2012; CSA-A864, 2000).

From a chemical point of view (micro-scale), ASR is described as follows (Kurtis, 2003; Bazant
& Steffens, 2000; Glasser & Kataoka, 1981). First, the OH™ ions from the concrete pore solution
react with the silanol groups (Si — 0), which causes the breakage of the siloxane bonds and the

creation of additional bonds. Then, on the surface of the aggregate, the silanol groups react with
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the OH™ ions, resulting in the liberation of more water. Next, cations of the concrete pore solution
(Na't,K™* and Ca?*) are attracted to the alkali-silicate (Si — O7) and diffuse into the gel, therefore
balancing the negative charge. When saturation is reached, an expansive gel composed of silica,
alkalis, water and other ions is generated. This alkali-silicate gel is hydrophilic (swells in the
presence of water) and it has a specific volume greater than the reactant substances. Additionally,
the gel’s chemical composition is variable, which means that its physicochemical properties can

be quite diverse, therefore making the prediction of its behaviour difficult.

From a deterioration perspective, Sanchez et al. (2015) proposed a qualitative damage model
(Figure 2-1) that describes ASR distress generation and development at the meso-scale (based on

petrographic analysis performed at 16x magnification):

At low expansion levels (around 0.05%): cracks type A and B can be observed inside the aggregate
particles, cracks in the cement paste are rare and the presence of gel is unlikely. Type A are sharp
cracks that correspond to opened cracks cutting the aggregates particles and they are normally
produced in previously fractured or more porous zones within the particles. In general, these zones
facilitate the alkali ions penetration, therefore leading to a faster reaction process when compared
to other areas of the bulk aggregate particle. Complimentarily, type B cracks are referred to as
“onion skin” or “en echelon” cracks and they are usually formed in aggregate particles that do not
present a preexisting fractured/porous zone. They lead to an almost homogeneous penetration of
the alkali ions and the cracks’ features are almost parallel (peripheral) to the aggregate’s

boundaries.

At moderate expansion levels (from 0.10% to 0.12%): the cracks previously described start

growing and gel can be observed, especially in the opened cracks in the aggregate particles. Some
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cracks type A reach and extend into the cement paste, up to a limited extent. However, cracks type

B continue their development inside the aggregate boundary.

At high expansion levels (approximately 0.20%): ASR gel is observed in both the aggregate
particles and the cement paste. Cracks type A have completely extended to the cement paste at
both sides of the aggregate particles. At the same time, type B cracks usually have already

enveloped more than half of the aggregate particles.

At very high expansion levels (0.30% and beyond): an even higher amount of gel is observed when
compared to the previous expansion level. Type A cracks link with other cracks (types A and or
B) generated at different reactive aggregate particles within the bulk concrete, forming an
extensive cracking network. Moreover, type B cracks sometimes extend into the cement paste,
either into the interfacial transition zone (ITZ), thus causing aggregate particle debonding, or into

the bulk cement paste, therefore connecting to the cracking network.

Note that both cracks described will not mandatorily be present in all reactive aggregates, and that
particular crack types may be forming preferentially in certain types of aggregates, depending on

their nature.

0,05% 0,12% 0,20%

Figure 2-1. Qualitative ASR damage model for expansions varying from 0.05% to 0.30%.
Source: Sanchez et al. (2015)

10|Page



Alternatively, according to Fournier & Bérubé (2000), ACR is a completely different mechanism
than ASR. It develops when the dolomite crystals from the aggregates are exposed to the alkali
hydroxides from the concrete pore fluid and undergo a dedolomitization process, which forms
brucite, calcite and alkali carbonates. This opens up channels (micro-cracks) through which the
ions from the pore fluid can penetrate even deeper in the reaction particles. Additionally, the alkali
carbonates generated can eventually react with the portlandite in the concrete matrix and
regenerate alkali hydroxides in the pore solution, which suggests that the reaction could proceed
almost indefinitely. According to Rogers et al. (2000), ACR induces very fast and extensive
expansion in concrete prism specimens, as well as severe damage within three years in the field

when the conditions are propitious.

Lastly, it is important to emphasize that the approach proposed in Chapters 3 and 4 has been
developed for AAR, even though all the validations presented were based on ASR-affected
specimens/structural members. Similarly, several of the authors cited in the following sections
worked with AAR while others worked only with ASR. Therefore, whenever “ASR” is used it
means that the research covered only that reaction, whereas “AAR” refers to broader

statements/conclusion, that are applicable to both ASR and ACR.

2.2 Factors affecting AAR expansion

221 Temperature

It has been found that temperature plays a major role on both AAR kinetics and the final expansion.
The effect of temperature on AAR’s expansion rate has been reported in the literature several times
(Hobbs, 1988; Larive, 1997; Fournier & Bérubé, 2000). According to Ulm et al. (2000), the
reaction is thermo-activated, with higher temperatures resulting in faster reaction rates. This
phenomenon can be explained by the thermal activation of two processes involved: the dissolution
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of the reactive silica at the interfacial transition zone (ITZ) and the reaction product formation.
Figure 2-2 shows the results obtained by Larive (1997), which not only shows a faster reaction at
a higher temperature, but also a slightly greater final expansion value. The latter is believed to

happen due to the higher amount of leaching and lower gel viscosity triggered under higher

temperatures.
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Figure 2-2. Expansion over time for specimens at different temperatures (38°C and 23°C).
Source: Larive (1997).

Some studies have shown that there is a “pessimum” temperature (38-40°C) that can be related to
the largest ASR expansion when the amount of alkalis is fixed (Locher, 1973; Olafsson, 1986).
According to the theory proposed by Urhan (1987) and corroborated by several other authors
(Nishibayashi, et al., 1992; Sideris, 1979; Chatterji & Christensen, 1990), an increase in
temperature increases both the kinetics of silica dissolution and C-S-H formation. However,
beyond a certain threshold, the rate of C-S-H formation exceeds the silica dissolution and the
expansion due to ASR deaccelerates. Additionally, Comi & Pignatelli (2012) state that high
temperatures not only lead to a faster reaction, but also to a lower viscosity gel, which can enter

the concrete voids more easily and reduce the reaction’s overall expansive potential.
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However, recent correlations between the results from the Accelerated Brazilian Concrete Prism
Test (ABCPT), the Accelerated Mortar Bar Test (AMBT) and the Accelerated Concrete Prism
Tests (ACPT) have shown that temperature has an effect on both the kinetics and the maximum
expansion of AAR (Goshayeshi, et al., 2018). Moreover, higher temperatures (up to 80°C) display
an increase in both the reaction rate and final expansion, without a “pessimum” temperature being

observed.

According to Larive (1997), Arrhenius law can be used to take the effect of temperature on the
rate of the expansion into consideration. Pesavento et al. (2012) states that Arrhenius law is a
concept from the Classic Irreversible Thermodynamics, which defines that the value of a parameter
(e.g., the characteristic time t. from Larive (1997)) for a given temperature (0) follows an
exponential equation. This new parameter value is based on the original parameter value for a
known temperature (t.(6,)) and the activation energy of that parameter (U.), which represents the
minimum energy required for the reaction to take place. The equation proposed by Ulm et al.

(2000) is presented in Equation 2-1:

() = Tc(eo)eUc%_eio) (2-1)

Additionally, the original Arrhenius equation is presented in Equation 2-2, where k is the reaction

rate, A and R are constants, U, is the activation energy and 0 is the temperature.
Ue
k = AeRO (2-2)

2.2.2 Humidity

Water plays an essential role in the development of the reaction for three main reasons (Bazant &
Steffens, 2000). First, it constitutes the transport medium for diffusion of the hydroxyl and alkali
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ions through the pore solution. Next, water is chemically necessary for the formation of the
expansive gel through the dissolution of the siloxane bond. Lastly, the expansion of the gel is

directly related to the absorption of water from the surrounding porous medium.

The first to observe the effect of water on ASR development was Vivian (1981), who stated that
low enough levels of water (relative humidity) could stop the ASR-induced mechanism. This was

later confirmed by other researchers (Olafsson, 1986; Kurihara & Katawaki, 1989).

Larive (1997) highlighted the role of water as both a reagent and a reaction medium. As a reagent,
water influences the amplitude of swelling, which is directly related to the amount of water
available at the time the reaction takes place. However, only water not consumed by cement
hydration may react and lead to AAR development. As a reaction medium, the author states that
water must be present in a large enough amount to transport the reactants, therefore corroborating
the existence of a humidity threshold capable of ceasing both the swelling and the chemical
reaction. Additionally, Larive (1997) also explains that the migration of water within the concrete
(i.e., shrinkage) is not affected by AAR, which means both phenomena can be assumed to happen

independently of each other.

