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Abstract
Alkali Silica Reaction (ASR) and its effect on concrete and mortar has been studied for many years.
Several tests and procedures have been formulated to evaluate this reaction, particularly in terms of
aggregate reactivity. However, the data given in the literature concerning the mechanical properties
of concrete and mortar is scattered and very little information is available for some properties such as
fracture energy. In this study, the mechanical behavior of mortar was evaluated and monitored, under
normal and accelerated environmental conditions. Fracture energy, compressive strength and tensile
strength were measured for mortar specimens, casted with highly reactive Spratt crushed aggregate,
at two different storage temperatures (23�C and 80�C) and at two different alkali concentrations
(immersed in water and in 1N NaOH solution). Moreover, free expansion tests (according to ASTM
C1260) and petrographic observations were performed, in order to relate them to the evolution of the
mechanical properties of mortar. Results show a decrease of the mechanical properties associated
with specimens at 80�C in alkali solution and that the deterioration due to ASR is counter-balanced
by the strengthening of mortar resulting from the hydration process. A multi-physics computational
framework, based on the Lattice Discrete Particle Model (LDPM) is then proposed. Numerical
simulations based on a complete calibration and validation with the obtained experimental data
capture the behavior of mortar subjected to the complex coupled effect of strength build-up and
ASR at different temperatures and alkali contents.
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Introduction
For a long time, concrete has been used for the construction of infrastructures such as power
plants, bridges and dams. Researchers and engineers have been interested in assessing durability and
serviceability of such structures. One important issue they face is how to evaluate and monitor the
changes of concrete mechanical properties due to deterioration over time as well as the induced
consequences at the structural level. Alkali Silica Reaction is one of the many phenomena leading to
deterioration of concrete structures. This reaction was first discovered by Stanton (1940) and consists
of a chemical reaction between alkali hydroxides, mainly provided by cement, and silica contained in
reactive aggregate. The reaction product is the so-called “ASR gel”, which in high relative humidity
environment adsorbs water, swells and generates internal pressure. Micro and macro-cracks may occur if
this pressure is high enough in areas surrounding aggregate particles and within the aggregate itself.

Many aspects of ASR are still the subject of current research. These include the chemical composition
of the gel (Lindgård et al., 2012; Louarn and Larive, 1993; Thaulow et al., 1996; Fernandes, 2009), its
viscosity and the effect of calcium ions (Kawamura and Iwahori, 2004; Šachlová et al., 2010; Wang
and Gillott, 1991a,b) and the controversial idea of gel flow (Moon et al., 2014). The chemical reaction
associated with ASR has been studied for a long time: the hydroxyl ions first react with the silanol groups
and then with the siloxane bridges, which leads to the dissolution of amorphous or poorly crystalline
silica (Saouma and Hariri-Ardebili, 2014; Glasser and Kataoka, 1981; Wilson et al., 1994; Jensen et al.,
1982; Chatterji et al., 1987; Dron and Brivot, 1992; Prince and Perami, 1993; Pan et al., 2012). The
dissolved silica reacts with the calcium ions coming from Ca(OH)

2

and this stable reaction produces the
tobermorite-type C-S-H. The reaction continues until Ca(OH)

2

is all consumed (Kim and Olek, 2014).
Simultaneously, in order to maintain the electroneutrality, sodium and potassium ions Na+ and K+ are
released from the cement paste (Glasser, 1979), which are then absorbed to create a highly polymerized,
high alkali and low calcium hydrates [C-(Na/K)-S-H]: the alkali silica reaction gel (Dron and Brivot,
1993; Diamond, 2000).

Swelling and expansion of the ASR gel occur when the gel is in contact with water, which induces
internal pressure. The mechanism is not fully understood and several theories exist to describe it. One
explanation is the idea of osmotic pressure (Poole, 1992) generated by the cement paste and acting like
a semi-permeable membrane. Water from the pore solution can pass through the cement paste but alkali
and silica ions cannot. Other studies proposes that the dissolved silica diffuses away from the reactive
aggregate particles, and this implies further expansion and swelling of the gel (Dron and Brivot, 1993).
Another explanation is based on the electrical diffuse double layer theory proposed by Prezzi et al. (1997).
A more convincing theory proposes that the swelling pressure is accumulated in the interfacial transition
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zone between aggregate and surrounding cement paste, because of water absorption (Bažant and Steffens,
2000).

If the internal pressure is high enough, micro-cracks occur and a typical crack pattern is a three-armed
crack mapping (Sanchez et al., 2015). Other petrographic observations show not only micro-cracks at the
interface between aggregate and cement paste, but also through the cement paste near large aggregate
particles (Ben Haha, 2006; Ponce and Batic, 2006; Thomas et al., 2013). A process in five steps of the
micro-structural changes due to ASR was proposed based on petrographic analysis by Katayama (2012)
and Saouma et al. (2015): 1) formation of reaction rims, 2) exudation of gel on the reacted aggregate
that partially fills microporosity in cement paste, 3) cracking through aggregates that are filled by gel, 4)
gel formation in cracks from aggregates to cement paste and 5) gel precipitation (densification) in voids
along cracks farther from aggregates.

Many key parameters affect the alkali silica reaction. The main ones are temperature, moisture content,
alkali content, calcium content, silica content in aggregate, aggregate size and shape, porosity, and applied
mechanical stress.

It is well-known that ASR is accelerated when temperature increases (Jensen et al., 1982; Swamy
and Al-Asali, 1986; Jones, 1988; Larive, 1997) and it requires high humidity (80% or above) to occur
(Chatterji et al., 1986; Olafsson, 1986). It is also important to note that at a higher curing temperature
(from 50�C to 80�C) in humid conditions, one can observe an acceleration of the early strength
development which however leads to a lower asymptotic value (Cebeci et al., 1989; Mirza et al., 1991).
This leads to different ASR-induced damage evolution at high temperature. Moreover, high temperature
relative to room temperature engenders a thermal expansion (Cruz and Gillen, 1980; Saccani et al., 2001)
which must be dissociated from any expansion due to ASR.

As far as the alkali content is concerned, two categories can be distinguished: the alkali content
provided by cement and the one from external sources. For both cases, the reaction is accelerated and the
measurement of free expansion shows higher values when the alkali content is higher (Kawamura et al.,
1988; Sibbick and Page, 1992; Smaoui et al., 2005). Several studies also show that in very high alkali
contents, the gel structure changes and loses its swelling capability (Kagimoto et al., 2014).

This is the reason why many standard tests prescribe a higher curing temperature and a specific alkali
content to determine if an aggregate type in a given concrete/mortar mix is deleterious. Indeed, the
objective is to accelerate the ASR kinetics and thus get faster test results. For the aforementioned reasons,
ASTM-C1260-07 (2007) is adopted in the present work for the experimental program.

The main consequence of ASR is finally the change in time of the mechanical properties of
concrete/mortar. Many researchers have studied this issue, performing experimental work in the
laboratory, as well as carrying evaluations from cores taken out from existing structures. It is generally
agreed that ASR generates a significant decrease in Poisson’s ratio, elastic modulus and tensile properties
whereas compressive strength has more variability in its evolution (Ben Haha, 2006; Swamy and Al-
Asali, 1986; Larive, 1997; Clark, 1990; Ono, 1990; Monette et al., 2000; Multon, 2003; Marzouk and
Langdon, 2003; Na et al., 2016; Giaccio et al., 2008). The information available in the literature is
scattered with reference to the evolution of the fracture energy.

Various models simulating Alkali Silica Reaction at different length scales exist in the literature,
reflecting the multiscale nature of the problem. Early models considered an imposed volumetric
expansion at the macroscopic scale, by using finite element modeling and treating ASR expansion as
equivalent to an expansion due to thermal strain (Charlwood , 1994; Thompson et al., 1994; Léger
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et al., 1996; Malla and Wieland, 1999). These models include the effect of temperature, moisture, alkali
content and stress changes, which are, however, not related to the actual chemo-physical phenomena
underlying ASR. These approaches are mostly based on phenomenological laws, which limits their
range of application. Later on, chemo-mechanical models were proposed (Ulm et al., 2000; Li and
Coussy, 2002; Capra and Sellier, 2003; Pignatelli et al., 2013), where reaction kinetics were taken in
account as function of the temperature and humidity. Farage et al. (2004) and Fairbairn et al. (2004) used
the model of Ulm et al. (2000) within a smeared crack plastic constitutive law. The external effect of
mechanical loading on ASR and its consequences on the properties of concrete were then studied by
using damage models (Capra and Sellier, 2003; Saouma and Perotti, 2006; Comi et al., 2009; Winnicki
and Pietruszczak, 2008; Winnicki et al., 2014) and more complex damage coupled with hygro-thermo-
chemical formulations (Bangert et al., 2004; Pesavento et al., 2012). At the aggregate level, within a
predefined Representative Volume Element (RVE), mathematical models based on fracture mechanics
were proposed by Bažant and Steffens (2000), whereas poro-mechanics models were formulated by
Dormieux et al. (2004), Lemarchand et al. (2005), Bažant and Rahimi-Aghdam (2016) and Rahimi-
Aghdam et al. (2016). Wu et al. (2014) proposed to simulate concrete as a multi-phase material and
validated the model using a numerical homogenization scheme. Comby-Peyrot et al. (2009) modeled
concrete as particles representing the aggregate and simulated ASR considering the swelling of the
rim reaction gel product. In all the listed models, however, the results obtained for the physical crack
distribution are typically limited: the work of Grimal et al. (2010) allowed ASR and anisotropic damage
modeling using finite element method and was able to describe cracks and crack orientations by means
of damage field plots. It is also worth mentioning the work of Bažant and Rahimi-Aghdam (2016) and
Rahimi-Aghdam et al. (2016) that showed realistic crack patterns with the use of the microplane model
and by simulating the fracture mechanics aspect using the crack band model. Alnaggar et al. (2013)
proposed to overcome the lack of accurate crack simulation by considering ASR within a discrete model,
the so-called Lattice Discrete Particle Model (LDPM) (Cusatis et al., 2011a,b) which describes concrete
at the coarse aggregate length scale. This model, presented later in this paper, simulates separately the
expansion due to the gel swelling and the induced cracking (Alnaggar et al., 2013, 2015). Variable
humidity and temperature within concrete can be simulated and the model was able to successfully
replicate experimental data considering the coupling effect between shrinkage, thermal strain and creep
(Alnaggar et al., 2017).

