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A large number of structures especially in high humidity environments are endangered by Alkali-Silica
Reaction (ASR). ASR leads to the formation of an expansive gel that imbibes water over time. The gel
expansion causes cracking and consequent deterioration of concrete mechanical behavior in the form
of strength and stiffness reduction. In the recent past, many research efforts were directed towards eval-
uation, modeling and treatment of ASR effects on structures but a comprehensive computational model is
still lacking. In this paper, the ASR effect is implemented within the framework of the Lattice Discrete Par-

ﬁl{:{f leslca reaction ticle Model (LDPM), which simulates concrete heterogeneous character at the scale of coarse aggregate
Concrete pieces. The proposed formulation, entitled ASR-LDPM, allows precise and unique modeling of volumetric

expansion; expansion anisotropy under applied load; non-uniform cracking distribution; concrete
strength and stiffness degradation; alkali ion concentration effect; and temperature effects of concrete
subjected to ASR. In addition, a unique advantage of this formulation is its ability to distinguish between
the expansion directly related to ASR gel expansion and the one associated with cracking. Simulation of
experimental data gathered from the literature demonstrates the ability of ASR-LDPM to predict accu-
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rately ASR-induced concrete deterioration.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Deterioration induced by Alkali-Silica Reaction (ASR) is re-
ported in many concrete structures all around the world, especially
those built in high humidity and warm environments [1]. Water is
essential for ASR to occur but, in addition, temperature plays a fun-
damental role in determining the ASR rate of reaction [2], namely
the higher is the temperature the faster is the reaction. However,
even in countries with average low temperatures ASR is reported
to be a serious problem for the durability of concrete structures.
The main effect of ASR is a progressive deterioration of concrete
stiffness and strength that results from the long term formation
and expansion of ASR gel inducing expansive pressure on the inter-
nal structure of concrete. This pressure causes nonuniform defor-
mations that eventually lead to cracking and damage. While the
chemical description of the reaction was addressed intensively in
the literature, the fracture mechanics associated with the progres-
sive expansion has received little attention due to the lack of mod-
els describing concrete internal structure satisfactorily. The main
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objective of the research reported in this paper is to fill this knowl-
edge gap.

First reports on the effect of ASR on concrete structures are due
to Stanton in 1940 [3]. This early research studied ASR chemistry;
ASR effects at structure and material level; testing methods to
investigate the vulnerability of aggregate and mixes to ASR; and
techniques for the mitigation of ASR effects. The assessment of
ASR effects has been pursued by several authors in a variety of dif-
ferent experimental programs [4-11,1]. Available ASR experimen-
tation relies often on the analysis of ASR products through
Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray
(EDX) techniques [12-14]. For the experimental investigation of
ASR in more realistic situations, accelerated ASR tests, such as
the Accelerated Mortar Bar Test (AMBT) [15-17] and Concrete
Prism Test (CPT) [18,19], are typically used.

Furthermore, in the past, various research efforts focused on
studying the different factors affecting ASR, including, but not lim-
ited to, pessimum size (particle size associated with the maximum
expansion over the test time period compared to both smaller and
larger aggregate sizes), type of aggregate, temperature, relative
humidity, and stress state [4,20-34]. Other research can be found
on the mitigation of ASR problems by using either admixtures,
especially fly ash [35-37], or remedial actions such as slot cutting
or grouting of cracks [38].
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From the modeling point of view, ASR simulation and its effect
on concrete structures have been attempted at various length
scales. Theoretical models describing ASR gel evolution based on
petrographic measurements were proposed by several authors
[39-41,21,42,22,43-45]. These models succeeded in capturing var-
ious aspects of ASR expansion such as aggregate pessimum size,
ASR induced expansion and pressure but not the fracture mechan-
ics aspects of the deterioration process. A fracture mechanics ap-
proach to predict the pessimum size of aggregate was proposed
by BaZant [46].

In the literature, one can find macroscopic models trying to de-
scribe the global mechanical deterioration due to ASR. One of the
earliest models was the phenomenological model presented by
Charlwood et al. [47] and Thompson et al. [48]. More refined mod-
els [49] and others considering creep [50] were developed later
and, although they predict well displacements and stress history
in the structure, they completely lack the ability to predict crack
patterns as well as to describe the physical phenomena linking
ASR to the deterioration of mechanical properties.

Another improvement in macroscopic models was obtained
by the formulation of chemo-mechanical coupled models.
Huang and Pietruszczak [51,52] and Ulm et al. [53] developed
models based on the ASR kinetics. The latter approach, imple-
mented within smeared crack finite element frameworks
[54,55], was able to reproduce some ASR expansion data avail-
able in the literature [56].

Models considering stress state effects have been also devel-
oped. Among others, it is worth mentioning the model by Saouma
and Perotti [57] and Multon et al. [58]. Damage models combining
in a consistent thermodynamic fashion the chemical and mechan-
ical components of the ASR process were considered by Comi et al.
[59,60]. The effect of humidity and temperature was incorporated
in the reaction kinetics law by Poyet et al. [61]. While all previous
models were deterministic, Capra and Sellier [62] presented a
probabilistic model based on the main parameters of ASR and con-
crete. For very extensive literature reviews of available ASR mod-
els, the reader may want to consult Refs. [63] and [2].

Despite some success, the common disadvantage of all afore-
mentioned models is the inability to simulate crack patterns and
crack distribution due to ASR. This, in turn, limits the ability to pre-
dict the degradation effect of ASR and forces the assumption of
phenomenological relationships between ASR gel expansion and
concrete mechanical properties. In addition, it also limits the abil-
ity of such models to explain complex triaxial behavior of concrete
under ASR and also forces the assumption of phenomenological
relationships between ASR gel expansion and stress state. These
limitations are inherently connected to modeling concrete as an
isotropic and homogenous continuum.

Due to lack of reliable mini scale or meso scale models -
describing concrete as a three-phase (aggregate, binder, interfacial
transition zone) or two-phase (aggregate, binder) material, respec-
tively - very limited results are available on fine scale modeling of
cracking induced by ASR. Comby-Peyrot et al. [64] developed a 3D
computational tool to describe concrete behavior at mesoscale
with the application to ASR. The model predicted well concrete
nonlinear behavior up to the peak but was unable to reproduce
complete degradation in the softening regime. Dunant et al. [65]
proposed a 2D model able to qualitatively reproduce material dete-
rioration of concrete properties by simulating expansive gel pock-
ets inside the aggregates. The 2D character of the model, however,
prevented the model from obtaining good results from a quantita-
tive point of view. Shin and colleagues [66,67] used scanning elec-
tron microscopy techniques to obtain microstructural images of
specimens suffering from ASR and to develop refined, and compu-
tationally very intensive, 2D finite element models of damaged
internal structure of concrete.

In this paper, all aforementioned limitations are overcome by
modeling ASR effects within the Lattice Discrete Particle Model
(LDPM) [68,69,91,92]. LDPM, in a full 3D setting, simulates the
mechanical interaction of coarse aggregate pieces through a sys-
tem of three-dimensional polyhedral particles, each resembling a
spherical coarse aggregate piece with its surrounding mortar, con-
nected through lattice struts [68] and it has the ability of simulat-
ing the effect of material heterogeneity of the fracture processes
[69]. ASR-LDPM introduced here is limited to fully saturated condi-
tions as the consideration of water macro diffusion is out of the
scope of this paper and will be considered in future work.

