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The effect of the size of the aggregate on ASR expansion has already been well illustrated. This paper presents
a microscopic model to analyze the development of ASR expansion of mortars containing reactive aggregate
of different sizes. The attack of the reactive silica by alkali was determined through the mass balance
equation, which controls the diffusion mechanism in the aggregate and the fixation of the alkali in the ASR

Keywords: ) gels. The mechanical part of the model is based on the damage theory in order to assess the decrease of
Q;t;lcll':lgiczae reaction (ASR) stiffness of the mortar due to cracking caused by ASR and to calculate the expansion of a Representative
Alkali content Elementary Volume (REV) of concrete. Parameters of the model were estimated by curve fitting the
Expansion expansions of four experimental mortars. The paper shows that the decrease of expansion with the size of
Model the aggregate and the increase of the expansion with the alkali content are reproduced by the model, which

is able to predict the expansions of six other mortars containing two sizes of reactive aggregate and cast with

two alkali contents.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Alkali Silica Reaction is a chemical reaction between the alkalis of
cement and the reactive silica of concrete structure aggregates. The
reaction products are expansive gels which induce stresses, and hence
cracking, in concrete. The main research on ASR concerns the expert
appraisal of damaged structures [1-5]. Modeling ASR and the
resulting expansion are necessary to obtain relevant predictions of
the structural responses of damaged structures and models must take
the chemical and physical aspects into account.

The LMDC (Laboratoire des Matériaux et Durabilité des Construc-
tions), with EDF (Electricité de France) as a partner, has been working to
establish a general method for the reassessment of ASR-damaged
structures. The method uses expansion measurements on small speci-
mens (2x2x 16 cm) of mortar cast with crushed aggregates extracted
from damaged structures [6,7] in order to evaluate the advancement of
the reaction on the aggregates. As shown in [6,7], the advancement
varies with the size of the aggregates because of the time taken for alkali
to diffuse into the aggregate. One of the advantages of this method is that
it performs calculations by using the state of advancement of the
different aggregate sizes in the structure concrete, which allows relevant
predictions to be obtained. However, this research needs to becompleted
by the development of microscopic modeling that uses the tests
proposed in [6,7] in a reliable way, particularly according to the effect
of the alkali content and the size of the reactive aggregate particles on
the ASR-expansions. Predicting the expansion of concrete in real dama-
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ged structures is the final aim of this model. However, as a first step, it is
used here to analyze laboratory experiments where the effects of
mechanical stresses and environmental conditions on expansion are not
considered. Similarly, alkali regeneration by calcium ions, which s a slow
process [8-10], is not taken into account.

This paper deals with the development of an empirical microscopic
ASR model. The main input data to such models are alkali and reactive
silica contents, aggregate sizes, and mechanical properties of the
mortar. The main result is the prediction of the ASR expansion of the
concrete taking into consideration the physicochemical mechanisms
of the reaction. Among the existing microscopic ASR models, some
were developed to take the mechanics of ASR into consideration
[11,12], and others focus on the chemical phenomena [13]. Finally,
some models take both aspects into account [14-18]. Many phenom-
ena of ASR can be described by the existing models (e.g. diffusion of
alkali into the aggregates, gel permeation and imbibition); but others
cannot be correctly represented yet (e.g. evolution of the concentra-
tion of alkali during the reaction, and expansion of concrete contain-
ing different sizes of reactive aggregate).

The microscopic model developed in this paper is based on some
of these previous models [13,14,17,18]. It can predict the damage and
the expansion of a Representative Elementary Volume (REV) of
concrete containing a mix of reactive aggregates of different sizes.
The diffusion of alkali into the aggregate is taken into account; the
production of the ASR gel increases with the molar concentration of
alkalis in the aggregate. In the cement paste surrounding the
reactive aggregate, the concentration of alkalis decreases with their
diffusion towards the aggregate and their consumption by the ASR
gel. The gel permeates into a part of the porous volume connected to
the reactive aggregate. Once the available porous volume has been
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filled by the gel, the pressure due to ASR acts on the surrounding
cement paste, leading to damage and expansion.