Concerning the modeling of concrete/mortar strength build-up at early ages, multiple models can be
found in the literature. The models of Ulm and Coussy (1995) and De Schutter and Taerwe (1996)
described the early age strength growth by direct relation to cement hydration. The effect of temperature
was taken in account in the work of Cervera et al. (1999) and Cervera et al. (2000) who introduced
an intermediate parameter, the so-called aging degree, relating compressive strength, tensile strength,
and elastic modulus with cement hydration degree. Other models (Bernard et al., 2003) considered a
multiscale approach to predict the macroscopic elasticity evolution in time from the behavior of the C-S-
H gel at the nanoscale.

Hygro-thermo-chemo-mechanical models at the macroscopic scale have shown to be capable of
predicting aging concrete (Gawin et al., 2006; Pan et al., 2017). For example, the work of Di Luzio
and Cusatis (2009a), Di Luzio and Cusatis (2009b) and Di Luzio and Cusatis (2013) describes at any
age the moisture transport and heat transfer by taking in account chemical phenomena such as cement
hydration, silica fume reaction and silicate polymerization through a Hygro-Thermo-Chemical (HTC)
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model. This model was also successfully coupled with the LDPM framework and the two models were
linked through the concept of aging degree by introducing aging laws relating cement hydration to the
change in time of the mechanical parameters governing LDPM (Wan et al., 2016; Wendner et al., 2016).

The study presented in this paper overcomes the lack of models able to simulate the evolution of
the mechanical properties of ASR affected mortar and the coupled effect of ASR deterioration and
concrete/mortar aging. By conducting an experimental and a numerical program, this research aims to
study aging mortar bars affected by ASR and conditioned according to ASTM C1260. Indeed, concrete
and mortar aging plays a crucial role at early ages, when strength and other mechanical properties are
expected to increase due to cement hydration The measurement of free expansion from the ASTM C1260
depends not only on the aggregate reactivity but also on the strength build-up that counterbalances
the expansive nature of ASR. It is worth pointing out that the intertwined effect of ASR and aging
has been observed qualitatively in the literature, however neither a systematic experimental work nor
a comprehensive numerical coupling between damage due to ASR and aging formulations were ever
performed.

Experimental Program

Materials and mixture proportions
For the mortar mix design, Spratt limestone was ordered from the Ministry of Transportation of Ontario,
Canada. Spratt aggregate contains quartz, clay minerals and albite feldspar, in 40 wt.%, 54 wt.% and
6 wt.%, respectively, (Grattan-Bellew et al., 2010). This siliceous limestone incorporates chalcedony
inclusions, it is highly reactive, and contains about 9% of silica. The aggregate was crushed and carefully
washed, dried for 24 hours in oven at 105�C to remove any moisture content (Figure 1a). Then, the
aggregate was sieved in accordance to ASTM C1260 (Figure 1b) and stored in separated and sealed
boxes (Figure 1c). Table 1 shows the aggregate sieve size and proportions. Mortar bars were cast with the
mix design reported in Table 2 in batches of three bars of size 254 mm ⇥ 25.4 mm ⇥ 25.4 mm, before
being covered and placed in the curing room at controlled room temperature 23�C and 100% humidity
for 24 hours (Figure 1d-e-f). A slight amount of lubricant WD-40 was sprayed on the molds to prevent
any damage on the samples during demolding. The cement used was QUIKRETE Portland Cement

Table 1. Aggregate sieve size and proportions according to ASTM C1260.

Sieve Size % Mass Retain % Cum Retain % Passing

#4 (4.75 mm) 0.0 0.0 100
#8 (2.36 mm) 10.0 10.0 90.0
#16 (1.18 mm) 25.0 35.0 65.0
#30 (0.60 mm) 25.0 60.0 40.0
#50 (0.30 mm) 25.0 85.0 15.0
#100 (0.15 mm) 15.0 100 0.0

Commercial Grade Type I/II, which complies with ASTM C150, as required by ASTM C1260. Lumps
were removed by passing the cement through a #20 (0.85 mm) sieve.

The water used in the mix came from tap water, and was stored for several days before mixing in order
to be at room temperature.
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(a) (b) (c) 

(d) (e) (f) 

Figure 1. (a) Oven to dry the aggregate, (b) Aggregate sieving, (c) Sealed storage boxes, (d) Mortar mixer, (e)
Casted mortar bars, (f) Curing room: 23�C at 100% humidity for 24 hours.

Table 2. Mixture proportions according to ASTM C1260 for the preparation of three mortar bars of size
254 mm ⇥ 25.4 mm ⇥ 25.4 mm.

Mortar For three samples

Water to cement ratio 0.47
Water 206.8 g
Cement 440 g
Crushed Aggregates 990 g

Test program and details

The test program consisted of four cases, corresponding to four different environmental conditions. The
first two cases are designated as samples 23A and 23W. They define specimens immersed in 1N NaOH at
23�C and specimens immersed in water at 23�C respectively. The two remaining cases are called samples
80A and 80W, which define the specimens immersed in 1N NaOH at 80�C and the specimens immersed
in water at 80�C respectively. After one day of curing, the mortar bars were demolded and placed in
different storage conditions. Samples 23A and 23W were directly placed in water at 23�C for another 24
hours. Samples 80A and 80W were placed in a box containing water at 23�C. This box was sealed and
placed in a water bath at 80�C for another 24 hours. This procedure allowed avoiding thermal shock and
potential micro-cracks. Finally, after the duration of 24 hours, samples 23A were placed in a solution of
1N NaOH at 23�C, samples 23W were kept in water 23�C, samples 80A were placed in a solution of 1N
NaOH at 80�C and samples 80W were kept in water at 80�C. The temperature and alkali content were
monitored and kept constant by using infrared temperature sensor and by controlling the pH and water
level in the solutions.
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Immediately after demolding and prior to the placement in water, the mortar bars were cut into different
sizes according to each mechanical tests specifications. Free expansion were measured, along with
petrographic observations to evaluate the ASR reactivity in the four cases. Semi-adiabatic calorimetric
tests were performed in order to characterize the cement hydration signature. Subsequently, uniaxial
unconfined compression, notched three point bending and Brazilian tests were performed at two different
ages: 6 and 16 days after casting.

Free expansion measurements were performed in accordance to ASTM C1260 and ASTM C490
(Figure 2a), at different ages up to 16 days after casting. The dimensions of the sample were 254 mm ⇥
25.4 mm ⇥ 25.4 mm. A Humboldt length comparator was used to measure expansions with an accuracy
of 0.00254 mm. Petrographic analysis were done at CTLGroup, using stereo-optical microscopy on

(a) (b) (c) (d) 

Figure 2. (a) Free expansion measurements, (b) Uniaxial unconfined compression test, (c) Notched three
point bending test, (d) Brazilian test.

polished cross-sections at age 6 and 16. The samples underwent multiple processes of grinding and
lapping, i.e. three grinding steps using a grinding wheel and diamond grinding disks of size 60, 30 and
12 micrometers, until reaching a smooth, lapped surface to perform the petrography.

Semi-adiabatic calorimetric tests were performed on three specimens. Figure 7a shows the used setup.
For each test, mortar was casted into a cylinder of size 50.8 mm ⇥ 203.2 mm (diameter⇥height) which
was placed in the calorimeter right after casting, along with a thermocouple placed at the center of the
cylinder to keep track of the evolution in time of the temperature. The measurements were recorded for
4 days at 1 minute intervals.