2. Alkali Silica Reaction (ASR) modeling

According to the model proposed by Bazant and Steffens [21] -
adopted and extended in this section - the overall ASR process can
be approximately described by considering that (1) water needs to
be available in the pores to act as transport medium for hydroxyl
and alkali ions for ASR to occur; (2) the expansion of ASR gel is
mostly due to water imbibition; and (3) a continuous supply of
water is needed for the swelling to continue over time. As in the
original model and consistently with the LDPM formulation, the
aggregate particles are assumed to have spherical shape; the whole
volume of each particle is assumed to be reactive; and the silica is
assumed to be smeared uniformly over each aggregate volume.
This is certainly an approximation compared to reality in which
shape and size of the aggregate particles may vary widely, as well
as the content of reactive silica in flaws, inclusions, and veins. Un-
der this approximation, however, the dissolution of silica may be
assumed to progress roughly in a uniform manner in the radial
direction inward from the surface towards the particle center. In
addition, ASR continues as long as water is continuously provided
by macro-diffusion processes. For low values of relative humidity
(<60-80%) ASR slows down and eventually stops [70]. However,
in this study, only saturation condition is considered. This case
has practical relevance in situations in which concrete is continu-
ously exposed to water as, for example, for dams and offshore
structures.

2.1. Gel formation

Thermodynamics and kinetics of the ASR reaction were studied
in Refs. [71,72] and it was concluded that the chemical reaction
rate is much faster than the actual rate of ASR production observed
in concrete structures. This led researchers to the conclusion that
some other mechanism had to be the dominant one and it was ob-
served that as the reaction progresses, the unreacted silica in the
interior of each of aggregate particle is shielded by a spherical layer
of the reaction product, the ASR gel. Through this layer further
water molecules must diffuse in order to reach the reacting surface
of the particle and dissolve more silica. This diffusion slows down
the ASR tremendously and becomes the process governing the rate
of ASR [71,72]. In comparison the chemical reaction at the silica
dissolution front may be considered to be almost instantaneous.
Thus, the rate of ASR gel production can be best approximated by
solving a diffusion problem.

Consistently, for a steady state diffusion process at constant
temperature, one can write [21]

1-z/x

Mwiwsm (1)

where M,,= water concentration within the layer of ASR gel; x = ra-
dial coordinate; z = radius of the remaining unreacted particle; and
D = aggregate particle diameter (See Fig. 1a for details). In addition,
w; is the concentration of water in the concrete surrounding the
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Fig. 1. (a) Idealization of gel formation in one aggregate. (b) Exact and approximate solutions for Eq. (4). (c) Simulated and experimental sieve curve for data from Ref. [26].
(d) Simulated autogeous shrinkage with CEB model, simulated total shrinkage with B3 model’ and reported experimental shrinkage. (e) Fitting of compliance function for
creep using B3 model. (f) Volumetric strain evolution for the unrestrained free expansion case. (g) Axial strains for 20 simulated specimens. (h) Radial strains for 20 simulated
specimens, and i) CDFs for crack opening and volume for one specimen at 90, 180 and 450 days.

aggregate particle and can
ws = (w/c—0.1880F)c; X =

be estimated [73,93], as
(1.031 w/c)/(0.194 + w/c) (asymp-
totic hydration degree); w/c = water-to-cement ratio; ¢ =cement
content.

Furthermore, the advancement of the reaction front can be ex-
pressed through a mass balance equation expressing the balance
between the water available and the water used in the chemical
reaction:
oM,

X de (2)

X=zZ

TwCs dz = —ag(T)

in which t = time; r,, = water-to-silica stoichiometric ratio; ¢, = silica
content, e.i. mass of silica per unit volume of aggregate; and
a(T) = temperature dependent ASR gel permeability to water. The
silica content varies based on the aggregate type; it can be as high
as about 50% of the aggregate volume and its average value can be
estimated in about 20% [74]. Considering that the silica mass den-
sity is 2200 kg/m>, one can assume, in absence of more accurate
information, c; ~ 440 kg/m>.

A stoichiometric relationship for the ASR reaction is very diffi-
cult to ascertain due to the great variety of possible chemical equi-
libria for different values of pH [71,72,75,76]. In this study, as also
done in [21], the monomer H,SiO, is considered to be the main
form of basic gel produced by the dissolution process. In this case,

it can be stated that about two water molecules are necessary to
dissolve one silica atom and one can set r,, = 2m,,/ms; m,, =18 g/
mole; and m=60.09 g/mole.
The temperature dependence of the permeability can be formu-
lated with an Arrhenius-type equation [77,78,73] as
Ead Ead

as(T) = ap exp (— — —)

RT, RT )

where aso = permeability at the reference temperature Top; T = cur-
rent temperature; E,4 = activation energy of the diffusion process;
and R =universal gas constant. It is worth observing that Eq. (3)
can be assumed to apply to practical applications, in which temper-
ature is not actually constant in time, because, for normal operation
of typical concrete structures, the time scale of temperature varia-
tions (days for night/day variations; and months for seasonal varia-
tions) are much shorter than the time scale of the progression of
ASR (from years to decades).
Substituting Eq. (1) into Eq. (2), one obtains

d¢ -
T=-ka-or )
where 7, =0.25D%/ay(T); ks=WsruCs; T=t ks/Ts, non-dimensional
reaction time; and (=2z/D, non-dimensional reaction front
position.
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Integration of Eq. (4) with the initial condition 7 =0, { = 1 results
in ©({) =1/6 — (3/2 + {3/3. It is easy to verify that the reaction front
reaches halfway the particle radius, { = 0.5, and the center of the
particle (full reaction), { =0, for 7=1/12 and t = 1/6, respectively.
Although it is possible to calculate analytically {(t) from 7({), it is
convenient to approximate the exact solution as {(t)=1 — K, t"
for 0 < 1< 1/12, and (1) =Ku(1/6 — 7)™for 1/12 <7< 1/6 with
Km=12™/2. For m= 0.6 (Fig. 1b) the aforementioned approxima-
tion is characterized by a maximum error smaller than 1.3%.

For any calculated value of the reaction front position, the total
mass of basic gel, M, produced in one aggregate particle of diam-
eter D, can be determined by multiplying the volume of silica in the
reacted volume of aggregate by the silica-to-gel conversion ratio,
mg[/m,. One can write

3
LA

Mg = Kq S,

()

where mg =94.1 g/mol. In Eq. (5), the factor x4 accounts for the fact
that alkali content available in the cement paste surrounding each
aggregate particle, is not always enough for the ASR reaction to oc-
cur. In other words, the discussed availability of water at reaction
front is not a sufficient condition for ASR and such water needs to
be alkali rich. In this study, in absence of more detailed information,
a simple linear relationship between alkali content, c,, and the pro-
duced gel mass is assumed: x, = min ({c, — )/ (ci — ), 1), where
¢ is the threshold alkali content at which, no or minimal expansion
is observed, and c} is the saturation alkali content enough for com-
plete silica reaction.

2.2. Water imbibed by ASR gel

The ASR product is a gel, which has the capacity - typical of col-
loidal systems - to imbibe water molecules, causing extensive
swelling [79]. Since the ASR gel is constrained in the pores of con-
crete, the swelling produces pressure in the gel and the surround-
ing concrete structure and lead to cracking and damage. Expansion
of the ASR gel can be partly accommodated without significant
pressure build up by filling the capillary pores in the hardened ce-
ment paste located close to the surface of the reactive aggregate
particles. This is also facilitated by the existence of the so-called
interfacial transition zone (ITZ) that is a layer of material with
higher porosity in the hardened cement paste near the aggregate
surface. Similarly to the ITZ size, the thickness, J., of the layer in
which the capillary pores are accessible to the ASR gel may be con-
sidered constant and independent of the particle size D.

As already mentioned, the physical properties of the basic form
of ASR gel are not yet known completely. But it seems reasonable
to assume that the formation of gel causes no significant volume
increase “per se” and that all volume changes are caused solely
by the intake of additional water.