Poyet et al. (2006) conducted a comprehensive series of tests to evaluate the effect of water on
ASR. The lowest relative humidity value they evaluated was 59%, which was found to still be
providing enough water for ASR to develop, even though at a slower rate and resulting in a lower
maximum expansion (Figure 2-3a). Moreover, the authors evaluated the effect of long (28 days)
and short (14 days) wetting and drying cycles on the ASR-induced expansion (Figure 2-3b) and
found that the expansion of both short and long cycle cases was always bound by those

corresponding to 59% RH and 96% RH.
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Figure 2-3. Effect of constant and varying relative humidity conditions on ASR expansion.
Source: Poyet et al. (2006).

Several models adopt the relationship proposed by Capra and Bournazel (1998) to take relative
humidity (h) into consideration. The general approach proposed is presented in Equations 2-3 and
2-4, where €5qR 1S the ASR expansion as a function of time (t), relative humidity (h), temperature
(T) and stress-state (o), €19°% is the swelling observed at 100% relative humidity, g(T, o) is a
function to take temperature and stress-state into consideration, f(h) is a function to take relative

humidity into consideration and m is an empirical constant (usually taken equal to 8).

easr(th, T, 0) = e (D)f(h)g(T, o) (2-3)

f(h) = (Who>m (2-4)

Alternatively, two other models, one proposed by Bazant & Steffens (2000) and the other by both
Li et al. (2000) and Li & Coussy (2002), assume that the initial dry ASR expansive gel needs to
absorb/imbibe water in order to create a fluid and expand. The model developed by Bazant &

Steffens (2000) assumes that this water absorption/imbibition only happens above a threshold of
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85% relative humidity. The second model does not specify a threshold, but instead it assumes that

the gel incorporates water continuously based on water availability.

Another more complex model that assesses the effects of water on the reaction was proposed by
Poyet et al. (2006). The authors assumed that the rate of the ASR expansion (¢45%) can be
described by Equations 2-5 to 2-9. A dimensionless parameter (A4) is introduced to describe the
ASR progress based on time (t) and the saturation ratio (Sr), which is a function of the mass of
water per unit volume of concrete (C) and the saturated mass of water per unit volume of concrete
(Csq¢)- The parameter A is described based on the value of a constant characterizing the kinetics
of ASR (&), on the minimal ASR advancement needed to initiate swelling (4, i.e., amount of gel
to fill the porous volume around the aggregate), on a function that accounts for the fact that the
involved chemical phenomena are limited around residual saturated zones of concrete (£) and on

a function that alters ASR kinetics based on St (). Additionally, K is a parameter that relates the
expansion to the advancement, (X)* represents the positive part of X, Sr§* and Sroﬁ define the
thresholds below which a and f are zero, respectively, and m, and mg stand for possible non-

linearity.

. 0A
A(Sr,t) = E(Sr, t) = apa(Sr)[B(Sr) — A(Sr, t)] (2-5)
ASR
A(ST,t) < Ay — E45R(Sr,t) = o (Sr,t) =0
i o . (2-6)
A(ST,t) = Ay — E45R(Sr,t) = %(Sr, t) = KA(Sr,t)
(sr) = (BT =5 " o (1) <1
a(Sr) = o1 < a(Sr) < (2-7)
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(Sr — Srﬁ)+ e
ﬁ(ST’) = (—0> -0< ﬁ(ST') <1 2-8
1-srf (2-8)

_C
o= Csat (2-9)

Note that a,, 4y, K have to be defined for each case, ST can be estimated from experimental mass
variation recorded data and, according to the parametric study performed by Poyet et al. (2006),
the best fit found for the following parameters was Srg = 0, srf = 0, mg =1and mpg = 1.
Additionally, Equations 2-5 to 2-9 cannot be solved analytically when Sr changes over time, which
means that Equations 2-5 to 2-9 should be based on the mean value of Sr (represented by Sr)

between two times t and t + dt, with t; being a time included in that interval, as presented in

Equation 2-10.
AGT, D) = BGBT) — [BGT) — ABT)]e %00 (2-10)

Recent studies by Goshayeshi et al. (2018), based on Poyet et al. (2006), indicate that humidity
has an effect on both AAR kinetics and the final expansion, which can be correlated to the original
AAR kinetics equation proposed by Larive (1997). Moreover, the authors corroborate the theory
that there is a minimum humidity threshold that would completely stop the development of AAR,

which was assumed to be equal to 50% RH.

2.2.3 Alkali Content

As previously discussed, alkali hydroxides (i.e., Na*, K* and OH™) from the concrete pore
solution are one of the essential components to develop AAR (Fournier & Bérubé, 2000). In
general, increasing the alkali content of the mix leads to an increase of the final AAR expansion,

as shown in Figure 2-4.
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Figure 2-4. One-year expansions of concrete prisms made with highly-reactive Spratt
limestone and moderately-reactive Sudbury gravel and different concrete alkali contents.
Source: Fournier & Bérubé (2000).

Additionally, it is worth noting that even though Portland cement is the main source of alkalis in
concrete, other materials such as aggregates, water, supplementary cement materials (SCM’s),
special admixtures, seawater and even deicing salts can also contribute in raising the alkali content
in the pore solution, thus increasing the risk of distress due to AAR (Diamond, 1989; Fournier &

Bérubé, 2000).

Lastly, it has been observed that migration of alkalis thought various processes such as local
surface evaporation, electric/magnetic fields or currents and cathodic protection can locally
contribute to the alkali content of the concrete pore solution, which contribute to the anisotropic
expansion of AAR and the overall distress of the structure (Moore, 1978; Ozol, 1990; Shayan &

Song, 2000; Fournier & Bérubé, 2000).

2.3 AAR-induced expansion development

A number of mathematical approaches were developed in the past to represent AAR-induced
expansion mechanism. Amongst those, the most widely adopted model was presented by Larive
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(1997). The exponential equation presented in Figure 2-5 and Equation 2-11 is capable of
simulating the major meso-macro scale steps of AAR expansion (€445 ) based only on time (t) and

three mathematical variables (characteristic time 7., latency time 7; and AAR expansion at infinity
EAAR)-

t
1—e T

€aar(t) = = X EAAR (2-11)
1+e T

L

T = Characteristic Time

€ atence Ty = Latency Time

&%= Expansion at Infinity

2 T‘:arac

Tum

Figure 2-5. Larive’s Equation. Source: Adapted from Larive (1997)

Even though most recently developed models describe the kinetics of the reaction by implementing
the equation proposed by Larive (1997) or variations of the equation with great success (Comi &
Pignatelli, 2012; Pan, et al., 2013b; Saouma & Perotti, 2006), it has one major drawback: the
mathematical parameters in Equation 2-11 do not have a clear physical meaning, making it hard

to develop an intuitive understanding regarding their range of values.

Alternatively, some researchers have selected a different approach to describe the reaction (Capra
& Sellier, 2003; Bangert, et al., 2004; Grimal, et al., 2008a; Grimal, et al., 2008b). Instead of basing
their assumptions on mathematical equations to simulate AAR, they have developed chemical
equations based on the consumption of AAR’s compounds (i.e., alkalis, silica, water, ions, etc.) to
try to simulate the reaction’s mechanism.
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A third and less common option to simulate the reaction is to assume it increases linearly over
time. Gocevski & Yildiz (2017) assumed in their AAR-affected dam model that the expansion can
be simplified to a linear equation (constant rate), because the expansion rate variation over time

during the service life of a massive structure would be negligible.

As previously explained, the most important macroscopic consequence of ASR in concrete is the
induced expansion and consequent development of tensile stresses due to gel swelling. Early
models treated this expansion as equivalent to a thermal isotropic expansion (Charlwood, 1994);
however, several recent studies have shown that the reaction behaves anisotropically and that it is
directly related to the stress-state of each region where the reaction develops. Note that the
approaches presented below only took into consideration the expansion due to ASR, which was
determined by deducting the strain generated by the applied mechanical loads (Poisson effect),

creep and shrinkage.