Uniaxial unconfined compression tests were performed on mortar prisms of size 50.8 mm ⇥ 25.4 mm
⇥ 25.4 mm, at age 6 and 16, under displacement control, with a loading rate of 0.003 mm/s (Figure 2b).
The analysis of the load displacement curve provides the compressive strength f

0

c

.
Three point bending tests on notched beams were also conducted at age 6 and 16 (Figure 2c). The

dimensions of the beams were 127 mm ⇥ 25.4 mm ⇥ 25.4 mm, with a single edge notch of length
a
0

= 12.7 mm and width 2.54 mm. The span was S = 101.6 mm. The test was performed under crack
mouth opening displacement (CMOD) control via an extensometer attached to both sides of the notch,
and with a loading rate of 0.003 mm/s. The load-displacement curve provides the peak force P

f

before
softening and the work of fracture W

F

, which is the area under the curve. One can then estimate the
energy required to create an unit area of crack:

G
F

=

W
f

b(D � a
0

)

(1)
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where G
F

is the fracture energy, b(D � a
0

) is the initial cross sectional area of the ligament,
b = 25.4 mm and D = 25.4 mm are the thickness and the width of the specimen, respectively.
Moreover, one can define and compute the nominal fracture stress, as Bažant and Planas (1997):

�f

n

=

3

2

P
f

S

bD2

(2)

Finally, Brazilian tests on mortar cubes of size 25.4 mm ⇥ 25.4 mm ⇥ 25.4 mm were performed at age 6
and 16, under displacement control, with a loading rate of 0.003 mm/s (Figure 2d). One can estimate the
tensile strength of mortar by deriving the state of stress when the applied load P

t

reaches its maximum:

f
t

=

2P
t

⇡L2

(3)

where L = 25.4 mm is the length of the cube.
For each test described, a set of 3 specimens were tested for a total of 84 samples and the average

properties were extracted.

EXPERIMENTAL RESULTS

Free expansion
Figure 3a shows the free expansion curves for the four different cases. They were obtained by length
change readings at each different ages, to the nearest 0.001%. The goal here was, along with petrography,
to identify the non-reactive (reference) cases and the reactive cases.

Samples 23W did not exhibit expansion during the whole experiment duration. This result is
predictable since the environmental factors accelerating ASR, namely the high temperature and the high
alkali content solution were absent.

Also samples 23A did not show any expansion, even though the specimens were immersed in 1N
NaOH solution. Indeed, the imposed room temperature was not high enough for the reaction to be
accelerated and to develop during the 16 days of the tests.

Samples 80W had only a small increase in length of about 0.04% from age 2 days to age 3 days.
This change in length is associated with thermal expansion. In order to corroborate this result, Figure 3a
also shows thermal expansion of mortar made with Elgin sand exposed to a temperature of 80�C, with a
similar water to cement ratio (Cruz and Gillen, 1980).

On the contrary, samples 80A exhibited significant expansion, as expected on a typical ASTM C1260
test of a highly reactive aggregate such as Spratt. One can observe the characteristic S-shape curve
suggesting no or very little reaction happening at the beginning, followed by a high reaction rate which
then decreases in time. A final expansion value of 0.375% was obtained at age 16 days, Previous studies
on Spratt aggregate report a mean expansion of 0.389% after 16 days (Nixon et al., 2016). The final
expansion is much larger than the threshold defined in ASTM C1260 of 0.1% confirming the high
reactivity of Spratt aggregate.

Although samples 23W and 23A did not show expansion, and the slight increase of length for mortar
80W is only associated to thermal expansion, it is uncertain to conclude that ASR did not happen at all.
Petrographic observations are needed to draw a reliable conclusion.
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Figure 3. a) Free expansion evolution in time, b) Mortar 80A at age 6: reaction rim, c) Mortar 80A at age 6:
gel-filled air voids at early stages, d) Mortar 80A at age 16: gel-filled air voids, e) Mortar 80A at age 16:
multi-layer gel structure at later stages, f) Mortar 80A at age 16: gel-filled crack crossing multiple aggregate
and cement paste.

Petrographic observation
Petrographic analyses were performed at age 6 and 16 for all four cases. No evidence of ASR, i.e.
presence of alkali silica gel, was found in mortar 23W, 23A and 80W. This result corroborates the
free expansion data. It would be appealing to use more sophisticated techniques to look into the micro-
structural evolution in mortar. However, this was outside the scope of this study, since petrography was
performed with the main objective of simply confirming the presence or absence of ASR gel in the
different samples.

As expected, ASR gel was found in a large quantities in samples 80A. It is interesting to note that ASR
gel was evenly distributed through the 25.4 mm ⇥ 25.4 mm square section, regardless of the distance
from the edges.

This proves that the diffusion process of alkali ions from the external source to the inner part of mortar
happened very fast (in only four days), due to the small sample dimensions. Another important factor is
the use of crushed aggregates in the mix, which exposes the amorphous silica, thus increasing its overall
specific surface. Figure 3b,c show polished cross-sections of mortar 80A at age 6. Aggregate pieces and
cement paste are easily distinguishable.

The arrow n�1 shows what is frequently reported in the literature as a reaction rim. It is defined as a
layer of alkali silica reaction product surrounding the reacted aggregate particle. Arrows n�2 and 3 show
the presence of gel in air voids. The morphology and texture of the gel indicate that only a thin layer of
gel is present. At age 6 days, only a few air voids were gel-filled which reveals that ASR was still at early
stages. Interestingly, one can note that the two gel-filled voids are both next to aggregate particles. This
observation tends to show that gel produced at the surface of aggregate migrates into adjacent voids. It
would be compelling, although out of the scope of the present study, to relate the chemical composition
of the gel to its flowability.
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Figure 3d,e,f show polished sections of samples 80A at age 16 days. Arrows n�4 to 7 indicate air voids
filled with gel. The number of gel-filled pores in the paste increased significantly from age 6 days to age
16 days, due to the high reaction rate also observable in the expansion curve (Figure 3a). One can observe
that even though there is at least one adjacent aggregate next to most gel-filled air voids, some of them
seem isolated. The hypothesis is that below these air voids, there is possibly a source of silica (aggregate)
which is not observable in the section plane.

Arrows n�8 and 9 corroborate such a hypothesis: arrow n�9 points at a small dark area at the center
of the pore, which appears to be the surface of an aggregate present below the observed section plane.
Dashed arrow n�8 shows clearly multiple circular layers, emanating from the surface of the reacted
aggregate, which then appear to fill progressively, layers by layers, the void upwards. The texture of the
gel layers, their translucence and apparent larger thickness compared to the gel in n�3 void suggest that
this multi-layer structure is a clear sign of an advanced reaction stage.

Finally, arrows n�11 and 13 show two aggregate particles in which gel-filled cracks go through. This
phenomena is commonly observed in ASR affected concrete/mortar and demonstrates the important
swelling pressure occurring in the internal mortar structure. It is interesting to note that the two aggregate
particles are crossed by the same crack: indeed, the crack filled with gel goes from one aggregate to the
other though the cement paste (arrows n�10 and 12).

These changes in the micro-structure due to ASR imply changes at the macro-scale level, in particular
in terms of mechanical properties and behavior.

Calorimetric tests

Figure 4 shows the experimental data (average curve of three samples) obtained from the calorimetric
tests. One can notice the typical shape of the curve describing temperature rise as a function of time.
Four phases can be dissociated (Bullard et al., 2011): 1) rapid initial process that corresponds to the
dissolution of cement constituents, 2) the dormant or induction period during which no reaction occurs, 3)
the acceleration period as a consequence of C

3

S hydration and 4) the deceleration period that is explained
by the need for water to diffuse to the unreacted cement particles or for the dissolved ions from cement
to diffuse outward into capillary pores.

Time [days]
0 2 4

Te
m

pe
ra

tu
re

 a
t t

he
 c

en
te

r [
K

]

298

300

302

304

306

308
Experimental
Numerical

Time [days]
0 2 4Te

m
pe

ra
tu

re
 a

t t
he

 c
en

te
r [

°C
]

24

26

28

30

32

34 Experimental
Numerical

Time [hours]
0 20 40

Te
m

pe
ra

tu
re

 a
t t

he
 c

en
te

r

298

300

302

304

306

308
Experimental

4) 
3) 
2) 
1) 

Figure 4. Four phases in the temperature rise curve from semi-adiabatic calorimetric tests
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Mechanical behavior

Table 3 and Table 4 summarize the results from expansion measurements, compressive strength (f
0

c

),
fracture properties (G

F

and �f

n

) and indirect tensile test (f
t

) strength, at two different ages and for
the four different environmental conditions described earlier. The reported values are generated as the
average of three tests. Figure 5 shows the evolution of the aforementioned mechanical properties in time.