The imbibition of water from the bulk of mortar or concrete into
the gel cannot happen instantly, but it is the result of a local micro-
diffusion process that occurs with some delay. However, since the
gel is partly expelled into the pores around each aggregate particle,
the geometry of this diffusion process is not spherical and it ap-
pears difficult to choose any particular idealized geometry. There-
fore similarly to Ref. [21], it seems more appropriate to conduct
merely a simplified overall analysis in which one postulates that
the evolution in time of the imbibed water is governed by the fol-
lowing equation: M; = A;/7;, where M= mass of water imbibed by
the basic gel; A; = thermodynamic affinity (thermodynamic driving
force) of the imbibition process; and t; = characteristic imbibition
time. A simple expression for A; can be obtained assuming that
the driving force of water imbibition is the imbalance between

the imbibed water at thermodynamic equilibrium and the current
imbibed water:

Ei Ei
A= exp (= 2 )M — M ©)

where the imbibed water at thermodynamic equilibrium has been
assumed to be proportional to the mass of formed gel and temper-
ature-dependent through an Arrhenius-type equation governed by
the activation energy of the imbibition process, Eg;.

For reasons of dimensionality, the characteristic time of the
imbibition process, can be expressed as t; = §%/C;, in which G is
the diffusivity for microdiffusion of water close to the aggregate
(surely much lower than the diffusivity for global water diffusion
through a concrete structure), § is the average (or effective) dis-
tance of water transport process from the concrete around the
aggregate into the ASR gel, and #n(M;) is an increasing function of
M. For two adjacent aggregate particles of diameters D; and D»,
é can be estimated as = (¢ — D1 — D;)/2, where / is the distance
between the particle centers. Furthermore, it is reasonable to con-
sider the micro-diffusivity C; to be a decreasing function of M;, be-
cause the imbibition of the layers of gel increases the diffusion
time of the free water to reach the not imbibed gel. This phenom-
enon can be captured by setting C; = C? exp(—1M,).

By considering all these effects together and taking into account
Eq. (5), one can finally obtain the governing equation for water
imbibition into the gel

o C? . 0 «3\ 3 Eai Eai .
M; = o exp(—nM;) [K; (1 — *)D’kq exp (R_To “rT) M; (7)

where K? = nr%c,m,/(6ms). Analysis of experimental data carried
out in this study suggests that, in absence of more precise informa-
tion about the water imbibition process, x?~1 for
To=23°C=296K is a reasonable assumption. This, along with an
average value for c; (see Section 2.1) gives K? = 360.777 kg/m?

Finally, from the mass of imbibed water the gel volume varia-
tion can be calculated as AV, = M;/p,, with p,, = 1000 kg/m>.

3. Lattice discrete particle modeling of ASR effects

The Lattice Discrete Particle Model (LDPM) formulated, cali-
brated, and validated by Cusatis and coworkers [68,69], is a
meso-scale discrete model that simulates the mechanical interac-
tion of coarse aggregate pieces. Concrete mesostructure is con-
structed through the following steps. (1) The coarse aggregate
pieces, whose shapes are assumed to be spherical, are introduced
into the concrete volume by a try-and-reject random procedure.
(2) Zero-radius aggregate pieces (nodes) are randomly distributed
over the external surfaces to facilitate the application of boundary
conditions. (3) A three-dimensional domain tessellation, based on
the Delaunay tetrahedralization of the generated aggregate cen-
ters, creates a system of polyhedral cells interacting through trian-
gular facets and a lattice system composed by the line segments
connecting the particle centers.

In LDPM, particle rigid body kinematics is used to describe the
deformation of the lattice/particle system and the displacement
jump, [uc], at the centroid of each facet is used to define measures
of strain as

T
ey = nT[[;Cﬂ ;oer= : [[;ld] ; em= 7mT[£ud] (8)

where ¢ = interparticle distance; and n, 1, and m, are unit vectors
defining a local system of reference attached to each facet.
Next, a vectorial constitutive law governing the behavior of the

material is imposed at the centroid of each facet. In the elastic re-
gime, the normal and shear stresses are proportional to the corre-
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sponding strains: ty = Enen; ty = Eren; tp = Er er, where Ey = Eg, Er=
aEq, Eg= effective normal modulus, and « = shear-normal coupling
parameter. In the inelastic regime, a nonlinear constitutive equa-
tion is used to describe meso-scale failure phenomena such as frac-
turing and shearing; frictional behavior; and pore collapse under
high compressive stresses. Detailed description of model behavior
in the nonlinear range can be found in Ref. [68] and is summarized
in Appendix A. Finally, the governing equations of the LDPM frame-
work are completed through the equilibrium equations of each
individual particle.

To account for ASR in LDPM, first the radius variation of each
aggregate particle of initial radius r=D/2 can be calculated from
the volume variation of the ASR gel due to water imbibition:

_ ([ 3M; 3 173
Ar_(4npw+r) —r 9)

This result can be then used to calculate an incompatible ASR strain,
e%, to be applied to the LDPM system assuming that strain additivity
holds:

ey = ey +e} (10)

where €, = (Ary + Ar, — 8)/¢; Arq and Ar, are the radius changes
of the two aggregate particles sharing a generic facet; and e}, is
the stress-dependent normal strain calculated according to the
LDPM constitutive equation. Note that the model formulated herein
assumes approximately that the imposed facet shear strains due to
gel swelling are negligible, e}, = e ~ 0, although this might not be
exactly true due to the irregular shape of actual aggregate parti-
cles.In addition, the increments of the radius variations are set to
zero after full reaction of the relevant aggregate particles since, at
this stage, it can be arguably assumed that additional gel expansion
can be accommodated into the empty spaces produced by cracking
occurring both inside the aggregate particles and in the close prox-
imity of the aggreagate surface.

The proposed model can also capture the effect of pessimum
aggregate size, which is typically defined as the aggregate size that
causes the maximum expansion during a fixed time interval
[27,30]. For aggregate particles smaller than the pessimum size,
the reduced expansion is due to the fact that most of the gel expan-
sion is accommodated by the ITZ porosity. The current formulation
accounts for this phenomenon through the parameter §. discussed
previously. For aggregate particles larger than the pessimum size,
the reduced expansion is only due to the fact that the expansion
is measured within a constant time window. Larger aggregate re-
quire more time to fully react as the reaction process is slowed
down by the diffusion of water through the ASR gel.

By solving Eq. (10) for e}, the LDPM facet stresses can be calcu-
lated. In the elastic regime, one obtains, ty = Ey(ey —€%); tm=Er
ev; and t; = Ere;. Similar equations can be obtained in the more
general inelastic case.

It is important to observe that the proposed formulation does
not postulate any stress dependence of gel volume formation and
swelling. Such dependence has been advocated by some authors
[80,81,26] in the literature to explain the experimental data deal-
ing with specimens experiencing ASR with and without applied
loads and showing distinctly different ASR macroscopic expansion.
As it will be discussed later in this paper, the proposed formulation
is able to simulate such differences simply by accounting for meso-
scale cracking and the effect of applied load on cracking. This is
possible within the LDPM framework due to the intrinsic ability
to simulate material heterogeneity and its effect on concrete
mechanical response.

The presented formulation, entitled ASR-LDPM, is implemented
into MARS, a multi-purpose computational code for the explicit dy-
namic simulation of structural performance [82].

4. Identification of model parameters

The proposed model contains two sets of material parameters
that need to be identified from experimental data. The first set con-
sists of the LDPM parameters which can be identified through fit-
ting material properties relevant to basic concrete mechanical
behavior. Extensive discussion of LDPM parameter calibration is
reported in Ref. [69] to which the reader is directed for additional
information.

The second set of material parameters is relevant to the formu-
lated ASR model. The ASR parameters can be calibrated by the best
fitting of volume expansion versus time curves of concrete speci-
mens subject to ASR (1) at the reference temperature Ty (typically
room temperature) and with an alkali content ¢, > ¢! sufficient for
the complete reaction of all reactive aggregate particles in the con-
crete mix, for ay, C?, n, and J.; (2) at two different temperatures,
for the activation energies of gel formation, E,4, and water imbibi-
tion, Ey; and (3) at two alkali content values, for the saturation and
threshold alkali contents, ¢} and c2.

It is worth mentioning that, due to the intrinsic randomness of
both experimental data and LDPM numerical response, the param-
eter identification needs to be performed by averaging the re-
sponse of a statistically representative number N of specimens. In
this study, unless otherwise mentioned, N = 3 was used when the
relevant information was not available from the experiments.