Even though stress-state dependency and expansion redistribution had been observed by Larive
(1997) on specimens unrestrained in one direction, Saouma & Perotti (2006) proposed one of the
first simple macroscopic approaches to describe the effect of local stress-state on the ASR
expansion based on the work of Multon (2003). The authors assumed that when the expansion is
restrained by compressive stresses, it is redistributed to the other less-restrained directions as a
function of predefined weights along each principal direction. Figure 2-6 shows the weights for
uniaxial, biaxial or triaxial stress-state conditions (Saouma & Perotti, 2006), where o,, represents
the ultimate stress and f~ . is the concrete’s compressive strength. Additionally, it is worth noting
that the approach assumes that a triaxial compressive stress-state will reduce, but not fully

neutralize, the expansion.
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Figure 2-6. Redistribution weights for uniaxial (1), biaxial (2) and triaxial (3) stress-states.
Source: (Saouma & Perotti, 2006).

Multon & Toutlemonde (2006) deepened the understanding of the anisotropy of the ASR
expansion by evaluating the expansion of several ASR-affected concrete cores subjected to three
different confinement conditions. The specimens were either unconfined or passively confined by
steel rings of two different thicknesses (3 mm or 5 mm) placed radially along the length of the
specimen. The applied stresses for each of the 3 confinement cases were either 0 MPa, 10 MPa
or 20 MPa. Therefore, the authors proposed the relationship shown in Figure 2-7 based on the

gathered data, where a,sz represents the ASR anisotropy (ratio between the longitudinal

expansion/strain eérznp and the radial expansion/strain eﬁ?p), Oz7 — Omean 15 the axial stress
deviator, which is defined by the axial stress 0,, and the mean stress 0;,,04n» Ores 18 the restraining
stress generated by the steel rings, R; is the internal radius (core radius) and R, is the external
radius (core plus steel ring radius). In general, whenever the axial stress deviator is negative (axial
direction is more compressed than the radial direction), expansion is reduced axially and increased
radially. This effect stabilizes at an ASR anisotropy equal to 0.3, which means that, independently
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of the confining pressure on a giving direction, the remaining expansion will still be applied along
that axis. Likewise, the authors found that when the axial stress deviator is positive (radial stress
is larger than the axial stress), the axial expansion is increased while the radial is reduced. Multon
& Toutlemonde (2006) suggest a maximum value of 5 for the ASR anisotropy based on the inverse
of the asymptotical coefficient for negative axial stress deviator, but it is important to emphasize

that no tensile stresses were applied during the experiments to fully validate this hypothesis.
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Figure 2-7. Specimen’s set up on the left and proposed ASR anisotropy vs axial stress
deviator relationship. Source: Multon & Toutlemonde (2006).

Additionally, it is worth noting that the authors were able to assess uniaxial, biaxial and triaxial
stress-state conditions based on the restraint imposed by the steel rings. However, biaxial and

triaxial stress states with different stresses along the x and y directions were not evaluated.

Another step forward was taken by Gautam et al. (2017). The authors from the University of
Toronto tested several reactive and non-reactive 254-mm square cubes (Figure 2-8a) under

uniaxial, biaxial and triaxial stress-state conditions to determine a global stress-state dependency
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relationship of the ASR expansion. It is clear by analyzing Figure 2-8b that different stress states

(given in MPa) have a great influence on the ASR expansion.
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Figure 2-8. Concrete cube specimen on the left and ASR axial expansion (%) vs stress-state
(MPa). Source Gautam et al. (2017).

The authors proposed an S-shaped exponential equation to describe the independent behaviour of
the reaction in each direction (i) based on the stress (f)) and on the initial free volumetric expansion
(Pefree vor) - €qual to 100%, with 33.3% free expansion (pefy¢ ;) in each direction, as shown in
Figure 2-9. According to Equations 2-12 to 2-14, their approach suggests that there is an uncoupled
strain (independent of the strain in the other directions) and a maximum possible axial strain in
each direction, pe,,, and pe,, .., respectively. If the sum of the pe,,,, in the three principal
directions is smaller than 100%, then the expansion in each direction (pe;) is equal to its respective
Pemax- Otherwise, the difference between the free expansion (100%) and the sum of the pe,,,, has
to be distributed among the principal directions according to certain weights. Each weight is
calculated as the ratio between the difference between pe,, . — Peyn in each direction and the

sum of pe,,ax — Peun- Then, the pe; equals the sum of pe,,,, ; and the weighed value of w;pe;,ax ;-
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Axial compressive stress (psi)
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Eq. 1: Uncoupled axial exp.

\ ——— Eq. 2: Max. possible axial exp.
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Figure 2-9. Percentage of free ASR volumetric expansion vs axial compressive stress. Source:
Gautam et al. (2017)

_114+33.3—11.4 <0
béun = . — 65 fOT'f = (2_12)
1+ (ﬁ)
_114+77.2—11.4 <0
Plmax = . f S 4 fOTf = (2_13)
3
Zpemaxi < 100% — pe; = Pemaxi
ifq s s (2-14)
Z Pmaxi > 100% - Wi =$3 Plmaxi =~ Plun = pe; =pPeyni t Wibenmg
i=1 i=1(pemaxi — Deuni)

Other researchers have proposed other approaches, which are sometimes simpler and sometimes

more complex. For example, Gocevski & Yildiz (2017) assume that the redistribution is a function
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of the stress at which the confinement starts affecting the expansion and the stress at which it
totally prevents the reaction from happening, with a linear variation between the two values.
Alternatively, Grimal et al. (2008a) and Grimal et al. (2008b) assume that the reaction’s swelling
stress-state dependency is a consequence of the swelling anisotropy induced by oriented cracking
and the interaction between gel pressure and long-term strain (creep). Nevertheless, all approaches
presented clearly show that the reaction is highly anisotropic, which means that the it cannot be

accurately represented by an isotropic expansion.

2.4 Influence of AAR on the affected material’s mechanical properties

According to Crouch & Wood (1990), sound concrete presents high compressive strength and
modulus of elasticity, relatively low tensile strength and brittle failure under both compressive and
tensile uniaxial loads. However, both its ductility and strength in compression and tension are
increased when concrete is confined (triaxially loaded). Additionally, note that the material’s
sensitivity to confinement can be linked to the presence of small defects or microcracks in the
composite material. The complexity of the confinement effect is magnified when dealing with
damaged materials (Crouch & Wood, 1990), therefore properly understanding and describing the
deterioration in mechanical properties due to AAR expansion is essential in the assessment of

structures affected by the reaction (Kubo & Nakata, 2012).

Several researchers found that AAR leads to a substantial and rapid drop in the tensile strength
and modulus of elasticity of affected concrete, but the compressive strength seems to be less
affected since it only decreases significantly at high expansion levels (Smaoui, et al., 2004;
Sanchez, 2014). Furthermore, the Institute of Structural Engineers (ISE, 1992) states that the in-

service compressive strength of concrete of structures is generally higher than the 28-day design
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value, which means that the deterioration generated by AAR is usually not enough to reduce the
actual compressive strength below the original design specifications. However, studies performed
by Wood & Johnson (1993) and Wood et al. (1989) suggest that this is true only for low to
moderate expansion values (up to 0.10%). Therefore, concrete mixtures subjected to higher
expansions have to be carefully assessed because their mechanical properties might actually be a

cause of concern.

Giaccio et al. (2008) verified two interesting aspects about the mechanical properties deterioration
caused by AAR. First, the compressive strength is affected at all the steps of the reaction (i.e.,
crack initiation, stable and unstable crack’s propagation), which can be linked to the microscopic
distress features of AAR damage. Second, the authors found that the reaction rate, the cracking
pattern and the mechanical properties deterioration as a result of AAR would vary depending on

the type/nature of aggregate used in the mix.

Sanchez et al. (2017) went one step further and measured the influence of the type/nature of
aggregates, along with the compressive strength of the specimen, on the mechanical properties of
AAR-affected concrete. The authors found that the modulus of elasticity (Figure 2-10) and tensile
strength (Figure 2-11) are indeed more heavily affected than the compressive strength, but at
higher expansion values the compressive strength can be significantly reduced (up to 30%, as
shown in Figure 2-12). The latter was found to be linked to ASR microscopic distress features,
which tend to start within the aggregates particles and extend to the cement paste only in moderate

to high expansion levels.
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Figure 2-12. Decrease in modulus of elasticity as a function of AAR expansion. Source:
Sanchez et al. (2017).

Therefore, it is clear that the deterioration of the mechanical properties of concrete is a very
important phenomenon that is directly related to the expansion level, the type/nature of the
aggregate and the compressive strength of the material. Most AAR expansion models take this
effect into consideration to some extent, but a few models assume either the undamaged (design)
or the deteriorated (tested in the field) mechanical properties for the entire service-life of the
structure. Based on what was presented, it is possible to state that both these simpler assumptions
are not accurate procedures for the prediction of the structural performance of AAR-affected
systems over time, because they respectively overestimate the performance at later ages or

underestimate the performance at early stages.