Samples 23W exhibit, as a result of the aging process, an increase of compressive and tensile strength,
and fracture properties from age 6 days to age 16 days. The same conclusion applies to samples 23A,
which were identified to be ASR free. At age 6 days, samples 80W have higher values of compressive
and tensile strength than samples 23W and 23W, however the fracture energy and nominal fracture
stress are approximately the same for the three cases. At age 16 days, the compressive strength and the
fracture energy of samples 80W are clearly below the ones of samples 23W and 23A. Finally, samples
80A show significant damage at early and late stages. The high expansion is well correlated with its
mechanical behavior: at age 6 days, although it is not clear for fracture energy, there is a clear difference
of compressive and tensile strength, and nominal fracture stress compared to samples 23W, 23A and 80W.
At age 16 days, one can observe an increase of the mechanical properties, less pronounced for the fracture
energy but significant for the tensile strength. The experimental work provided the confirmation that

Table 3. Experimental program results at 23�C.

Properties 23A 23W
6 16 6 16

ASR [Y/N] No No No No
Expansion [%] 0.000 0.000 0.000 0.000
f

0
c [MPa] 30.33 40.12 29.84 42.03
GF [N/m] 60.63 86.38 60.27 89.26
�f
n [MPa] 1.79 1.92 1.79 2.12

ft [MPa] 1.80 2.83 2.00 3.13

Table 4. Experimental program results at 80�C.

Properties 80A 80W
6 16 6 16

ASR [Y/N] Yes Yes No No
Expansion [%] 0.165 0.375 0.044 0.044
f

0
c [MPa] 26.32 27.91 32.76 34.33
GF [N/m] 62.05 62.58 55.91 67.50
�f
n [MPa] 1.32 1.60 1.68 1.82

ft [MPa] 1.57 2.33 2.13 2.75

there is indeed a decrease in the mechanical properties of mortar due to ASR. However the deterioration
is counter-balanced by the strengthening resulting from the hydration process.
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Figure 5. Variation in time of mechanical properties for the four different environmental conditions a)
Compressive strength, b) Splitting tensile strength, c) Fracture strength, d) Nominal fracture stress.

COMPUTATIONAL PROGRAM

Overall framework
As described in the introduction, the simulation of hygro-thermo-chemo-mechanical coupling, as well as
ASR damage, is performed within the Lattice Discrete Particle Model (LDPM) (Cusatis et al., 2011a,b)
coupled with the Hygro-Thermo-Chemical (HTC) model (Di Luzio and Cusatis, 2009a,b, 2013), the
aging model (Wan et al., 2016) and the ASR model (Alnaggar et al., 2013, 2015, 2017).

LDPM is a mesoscale model that simulates the interaction between aggregate particles contained in
concrete/mortar (Schauffert et al., 2011a,b; Cusatis, 2013; Smith et al., 2014; Rezakhani and Cusatis,
2016; Ceccato et al., 2017). For a given volume of material, spherical particles are randomly placed
from the largest to the smallest size using a trial and error procedure. The placement follows a particle
size distribution curve consistent with a Fuller sieve curve in the form F (d) = (d/d

a

)

nf where
d
a

= 4.75 mm is the maximum diameter and n
f

= 0.42 is the Fuller coefficient (Figure 6c).
Figure 6a shows an example of particle placement inside the volume of a three-point bending specimen.
A lattice system is then defined to describe the interaction between particles by means of a Delaunay
tetrahedralization performed with the centers of the spherical particles. In order to define the potential
failure locations, a domain tessallation is performed next, which results in a system of polyhedral cells,
each of them enclosing a spherical particle. The interaction between cells is described through the
triangular facets of the polyhedral cells (Figure 6d) and the generated lattice that links the centers of
the particles (also called nodes). Figure 6b shows the position of the LDPM cells in a prism. If x

i

and x

j

are the positions of nodes i and j, adjacent to the facet k, the facet strains are defined as:

e

k

= [e
Nk e

Mk e
Lk ]

T

=

"
n

T

k

[[u

k

]]

l

m

T

k

[[u

k

]]

l

l

T

k

[[u

k

]]

l

#
T

(4)

where e
Nk is the normal strain component, e

Mk and e
Lk are the tangential strain components, [[u

k

]] =

u

j

� u

i

is the displacement jump at the centroid of the facet k, l = kx
j

� x

i

k
2

is the distance between
the two nodes, n

k

= (x

j

� x

i

)/l and m

k

, l
k

are two unit vectors mutually orthogonal in the facet plane
projected orthogonally to the node connection. It was demonstrated (Cusatis and Zhou, 2013; Cusatis
et al., 2017) that this definition of strains is completely consistent with classical strain definitions in
continuum mechanics.
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Figure 6. Lattice Discrete Particle Model a) Randomly distributed spherical particles (color gradient indicates
the size distribution), b) Position of the LDPM cells in 3D, c) Sieve/Fuller curve, d) LDPM cell and facet strains.

Similarly, one can define the traction vector as:

t

k

= [t
Nk t

Mk t
Lk ]

T (5)

where t
Nk is the normal component, t

Mk and t
Lk are the shear components. For the sake of readability,

the subscript k that designates the facet is dropped in the following equations. In order to describe the
behavior of the material, one needs to introduce the constitutive equations imposed at the centroid of
each facet. The elastic behavior is defined through linear relations between the normal and shear stresses,
and the corresponding strains as t

N

= E
N

e⇤
N

, t
M

= E
T

e⇤
M

and t
L

= E
T

e⇤
L

, where e⇤
N

= e
N

� eeig
N

,
e⇤
M

= e
M

� eeig
M

, e⇤
L

= e
L

� eeig
L

, eeig
N

, eeig
M

, eeig
L

are eigenstrains, E
N

= E
0

and E
T

= ↵E
0

.
E

0

= E/(1� 2⌫) and ↵ = (1� 4⌫)/(1 + ⌫) are the effective normal modulus and the shear-normal
coupling parameter respectively where E is Young’s modulus and ⌫ is Poisson’s ratio.

In order to describe the inelastic behavior, one needs to distinguish three sets of mechanisms.
The first mechanism is the fracturing and cohesive behavior under tension and tension/shear occurring

for e⇤
N

> 0. One can define the effective strain as

e =
q
e⇤2
N

+ ↵(e⇤2
M

+ e⇤2
L

) (6)

and the effective stress as

t =

r
t2
N

+

(t2
M

+ t2
L

)

↵
(7)

and write the relationship between the normal and shear stresses, and strains through damage-type
constitutive equations as t

N

= te⇤
N

/e, t
M

= ↵te⇤
M

/e and t
L

= ↵te⇤
L

/e.
The effective stress t is defined incrementally as ˙t = E

N

ė. In addition, a limiting strain-
dependent boundary is applied to the effective stress 0 6 t 6 �

bt

(e,!) in which �
bt

(e,!) =
�
0

(!) exp [�H
0

(!)he
max

� e
0

(!)i/�
0

(!)] where hxi = max(x, 0), ! is the degree of interaction
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between shear and normal loading defined through tan(!) = (e⇤
N

)/(
p
↵e⇤

T

) = (t
N

p
↵)/(t

T

). e⇤
T

is the
total shear strain defined as

e⇤
T

=

q
e⇤2
M

+ e⇤2
L

(8)

and t
T

is the total shear stress defined as

t
T

=

q
t2
M

+ t2
L

(9)

The maximum effective strain is time dependent and is defined as e⇤
max

(⌧) =
q

e⇤2
N,max

(⌧) + ↵e⇤2
T,max

(⌧)

where e⇤
N,max

(⌧) = max

⌧

0
<⌧

[e⇤
N

(⌧ 0)] and e⇤
T,max

(⌧) = max

⌧

0
<⌧

[e⇤
T

(⌧ 0)]. The strength limit of the effective

stress that defines the transition between pure tension (! = ⇡/2) and pure shear (! = 0) is �
0

(!) =

�
t

(� sin(!) +
q

sin

2

(!) + 4↵ cos

2

(!)/r2
st

)/(2↵ cos

2

(!)/r2
st

) where r
st

= �
s

/�
t

is the shear to
tensile strength ratio. The post-peak softening modulus is controlled by a power function called the
effective softening modulus H

0

(!) = H
t

(2!/⇡)
nt . Under pure tension, H

0

(⇡/2) = H
t

= 2E
0

/(l
t

/l �
1) where H

t

is the softening modulus, n
t

is the softening exponent. l
t

is the tensile characteristic length
defined as

l
t

=

2E
0

G
t

�2

t

(10)

where G
t

is the mesoscale fracture energy and �
t

is the tensile strength.
The second set of equations describe the mechanism behind pore collapse and material compaction

e⇤
N

< 0. Strain hardening plasticity behavior due to high compressive hydrostatic deformation is
described through a strain-dependent boundary �

bc

(e⇤
D

, e⇤
V

) at each facet which limits the normal
compressive stress component through the inequality ��

bc

(e⇤
D

, e⇤
V

) 6 t
N

6 0, where the volumetric
strain is defined as

e⇤
V

=

�V

3V
0

(11)

which is computed as the change between the current and the initial volume of each LDPM tetrahedron.
While e