The modeling principles and assumptions are first presented and
discussed. Then, the physicochemical and mechanical models are
developed in two parts. Finally, the model is used to calculate the
expansion of ten mortars containing different amounts of two sizes of
reactive aggregate and having two alkali contents. Five parameters of
the physicochemical model cannot be obtained by direct measure-
ments and are therefore calculated by inverse analysis using four of
the ten mortars. The parameters thus obtained are used to predict the
expansions of the other six mortars. Once the mechanical character-
istics of the sound concrete are known, no additional fitting of
parameters is necessary for the mechanical modeling. The last part
points out the qualities and the limitations of the model and gives
some indications as to how it could be improved.

2. Principles
2.1. Physicochemistry and mechanics of ASR

As in previous works [13,15,18], the model developed in this paper
used the reaction mechanisms presented by Dent Glasser and Kataoka
[19]:

- The first part of the reaction is the diffusion of the alkali and
hydroxyl ions into the reactive aggregate, and the destruction of
the silanol and siloxane bonds contained in the reactive silica.

- The second part is the formation of the ASR gels in the presence of
water and calcium ions [19-21]. Once formed, the gel permeates
through a part of the connected porous volume between aggregate
and cement paste and fills a part of the connected porosity [22].
Then the gel exerts a pressure on the cement paste, which causes
cracking and expansion of the concrete.

Moreover, in order to complete the physical considerations,
assumptions based on numerous experimentations already pub-
lished were made: the existence of a threshold in alkali concentration
under which ASR does not occur [23-26], the high nonlinearity of the
dissolution of the reactive silica with pH [29] and the stcechiometry
of ASR gels [30-32].

2.2. Assumptions

It is not possible to consider all the physical and chemical
mechanisms of such a reaction occurring in a complex medium like
concrete. Simplifications have to be assumed in order to model ASR
expansion in accordance with most phenomena.

2.2.1. Geometry
The reactive aggregate and the Relative Elementary Volume (REV)
of concrete surrounding the reactive aggregate are assumed to be
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spherical (Fig. 1). The radius of the REV depends on the radius and the
content of the reactive aggregate in concrete, as given by Eq. (1) [18]:

R
RaREV = < (1)
a * Cagg
with:
a, a superscript relative to the size fraction of the reactive
aggregate with mean radius R,
REV the REV radius corresponding to the aggregate size fraction a
b, the volume fraction of reactive aggregates with mean radius R,
Cage the volume fraction of all the aggregate per m> of concrete.

The number of reactive aggregates per m> of concrete N, is equal
to:

¢q Cagg
N, = —F/——== 2
0= "o @)

2.2.2. Diffusion of alkali and attack of reactive silica

In the model presented in [18], the diffusion of the ionic species
into both reactive aggregate and cement paste surrounding the
aggregate is considered. However, at each time step, the concentra-
tions of ionic species are roughly homogeneous in the cement paste.
This can be explained by the differences between the coefficients of
diffusion in the cement paste (about 10~ "' m?/s) and in the aggregate
(about 10~ > m?/s). Thus, diffusion into the cement paste appears to
be instantaneous compared to diffusion into the aggregate, so the
alkali concentration was assumed to be uniform in the paste in the
present model. This constitutes the main simplification in relation to
Poyet's modeling [18].

Moreover, the aggregate was taken as spherical. Thus the
concentrations of the ionic species diffusing into the aggregate
depend only on the time and on the radius r from the centre of the
reactive aggregate (Fig. 2).

Several authors showed that no expansion occurred in concrete
containing alkali silica reactive aggregate for low alkali contents:
under a threshold lying between 3 and 5 kg/m? [23-26] or for an
alkali concentration lower than 0.5 or 0.6 mol/l of Nat [27,28].
Urhan reports that the solubility of silica is quite constant in a
solution having a pH of less than 9 or 10 but increases rapidly for
higher pH [29]. Due to the high nonlinearity between the pH and the
solubility of the silica and to the relationship between the value of
the pH in a solution and the concentration of alkali, the destruction
of the reactive silica was assumed to increase significantly when the
concentration of alkalis in a part of the aggregate was higher than a
threshold concentration noted Nay,. When the threshold is reached