5. Numerical simulations and comparison with experimental
data

This section presents the numerical simulation of ASR induced
expansion of concrete specimens with the objective of demonstrat-
ing the capability of the formulated model to capture (1) the gen-
eral characteristics of ASR S-shaped expansion versus time curves;
(2) the effect of stress states on observed expansion; (3) the effect
of expansion on concrete strength; (4) the effect of alkali content;
and (5) the effect of temperature.

5.1. Free and restrained ASR expansion under different applied loads

To verify the ability of the model to predict correctly ASR-in-
duced expansion under different loading conditions, this section
presents the simulation of experimental results obtained by Mul-
ton and Toutlemonde [26]. Experiments were performed using
sealed cylindrical specimens (240 mm length and 130 mm in
diameter). Three different cases were considered: (1) free expan-
sion; (2) restrained expansion by using a 3 mm and thick steel
ring; and (3) restrained expansion by using a 5 mm thick steel ring.
For each case three loading conditions were considered and con-
sisted in axial stresses of 0, 10, and 20 MPa. The tests were charac-
terized by a duration of 450 days after curing the specimens for
28 days at room temperature. Axial strains corresponding to the
total expansion of specimens were averaged from 14 measure-
ments regularly spaced over the perimeter, while for radial strains,
diameter variations were measured at three levels of the cylinders,
at 10 regularly spaced angular locations.

This data concerns accelerated experiments, which, however,
have been demonstrated to produce good representation of the ac-
tual long term phenomena [26,53], and macroscopic behaviors
such as S-shaped expansion curves and stress effect in agreement
with the corresponding values observed in actual applications.

5.1.1. Calibration of LDPM concrete parameters and creep, shrinkage
considerations

To match concrete mechanical properties relevant to the
analyzed experimental data, LDPM parameters were calibrated



50 M. Alnaggar et al./Cement & Concrete Composites 41 (2013) 45-59

based on reported values of compressive strength,
fl =38.4MPa, Young’s modulus, E=37.3 GPa using cylindrical
specimens 320 mm in height and 160 mm in diameter, and
splitting tensile strength, f; =3.2 MPa using cylindrical speci-
mens 220 mm in height and 110 mm in diameter. Four numer-
ical specimens (same number as in the experiments) with
different meso-structures were simulated and their average re-
sponse was considered. The generation of the different LDPM
meso-structures was performed considering the grain size dis-
tribution reported in Fig. 1c (minimum aggregate size,
do=4 mm; maximum aggregate size, d,=20 mm; fuller curve
exponent, ng=0.79) and the following mix composition: cement
content, c=410kg/m3, water-to-cement ratio, wjc=0.5207;
aggregate-to-cement ratio, a/c = 4.249.

The identified or assumed (for lack of specific experimental
data) LDPM parameters [68,69] are as follows: meso-scale normal
modulus, Eq = 62,346 MPa; densification ratio, E4/Eq = 1; shear-nor-
mal coupling parameter, o =0.25; meso-scale tensile strength,
o, =4.75 MPa; meso-scale compressive strength, o, =150 MPa;
shear strength ratio, os/g, = 3.07; meso-scale tensile characteristic
length, I; = 75 mm; softening exponent, n, = 0.2; initial hardening
modulus ratio, He/Eg = 0.4; transitional strain ratio, k. = 2; initial
friction, po=0.2; asymptotic friction, p., =0; transitional stress
ono = 600 MPa; deviatoric strain threshold ratio, i = 1; deviatoric
damage parameter, k., = 5. Using these parameters, the average of
the simulated concrete properties are: f/,. =3841 MPa,
Equm=37.7 GPa, and f],,, =3.19 MPa, which match the given
experimental data with an error smaller than 0.026%, 1.07%, and
0.31%, respectively.

The experimental results analyzed in this section show, for the
control nonreactive specimens, shrinkage of about 0.25%. Also for
the loaded cases, experiments show a considerable amount of
creep for applied loads of 10 MPa and 20 MPa. This is due to the
relatively early age of the tested concrete. The meso-scale formula-
tion presented in this paper does not include shrinkage and/or
creep as it is meant to simulate long term ASR deterioration in con-
crete structures. In practical situations, when ASR effects are
important (for relatively old structures) shrinkage/creep effects
are most of time negligible.

In order to be able to simulate creep and shrinkage effects in the
analyzed data set, a simplified approach was taken by adding basic
creep and shrinkage strains macroscopically to the LDPM averaged
response of the simulated specimens. More specifically, with refer-
ence to a cylindrical specimen subject to a macroscopic stress a(t)
composed of averaged axial stress component, o,(t), and radial
stress component, g,(t), the corresponding macroscopic strain
was calculated as &= g'P™ + g1 + g%¢; where g!P™, & and "¢ are
averaged macroscopic LDPM strain, shrinkage strain, and visco-
elastic strain, respectively.

In the experimental campaign, the specimens were supposed to
be sealed at all time and tested at 28 days of age. In this situation,
the sole source of shrinkage should be the consumption of water
due to hydration (autogenous shrinkage). However, comparison
(see Fig. 1d) of shrinkage strain measured on companion non-reac-
tive specimens and autogenous shrinkage strain estimated accord-
ing to the CEB model [83], & (t) = —&,.(1 — exp[fO.Z(t/to)O'S])I,
I=[11]", t, = 1 day, t = time in days and, ¢., = 8.791 x 107>, shows
a significant difference suggesting a potential occurrence of drying
due to imperfect sealing of the specimens. This is further verified
by fitting the experimental shrinkage data with the B3 model
[84], &"(t,t.) = —Cptanh \/(t — t.)/Tsu], t. = 28 days. The best fit-
ting, shown in Fig. 1d, leads to the following parameters:
T¢n = 213.7 days and G, = 2.7075 x 107, from which an average rel-
ative humidity of 91% can be then estimated. This value is lower
than the value, 95 to 98%, typically reported for sealed specimens
of standard concrete.

The viscoelastic strain can be calculated as &” = C(t,to)Goo
+/fo C(t,7) Gé(t)dt where C(t,ty) = J(t,to) — 1/E; J(t,to)=compliance
function; Gi1=1; Gi2=-2v; Gy1=—-v; and Gy =1—-v; v=0.17,
Poisson’s ratio; and, according to the B3 model [84], J(t,t0) = g1 + @2
Q(t,t0) + q3In[1 + (t — to)"] + qaln (t/to).

Fitting of creep data (see Fig. 1e) leads to q;=1.758 x 10~°
MPa~'; q,=8.414 x10>MPa™'; q3=1.794 x 10 MPa~'; and
qa=2.46 x 107> MPa ™.

In the following sections, a complete analysis of model calibra-
tion and validation is presented through the comparison of exper-
imental data and numerical simulations obtained by (1) excluding
the effect of creep and shrinkage (curves labeled “Simulated 1”);
(2) including creep and total shrinkage calibrated on companion
specimen data (curves labeled “Simulated 2”); and (3) including
creep and estimated autogenous shrinkage (curves labeled “Simu-
lated 37).

5.1.2. Calibration of ASR parameters with free expansion data

The analyzed experiments are relevant to (1) an accelerated
reaction, 450 days compared to 5-50 years in actual structures;
(2) a mix design with a large fraction of reactive aggregate, all
aggregate particles 4 mm in diameter and above were reactive
(e.i. 64.5% of total aggregate content by weight); and (3) a cement
type with high alkali content (¢, > ¢}, k, = 1). Under these condi-
tions it is likely that all pores surrounding each reactive aggregate
surface were filled quickly with ASR products in the early 28 days
of curing. In this case, it is reasonable to assume J. = 0. In addition,
since the experimental data did not contain information on tem-
perature effect, the reference temperature T, was assumed to be
equal to the room temperature (23 °C = 296 K) at which the exper-
iments were carried out.