V

is the same for all the facets of a given tetrahedron, the deviatoric strain defined as

e⇤
D

= e⇤
N

� e⇤
V

(12)

varies. The strain-dependent boundary is finally defined for three different cases �
bc

(e⇤
D

, e⇤
V

) =

�
c0

for �e⇤
V

 0, �
bc

(e⇤
D

, e⇤
V

) = �
c0

+ h�e⇤
V

� "
c0

iH
c

(r
DV

) for 0  �e⇤
V

 e
c1

and �
bc

(e⇤
D

, e⇤
V

) =

�
c1

(r
DV

) exp [(�e⇤
V

� e
c1

)H
c

(r
DV

)/�
c1

(r
DV

)] otherwise, where r
DV

= |e⇤
D

|/e⇤
V

for e⇤
V

> 0 and
r
DV

= �|e⇤
D

|/(e⇤
V

� e
V 0

) for e⇤
V

 0 in which e
V 0

= 
c3

e
c0

. e
c0

= �
c0

/E
0

defines �
c0

the material
parameter that describes the mesoscale yielding compressive stress, e

c1

= 
c0

e
c0

is the strain at which the
rehardening starts, 

c0

and 
c3

are material parameters and �
c1

(r
DV

) = �
c0

+ (e
c1

� e
c0

)H
c

(r
DV

). The
function H

c

(r
DV

) is written as H
c

(r
DV

) = H
c1

+ (H
c0

�H
c1

)/(1 + 
c2

hr
DV

� k
c1

i) where H
c0

,
H

c1

, 
c1

and 
c2

are material parameters.
The third mechanism is the frictional behavior due to compression-shear (again for e⇤

N

< 0). Indeed,
the friction provokes an increase in the shear strength. The incremental shear stress in m and l directions
are computed as

˙t
M

= E
T

(ė⇤
M

� ė⇤p
M

) (13)
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and
˙t
L

= E
T

(ė⇤
L

� ė⇤p
L

) (14)

where ė⇤p
M

=

˙�@'/@t
M

, ė⇤p
L

=

˙�@'/@t
L

, and ' the plastic potential is defined as ' =

q
t2
M

+ t2
L

�
�
bs

(t
N

). The shear strength �
bs

is a nonlinear frictional law written as �
bs

(t
N

) = �
s

+ (µ
0

�
µ1)�

N0

[1� exp (t
N

/�
N0

)]� µ1t
N

where µ
0

and µ1 are the initial and final internal friction
coefficients and �

N0

is the normal stress which corresponds to the transition from µ
0

to µ1.
Last but not least, the governing equations are completed by writing the equilibrium of each LDPM

cell: X

k2FI

A
k

t

k

+ V
I

b = 0,
X

k2FI

A
k

c

k

⇥ t

k

= 0 (15)

where F
I

is the set containing all the facets of a generic polyhedral cell I , A
k

is the area of the facet k,
c

k

is the vector representing the distance between the center of the facet k and the center of the cell, V
I

is the cell volume and b is the external body forces applied to the cell.
In the original LDPM publications, the mesoscale parameters E

0

, �
t

, r
st

, l
t

, �
c0

, �
N0

, ↵, H
c0

/E
0

,
H

c1

/E
0

, 
c0

, 
c1

, 
c2

, 
c3

, µ
0

and µ1 are constant. In this study, however, the interest is the evolution
of the mechanical behavior at early age. To account for early age effects, LDPM was recently equipped
with an aging model (Wan et al., 2016).

One can write
E

0

= E1
0

� (16)

�
t

= �1
t

�na , �
c0

= �1
c0

�na , �
N0

= �1
N0

�na (17)

r
st

= r1
st

�ma (18)

l
t

= l1
t

(k
a

(1� �) + 1) (19)

where � is the aging degree (fully described in the next paragraph), E1
0

, �1
t

, �1
c0

, �1
N0

, r1
st

and l1
t

are
the asymptotic values of the aforementioned parameters, n

a

, m
a

and k
a

are material parameters. The
other parameters are assumed to be age-independent. It is worth mentioning that in the work of Wan et al.
(2016), r

st

was taken as age-independent, i.e. assuming m
a

= 0.
Cement hydration of mortar that causes the evolution in strength is described through the Hygro-

Thermo-Chemical (HTC) model. The model computes at any age the heat transfer and moisture diffusion
in concrete and mortar, through coupled diffusion equations involving the variation of temperature T ,
moisture h, moisture permeability D

h

, cement hydration degree ↵
c

, evaporable water w
e

and other
material properties. The relevant sets of equations, namely Fick’s law, moisture permeability equation,
unit volume mass balance, sorption/desorption isotherm, Fourier’s law and enthalpy balance equation are
reported in the Appendix.

The chemical reactions involving the four different cement clinker phases and water are accounted for
in average by computing the so-called degree of hydration ↵

c

through the following empirical differential
equation (Di Luzio and Cusatis, 2009a):

↵̇
c

= A
c1

 
A

c2

↵1
c

+ ↵
c

!
�
↵1
c

� ↵
c

�
e
� ⌘c↵c

↵1
c �(h)e�

Eac
RT (20)
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where A
c1

, A
c2

and ⌘
c

are material parameters, ↵1
c

is the asymptotic hydration degree that can be
approximately calculated as ↵1

c

= 1.031(w/c)/(0.194 + (w/c)) and �(h) = [1 + (5.5� 5.5h)4]�1 is
an empirical function that describes the effect of moisture content, E

ac

is the hydration activation energy.
Once the degree of hydration is computed, one needs to relate it to the mechanical properties of mortar.

It is well accepted that the strength evolution depends on the degree at which the chemical reactions
occurred but also the curing temperature. One can thus introduce an internal variable �, the aging degree,
that takes into account both effects through the following equation (Di Luzio and Cusatis, 2013):

˙� = ↵̇
c

h
A

�0

+A
�

(↵1
c

+ ↵
0

� 2↵
c

)

i T
max

� T

T
max

� T
ref

!
n�

(21)

for ↵ > ↵
0

and ˙� = 0 for ↵ 6 ↵
0

, where ↵
0

is the value of the hydration degree at which mortar starts
to get a solid consistency, A

�0

= (↵1
c

� ↵
0

)

�1, A
�

is a material parameter, T
max

and T
ref

are the
maximum temperature at which mortar can harden and the room temperature respectively.

In terms of numerical implementation, the hygro-thermo-chemo-mechanical coupling is performed
as follows: once the geometry of the specimen is considered, a tetrahedral finite element (FE) mesh is
generated. The HTC model equations are solved numerically and the state variables such as temperature,
moisture content, degree of hydration and aging degree are computed at the nodes. Then, their values are
interpolated to the nearest facet centroids by using the FE shape function associated to each tetrahedron.
Each facet now has at any time step the updated value of the aging degree, which allows to update the
mesoscale LDPM parameters through the aging equations.

The ASR model describes the gel formation and expansion at the aggregate level. The model
distinguishes for each aggregate particle the gel formation and the effect of water imbibition. It is
important to point out that smaller length scale processes are averaged and only phenomenologically
represented; this includes 1) the actual chemistry of gel formation, 2) the micro-transport phenomena
of ions in gel, pores and cracks, 3) the gel transport in pores and cracks. Since the silica present in the
aggregate needs to be in contact with the surrounding water and alkali ions present in the cement paste
for the ASR gel to be formed, it can be assumed that gel formation is governed by a diffusion process.
This approach is based on the observation that the time scale of the alkali-silica reaction is much shorter
than the one of diffusion. For very small particles, this assumption might not be accurate (Multon and
Sellier, 2016). However, for computational cost considerations, the model proposed in this study only
focuses on the coarser portion of the particle size distribution for which, indeed, the diffusion process is
dominant. The effect of the particles not directly resolved is included indirectly in the parameters of the
model constitutive equations. The process can be described by the following radial diffusion equation for
each spherical particle of diameter D (Bažant and Steffens, 2000):

ż = � w
e

z � 2z

2

D


z0

e
Eag
RT0

�Eag
RT (22)

where z is the diffusion front position, w
e

is the evaporable water defined in the Appendix (see Equations
27 and 28), k

z0

is a material parameter, and E
ag

is the gel diffusion activation energy.
The mass of gel M

g

formed surrounding one aggregate is then computed as (Alnaggar et al., 2017):

M
g

=


a

⇢
g

⇡

6

(D3 � 8z3) (23)
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where ⇢
g

is the density of the ASR gel, 
a

= min(hc
a

� c
a0

i/(c
a1

� c
a0

), 1) where c
a

is the
macroscopic alkali concentration and c

a1

is the saturation alkali content for which the reaction is
complete. c

a0

is the threshold alkali content at which no expansion is observed. Although it was found
(Kim and Olek, 2014; Kim et al., 2015) that this threshold depends on several factors, including but not
limited to calcium concentration, the present study assumes, as a simplification, c

a0

to be constant.
Once the gel is created, it is assumed to imbibe water. For a fixed temperature, the water imbibition

rate ˙M
i

is characterized as a linear function of the gel mass M
g

as follows (Alnaggar et al., 2017):