Porous zone
(thickness t)

Cement paste
and aggregate

Fig. 1. Definition of the Relative Elementary Volume for several reactive aggregate sizes [18].
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concentration of ionic
species is constant at a
distance r from the
centre

Fig. 2. Diffusion of Na,0.q in aggregate.

and passed, the present model assumes that gel formation increases
with a rate proportional to the difference between the alkali
concentration in the aggregate and the threshold. The same rate is
taken for the alkali consumption by the ASR gels. Therefore, the
kinetics of the reaction, and thus of the gel formation, is assumed to
be controlled by the destruction of the reactive silica due to alkali
diffusion. Some authors [8-10] consider that the gel formation
depends on the presence of calcium ions. This has not been taken
into account in the model. However, as calcium is provided by
portlandite dissolution and as this dissolution is not possible while
the alkali content is high, the need for calcium can be neglected
during the first step of an accelerated test. This aspect of the reaction
will have to be carefully considered for the simulation of long-term
ASR phenomena. So the extension of the present model to structural
applications will have to include calcium substitution.

2.2.3. ASR gel

Another problem for ASR modeling concerns the assumptions on
the compositions of the gels produced by the reaction. The
compositions of the gels depend on many parameters, such as gel
position in the concrete (in or out of the aggregate) and its age (it is
usually assumed that old gels contain more calcium than new). The
Na,0/Si0, ratio in the gels varies from about 0.1 to 0.4 [30-32]. It is
quite difficult to obtain a relevant and representative value for the
gel composition. In the model presented here, the Na,0/SiO, ratio
is assumed to be equal to the mean value 0.2 obtained in laboratory
experiments in [32]; it is assumed that 1 mol of Na,0,q reacts with
5 mol of SiO, to give 1 mol of ASR gel. The volume of gel produced
by one size of aggregate ng is obtained by multiplying the number
of moles of ASR gel produced by the aggregate a by the molar
volume of the gel Vg' (in m?/mol). The total volume of gel formed
is then the sum of the volume of gel produced by all the aggregates
(in m3):

1
Vg =D g x Vear 3)
1

As described just above, after its formation, the gel can permeate
through a part of the connected porous volume surrounding the
aggregate [33] or can stay in the cracks of the aggregate. This part of
connected porosity is modeled as a volume of porosity totally filled
by the gel with an equivalent thickness t. (Fig. 1, Eq. (4)). The
equivalent thickness is assumed not to change with the size of the
aggregate. Thus, the volume of gel necessary to fill this porosity,

which consequently which does not exert pressure, is equal to the
connected porosity (p):

4
Voor = 31((Ry + 1) — R3) - p )

The larger the aggregate size, the lower the ratio ‘connected porous
volume/aggregate volume’. Therefore the largest aggregate causes the
largest ASR-expansion.

2.2.4. Mechanical considerations

The model is supposed to calculate ASR expansion for stress free
specimens. Moreover, the mechanical properties are taken to be
isotropic and, thus, the mechanical behavior of the aggregate and of
the cement paste in the REV is taken as isotropic. The behaviors of the
two media are assumed to be elastic for stresses lower than their
compressive and tensile strengths. The expansions due to ASR occur
over long periods. During the process, the materials are not subjected to
instantaneous loading but to progressive stresses which cause creep
strains in the concrete [5]. In order to take the effect of concrete creep on
the ASR expansion into account, the calculations are performed with a
long-term Young's modulus equal to a third of the instantaneous
Young's modulus (which is the usual value used in the French reinforced
concrete design code [34]). For the same stress, using the long-term
modulus rather than the instantaneous modulus leads to larger strains.
The strains are then equal to the sum of the instantaneous strains due to
the ASR gel pressure and the creep strains of the cement paste under the
ASR gel pressure. If the stresses become higher than the tensile strengths
of the materials, cracking and damage occur in the concrete. In the
following calculations, the crack density is consistent with the damage
to the concrete calculated by the model (the damage is defined as the
decrease of the long-term Young's modulus due to cracking). After
cracking, the gel is assumed to permeate into the cracks.