The remaining parameters (a5 =1.478 x 107'°m?/day,
C? =1.44 x 107'* m2/day, 1 = 36,813 kg~ 1) were calibrated by fit-
ting the experimentally measured evolution in time of the volu-
metric strain, (&, + 2¢,)/3, with the average LDPM response. The
parameter optimization was performed through a nonlinear least
square minimization procedure with reference to the Simulated 2
numerical response and the obtained fitting is shown in Fig. 1f.
In the same figure, the Simulated 1 and Simulated 3 curves are also
reported for comparison. As one can see the effect of shrinkage is
not negligible and accounts for a reduced measured expansion of
about 24% at 450 days. In the first 90 days, the LDPM calculated
expansion is overcorrected by the shrinkage effect and the overall
net strain is negative while, in the experiments, only positive strain
(expansion) is observed. The Simulated 3 curve fits better the data
in that time range suggesting that degradation of specimen sealing
likely occurred overtime.

For this calibration, since the specimen is unrestrained, the
macroscopic averaged stresses are zero and, consequently, there
is no effect of creep in the numerical simulations. It must be ob-
served that this is only an approximation because, in reality, creep
might still occur in the internal heterogeneous structure of the
material. This could be simulated by a creep formulation at the
meso-scale but, as mentioned, earlier in this paper, this is outside
the scope of the present work.

The response of the reactive unrestrained specimens is further
analyzed in Fig. 1g and h showing separately axial and radial
strains, respectively, including their scatter (in terms of maximum
and minimum bounds) for both numerical and experimental data.
As one can see the experimental axial and radial expansion are
0.093% and 0.061%, respectively, at 450 days, suggesting a some-
what anisotropic behavior under free expansion. This behavior,
also observed by other authors [26,62], can have three distinct
sources: (1) the number of tested specimens is too small to provide
statistically accurate results; (2) a non-isotropic aggregate particle
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distribution due to size and shape of the adopted specimens; and
(3) the pouring direction during casting.

In Fig. 1g and h, the numerical results, which account automat-
ically only for the first and second possible sources of deviation
from the isotropic expansive behavior, are relevant to 20 different
specimens as opposed to the experimental 4. Results show that the
numerical scatter is comparable to the experimental one. However,
the average numerical response is anisotropic but with a reduced
anisotropy: the axial strain is 0.0800% and the radial strain is
0.0719% at 450 days. Furthermore, the average response of sets
composed by 4 specimens within the 20 ranges from 0.0702% to
0.0918% for axial strain which is —12.30% to 14.72% compared with
the average response of the entire set; and for radial strain, it
ranges from 0.0615% to 0.792% which is —14.52% to 10.11% com-
pared with the average response of the entire set. This discussion
shows that although the number of specimens in the experimental
campaign was somewhat limited from a statistical point of view,
some other effect must be present to fully account for the aniso-
tropic behavior.

The issue of size and shape of the specimens was also investi-
gated in the numerical simulations by simulating 20 additional cu-
bic specimens with side equal to the length of the tested cylinders
(240 mm). Visual inspection of the generated particle distributions
did show a more uniform particle distribution in the case of cubic
specimens and less “wall effect” (absence of large aggregate parti-

cles near the boundaries). In this case, the average expansion
strains are basically the same (from 0.1135% to 0.1148%) while
their scatter ranges from 0.0988% to 0.1412%. Based on this discus-
sion, the reduced expansion in the radial direction in the simulated
response relevant to the averaged 20 specimens can be explained
by wall effect.

Finally, Fig. 1i reports the Cumulative Distribution Function
(CDF) for the calculated crack openings as well as crack volumes
(crack opening x facet area) for three different ASR duration. The
crack opening is defined as w = (W2 + w +w?)"/?, where wy = ¢
(eN — tN/EN),WM =/ (eM — tM/ET) and wp=1/ (eL — tL/ET). A minimum
threshold of 10 pum, corresponding to a local loss of carrying capac-
ity of about 3-5%, was chosen to generate the CDFs. The maximum
calculated crack width is about 25 pm at 90days, 85 pum at
180 days and 180 um at 450 days. These values agree well with
typical values reported in the literature for similar concrete mixes
[1]. It is interesting to observe that cracks visible by naked eyes
(>100 pwm) occur only after 200 days. This means that, if it is re-
quired to early detect ASR occurrence in real concrete structures,
the use of only visual inspection is not sufficient as it will only de-
tect ASR crack openings >100 pum while actually a large volume of
cracking is happening below this threshold. It must observed that,
as will be shown later, at 200 days the loss of carrying capacity is
already about 25%. It should be noted that 200 days corresponds
to 45% of the total 450 days of these accelerated expansion tests,
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Fig. 2. Axial strain evolution for: (a) Unrestrained specimens under 0 MPa, (b) Unrestrained specimens under 10 MPa, (¢) Unrestrained specimens under 20 MPa, (d) 3-mm-
Restrained specimens under 0 MPa, (e) 3-mm-Restrained specimens under 10 MPa, (f) 3-mm-Restrained specimens under 20 MPa, (g) 5-mm-Restrained specimens under
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while in real structures, this period is from 10 to 50 years. This
indicates that visual inspection would not capture defects in struc-
tures that might have lost, in some areas, up to 25% of the strength
before about 5-25 years. Also by looking at the CDFs for crack vol-
umes, it can be noticed that most of the crack volume is contrib-
uted by the smaller cracks. For example, crack openings greater
than 100 pm only contribute 5% in crack volume which empha-
sizes more on the danger of only using visual inspection as it is
hard to estimate the amount of cracking if only 5% of it is visible.
Another phenomena can be interpreted from comparing crack
opening CDF with crack volume CDF at each time. At 90 days which
correspond to 20% of the maximum expansion, crack volume CDF
is very close to crack opening CDF, which suggests a linear relation-
ship between the two. Cracks with opening up to the average of
12.4 pm contribute about 43% of crack volume. At 180 days, corre-
sponding to 60% of maximum expansion, crack volume CDF is devi-
ating more from the crack opening CDF, showing more volume
contribution from larger crack openings. Here, cracks with opening
up to the average of 15 pum contribute about 30% of crack volume.
The same trends are shown with increasing of cracking. At
450 days, crack volume CDF is clearly distinct from crack opening
CDF, showing even more volume contribution from larger crack
openings. In this case, cracks with opening up to the average of
17.5 pm contribute about 27% of crack volume.

After model calibration, model validation was performed by
simulating all the remaining data from Ref. [26] and by keeping
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all parameters unchanged. Results and discussion of the validation
are presented in the following sections.

5.1.3. Effect of applied load on reactive unrestrained specimens

In addition to the free expansion case, Multon and Toutlemonde
[26] tested unrestrained specimens subjected to two levels of axial
stress, g, = 10 and 20 MPa. Comparison between numerical predic-
tion and experimental results is shown in Fig. 2b, and c, for the ax-
ial strain, and Fig. 3b, and c, for the radial strain. For axial and radial
strain, the Simulated 2 and 3 curves agree very well with the
experimental data. The simulated 2 curve matches the experi-
ments slightly better, especially as far as the radial response is con-
cerned. This suggests that for the unrestrained specimens the
drying shrinkage assumption is closer to the reality and some loss
of sealing could have occurred during the test period. Furthermore,
analysis of the Simulated 1 curves, indicates that when an axial
load is applied, most of the ASR induced expansion occurs in the
radial direction. The axial ASR expansion is close to zero and it even
reverses to a contraction for the 20 MPa case. This result shows
clearly the ability of the model to redirect the ASR expansion based
on stress state, without postulating any effect of stress state on gel
formation and expansion but solely through the correct simulation
of meso-scale cracking. Obviously these results do not disprove the
possibility that both gel formation and water imbibition could be
reduced or even stopped for very high levels of confined
compression.
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Fig. 3. Radial strain evolution for: (a) Unrestrained specimens under 0 MPa, (b) Unrestrained specimens under 10 MPa, (c) Unrestrained specimens under 20 MPa, (d) 3-mm-
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5.1.4. ASR effect on restrained specimens

This section presents the simulation of experimental data rele-
vant to two sets of laterally restrained specimens subject to ASR
[26]. The lateral restraints were composed of a series of 10-mm-
high steel rings devised to prevent restraining in the axial direc-
tion. Two different steel ring thicknesses were used, namely
3 mm and 5 mm. Both cases were tested under no axial load; as
well as with 10 MPa and with 20 MPa axial compressive stresses.
In the numerical simulations, the effect of the steel rings was mod-
eled by placing the LDPM specimens in contact with a frictionless
cylindrical container modeled through elastic quadratic shell ele-
ments. Comparison between numerical predictions and experi-
mental results is shown in Fig. 2d through i for axial strains; and
Fig. 3d through i for radial strains.