˙M
i

=

C
i

�2
[M

g


i0

e
Eai
RT0

�Eai
RT �M

i

] (24)

The bulk diffusivity of imbibed water C
i

includes the contribution of the cement paste, as well as the
external rim of the aggregate particle: C

i

= C
i0

exp(E
aw

/(RT
0

)� E
aw

/(RT )). E
ai

and E
aw

are the
activation energies of respectively the imbibition capacity and the diffusion process. 

i0

and C
i0

are
material parameters. � characterizes the thickness through which water is transported from the cement
paste to the surrounding of the aggregate where the ASR gel lies. Petrographic observations (Figure 3b)
suggests that such a distance is in the order of a few micrometers (which is confirmed later by calibration
results). It is reasonable to assume that the water present in a generic location has approximately the
same distance to travel to reach each of the surrounding aggregate particles of the same size. One can
thus assume that � = ↵

M

D where ↵
M

is a proportionality parameter as introduced by Alnaggar et al.
(2017). One can then define ˜C

i

= C
i

/↵2

M

in Equation 24.
To accommodate the change in volume due to water imbibition, material expansion must occur. In the

simple case of two interacting particles, the expansion can be simulated by a change in radius of both
particles, which, in turn, generates a so-called imposed strain or LDPM eigenstrain e

a

k

at the adjacent
facet k. By assuming negligible the LDPM shear eigenstrains ea

Mk
and ea

Lk
, only the contribution of

the normal eigenstrain ea
Nk

is taken in account. By considering �
c

the equivalent thickness of capillary
pores surrounding the aggregate and accessible to the gel (assumed constant and independent of D, one
can define the amount of imbibed water as hM

i

�M0

i

i where M0

i

= (4⇡⇢
w

/3)((r + �
c

)

3 � r3). One
can then write the increase in radius r

i

= [3hM
i

�M0

i

i/4⇡⇢
w

+ r3]1/3. Then, by computing the rate
of increase ṙ

i

= [

˙M
i

/(4⇡⇢
w

)][3hM
i

�M0

i

i/4⇡⇢
w

+ r3]�2/3. Finally, the imposed normal strain due to
ASR can be defined as

ėa
Nk

=

ṙ
i1

+ ṙ
i2

l
(25)

where r
i1

and r
i2

are the increases in radii of the aggregate particles 1 and 2 at a distance l from
each other. By adding the effect of thermal deformations, the total normal eigenstrain can be written
as ėeig

Nk
= ↵

T

˙T + ėa
Nk

.

Calibration process
The response of the overall computational framework depends on three sets of parameters that needs to
be identified by means of experimental data or assumed on the basis of existing literature. The work flow
of the identification process is described in this section.

Keeping in mind that the final objective is to be able to predict the deterioration of mortar affected by
ASR (mechanical properties of samples 80A) while taking in account the aging effect, data relevant to
samples 23A, 23W and samples 80W, as well as the expansion measurement of samples 80A were used
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for model calibration. The hydration model was calibrated from calorimetric tests. The aging model was
calibrated from the compression and fracture behavior of samples 23W and 80W at age 6 days and 16
days (since samples 23A and samples 23W exhibit the same behavior, the choice was made to focus only
on samples 23W). Finally, the ASR model was calibrated from the expansion measurements of samples
80A. The mechanical properties obtained for samples 80A were then used for the validation process in
which blind predictions are carried out without adjusting the model parameters.

In order to calibrate the hydration component of the HTC model, the actual setup of the calorimetric
tests was replicated (Figure 7b) by using a tetrahedral mesh with a mesh refinement comparable
to the associate LDPM discretization for the center of the calorimeter where the mortar specimen
is located. The boundary conditions consisted of applying room temperature (23�C) on the external
surfaces of the mesh. The insulation of the calorimeter was expanded rigid rubber and its thermal
characteristics were estimated, i.e. values of the heat capacity and density were taken from the literature:
ccal
T

= 1680 J kg�1 K�1 and ⇢cal = 72 kg m�3, respectively. The density of mortar was measured
to be ⇢ = 2591 kg m�3. The heat conductivity of the calorimeter �cal

T

and the cement hydration
parameters A

c1

, A
c2

and ⌘
c

were identified simultaneously by fitting the experimental data and yielding
the following values �cal

T

= 6.6⇥ 10

�2 W m�1 K�1, A
c1

= 6⇥ 10

7 h�1, A
c2

= 7⇥ 10

�3, ⌘
c

= 6.5.
The following parameters were estimated from Di Luzio and Cusatis (2009b): E

ac

= 45646 J mole�1,
D

0

= 1.9⇥ 10

�6 kg m�1 h�1, D
1

= 2.5⇥ 10

�3 kg m�1 h�1, n = 3.25, E
ad

= 22449 J mole�1,
kc
vg

= 0.2 and g
1

= 1.5. Figure 7c shows the experimental data (average of three samples), as well as
the calibrated response of the HTC model. Figure 7d,e,f show the temperature distribution after 4, 11
and 21 hours from casting. One can clearly see the temperature increase and the subsequent decrease
as the heat transfer occurs through the insulation. The aging model describing the mechanical behavior
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Figure 7. Semi-adiabatic calorimetric test a) Actual setup, b) Replication for calibration, c) Calibration results,
d) Temperature after 4 hours, e) Temperature after 11 hours, f) Temperature after 21 hours.

of mortar due to cement hydration can now be calibrated. In addition to the applied load, data from the
uniaxial unconfined compression tests include measurements of machine stroke stroke, which, however,
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cannot be used modulus identification since it includes the effect of loading apparatus deformability. An
alternative, adopted in this study, consists of calibrating the elastic properties from the load-CMOD curve
of the three-point bending tests. Since the CMOD extensometer is directly attached to the specimen, any
recorded displacement is associated to strains in the specimen and is independent on the deformability
of the load apparatus. E

0

is calibrated for samples 23W and samples 80W at 6 days and 16 days from
the elastic portion of the load-CMOD curve of the three-point bending tests. One needs then to get the
aging degree as an output of the HTC model in order to identify E1

0

in Equation 16. Since the samples
are small, the degree of hydration and temperature are spatially uniform which in turn leads � to be
uniform throughout the specimen (see Figure 8). An average of the aging degree values at different
locations thus gives an accurate estimation for the whole specimen. The choice was made to select a
small cube at the center of the prism and take the average of the aging degree values at the selected
nodes. A

�

is first calibrated for the samples at room temperature, where the exponent n
�

vanishes. Then
n
�

is calibrated on the samples at 80�C. Assuming the value of ↵
0

= 0.15 and T
max

= 100

�C from
existing literature (Di Luzio and Cusatis, 2013) and T

ref

= 23

�C, one can identify the aforementioned
parameters: A

�

= 0.5, n
�

= 0.65 and E1
0

= 66500 MPa. Figure 8c,d,e,f show the aging degree
values distribution on the compression samples, for samples 23W and 80W at 6 and 16 days respectively.
Figure 8a shows the normal modulus as a function of the aging degree. By plotting E

0

as a function of
the degree of hydration (Figure 8b), one can notice that the experimental data nicely fit to the two curves,
corresponding to the two temperatures. The full calibration of samples 23W and samples 80W at 6 and
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Figure 8. Aging model calibration a) Normal modulus function of the aging degree, b) Normal modulus
function of the degree of hydration, c) Aging degree for samples 23W at age 6 days, d) Aging degree for
samples 23W at age 16 days, e) Aging degree for samples 80W at age 6 days, f) Aging degree for samples
80W at age 16 days.

16 days, in compression and three point bending setups for three different experimental samples and
three LDPM meshes is then performed. The identified values for the aging model are: �1

t

= 9.53 MPa,
r1
st

= 1.94, l1
t

= 31.92 mm, n
a

= 1.166, m
a

= 1.5, k
a

= 3.577. In general, in order to calibrate
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fully the LDPM mesoscale parameters, it is necessary to capture the behavior of the concrete/mortar
material in tension, compression but also under confinement. Due to the lack of experiments for the
later behavior, the following LDPM parameters are assumed based on existing literature (Cusatis et al.,
2011b; Alnaggar et al., 2013): ↵ = 0.25, H

c0

/E
0

= 0.4, H
c1

/E
0

= 0.1, 
c0

= 2, 
c1

= 1, 
c2

= 5, 
c3

= 0.1,
µ
0

= 0.2, µ1 = 0. Moreover, �1
c0

= 183 MPa and �1
N0

= 734 MPa are computed by assuming that for
samples 23W at age 6 days, �

c0

= 123 MPa and �
N0

= 500 MPa. Figure 9 shows the calibrated response
curves. The gray area represents the upper and lower bounds of the experimental curves and the error bars
show the scatter in the numerical response, due to the randomness of the particle placement in LDPM.
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Figure 9. LDPM Calibration of samples 23W and samples 80W. a) and b) Compression and Three point
bending tests on samples 23W at age 6 days, c) and d) Compression and Three point bending tests on
samples 23W at age 16 days, e) and f) Compression and Three point bending tests on samples 80W at age 6
days, g) and h) Compression and Three point bending tests on samples 80W at age 16 days.