3. Physicochemical modeling

The physicochemical modeling concerns the diffusion of the alkali
ions into the aggregate and the formation of the ASR gel. The alkali
diffusion into the aggregate is controlled by the mass balance equation
with a depletion term to represent the consumption of alkali during
the formation of the ASR gel. The volume of gel produced by the
reaction can then be calculated from the alkali consumed in the mass
balance equation. The equations are solved numerically by using a
geometrical discretization based on finite volumes and time dis-
cretization by Euler's method.

3.1. Mass balance equation

3.1.1. Alkali diffusion in aggregate

Just after casting, the alkali concentration is high in the cement
paste and negligible in the aggregate. Therefore, a flux of alkali (Na™
and K') appears between the cement paste and the core of the
aggregate. The mass balance of alkali in the aggregate with the
assumed spherical symmetry can be described by the equation:

) 190 dc,

I (paggSrCNa) = 2or (D 1 d_;ila) + S(Cna) )]
with:

t the time

Pagg the porosity of the aggregate,

Se the saturation degree,

Cha the concentration of alkali (Na™ and K™),

r the distance from the center of the aggregate,

D coefficient of diffusion of alkalis into the aggregate,

and S(Cyg)  the depletion term that represents alkali consumption.
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Fig. 3. Tensile stress in the REV subjected to ASR induced strains.

In order to solve the equation, two boundary conditions were used:

- at the centre of the aggregate (r=0), the flux is equal to zero;

- at the external boundary (r=R,), the alkali concentration is equal
to G, the alkali concentration in the cement paste. For the initial
condition, this concentration is equal to:

CNa = 2 % M’jﬂﬂjo x ! (6)
My pcpSr(l — Cagg)
with
Do = DPmort — Pagg * Cagg (7)
(1 — Cagg)
with:
Mnazo  the mass of equivalent alkali per m? of concrete,
MRS  the molar mass of equivalent alkali (equal to 0.062 kg/mol),

Pep» Pmon Pagg  the porosity of the cement paste, mortar, and aggregate
respectively,
and G, the aggregate concentration per m® of concrete.

During the process, the concentration of alkali in the cement paste
decreases due to alkali diffusion into the aggregate (see next part).

3.1.2. Alkali concentration in the cement paste

The variation of alkali content in the cement paste is due to the
diffusion from the paste to the aggregate. It is equal to the sum of the
flux of alkali at the boundary (r=R,) between all the aggregate and
the paste. For concrete containing several size fractions, a, of reactive
aggregate, the flux has to be summed over all of them. It can be
calculated by:

J dcy
at <pcpSrCNa> = ZNU D - 47TR§ d;i]a (Ra) (8)
a

with N, the number of reactive aggregates (Eq. (2)).

3.1.3. Consumption of alkalis
As explained in the ‘Assumptions’ section, the consumption
kinetics of alkalis is assumed to be proportional to the difference

between the concentration of alkali in the aggregate and the threshold
above which the silica dissolution starts. Thus, the depletion term of
the mass balance equation is:

S(Crg) = f{Cna—Natgy) * 9)

with f, the alkali fixation coefficient. This is the coefficient of
proportionality between the consumption kinetics of alkali and the
difference between the concentration of alkali in the aggregate and
the alkali threshold. f is a negative parameter. Note that it could
depend on the temperature if AAR dependence on temperature is to
be modeled.

(X)* is equal to X if X>0 or equal to 0 if X<0.

S(Cnazo) is the amount of alkali fixed per m> of aggregate. If the
concentration of alkalis in the aggregate is lower than the alkali
threshold, the term is zero; there is no consumption of alkali and no
ASR-gel formation. If the concentration is higher than the threshold,
the consumption of alkali starts with the kinetics given by Eq (9).

Moreover, the consumption of alkali has to be stopped when all the
reactive silica contained in the aggregate has reacted with alkali. As
the Na,0/Si0, ratio of the gel is assumed to be equal to 0.2 [32], the
end of the alkali fixation is obtained when the amount of alkali fixed
by the aggregate is equal to 0.2 times the reactive silica content of the
aggregate.