2.5 FE modeling of AAR-affected structures

2.5.1 Damage propagation (cracking)

To simulate structural damage (material nonlinearity) in the finite element analysis of reinforced
concrete structures, a damage propagation approach has to be specified for the concrete. The
approach can be either discrete or continuum (Figure 2-13), with three of the most widely used
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continuum approaches being the smeared cracking (either fixed or rotated), the brittle cracking and
the damaged plasticity (Malm, 2016). The mathematical implementation of each approach varies

from author to author, but the basic concepts of each of the procedures is described next.

Element 2

w L/2 w L2

Figure 2-13. Discrete crack on the left and continuum crack on the right. Source: Malm
(2016)

The discrete crack approach is usually initiated at the intersection between two adjacent finite
elements, where a physical distance representing the real crack is generated (Malm, 2016).
However, based on the nature of AAR cracking in macro-structures, this approach is not often

used.

Smeared cracking is the most common approach, wherein the cracks are not tracked independently,
but rather assumed to be a component of the total strain of the element (Malm, 2016). The total
strain is the result of the elastic strain in uncracked concrete and the plastic strain representing the
nonlinear behaviour of the crack(s), which is defined by the crack opening displacement divided
by the crack band length. Note that if the size of the finite element is larger than the characteristic
crack spacing, the cracking strain in that element will represent two or more cracks. However, if
the elements are small enough, there will be uncracked elements between cracks and the crack

spacing will be captured. This means that the model is highly dependent on the mesh size specified.
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Cracks are assumed to occur when the principal tensile stress reaches a stress value defined by the
“crack detection surface”, which can be either in the biaxial tension region or in a combined
tension-compression region (Chaudhari & Chakrabarti, 2012). A representative failure surface in
the two-dimensional principal stress planes is presented in Figure 2-14. According to Johnson
(2006), the formulation usually forces the constitutive calculations (stress and strain) to be
performed independently at each integration point, which allows for a local reduction of the values
of stress and stiffness when cracks are present. Additionally, Chaudhari & Chakrabarti (2012) and
Johnson (2006) state that the model is usually capable of accounting for tension stiffening, concrete
crushing, tension softening, compression hardening and (in the fixed approach) shear retention.
The latter is usually defined based on reduction coefficients or predefined curves describing the
non-linear behaviour of the material (stress-strain, stress-displacement, fracture energy-crack

opening displacement, etc.).

r
9

Failure
Surface

Figure 2-14. Two-dimensional idealized failure surface. Source: Chaudhari & Chakrabarti
(2012)

According to Johnson (2006), brittle cracking usually assumes that the concrete behaviour is

dominated by tensile cracking. Analogously to the smeared crack model, this model also takes
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cracks into consideration in a smeared manner, and the tension stiffening post-cracking behaviour
is assumed to be a function of a stress-strain relation or a fracture energy criterion. However, it
also includes a brittle failure criterion, which leads to the failure of a certain point when it displays
a predefined certain number of cracks, with the associated concrete element losing its tensile
stiffness. Additionally, cracks are detected by a specific crack criterion (e.g., Rankine), which
means that cracks occur when the maximum principal tensile stress exceeds the specified tensile

strength of concrete.

The damaged plasticity approach, sometimes referred to as the equivalent plastic strain, describes
a model where cracks are represented by the plastic component of the element total strain in each
independent element, which has its mechanical properties reduced based on a specific failure
criterion. As shown in Figure 2-15 and according to Wahalathantri et al. (2011), concrete behaves
linear-elastically until the elastic limit (yield) surface is reached. From that point on, the tensile or
compressive non-linear inelastic behaviour governs, which allows the model to fully describe the
damage characteristics of the material by developing plastic strain locally until global equilibrium
is reached. Malm (2016) states that the mechanical properties are reduced based on tensile and
compressive damage parameters, which can be roughly understood as the damage evolution being
accounted for by the ratio of the remaining concrete area in tension, as presented in Figure 2-16.
Note that, as the load increases, the plastic zone also increases, therefore simulating damage
accumulation. Also, it is possible to qualitatively estimate the size and orientation of cracks by
evaluating the plastic strain of each element (Malm, 2016), as well as to simulate tension stiffening,
concrete crushing, tension softening and compression hardening by specifying a stress-strain
relationship, stress-displacement relationship or by applying a fracture energy criterion (Johnson,

2006).
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Figure 2-15. Schematic Failure Surface of Concrete in Three-Dimensional Stress Space.

Source: Chen (2007)
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Figure 2-16. Damage parameter simplified concept. Source: Jirasek (2014).

Another important aspect of the damaged plasticity approach is the viscosity coefficient (rate
effect), which is especially important in finite element analysis, because it tends to reduce
pathological mesh size dependencies. The concrete damaged plasticity model is a local continuum
damage model (i.e., strain softening model), which means that the constitutive behaviour at a point
is independent of the actions/variables at a distance (neighboring points). Therefore, as soon as an
element softens, it takes up all the deformation, leading the damage to grow only in that point and
resulting in further softening. To avoid this, viscosity tends to stiffen the element as the
deformation rate increases in the softer (damaged) element, which prohibits the deformation to
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accumulate in only one element and, consequentially, allows the damage to be propagated to

neighboring elements (Niazi, et al., 2012).

According to Malm (2016), one of the main advantages of material models based on fracture
mechanics, like the smeared cracking and the damaged plasticity approach, is that they are a
function of a small number of parameters, most of which can be correlated to actual physical

mechanical properties.

2.5.2 Concrete Material Model

In general, macro-models discretize concrete as either a porous medium (Grimal, et al., 2008a) or
as a continuous medium (Saouma & Perotti, 2006), with each approach having its advantages and

drawbacks based on their specific computational implementations.

According to Bear & Bachmat (1991), models for a porous medium consist of a solid matrix (also
referred to as the solid phase or the skeleton) and void space, which might be occupied by a single-
phase fluid or a number of fluid phases (i.e., water, air, etc.). [f a number of fluid phases are present,
each one occupies a separate portion of the void space, which means that a porous material can be
understood as a material consisting of a continuously distributed solid portion through the volume
to form a loosely connected matrix and voids (pores). The material can be either a connected
porous medium, where all pore spaces are connected (Bear & Bachmat, 1991), or a disconnected
porous material, where some pore spaces are separated from the remainder regions (Luikov, 1980).
However, the microscopic nature of the void’s configuration, which influences the fluid flow, heat
transfer, chemical reactions, etc., is extremely complex and random according to Bear & Bachmat
(1991). Therefore, a continuous porous medium material model is usually implemented in order

to allow for an analytical solution (based on differentiable quantities) for the transport phenomena.
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This means that the material is basically a quasi-homogeneous medium that behaves as a
continuum that fills up the entire domain, with each phase occupying its own continuum. Note that
this procedure intrinsically comes at the expense of the detailed information about the microscopic
configuration of the interface boundary conditions and the actual variation of quantities within
each phase, but the macroscopic effect of these factors is still maintained through coefficients,
whose structure and relationship to the statistical properties of the different phases configuration

can still be evaluated (Amhalhel & Furmanski, 1997).

On the other side of the spectrum, continuous medium material models assume that the material
completely fills the space that it occupies, leaving no pores or empty spaces, according to Malvern
(1969). Moreover, it is also assumed to be described by continuous functions, which implies that
all the derivatives will also be continuous and, therefore, the classic theories of elasticity, plasticity,
fluid mechanics and thermodynamics lead to predictions that closely match the behaviour observed
in the real world for a wide range of conditions. Of course, this approach is a simplification of the
real microscopic structure of the material, which means that it might not be applicable for every

type of analysis.

Even though the concrete medium of AAR models can be discretized by either one of the two
material models presented, selecting which option is the best fit to represent the macro-scale effects
of AAR is still one of the biggest arguments within the AAR engineering community. If concrete
is assumed to be a continuous medium, the computational implementation is simplified, and the
number of parameters required for the analysis is reduced, but the chemical aspects of the reaction
(i.e., gel formation, water absorption, consumption of alkalis, consumption of silica, etc.) are

assessed only indirectly. However, if it is defined as a continuous porous medium, those aspects
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can be taken into consideration directly, but several additional parameters will have to be defined

based on complex experiments, literature, fitting or non-technical guesses.