Due to the effect of confinement the general trend with and
without axial stress is an increase of the axial expansion and a sig-
nificant reduction of the radial one (see Simulated 1 curves). How-
ever, when the axial stress is applied, creep and shrinkage
dominate the deformation in the axial direction and the increased
axial expansion is actually reflected in a reduced overall shortening
(see Simulated 2 and 3 curves). Overall the agreement between the
experimental data and the numerical prediction is remarkable. In
this case, however, the Simulated 3 prediction (with only autoge-
nous shrinkage) tends to be slightly better than the Simulated 2.
This is reasonable because, in the experiments, the presence of
the tightly spaced metal rings certainly helped keep the sealing
in place preventing the decrease of relative humidity discussed
earlier in this paper in relation to the unrestrained specimens.

5.1.5. Discussion of expansion transfer mechanism

Different stress states lead to a distinctly different macroscopic
expansive behavior of concrete specimens subject to ASR. The gen-
eral trend is that, when a compressive stress is applied in one
direction, the ASR expansion reduces in that direction while, at
the same time, it increases in the direction orthogonal to it. Some

(b)

Top Top
Elevation Elevation
Bottom Bottom

authors [21] suggested a direct dependence of gel production and
water imbibtion on applied stress. This concept, which certainly
has a strong foundation in the known dependence of many chem-
ical reactions on stress state [85], cannot explain, however, the
additional expansion in the transverse direction. This motivated
some other authors [26,80,86] to postulate the existence of the
so-called “gel transfer mechanism” according to which ASR is not
stress dependent (at least at the level of stress of typical applica-
tions) and the expansion transfer is explained through ASR gel
migration under the effect of the applied stress. In other words,
it is assumed that compressive stresses “squeeze out” gel from
the pores of concrete making it to redirect in the more favorable
direction transverse to the applied load. This interpretation is
highly questionable in the case of undamaged concrete, which is
characterized by a complex pore structure and a very stiff solid
skeleton. In support to this statement and contrarily to the behav-
ior of other porous materials, experimental data [87] have clearly
shown that compressive stresses have negligible or no effect on
even moisture transfer. It is possible, however, that gel migration
occurs in the case of damaged concrete in which open cracks pro-
vide enough room for the gel to be released in. In such a scenario,
however, it is likely that pressure build up would be minimal and
gel expansion due to water imbibition would be accommodated in
the empty space provided by the crack, leading to no additional
macroscopic expansion.

In the present study the aforementioned "gel redirection”
mechanism is not adopted and, expansion transfer is explained
through the redirection of cracking at the meso-scale. This is one
of the unique advantages of implementing the ASR model within
the LDPM framework that is capable of reproducing the heteroge-
nous character of concrete behavior as well as crack patterns re-
ported typically in experiments [2,8].

Fig. 4c show the random and heterogeneous nature of crack pat-
terns in simulated specimens subjected to ASR. The cracks shown
represent cracks with openings larger 10 pm. The maximum calcu-
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Fig. 4. Crack patterns simulated in one specimen for (a) free expansion case, (b) 0 MPa and 5-mm-restraint case, and (c) 20 MPa unrestrained case.
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lated crack opening is about 180 um, which matches well the crack
width range (between 9 pm and 200 pm) reported in similar
experimental data [1].

Fig. 4a shows the crack pattern distribution of one simulated
specimen under unrestrained free expansion. As one can see, there
is no preferential orientation in the crack distribution. Top and bot-
tom views show cracking in radial and circumferential direction
and elevation shows both radial and axial crack propagation. For
the same specimen (same particle position and size), Fig. 4b shows
the calculated crack pattern for the case of passive restraining with
5-mm restraint under no axial loading. The simulations predict a
clear redirection of cracks in the radial direction: the top and bot-
tom views do not show radial cracks and elevation view only
shows almost horizontally aligned cracks. Opposite situation arises
if, again, the same specimen is subjected to axial load and without
restraint as shown in Fig. 4c for the 20 MPa case. This figure shows
clearly the redirection of cracks in the vertical direction, parallel to
the applied load. Top and bottom views show cracking in radial
direction and the elevated view shows clearly vertical crack prop-
agation and virtual not cracks orthogonal to the applied compres-
sive load. For all cases, similar type of crack patterns were reported
in the literature by other authors [2,8].

Additional insight on the ASR behavior of concrete can be
gained by decoupling the calculated ASR expansion in two separate

components: one due to gel expansion and one due to cracking.
The evolution in time of these components is shown in Fig. 5a-d;
for free-expansion, unrestrained expansion with axial load
(20 MPa), restrained (with 5-mm rings) expansion with no applied
axial load, and restrained (with 5-mm rings) expansion with ap-
plied axial load (20 MPa), respectively. Macroscopically, these four
cases correspond to stress-free, uniaxial, biaxial, and triaxial com-
pressive stress states. According to the formulation, the results
show the volumetric expansion due to the gel to be exactly the
same and basically coinciding with the total volumetric strain up
to 58.3, 6.8, 79.3, and 122 days, for the four cases, respectively.
These times correspond to the elastic expansion part. Here it
should be noticed that for all cases except the loaded case with
no restraints, cracking starts after a comparably longer period to
the loaded case. This is because 20 MPa axial load with no re-
straints causes initial cracking inside the specimen which makes
it much easier for the ASR imposed gel strain to drive the already
present cracks to progress in the meso-structure. All other cases
follow the logic trend of delayed cracking with higher confinement.
Afterwards, cracking develops in a very distinct manner depending
on the macroscopic stress-state. At 450 days, the amount of expan-
sion due to cracking decreases from about 2.5 times the gel expan-
sion for the specimen under free expansion down to 2.25 times gel
expansion for the uniaxial stress state of the unrestrained case
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with 20 MPa axial loading. With more confinement, cracking
expansion goes down to 1.14 times gel expansion for the biaxial
stress state of the restrained case with 5 mm rings, becoming al-
most negligible (about 0.3 of gel expansion) for the triaxial stress
state. This reduction is obviously due to crack closure induced by
the applied compressive stresses. The LDPM formulation automat-
ically captures this effect without the need of postulating a phe-
nomenological dependence of ASR damage on stress state as
done in all available approaches [62,51-55] based on continuum
mechanics and not accounting for material heterogeneity.

Fig. 5e and f show the evolution of cracking and gel expansion in
two additional cases: (1) the unrestrained case with axial load
(20 MPa) in the axial direction in which the load is removed after
150 days of ASR; and (2) the restrained case (with 5-mm rings)
with axial load (20 MPa) in the axial direction in which, axial load
is removed after 150 days of ASR. These two situations are meant
to mimic the practical situations in which concrete cores are ex-
tracted from ASR affected structures to assess the level of deterio-
ration. The time 150days corresponds to almost 50% ASR
expansion in the free expansion case. In Fig. 5e, the release of load
causes a sudden jump in the crack volume, this causes more crack-
ing up to 0.0776% compared to the free expansion case of 0.0663%
(Fig. 5a). Fig. 5f shows the same trend of higher crack volume
reaching 0.0441% compared to 0.0306% for the same final case
(Fig. 5¢). Both cases represent clearly what is reported about cored
specimens, which degrade significantly if left in the laboratory for
some time after coring and before testing. During this time, the en-
trained ASR gel pressure cracks the meso-structure rapidly as the
confining pressure is released.