Last but not least, the ASR model is calibrated. It is worth mentioning that this calibration is done
while the coupling HTC-LDPM is executed. Indeed, in order to fit the expansion curve of samples 80A,
one needs to consider aging that is accompanying ASR expansion and damage. Samples 80A were
kept under saturated conditions, thus the following expression can be used for the evaporable water:
w

e

= w
0

� 0.188↵
c

c (Di Luzio and Cusatis, 2009a). Moreover, the alkali content is much higher than
what is needed to complete the reaction with the present silica, thus k

a

= 1. Since the temperature is
constant, T = T

0

= 80

�C, all the Arrhenius functions in Equations 22, 24 and in the expression of C
i

are
equals to unity. The density of the ASR gel was estimated to be ⇢

g

= 252.77 kg m�3 based on the silica
content c

s

= 161.4 kg m�3 (Alnaggar et al., 2013). By taking into account the effects of gel formation
and water imbibition on expansion, the following parameters were identified: k

z

= 8.04 cm5 kg�1 day�1

and k
i

= 0.12 that control the expansion curve amplitude, ˜C
i

= 0.69 mm2 day�1 and �
c

= 0.0052 mm
that affect the initial part and slope of the curve. Figure 10 shows the curve fitting of the expansion
measurements of samples 80A, performed with the average of three different LDPM meshes.
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Tables 5, 6 and 7 in the Appendix report the identified or estimated parameters involved in the modeling
of the hygro-thermo-chemical process, the aging and mechanical behavior and the alkali silica reaction.
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Figure 10. ASR model calibration on expansion measurements

PREDICTION RESULTS AND DISCUSSION
Once all the parameters are either calibrated or estimated based on existing literature, samples 80A
were simulated in compression and three point bending at age 6 days and 16 days, as pure prediction.
Figure 11a,e and Figure 12a,b show the results for compression at age 6 days and 16 days and three point
bending at age 6 days and 16 days of samples 80A. The error bars represent the scatter in the numerical
response. One can observe a very good agreement with the experimental data. At age 6 days, the coupled
models were able to capture perfectly the elastic slope, the peak values and also the post-peaks. At age
16 days, it appears that the model predicts a slightly higher damage degree, mostly in terms of elastic
modulus reduction. Figure 11b,c and d show the evolution of the mesoscale crack opening, after 72, 108
and 144 hours after casting. One can notice that the cracks are uniformly distributed in agreement with
the experimental evidences. The values of the cracks go from 1 micrometer, up to about 100 micrometers
for the specimen at age 16 days. The values of the normal ASR eigenstrain vary from around 0 to about
0.006. It is interesting to compare the mesoscale crack opening in Figure 11d,f and the imposed normal
strain in Figure 12c at the same mortar age. Indeed, as the imposed normal strain at the facets increases in
time throughout the expansion period, the crack opening increases simultaneously. Moreover, the LPDM
mesoscale parameters also evolve in time, at the same facets. This leads to a complex process where the
crack opening is the result of both the imposed normal strain and the changing constitutive equations at
each time step due to the evolution in the LDPM mesoscale parameters. Figure 11 shows the prediction
in compression for samples 80A at age 16 days (Figure 11e), the mesoscale crack opening distribution
throughout the specimen at age 16 days (Figure 11f), the change in crack distribution when the load is
being applied (Figure 11g), and finally the prism failure under vertical loading (Figure 11h). One can
notice that the ASR damage was such that a horizontal crack was formed at age 16 days. This is the same
mechanism that leads full mortar bars to expand. When the load starts to be applied, the crack that was
formed earlier gets closed. The stress strain curve describes this phenomena (Figure 11e) as it features
an initial slope of angle �

1

and a second slope of angle �
2

, where �
1

< �
2

. In the experimental testing,
the same phenomenon is expected to happen, however it is impossible to distinguish the effect of the
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Figure 11. Prisms behavior under ASR a) Compression test prediction of samples 80A at age 6 days, b) Total
crack opening after 72h, c) Total crack opening after 108h, d) Total crack opening after 144h, e) Compression
test prediction of samples 80A at age 16 days, f) Crack open at age 16 days, g) Closed crack due to applied
vertical load, h) Prism failure under uniaxial unconfined compression test.

machine settlement while loading and a crack closing due to ASR, since the former effect is dominant. In
all experimental stress-strain curves, the initial non-linearity was removed following standard processing
of compression test data. Figure 11h shows a typical failure on a 1:2 ratio prism specimens, when high
friction is used between the top surface of the prism and the loading platen in order to fully replicate the
same boundary conditions of the experiments.

When dealing with ASR damage, it is crucial to consider the right boundary conditions, the right
geometries etc. Indeed, the normal eigenstrains induce a considerable anisotropy in the mesoscale
structure. Figure 12d is a good example of such a behavior as the figure shows at the same age (16 days)
the crack propagation when the load is applied for a squared-notched beam (left figure) and a rounded-
notched beam (right figure) more representative of reality. Since ASR occurs during these 16 days, cracks
localize at the sharp edge of the squared notch and propagate along the pre-existing crack pattern when
testing the beams (Figure 12d,left). For the rounded notch (Figure 12d,right), the crack during loading is
less affected by prior localized crack evolution. However, one can notice in Figure 12b that the softening
behavior is different from Figure 12a. The softening branch is more ductile because the crack does not
propagate perfectly vertically, even though a rounded notch is considered. Additional improvement in
the response could be obtained by increasing the resolution of the model (minimum aggregate size in
LDPM), which, however, would lead to an increase of the computational cost.
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Figure 12. Notched beams behavior under ASR a) Three point bending test prediction of samples 80A at age
6 days, b) Three point bending test prediction of samples 80A at age 16 days, c) Imposed normal strains
distributed throughout the beam at 6 days (upper figure) and 16 days (lower figure), d) Influence of the notch
geometry.

In order to understand strengthening and deterioration processes occurring in the studied mortars,
all the results from expansion measurements, petrographic analyses and mechanical testings have to be
considered together. One can identify multiple factors affecting the behavior of mortar: alkali content,
temperature, age of mortar, micro-cracking and presence of alkali silica gel. It is important to note
that commonly relevant factors are here unchanged for all performed experiments and simulations. For
instance, among other parameters, this study did not address the effect of aggregate type (silica content,
shape or stiffness) or cement type on ASR.

The complexity of the analysis comes from the fact that the listed factors are related to each other and
identifying their interaction provides a better understanding of the effect of ASR.

Figure 13 shows in a synthetic way the comparison of the mechanical properties of mortar at age
6 and 16 days after casting, for the four environmental conditions. It was shown from length change
measurements and petrography that there is no alkali silica reaction in samples 23W, 23A and 80W. Since
the behavior of samples 23W and 23A is very similar, they will be referred thereinafter as samples 23,
which constitute the reference case at room temperature. The reference case at 80�C is sample 80W, for
which no ASR gel was found. However, samples 80W show thermal expansion and a different evolution
of mechanical properties. Samples 80A are the only ASR-affected samples: they exhibit high expansion
and the presence of ASR gel was confirmed. The high expansion is mostly due to ASR development with
a little contribution from the thermal expansion.

By comparing samples 23 at age 6 and 16 days, one can highlight the effect of cement hydration
and what is commonly called aging. Table 3 shows an increase of 36.6%, 46.4%, 12.8% and 56.8% for
compressive strength, fracture energy, nominal fracture stress and tensile strength, respectively.
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Figure 13. Variation in time of mechanical properties for the four different environmental conditions a)
Compressive strength, b) Splitting tensile strength, c) Fracture strength, d) Nominal fracture stress.

The aging process is however altered, i.e. accelerated by the effect of temperature. At age 6 days,
one can compare the mechanical behavior of samples 23 and samples 80W: the compressive and tensile
strength are higher for samples 80W, while the fracture energy and the nominal fracture stress are similar.
However, at age 16, the compressive strength and fracture properties are higher in samples 23 than in
samples 80W. Indeed, the higher temperature acts like a catalyst on the hydration process, such that
mortar acquires strength faster. At later ages, the strength gained by additional heat is lower than the one
acquired by a mortar cured at room temperature. This is mostly due to a different type of C-S-H (higher
apparent density due to a decrease in bound water) created at higher temperatures (Gallucci et al., 2013).
This effect is well reproduced by using the aging degree concept. The increase of compressive strength,
fracture energy, nominal fracture stress and tensile strength for samples 80W from age 6 days to 16 days
are 4.8%, 20%, 8.3% and 29.7% (Table 4), respectively, which are lower values than for samples 23.