2.5.3 Creep

According to Collins & Mitchell (1997), the stress-strain response of concrete depends on the rate
of loading and on the time history of loading. Therefore, creep can be understood as a phenomenon
related to the increase in strain when concrete subjected to a constant stress rate, which may be
generated from mechanical loading, thermal loading, chemical expansion, etc. Classically, creep
is represented as a reduction in the modulus of elasticity, which is defined as the instantaneous
ratio of the stress by the strain. However, other more complex modeling approaches also exist,
such as that implemented by Pesavento et al. (2012), where the creep strain is decomposed in a

viscoelastic and a flow component.

Collins & Mitchell (1997) state that there is great variability in the results when estimating the
actual amount of creep induced in the structure. They estimate that an error of £30% can be
expected when tests are not performed. Additionally, note that the value of the modulus of
elasticity can easily be reduced by more than 50% over time based on approximate code

procedures (which are often used by standards around the world).

In AAR-affected structures, creep is a phenomenon that happens in parallel with AAR-induced
expansion. It affects the overall behaviour of the structure — mostly displacement and strain, even
though the stresses and the consequential anisotropic (stress-state dependent) AAR expansion is
not directly affected. Therefore, from a macroscopic point of view, accounting for creep is

important to fully describe the structural response of the system over time.
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2.5.4 Shrinkage

According to Collins & Mitchell (1997), concrete naturally loses moisture to the surrounding
environment over time and, consequently, decreases in volume unless it is kept at 100% relative
humidity or under water. This process is referred to as drying shrinkage, and it is directly
proportional to the environmental conditions (relative humidity), time, area exposed to drying,
volume of concrete and composition of the concrete, especially the amount of water and the type
of aggregate (low or high absorptivity). In general, shrinkage is represented in most standards by

a negative strain (decrease in volume) imposed to the structure.

Shrinkage can influence AAR development as follows. First, if enough differential expansion due
to shrinkage is generated and the concrete’s surface cracks, the ingress and accumulation of water
due to rain, snow or splashing might be sufficient to slightly affect the reaction rate locally. Also,
even if concrete does not crack, shrinkage is going to change the moisture content in the surface
of the concrete, which might also change the reaction kinetics in that region. However, since
shrinkage is usually more prominent at the early ages of concrete, and AAR may take a number of
years to develop significant internal stresses, the overall combined effect of the two phenomena at
the macro scale does not seem to be as crucial as the other mechanisms described in this section,
such as creep and mechanical properties deterioration. This has been confirmed by the experiments

performed by Larive (1997).

2.6 Types of AAR models

According to Esposito (2016), there are four main categories of AAR models according to the

scale being assessed: micro, micro-meso, meso and macro scale. Note that several researchers
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assume different criteria for categorizing the models, but the division proposed by Esposito (2016)

is very intuitive and simple to follow, and it is adopted here in the following review.

Macro-scale models are based on the simulation of concrete expansion at the structural level,
generally by imposing strains that represent the effect the expansive gel has over time. Initially
this strain was assumed to be equivalent to a thermal isotropic strain, but recent studies (Section
2.3) have shown that AAR behaves anisotropically and that the kinetics play a very important role
in the development of the reaction. Macro-models usually focus more on the macroscopic effect
of AAR on structural members or structural systems, i.e., failure load, reinforcement yielding,
cracking, deformation, effects on serviceability, etc., without going too much in depth into

modeling the chemistry involved in the reaction.

Meso-scale models can be defined as approaches based on the internal pressure at the concrete
material level, which is usually modeled as a heterogeneous material composed primarily of
aggregates (coarse and fine) and a matrix phase. The matrix is usually assumed to consist of cement
paste and, sometimes, an interfacial transition zone (ITZ) that bonds the aggregates and the cement
paste. In general, the expansion is obtained as a direct result of the swelling gel, which means that
a clear definition of the microstructure of the concrete (volume fraction and shape of aggregates)
in a representative elementary volume (REV), as well as the mechanical properties of each phase,
are essential for the accuracy of the simulation. Note that, due to the higher complexity of the
microstructure and description of the physicochemical aspects involved, meso-scale models

naturally have more variability than macro-scale models.

Micro-meso-scale models describe the reaction at the aggregate level as a function of the gel

production. They usually couple the physicochemical aspects of AAR based on mass or volume
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change of the gel with the mechanical behaviour of concrete, which is imposed to the model as

strain or pressure at the aggregate level.

Lastly, micro-scale models focus on the ion diffusion-reaction mechanisms at the chemical
reaction products level, therefore being the most accurate type of approach to describe the
chemistry of AAR in detail (silica consumption, alkali consumption, alkali leaching, etc.). Even
though their main goal can be understood as describing why and how the chemical reaction leads
to the formation of reaction products, they have also been used to describe the mechanical

consequences of AAR at the concrete material level.

2.7 AAR macro-models

2.7.1 Introduction

This section reviews proposed macro-scale models that describe AAR-induced expansion and
damage. The review only focuses on macro models, since the goal of the present work is to develop
a simple yet reliable model to assess the macroscopic structural implications of AAR in concrete
structures, where the chemistry involved is only accounted for indirectly. A summary of all the
models is provided in Table 2-1. Note that only papers published after 2000 were considered.
Previous AAR models were assumed to be outdated, because recent researches have dramatically
changed the way the reaction is understood. Therefore, models like those developed by Charlwood
(1994), Léger et al. (1996), Huang & Pietruszczak (1996), Capra & Bournazel (1998) and Malla
& Wieland (1999) are not discussed in depth. The model developed by Grimal et al. (2008a) and
Grimal et al. (2008b), which is presented in the next section, requires special attention. It is
categorized by Esposito (2016) as a micro-meso model (based on gel production at the aggregate
level), but it was included here as a potential “macro-model,” because it has already been
successfully used to model both concrete members and massive concrete structures.
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Ulm et al. (2000) were the first to implement Larive’s (1997) findings on their model, which
allowed them to start describing ASR more accurately than ever before. Their approach presents a
few downsides (isotropic expansion, no creep, constant humidity, based on outdated sources, etc.),

but it was undoubtedly a big step towards accurately simulating the reaction.

The original model developed by Li & Coussy (2002) and Li & Coussy (2004) was quite
interesting, but it had similar issues to that proposed by Ulm et al. (2000). Regardless of the proven
applicability of the model, not accounting for the anisotropy of the reaction, creep and varying
humidity unfortunately makes the model too outdated to be largely implemented as an analysis
tool today, especially based on the current knowledge about the physicochemical mechanisms of

the reaction.

Several poromechanical models were developed by Capra & Sellier (2003), Bangert et al. (2004)
and both Fairbain et al. (2004) and Farage et al. (2004). These models started going on a slightly
different direction by describing the physicochemical aspects of the reaction in greater detail and
as a function of several additional variables. The mathematics implemented are quite elegant but
complex, and the need to fit several parameters is unavoidable, since complex micro-scale
phenomena are being represented macroscopically. This, unfortunately, tends to make those
models less user-friendly and less attractive for large-scale implementation by the engineering

community.

Saouma & Perotti (2006) developed what is probably the most important AAR model up to date.
The approach is simple but accurate, intuitive but not trivial, which is probably why so many
models after 2006 refer to theirs when looking for a solid strong starting point. Unfortunately, the

model presents three main limitations: it was only used in 2D simulations, it was only applied to
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simulate concrete cores and it does not account for creep. However, its relevance in the state-of-

the-art is unquestionable.

Grimal et al. (2008a) and Grimal et al. (2008b) took the poromechanical approach previously
described to the next level by modeling both the chemistry and physics involved in the AAR
reaction in detail. It accounts for almost every single parameter possible (from the amount of gel
required to fill the porosity connected to the reactive aggregates to capillarity effects), but it comes
at the cost of defining 32 variables. The approach has proved its applicability in modeling macro-
structures, but the large number of variables involved makes it a complex model for widespread

validation.

On a similar fashion to the model developed by Grimal et al. (2008a) and Grimal et al. (2008b),
even though not to the same extent, were the poromechanical models developed by Esposito and
Hendrix (2012) and Pesavento et al. (2012). Both are interesting approaches, but their main
drawback is that they lack validations and, especially, applications. The models present only
concrete core applications, which is not enough to fully prove its capacity to describe the structural

implications of ASR.