5.2. Simulation of effect of ASR on concrete strength

The deterioration of mechanical properties of concrete due to
ASR has been addressed by many authors [1,11,8,88,62]. Here,
the experimental data reported in Ref. [62] were used for valida-
tion. Due to lack of information about the characteristics of con-
crete used and the expansion time histories (only reduction of
mechanical properties versus swelling is reported), the same con-
crete properties reported in Ref. [26] were used. Numerical simula-
tions were performed using exactly the same LDPM parameters
reported in Section 5.1.1. However, to cover up to 1% swelling (vol-
umetric change corresponding to 0.33% volumetric strain) which is
about 4 times that of free expansion in [26] (see Fig. 1f), two of the
ASR model parameters reported in Section 5.1.2 were changed to:
a50=0739x 107°m?/day and €Y =3.599 x 107"* m?/day.
Fig. 5g-i shows the reduction in concrete mechanical properties
versus percentage of swelling. For each property, at each simulated
swelling value, the response average of three different geometries
is divided by the corresponding simulated value of the control
specimens. Fig. 5g shows the effect of ASR swelling on concrete
compression strength f/ and compares it with the experimental
data of ISE 1992 (The Institute of Structural Engineers) reported
in Ref. [62]. It is clear from the first portion of the curve that sim-
ulations are in excellent agreement with experimental data. Also,
for the remaining part of the simulated curve, the curve tends to
flatten. Fig. 5h discusses tensile strength f;. Here, the model over-
estimates the experimental results, suggesting less reduction in
tensile strength than the reported experimental data. It is impor-
tant to note here that the simulations are relevant to splitting tests
while, type of test used in experiments was not mentioned. Addi-
tionally, simulations are referenced to concrete with 3.2 MPa of
tensile strength while also the concrete tensile strength of the
experimental data was not available. Overall, the model could cap-
ture the trend also in tension. Finally, Fig. 5i shows the reduction of
elastic Modulus from numerical simulation along with experimen-
tal data of ISE 1992 and data from Larive’s PhD thesis [62]. Simula-

tions show excellent agreement with experimental data for up to
0.6% swelling with underestimation of the values for higher swell-
ing. It should be noted that at such high swelling value, concrete is
extensively cracked with very large loss of strength that would
clearly induce very high scatter in strength and stiffness measure-
ments. Additionally for such a level of damage, it is not easy to de-
fine a clear tangent modulus that accurately describe concrete
elastic properties because the linear elastic behavior at such a level
is lost due to excessive cracking. In addition, it must also be ob-
served that even the size of specimens was not reported leaving
size-effect as a very crucial factor not accounted for in the simula-
tions. So, generally speaking, the model for a given level of swelling
can predict with satisfactory accuracy both the reductions in con-
crete properties as well as the reduction rate up to a very high
swelling of 1%.

5.3. Alkali content effect on ASR expansion

In this section experimental data from Refs. [89,35] are used to
demonstrate the ability of the formulated model to capture the ef-
fect of alkali content on the ASR expansion. For the first data set
[89], the free expansions of sealed concrete prisms
(75 mm x 75 mm x 265 mm) were recorded in axial direction over
730 days, the experiments were conducted according to CSA A23.2
Test 14A [18] (equivalent to ASTM C 1293 [19]), the reactive grain
size distribution given by author was 1 part of fine aggregate to 2
parts of coarse aggregate. More specifically, the distribution was:
1/3 of aggregate particles between 4.75 and 9.5 mm, 1/3 between
9.5 and 12.5 mm and the last third between 12.5 and 19.0 mm.
The experimental as well as simulated specimen grain size distri-
butions are shown in Fig. 6a. LDPM geometry generation was car-
ried out with following parameters: minimum aggregate size,
dp =4.75 mm; maximum aggregate size, d, = 19 mm; fuller curve
exponent, ng=0.55; and the following mix composition: cement
content, ¢ =420 kg/m>; water-to-cement ratio, w/c = 0.45; aggre-
gate-to-cement ratio, a/c = 4.25.

For the second data set in Ref. [35], the free expansions of sealed
concrete prisms (75 mm x 75 mm x 250 mm) using Siltstone
aggregate at 38°C were recorded in axial direction over 730 days
after curing in moist air for 7 days, aggregate consisted of a mix-
ture of 2 parts coarse aggregate (20-5 mm) to 1 part fine aggregate.
The distribution of coarse aggregate portions was not mentioned
so it was assumed to be equally distributed into three equal por-
tions (typically recommended for ASR prism tests). The experimen-
tal as well as simulated specimen grain size distributions are
shown in Fig. 6d. LDPM geometry generation was obtained with
following parameters: minimum aggregate size, do = 5 mm; maxi-
mum aggregate size, d, = 20 mm; fuller curve exponent, ng= 0.6;
and the following mix composition: cement content, ¢ = 400 kg/
m?; water-to-cement ratio, wjc =0.5; aggregate-to-cement ratio,
a/c = 4.6. For both sets, no data about concrete mechanical proper-
ties was available, so the same LDPM parameters used in Section
5.1.1 were used.

For the first data set [89], the experimental data show a bilinear
relation between maximum expansion and alkali content (Fig. 6¢).
By fitting the experimental data assuming the maximum expan-
sion to be 0.25%, the saturation alkali content ¢! was found to be
4.37 kg/m>. Setting x, =1, the ASR model parameters were cali-
brated using the highest experimental curve at 5.25 kg/m>. After-
wards, the threshold Alkali content c?, was identified by fitting
the maximum expansion for ¢, = 3.15 kg/m> and was found to be
2.70 kg/ m>. Calibrated ASR parameters were: a,=0.518 x 10~1°
m?/day, C? =32.5 x 10 '* m?/day, n = 439,540 kg~ .

The second data set [35] did not show the complete range of al-
kali content so it was assumed that the saturation alkali content c},
was the largest reported one (7.0 kg/m?). Following the same pro-
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cedure, ASR model parameters were calibrated based on the largest
curve at 7.00 kg/m3, while setting x, =1, then the alkali content
threshold ¢? was calibrated to match the maximum expansion of
the curve at ¢, =4.5 kg/m> and was found to be 3.15 kg/m>. Cali-
brated ASR parameters were: as=0.333 x 107'° m?/day,
C? =39.701 x 107" m?/day, # = 460,680 kg .

After calibration, while keeping all parameters fixed, the other
alkali contents were simulated and the results are shown in
Fig. 6b, c, e and f. Fig. 6b and e show both experimental and simu-
lated expansion curves with different alkali contents while Fig. 6¢
and f show the expansion maximum values of both experimental
and simulated data. The following observations can be made from
the results: (1) for both sets, the model predicts very well the
expansion maximum values for different alkali contents (see
Fig. 6¢ and f); (2) a slight deviation from the linear assumption is
noticed in the unsaturated part ¢, < ¢/, this is due to the fact that
at lower gel strains, less cracking is produced while increasing the
gel volume results in more cracking and their relation is clearly
nonlinear; (3) at different alkali contents, the model matches very
well the experimental expansion history (Fig. 6b and e) considering
the scatter of experimental data; (4) at low alkali contents, the
experimental data was not so accurate as the reported expansion
at ¢,=4.0kg/m> was slightly less than the reported value at
ca=3.5kg/m> for the second set as shown in Fig. 6e, also at
Cq = 2.89 kg/m?® for the first data set, the evolution with time shows

slight drop in the middle, this can be just due to experimental scat-
ter as well as the very low amount of expansion to be reported
which allows for higher measurement error.