In order to understand the effect of ASR, one needs to decouple it with the evolution of the micro-
structure due to hydration at high temperature. Free expansion measurements of samples 80A, as well
as the associated mechanical properties are compared to the reference companion samples 80W. Indeed,
samples 80W were found to be ASR-free by use of petrographic analysis, but are subjected to the same
micro-structural changes associated with the hydration kinetics and reaction products as 80A samples.
Thus, the relative difference between samples 80W and 80A is in the presence of ASR gel, i.e., the
damage due solely to ASR. For instance, as expansion occurs, the fracture energy G

F

remains somehow
constant for samples 80A. However, this evolution needs to be compared to its associated reference case,
sample 80W, which does see an increase of G

F

: one can then conclude that the constant fracture energy
result in the reactive case is misleading if viewed separately from the non-reactive case behavior. All
these coupled effects are well captured by the presented computational framework.

Conclusion

An experimental program was conducted on mortar, following the ASTM C1260, in order to study
the effect of Alkali Silica Reaction and its effect on the evolution of mechanical properties. Mortar
strengthening due to cement hydration appears to play a large role and its effect was also investigated. A
computational program followed, introducing a complete coupled model, which includes the mechanical
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behavior (Lattice Discrete Particle Model), mortar strengthening due to cement hydration (Hygro-
Thermo-Chemical model), its evolution in time (aging model) and the expansion due to ASR (ASR
model). Both experimental and numerical results show that:

• Aging occurs for samples 23W, 23A and 80W but ASR affects only samples 80A. The mechanical
properties of samples 80A are lower than the three other cases at the same age. This difference is
a direct consequence of ASR-induced damage.

• An increase of all the mechanical properties from age 6 days to age 16 days was observed for all
the four cases. Indeed, although alkali silica reaction occurs and its kinetics accelerates in time as
found by petrography and expansion measurements, the hydration process counter-balances ASR
deterioration.

Finally, the comparison between experiments and computations clearly demonstrate the excellent
modeling and predictive capabilities of the adopted multiphysics computational framework.
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Appendix
Hygro-Thermo-Chemical model equations:

(i) Based on a Fick’s law, the moisture transport under isothermal conditions can be written as J =

�D
h

(h, T )rh where J is the flux of water mass per unit time and the moisture permeability has
the following functional form D

h

(h, T ) = D
1

[1 + (D
1

/D
0

� 1)(1� h)n]�1

exp(E
ad

/(RT
0

)�
E

ad

/(RT )). D
0

, D
1

and n are material parameters, whereas T
0

is the reference room temperature,
E

ad

is the diffusivity activation energy and R is the universal gas constant. By writing the mass
balance per unit volume of mortar, i.e. equating the rate of water content w to the divergence of the
flux of water mass per unit time J, and considering that the water content is divided in evaporable
w

e

and non-evaporable w
n

water: w = w
e

+ w
n

, on can obtain:

r·(D
h

rh)� @w
e

@h

@h

@t
� @w

e

@↵
c

↵̇
c

� ẇ
n

= 0 (26)

(ii) The sorption/desorption isotherm defining the evaporable water as a function of relative humidity
is introduced by distinguishing the evaporable water present in the C-S-H gel wgel

e

and in the
capillary pores wcap

e

: w
e

= wgel

e

+ wcap

e

through the following functional forms:

wgel

e

= kc
vg

↵
c

c[1� e�10(g1↵
1
c �↵c)h

] (27)

wcap

e

=

w
0

� 0.188↵
c

c� kc
vg

↵
c

c[1� e�10(g1↵
1
c �↵c)

]

[e10(g1↵
1
c �↵c) � 1][e10(g1↵

1
c �↵c)h � 1]

�1

(28)

where c is the cement content, w
0

is the initial water content, kc
vg

and g
1

are material parameters.
One can note that at saturation, h = 1, thus w

e

= w
0

� 0.188↵
c

c. This expression is further used
when the ASR model will be introduced.

(iii) Concerning the temperature evolution, a Fourier’s law is considered for the heat conduction
q = � �

T

rT where q is the heat flux, and �
T

is the heat conductivity (defined for T < 100

�C).
By considering the rate of heat of hydration reaction generated per unit volume ˙Q

c

as a linear
function of the rate of the degree of hydration ↵̇

c

, one can write the enthalpy balance equation as:

r·(�
T

rT )� ⇢c
T

@T

@t
+ ↵̇

c

c ˜Q1
c

= 0 (29)

where ˜Q1
c

is the latent heat of hydration reaction per unit of hydrated mass, assumed constant for
a given mortar, ⇢ and c

T

are respectively the density and the isobaric heat capacity of mortar.
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Table 5. Parameters governing the hygro-thermo-chemical modeling.

Par. Units Value Description Calibration test Source
ccal
T

J kg�1 K�1 1680 Heat capacity of rubber Thermal conductivity (a)
⇢cal kg m�3 72 Density of rubber Density (a)
�cal

T

W m�1 K�1

6.6⇥ 10

�2 Heat conductivity of rubber Thermal conductivity Idf
c
T

J kg�1 K�1 1100 Heat capacity of mortar Thermal conductivity (b)
⇢ kg m�3 2591 Density of mortar Density Idf
�
T

W m�1 K�1

2.3 Heat conductivity of mortar Thermal conductivity (b)
A

c1

h�1

6⇥ 10

7 Cement hydration par. Calorimetric Idf
A

c2

- 7⇥ 10

�3 Cement hydration par. Calorimetric Idf
⌘
c

- 6.5 Cement hydration par. Calorimetric Idf
E

ac

J mole�1 45646 Hydration activation energy Reaction rate (b)
˜Q1
c

J kg�1

520⇥ 10

3 Cement hydration enthalpy Calorimetric (b)
D

0

kg m�1 h�1

1.9⇥ 10

�6 Permeability par. Drying (b)
D

1

kg m�1 h�1

2.5⇥ 10

�3 Permeability par. Drying (b)
n - 3.25 Permeability par. Drying (b)
E

ad

J mole�1 22449 Diffusivity activation energy Drying (b)
kc
vg

- 0.2 Evaporable water in CSH gel Isotherms (b)
g
1

- 1.5 Evaporable water in capillaries Isotherms (b)
Par.: Parameter, Idf.: Identified, (a) Handbook (1993), (b) Di Luzio and Cusatis (2009b).
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Table 6. Parameters governing the mechanical behavior and aging modeling.

Par. Units Value Description Calibration test Source
A

�

- 0.5 Aging material par. Elastic modulus data Idf
↵
0

- 0.15 Hydration degree at setting Vicat or Gillmore needle (b)
n
�

- 0.65 Aging material par. Elastic modulus data Idf
n
a

- 1.17 Aging material par. Comp. and fracture Idf
m

a

- 1.5 Aging material par. Comp. Idf
k
a

- 3.58 Aging material par. Fracture Idf
E1

0

GPa 66.5 Asp. normal modulus Fracture Idf
↵ - 0.25 Poisson’s effect par. Comp. or tension (c)
�1
t

MPa 9.53 Asp. mesoscale tensile strength Fracture Idf
r1
st

MPa 9.53 Asp. mesoscale shear strength ratio Comp. Idf
l1
t

mm 31.92 Asp. characteristic length Fracture Idf
µ
0

- 0.2 Frictional behavior par. Triaxial comp. at l.c. (c)
�
N0

MPa 500 Frictional behavior par. Triaxial comp. at h.c. (c)
�
c0

MPa 123 Yielding and pore collapse par. Hydrostatic comp. (c)
H

c0

/E
0

- 0.4 Yielding and pore collapse par. Hydrostatic comp. (c)
H

c1

/E
0

- 0.1 Yielding and pore distortion par. Passively confined (c)

c0

- 2 Dens. after pore distortion par. Hydrostatic comp. (c)

c1

- 1 Dens. after pore distortion par. Hydrostatic comp. (c)

c2

- 5 Dens. after pore distortion par. Hydrostatic comp. (c)

c3

- 0.1 Dens. after pore distortion par. Hydrostatic comp. (c)
Asp.: Asymptotic, l.c.: low confinement, h.c.: high confinement, comp.: compression, Dens.:
Densification, (b) Di Luzio and Cusatis (2009b). (c) Cusatis et al. (2011b).

Table 7. Parameters governing the alkali silica reaction modeling.

Par. Units Value Description Calibration test Source
⇢
g

kg m�3 252.77 ASR gel density Free exp. (d)
k
z

cm5 kg�1 day�1 8.04 ASR gel formation par. Free exp. Idf
k
i

- 0.12 Water imbibition par. Free exp. Idf
˜C
i

mm2 day�1 0.69 Water imbibition par. Free exp. Idf
�
c

mm 0.0052 ITZ porosity effect par. Free exp. Idf
c
a0

kg m�3 2.7 a.c. effect par. Free exp. and different a.c. (d)
c
a1

kg m�3 4.37 a.c. effect par. Free exp. and different a.c. (d)

a

- 1 a.c. effect par. Free exp. and different a.c. (d)
Free exp.: Free ASR expansion test at 100% relative humidity, a.c.: alkali content, (d) (Alnaggar et al.,
2013)
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