Comi et al. (2012) proposed a poromechanical model that was slightly simpler and more intuitive
than the other previously presented. It accounts for several of the most important parameters, but
unfortunately the researchers still assumed the reaction to behave isotropically and they
disregarded the effect of creep. This, unfortunately, limits the full description of the distress
mechanism by the model as previously stated, even though the model is undoubtedly very

promising.
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One of the most auspicious models developed recently was proposed by Pan et al. (2013a) and Pan
et al. (2013b). They take into consideration almost all relevant aspects of the reaction, with the
exception of the effect of the varying humidity over time on the kinetics and the compressive
strength deterioration. The authors also proved the applicability of the model (especially that by
Pan et al. (2013b)). Even so, the model could still be made more intuitive by attributing a physical
meaning to some of the coefficients and by updating it based on the current literature (mechanical

properties deterioration, for example).

Winnicki et al. (2014) continuous model is quite attractive as well; however, similarly to Comi et
al. (2012), the authors assume the reaction to be isotropic and do not take creep into consideration.
Moreover, the controversial conclusion they reached regarding ASR improving the structural
response of a dam structure goes against what has been observed by most analyses in the literature.
Therefore, it can be assumed that the model is not capable of describing the structural implications

of ASR in its full extent.

The model developed by Ben Ftima et al. (2017) accounts for every single one of the parameters
defined as the most important for AAR, with the exception of the mechanical properties
deterioration as a function of the expansion level. However, the approach seems to be very specific
for dams, instead of being a general AAR model, and the authors do not provide a lot of details
regarding how they take those parameters into consideration. Therefore, it is hard to really evaluate

what the model proposes and how the simulation is actually accounting for in the variables.

Lastly, the approach proposed by Govevski & Yildiz (2017) is another recent model that is
noteworthy to mention. However, the assumption that the expansion can be assumed to be linear
is only acceptable for massive structures, therefore limiting the applicability of the approach to
other types of structures. Moreover, it does not account for creep, and it has its own approach to
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simulate the anisotropic behaviour of the expansion, which does not exactly follow what has been
proposed by other authors when stating, for example, that there is a stress capable of completely

stopping AAR. Therefore, this model is not assumed to be the ideal AAR model.

A description of each individual model follows. They are described according to whether or not
they account for the following: (i) kinetics, (ii) stress-state dependency, (iii) temperature, (iv)
humidity, (v) mechanical properties deterioration, (vi) cracking, (vii) concrete material medium
(i.e., porous or continuum medium), (viii) creep, (ix) shrinkage, (x) application, and (xi) validation.
Application refers to analyses that were used to compare the results of the model to measured data
(displacements, stresses, strains, etc.) or observed patterns (cracking, failure mechanism, etc.)
without the need of fitting parameters to each specific situation. Conversely, validation refers to
analyses where results were fitted to match the desired data (for example, several displacements
points measured were used to define the kinetics of the reaction and estimate the future behaviour),
where results were evaluated though parametric studies of specific coefficients or where results

were not compared to any recorded or observed data.

2.7.2 Ulm et al. (2000)

Kinetics: Based on Larive (1997)

AAR expansion: Isotropic (stress-state independent)

Temperature: Assumed to influence the kinetics and to vary over time (based on transient thermal

analyses and Arrhenius law)

Humidity: Is not accounted for
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Mechanical properties deterioration due to AAR: Values are assumed to be constant (the author

implies that either the initial or damaged values are used)

Damage propagation (cracking): Smeared cracking approach (based on William & Warnke (1975))

Concrete material type: Continuous medium

Creep: Is not accounted for

Shrinkage: Is not accounted for

Application: None

Validation: Idealized 2D gravity dam and 2D bridge box-girder

Comment: The role of water (humidity) is referred to as critical, but it is not accounted for due to
a lack of available data at the time. Also, the concept of thermal and humidity characteristic lengths
is introduced. In summary, the length predicts that the region between the surface and the
characteristic length is subjected to temperature and relative humidity gradients, respectively,
based on the ambient conditions, while the remaining central region remains unaffected by the
surroundings. The main conclusion drawn from this approach is that the humidity characteristic
length has values much lower than those of the heat characteristic length (usually centimeters
instead of meters), which implies that the role of nonuniform moisture distribution in slender
structures (bridges, for example) may be similar to that of nonuniform temperature on the structural
degradation of massive structures. Additionally, it is important to emphasize that the authors
observed the formation of an ASR front propagation in the dam in the zone described by the heat
characteristic length (due to differential expansions), which chronologically lead to irreversible

localized cracking, crack propagation to the surface and delamination.
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2.7.3 Li & Coussy (2002) and Li & Coussy (2004)

Kinetics: Based on Larive (1997)

AAR expansion: [sotropic (stress-state independent)

Temperature: Assumed to influence the kinetics and to vary over time (based on transient thermal

analyses)

Humidity: Is not accounted for

Mechanical properties deterioration due to AAR: Values are assumed to be constant (the author

implies that either the initial or damaged values are used)

Damage propagation (cracking): smeared cracking approach

Concrete material type: Continuous medium

Creep: Is not accounted for

Shrinkage: Is not accounted for

Application: None

Validation: 2D bridge pier - (Li & Coussy, 2002), 3D suspension bridge pylon - (Li & Coussy,

2004) and 3D hydraulic powerplant (Veytaux facility, Switzerland) - (Seignol, et al., 2016).

Comment: Humidity is assumed to always be fully available for the reaction to fully develop, even
though the authors emphasize the role of water on the kinetics and gel swelling mechanism.
Moreover, the model can be implemented as an imposed chemo-plastic model, suitable for
structural analyses, or a coupled chemo-plastic model, which is capable of assessing both structural

and material levels (even though it has more parameters that require fitting). Finally, it is important
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to emphasize that Seignol et al. (2016) enhanced the model when analyzing a powerplant, by
implementing the stress-state dependent anisotropic expansion relationship proposed by Multon
& Toutlemonde (2006), by modifying the mechanical properties according to Seignol et al. (2012)
and by incorporating the influence of temperature and humidity on the reaction kinetics proposed

by Seignol et al. (2009).

2.7.4 Capra & Sellier (2003)

Kinetics: Based on mathematical equations to simulate the gel formation chemistry as a function

of the percentage of reacted alkalis

AAR expansion: Orthotropic (stress-state dependent)

Temperature: Assumed to influence the kinetics, but it is assumed to be constant over time (based

on Arrhenius law)

Humidity: Assumed to influence the kinetics, but it is assumed constant over time

Mechanical properties deterioration due to AAR: Are not accounted for as a function of the

expansion (only tensile strength and modulus of elasticity)

Damage propagation (cracking): smeared cracking approach (based on a probabilistic orthotropic

model)

Concrete material type: Saturated continuous porous medium

Creep: Is not accounted for

Shrinkage: Is not accounted for

Application: 2D concrete cores
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Validation: Idealized 2D reinforced concrete beams

Comment: The only application presented was for the 2D A AR-affected concrete cores, with more
accurate results being found for lower uniaxially-applied loads. However, the authors
demonstrated the applicability of the approach by analyzing idealized AAR-affected reinforced
concrete beams (without transverse reinforcement) under self-weight only and applied loads plus
self-weight. Note that this approach can be seen as the predecessor of the model developed by

Grimal et al. (2008a) and Grimal et al. (2008b).

2.7.5 Bangert et al. (2004)

Kinetics: Based on chemical equations proposed by the authors

AAR expansion: [sotropic (stress-state independent)

Temperature: Assumed to influence the kinetics (indirectly), but it is assumed to be constant over

time

Humidity: Assumed to influence the kinetics and to vary over time (based on mathematical

approach)

Mechanical properties deterioration due to AAR: Are accounted for as a function of the expansion

Damage propagation (cracking): Brittle isotropic cracking approach

Concrete material type: Partially saturated continuous porous medium

Creep: Is not accounted for

Shrinkage: Is not accounted for

Application: None
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Validation: Idealized 2D unreinforced concrete beams and idealized 2D concrete specimens

Comment: The kinetics of the reaction are assumed to be directly dependent on non-constant
humidity conditions (input in the formulation) and indirectly dependent on constant temperature
conditions, concrete mix and type of aggregate, which are used to calibrate the unknown
parameters of the model. Also, mechanical properties deterioration (modulus of elasticity and
concrete strength) are only assumed to take place when restraining or differential expansion is
present (i.e., the free expansion case maintains the original properties), and this deterioration is a

function of the expansion level.