5.4. Simulation of effect of temperature change

This section investigates the effect of temperature on ASR
expansion. The relevant data set is the expansion tests of Spratt
aggregate reported in Ref. [90]. The free expansions of concrete
prisms (75 mm x 75 mm x 300 mm) were recorded in axial direc-
tion over 183 days at 60 °C and 366 days at 38 °C. Curing for the
first 24hours was done in molds covered with plastic sheets and
wet burlap. Then the specimens were stripped, wrapped in wet
cloth towels and stored in plastic bags at 23 °C overnight. In the
morning, initial measurements were taken and specimens were
then maintained at relevant test temperature (38 °C or 60 °C) with
RH > 95% for the rest of the test period. Concrete grain size distri-
bution for these experiments was designed to be according to the
Canadian standard CSA3A23.2-14A [18] as stated by the author.
Thus coarse aggregate was assumed to be evenly divided into three
equal portions and the ratio between fine and coarse aggregate
was 0.4 to 0.6 by weight. Sieve curve of both experimental and
simulated specimens is shown in Fig. 6g. LDPM parameters used
in geometry generation were: minimum aggregate size,
do=5mm; maximum aggregate size, d,=20mm; fuller curve
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exponent, np=0.6; cement content, c =420 kg/m>; water-to-ce-
ment ratio, w/c=0.43; aggregate-to-cement ratio, a/c=4.2667.
No concrete strength information was reported, so the LDPM
parameters used in Section 5.1.1 were used since concrete compo-
sition was somewhat similar.

In the experiments, only two temperatures, 38 °C and 60 °C,
were considered which were enough for the calibration of the acti-
vation energies for gel formation and water imbibition but did not
allow a complete validation of the model. The parameter identifi-
cation was performed by assuming as reference temperature
To=23°C=296 K and resulted in the following parameters:
a5 =0.0801 x 107 '° m?/day, C? = 12.646 x 10'* m?/day,
1= 943,449 kg, E,q = 45,206 J/mole, E,; = 70,748 ]/mole.

The obtained best fitting of the experimental expansion curves
is shown in Fig. 6h for the cases at 38 °C and 60 °C, respectively.
Very accurate matching can be seen between experimental data
and simulated results. By increasing the temperature to 60 °C
(Fig. 6h), the model is able to capture the complete trend of the
ASR expansion, namely the higher expansion rate at higher tem-
perature as well as the change in maximum expansion value from
0.2202% after 366 days at 38 °C, to 0.1557% after 183 days at 60 °C.
To capture the difference in maximum expansion for different tem-
perature, the two activation energies are needed. While the two
activation energies, Eqq and Eg;, are not necessarily equal, additional
analysis was done to show the effect of their relative values. Fig. 6i
shows three different cases in which, the two activation energies
are equal (Eyq = E,; = 45,206 J/mole), in this case, both temperatures
lead to the same asymptotic expansion of 0.316%. The second case
is when E,4 = 70,748 ]J/mole and E; = 45,206 J/mole, here the higher
temperature has lower asymptotic expansion (0.1557% at 60 °C
compared to 0.2308% at 38 °C. The third case is the opposite of
the second, where E,4 = 45,206 J/mole and E,; = 70,748 J/mole, here
the higher temperature has higher asymptotic expansion (0.554%
at 60 °C compared to 0.4155% at 38 °C. With this formulation,
ASR-LDPM can capture the correct effect of temperature on both,
expansion rate and maximum expansion values.

6. Conclusions

This paper presents the formulation of a novel approach, enti-
tled ASR-LDPM, to simulate the effect of ASR on concrete struc-
tures. ASR-LDPM implements, within the mesoscale framework
of LDPM, a model describing ASR gel formation and expansion at
the level of each individual aggregate particle. ASR-LDPM was cal-
ibrated and validated with reference to several sets of experimen-
tal data dealing with ASR effects on concrete under a variety of
different loading and environmental conditions with the limitation
to saturated conditions. Based on the obtained results, the follow-
ing conclusions can be drawn:

1. ASR-LDPM can predict accurately free and restrained ASR-
induced expansion under various loading conditions and can
reproduce realistic crack patterns.

2. ASR-LDPM is the only model available in the literature that dis-
tinguishes between the volume expansion directly associated
with ASR gel and the one associated with cracking. This is a
unique feature allowing it to precisely predict expansion anisot-
ropy as well as strength and stiffness reduction.

3. The amount and distribution of cracking varies upon the
applied macroscopic stress state, leading to change in the volu-
metric expansion even if no direct effect of stress on gel forma-
tion and water imbibition is postulated. ASR-LDPM explains the
experimentally observed “expansion transfer” as redirection of
cracking rather than redirection of gel expansion as advocated
by other researchers in the literature.

4. ASR-LDPM predicts material deterioration directly without the
need of phenomenological laws relating gel volume and expan-
sion to concrete mechanical properties.

5. Significant material deterioration associated with not negligible
strength reduction is predicted under free expansion even for
crack openings not detectable by naked eye.

6. Confining stresses prevent the evolution of cracking during the
evolution of gel expansion. However, cracking develops subse-
quently if the confining stresses are released. This complicates
or even invalidates the destructive evaluation of ASR affected
structures.

7. ASR-LDPM is capable of replicating the effect of change in alkali
ion concentration which depends on cement type and content
and water alkalinity with very good accuracy.

8. Postulating the existence of two separate activation energies,
one for gel formation and one for water imbibition, allows sim-
ulating correctly the effect of temperature on rate of expansion
and maximum expansion.
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Appendix A. LDPM costitutive equations

For stresses and strains beyond the elastic limit, LDPM mesocale
failure is characterized by three mechanisms as described below.

A.1. Fracture and cohesion due to tension and tension-shear

For tensile loading (ey > 0), the fracturing behavior is formu-

lated through an effective strain, ¢ = /&% + a(€2; + €2), and stress,

0=1/0%+ (Om+ 61)? /o, which define the normal and shear stres-
ses as oy = en(0/e); am = aem(ale); oL = agr(o]e). The effective stress
o is incrementally elastic (¢ = Eo&) and must satisfy the inequality
0 < 0 < opd€,) where oy =00(w) exp[— Ho(w)( & — &o(w))[T0o.
(w)], {(x) = max{x,0}, and tan(w) = &y/\/oer = onv/a/0r. The post
peak softening modulus is defined as Ho(w) = H;(2w/m)™, where
H; is the softening modulus in pure tension (w =7/2) expressed
as Hy = 2Eo/ (Ie/l — 1); I = 2E¢G;/0?; |, is the length of the tetrahe-
dron edge; and G, is the mesoscale fracture energy. LDPM provides
a smooth transition between pure tension and pure shear (w = 0)
with parabolic variation for strength given by odo(w)=

o0t (— sin(w) + \/sinz(a)) + 4o cosz(w)/r§[> /[20.cos?(w)], where

st = 0s/a; is the ratio of shear strength to tensile strength.
A.2. Compaction and pore collapse from compression

Normal stresses for compressive loading (&y < 0) are computed
through the inequality — opd{ep, &v) < on<0, where o, is a
strain-dependent boundary function of the volumetric strain, &y,
and the deviatoric strain, &p. Beyond the elastic limit, —aj,. models
pore collapse as a linear evolution of stress for increasing volumet-
ric strain with stiffness H. for — &y < €c1 = Kco €co: Ope= 0o+ ( — €y -
- &o)Hdrpv); H{rpv) =Heo/(1+ K2 ( Tpov—Ka1)); G0 is the
mesoscale compressive yield stress; and k., K. are material
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parameters. Compaction and rehardening occur beyond pore col-
lapse (—&y = &¢1). In this case one has g, = 6¢1(rpy) exp[(—&y — &c1)
H(rpv)/oc(rpv)] and oa(rpy) = 00 + (&1 — o) HlTpv)-

A.3. Friction due to compression-shear

The incremental shear stresses are computed as
om = Er(ém — &) and 6, = Er(é — &), where &, = 20¢0/d0wm, &
= Jd¢/day, and /. is the plastic multiplier with loading-unloading
conditions @2 < 0 and 4 > 0. The plastic potential is defined as

@ = /0%, + 67 — 0ps(on), where the nonlinear frictional law for

the shear strength is assumed to be ops=0s+ (Lo — Uoo)Ono[1 —
exp (on/ono)] — HeoON; Ono 1S the transitional normal stress; o
and p., are the initial and final internal friction coefficients.
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