2.7.6 Fairbain et al. (2004) and Farage et al. (2004)

Kinetics: Based on Larive (1997)

AAR expansion: Isotropic (stress-state independent)

Temperature: Assumed to influence the kinetics and to vary over time (based on Arrhenius law)

Humidity: Assumed to influence the kinetics and to vary over time

Mechanical properties deterioration due to AAR: Are not accounted for — values are assumed to

be constant and equal to the undamaged concrete properties

Damage propagation (cracking): Smeared cracking approach

Concrete material type: Saturated continuous porous medium

Creep: Is not accounted for

Shrinkage: Is not accounted for

Application: 3D concrete cores tested by Larive (1997)
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Validation: 3D concrete gravity dam (Furnas dam, Brazil)

Comment: The reaction kinetics, even though based on Larive (1997), are determined through a
reverse analysis, i.e., FE results are adjusted to match measured values and determine the
expansion vs time behaviour. Also, the model assumes that regions with values lower than the
minimum humidity to activate the reaction display only 5% of the final expansion. Finally, the FE
application results for displacement at the top of the dam matched measured data from the real

dam; however, this was the only result that was evaluated.

2.7.7 Saouma & Perotti (2006)

Kinetics: Based on Larive (1997) and on Ulm et al. (2000)

AAR expansion: Anisotropic (stress-state dependent) based on Multon (2003)

Temperature: Assumed to influence the kinetics and to vary over time (based on transient thermal

analyses)

Humidity: Assumed to influence the kinetics, but it is assumed to be constant over time

Mechanical properties deterioration due to AAR: Are accounted for as a function of the expansion

Damage propagation (cracking): Smeared cracking approach

Concrete material type: Continuous medium

Creep: Is not accounted for

Shrinkage: Is not accounted for

Application: Concrete cores tested by Multon (2003)

Validation: 2D arch-gravity dam (name and location not specified)
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Comment: The suggested approach to analyze dams is to assume humidity equal to 100% at all
times for the entire structure and to perform a transient thermal analysis based on the initial
temperature of the dam, surrounding air and water, to define the variation of the thermal fields
over time. Then, those thermal field values are imported to the mechanical model, which defines
the strains (and consequential stresses) due to differential temperature-dependent AAR

expansions, thermal loads and mechanical loads.

2.7.8 Grimal et al. (2008a) and Grimal et al. (2008b)

Kinetics: Based on the chemical advancement law proposed by the authors.

AAR expansion: Anisotropic (stress-state dependent)

Temperature: Assumed to influence the kinetics, but it is assumed to be constant over time (based

on Arrhenius law)

Humidity: Assumed to influence the kinetics, but it is assumed to be constant over time (based on

Poyet et al. (2006))

Mechanical properties deterioration due to AAR: Are accounted for as a function of the expansion

Damage propagation (cracking): smeared cracking approach (based on a probabilistic orthotropic

model)

Concrete material type: Partially saturated continuous porous medium

Creep: Is accounted for

Shrinkage: Is accounted for
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Application: 3D concrete cores tested by Multon & Toutlemonde (2006) and 3D AAR-affected

reinforced concrete beams tested in the lab by Grimal et al. (2008b)

Validation: 3D gate-structure dam (Temple-de-Sur dam, France) by Sellier et al. (2009) and 3D

gravity dam (Chambon dam, France) by Chulliat et al. (2017)

Comment: Even though it is considered a micro-meso model, this approach has been successfully
used to model macroscopic structures such as beams and dams. The model has a total of 32
variables, most of which require fitting based on the literature and extensive laboratory tests for
specimens with different confinement ratios. Specific instructions on how to calibrate all variables

for specific cases are described by Grimal et al. (2008b).

2.7.9 Esposito and Hendrix (2012)

Kinetics: Based on Larive (1997) and Ulm et al. (2000)

AAR expansion: Anisotropic (stress-state dependent) based on Saouma & Perotti (2006) and

Multon (2003)

Temperature: Assumed to influence the kinetics and to vary over time (based on Arrhenius law)

Humidity: Assumed to influence the kinetics, but it is assumed to be constant over time

Mechanical properties deterioration due to AAR: Are accounted for as a function of the expansion

Damage propagation (cracking): smeared cracking approach

Concrete material type: Saturated continuous porous medium

Creep: Is not accounted for

Shrinkage: Is not accounted for

S1|Page



Application: 2D concrete cores tested by Ahmed et al. (2003)

Validation: None

Comment: Conversely to what most other researchers have done, the model is only capable of
modeling two cases: sound concrete subjected to mechanical loads and free ASR-expansion. Also,
the only application performed is a comparison of the mechanical properties deterioration as a
function of the expansion of concrete cores. Note that the model predicted the stiffness loss more

accurately than Saouma & Perotti (2006), but not the strength degradation.

2.7.10 Comi et al. (2012)

Kinetics: Based on Larive (1997)

AAR expansion: [sotropic (stress-state dependent)

Temperature: Assumed to influence the kinetics and to vary over time (based on thermal transport

analyses)

Humidity: Assumed to influence the kinetics and to vary over time (based on moisture transport

analyses)

Mechanical properties deterioration due to AAR: Are accounted for as a function of the expansion

- only the modulus of elasticity, and it is based on a bilinear curve obtained from Larive (1997)

and Multon (2003) experiments.

Damage propagation (cracking): smeared cracking approach

Concrete material type: Partially saturated continuous porous medium

Creep: Is not accounted for
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Shrinkage: Is not accounted for

Application: 2D concrete cores tested by Larive (1997) and Multon & Toutlemonde (2010), as

well as 3D reinforced concrete beams tested by Multon & Toutlemonde (2010)

Validation: 2D gravity dam (Beauharnois dam, Canada) with the findings being compared to

Bérubé et al; (2000) and Kladec et al. (1995).

Comment: In order to take the effect of temperature and humidity on the ASR expansion into
consideration, the authors suggest that the fields defined by the transport analyses should be
imported to the mechanical analysis. Also, based on Ulm et al. (2000), they expanded the
previously mentioned concepts of humidity and temperature characteristic lengths, and
corroborated the findings of Ulm et al. (2000) regarding the effect of those parameters on slender
and massive structures. Lastly, the authors mentioned that the effect of humidity on the dam
analyzed was so small that it could have been disregarded, even though the same is not true for

slender structures.

2.7.11 Pesavento et al. (2012)

Kinetics: Based on Larive (1997)

AAR expansion: Isotropic (stress-state independent)

Temperature: Assumed to influence the kinetics and to vary over time (based on Arrhenius law)

Humidity: Assumed to influence the kinetics and to vary over time (based on Ulm et al. (2000)

and Steffens et al. (2003)).

Mechanical properties deterioration due to AAR: Are accounted for as a function of the reaction

development — linear reduction
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Damage propagation (cracking): is accounted for, but the type of approach is not mentioned (it is

only referred to as based on non-local isotropic damage theory)

Concrete material type: Partially saturated continuous porous medium

Creep: Is accounted for (composed of a flow and a viscoelastic component)

Shrinkage: Is accounted for

Application: 2D concrete cores tested by Larive (1997) — constant temperature and humidity — and

Poyet (2003) — constant temperature and varying humidity.

Validation: None

Comment: This model is a macro-model, but it presents aspects of meso-models because its focus
seems to be the details of the chemistry involved, while still being potentially applicable to
structures. Also, two different ASR phases are modeled in order to describe the reaction kinetics:
first, the gel formation through a first-order kinetic law based on Larive (1997), Ulm et al. (2000)
and Dron & Brivot (1993), and second, the water absorption and gel expansion through the rate of
induced ASR isotropic strain based on Larive (1997) and Steffens et al. (2003). Finally, the model
accounts for the evolution of both permeability and porosity due to ASR-induced cracking and
microcracking, as well as shrinkage, in order to describe the effect of drying and rewetting
observed by Poyet (2003), where the total strain measured would decrease during drying and

increase again during rewetting.

2.7.12 Pan et al. (2013a) and Pan et al. (2013b)

Kinetics: Based on Larive (1997)
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AAR expansion: Anisotropic (stress-state dependent) based on Saouma & Perotti (2006) and

Multon (2003)

Temperature: Assumed to influence the kinetics and to vary over time (based on Ulm et al., 2000,

Arrhenius law and thermal transport analyses)

Humidity: Assumed to influence the kinetics, but it is assumed to be constant over time (based on

Capra & Bournazel (1998))

Mechanical properties deterioration due to AAR: Are accounted for as a function of the expansion

(only tensile strength and modulus of elasticity, based on Capra & Sellier (2003))

Damage propagation (cracking): damaged plasticity cracking approach

Concrete material type: Continuous medium

Creep: Is accounted for

Shrinkage: Is not accounted for

Application: 3D concrete cores tested by Multon & Toutlemonde (2006) and 3D arch dam (Kariba

dam, located between Zambia and Zimbabwe) — Pan et al. (2013b)

Validation: 3D gravity dam (Fontana dam, USA) — Pan et al. (2013a)

Comment: Note that Pan et al. (2013a) and Pan et al. (2013b) models are slightly different, with
only the latter accounting for creep, introducing a parameter to take humidity into consideration
based on Capra & Bournazel (1998) and treating the expansion as anisotropic (stress-state
dependent). Also, humidity was assumed to be 100% in the entire structure in the analysis of the
Fontana dam; therefore, only heat transport and mechanical analyses were performed. For that
case, the authors disregarded the heat of hydration of concrete by assuming that it was not
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important for the long-term behaviour, and the only parameter that was compared was the cracking
pattern of the dam. For the Kariba dam, humidity was again taken as 100%, and the authors
neglected the effect of temperature, because they assumed that the seasonal temperature variations
were low enough. The calculated radial displacements and most of the vertical displacements
matched well the measured data, which was gathered for over 30 years. Cracking pattern

predictions were also good based on the limited information available.

2.7.13 Winnicki et al. (2014)

Kinetics: Based on Larive (1997)

AAR expansion: [sotropic (stress-state independent)

Temperature: Assumed to influence the kinetics and to vary over time (based on Arrhenius law

and thermal transport analyses)

Humidity: Assumed to influence the kinetics and to vary over time (based on Capra & Bournazel

(1998), and humidity transport analyses)

Mechanical properties deterioration due to AAR: Are accounted for as a function of the expansion

Damage propagation (cracking): smeared cracking approach

Concrete material type: Continuous medium

Creep: Is not accounted for

Shrinkage: Is not accounted for

Application: 2D concrete cores tested by Larive (1997) and Poyet (2003)

Validation: 2D gravity dam (Fontana dam, USA)
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Comment: The approach used for the dam was to first perform a thermal analysis and a humidity
transfer analysis to determine the temperature and relative humidity fields, and then those values
were used as input parameters for the mechanical model, which accounts for the ASR dependency
on those variables. It is also important to emphasize that the resulting cracking pattern obtained
from the 2D analysis of the gravity dam matched relatively well the actual cracking patterns
observed in the dam, even though no further comparison with measured data is presented.
However, the authors reached a “controversial” conclusion by stating that the ASR-affected model
has a global safety factor greater than that of the undamaged structure, which means that the
structural implications of ASR improved the structural response of the dam. They explain that this
probably happened because the ASR expansion led to higher compressive stresses in the critical

zone, therefore having this beneficial effect.

2.7.14 Ben Ftima et al. (2017)

Kinetics: Based on Larive (1997)

AAR expansion: Anisotropic (stress-state dependent) based on Saouma & Perotti (2006) and

Multon (2003)

Temperature: Assumed to influence the kinetics and to vary over time (based on Saouma & Perotti

(2006), and transient thermal analyses)

Humidity: Assumed to influence the kinetics and to vary over time (based on Saouma & Perotti

(2006), and humidity transport analyses)

Mechanical properties deterioration due to AAR: Values are assumed to be constant (the author

implies that either the initial or damaged values are used)
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Damage propagation (cracking): Smeared cracking approach and brittle cracking approach

Concrete material type: Continuous medium

Creep: Is accounted for

Shrinkage: Is accounted for

Application: Not presented

Validation: 3D gravity dam and 3D dam spillway (name and location not specified)

Comment: The author developed two complementary models to assess the sliding safety factor
(SSF) and structural safety margin of dams: a quasi-static explicit continuum nonlinear finite
element smeared cracking model (QSE-FEM-S) and a quasi-static explicit continuum nonlinear
finite element discrete model using the strength reduction approach (QSE-FEM-D). According to
Malm (2016), quasi-static analyses are suggested for cases where the material non-linearity is
causing convergence problems. For example, brittle failure material models usually require this
method because the brittle failure generally increases the kinetic energy content of the response as
a result of the sudden drop in the load carrying capacity. Basically, the solution technique consists
of using a dynamic solver (either implicit or explicit) to solve a static numerical analysis where
the load is applied slowly enough to minimize the kinetic energy, which significantly reduces the
inertia effects. Furthermore, Ben Ftima et al. (2017) state that this technique is advantageous in
the specific case of highly nonlinear problems involving large concrete structural models with

concrete softening and complex contact interactions.

The approach proposed by Ben Ftima et al. (2017) consists of the temperature and humidity fields

being calculated first through thermal analyses and humidity transport analyses, and then those
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values are used as input parameter in the QSE-FEM-S. The latter is then calibrated based on field
measurements and used to identify the dominant crack patterns forming potential failure planes.
After, the QSE-FEM-D is used to compute the initial condition to perform a “stability analysis”
based on the results from the other steps. Additionally, note that the discrete model is adopted for
two reasons. First, it yields classical engineering scalar stability indicators for the SSF, which are
easier to interpret than the results from the smeared cracking model. Second, QSE-FEM-S displays
intrinsic uncertainty when estimating the fracture parameters and, consequently, the safety margin

of the dam.

2.7.15 Govevski & Yildiz (2017)

Kinetics: Linear

AAR expansion: Anisotropic (stress-state dependent)

Temperature: Assumed to influence the kinetics and to vary over time (based on thermal transport

analyses)

Humidity: Assumed to influence the kinetics and to vary over time (based on humidity transport

analyses)

Mechanical properties deterioration due to AAR: Values are assumed to be constant (the author

implies that either the initial or damaged values are used)

Damage propagation (cracking): damaged plasticity approach

Concrete material type: Continuous medium

Creep: Is not accounted for
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Shrinkage: Is not accounted for

Application: Not presented

Validation: 3D hydroelectric power plant (name and location not specified)

Comment: The model is used by Hydro-Quebec. It was developed for modeling dam structures,
which is the reason why it assumes AAR kinetics are linear over time and the maximum expansion
is equal to that of the optimum temperature and humidity AAR conditions. Also, the anisotropic
volumetric expansion is assumed to be a function of a volumetric confinement parameter and a
uniaxial confinement parameter, which are directly related to the stress at which the confinement
starts affecting the expansion and the stress at which it totally prevents the reaction from
happening, respectively. Finally, it is important to emphasize that the authors do not provide many
details about how they address several components of AAR such as temperature dependency and
the damage propagation approach, therefore making it hard to fully comprehend the proposed

approach.

2.8 Gap in the state-of-the-art

Based on the review of existing models, there is still need for a model capable of accurately
describing the physicochemical nature of AAR, without overcomplicating or oversimplifying the

reaction or the parameters involved. In order to do so, a model must accomplish the following:

1- It should account for the most important parameters influencing the reaction: anisotropic
expansion, kinetics dependency on varying temperature and varying humidity, mechanical
properties deterioration as a function of the expansion, and creep.

2- It needs to be validated through comparisons with both experiments and real case scenarios,

ideally in three dimensions.
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3- It should be capable to intuitively attribute physical meaning to the parameters involved,

without the need of fitting or non-technical guesses, to provide easy interpretation of the results.

The model proposed in this thesis and described in Chapters 3 and 4 attempts to meet the above
criteria. The kinetics of the reaction are based on the model proposed by Larive (1997) and
modified by Goshayeshi et al. (2018). The stress-dependency of the AAR expansion is anisotropic
based on the approach proposed by Gautam et al. (2017). The model accounts for the influence of
both temperature and humidity on the reaction kinetics and for their variation over time (based on
Goshayeshi et al. (2018). The deterioration of the mechanical properties is accounted for as a
function of the expansion based on Sanchez et al. (2017). To model damage propagation, a
damaged plasticity cracking approach is adopted, based on the concrete damaged plasticity (CDP)
material model available in Abaqus (Simulia, 2014), and concrete is treated as a continuous
medium. Creep is accounted for, whereas shrinkage is neglected. All these phenomena are
incorporated into a finite element structural model, which is validated by 3D simulations of sound
reinforced concrete beams - tested by Vecchio and Shim (2004), AAR-affected push-off specimens
- tested by Sanchez et al. (2016) and a reinforced concrete slender (bridge) pier, the Robert-

Bourassa Charest Overpass, Canada, which was experimentally assessed by Sanchez et al. (2016).
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