Note: The unit of the alkali fixation coefficient is (mol/m> of
aggregate) per (mol/m? of solution) per second.

3.2. Formation of the ASR gel

The number of moles of ASR gel produced in the aggregate a at
time step t is equal to the number of moles of Na,O consumed by the
reaction, thus half the number of moles of Na™:

a __ 4 3 t S(CNa)
n = SR x /0 2l gy (10)

Finally, the volume of gel produced by the reaction is given by the
Eq. (3).

4. Mechanical modeling

The main result of the chemical modeling is Vg, the volume of ASR
gel formed by the reaction. The volume of gel is then used to
determine the strain induced on the REV and finally the expansion of
the damaged concrete caused by the chemical reaction. As for the
chemical modeling, the equations of mechanical equilibrium are
calculated on the spherical REV, as has already been described for
elastic conditions in [11,14,17]. In the REV, the mechanical equations
are used for two media: g, the aggregate under study, and SC, the
concrete surrounding the studied aggregate (medium including
cement paste and other aggregate — Fig. 3). The cracking due to ASR
is taken into account by isotropic mechanical damage [35,36]. Thus,
the mechanical problem is assumed to be non-linear elastic due to the
introduction of the damage variable. The equations developed below
present an analytical solution and are applied to each aggregate size.

4.1. Strain-stress equations

The ASR gel is supposed to be incompressible compared to the
elastic properties of the cement paste and aggregate. Therefore, the
ASR expansion can be taken into account as an imposed strain in the
aggregate elastic constitutive law:

<

0 =Nl g - L + 21, ey —(BA + 2U,) - 81‘mpl(t) (11)
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The constitutive law of the medium SC only considers the elastic
effect of the material:

Osc= Ascltlesc = 1+ 2+ psc - esc (12)

o the stress matrix for each material,
£ the strain matrix for each material,
1 the unit matrix,

A and p are, for each material:

Ev
AR i) "
and
h= % (19

where E is the Young's modulus and v, the Poisson's coefficient of the
medium.eimp is the imposed strain applied to the aggregate.

The imposed strain applied to the aggregate is isotropic. It is
assessed from the increase in volume due to gel formation; the details
of the calculation are given below (Eq. (23)).

The displacements in the materials are deduced by solving the
equilibrium equation of the elastic solids diva= 0 assuming spherical
symmetry. Displacements u, in the aggregate and usc in the
surrounding concrete then depend only on the radius r:

In the aggregate a : Ug(r) =Aq -7 ¢ (15)

B
Usc (1) = (Asc‘r—i- %) “e
(16)

In the surrounding concrete SC :

The three unknown constants (A, Asc and Bsc) are determined
from the following boundary conditions (Fig. 3):

- The radial displacements at the boundary between the aggregate
and the surrounding concrete are equal;

- The radial stresses are continuous at the boundary between the
aggregate and the surrounding concrete;

- The radial stress on the external surface is equal to zero (unloaded
REV) (note: this assumption leads to a free swelling model).

REV modulus E,

—p
! Raev

The mechanical equations can thus be solved and the variation of the
stresses in the two media can be analyzed. Due to the gel swelling, the
aggregate is subjected to an isotropic stress (pressure). This pressure is
balanced by radial compressive stress in the concrete surrounding the
aggregate (decreasing from the aggregate pressure (at R,) to zero on the
REV external surface), and tensile stress in the tangential directions. The
variation of the tensile stress in the tangential directions 0gy and Oy
with the radius has been plotted in Fig. 3. The maximum tensile stress is
located at the boundary between the aggregate and the surrounding
concrete. As the strength of concrete is higher in compression (f ) than
in tension (f;,), radial cracks due to the tensile stresses appear first and
damage the surrounding concrete zone between the aggregate (R,) and
a radius Ry (Rq-R, corresponds to the crack length). In the following
section, the damage theory is used to replace the cracked concrete by an
equivalent concrete with a reduced Young's modulus. This modeling has
the advantage of leading to an equivalent elastic problem, governed by
the same set of equations as the previous ones, but with a lower Young's
modulus.

4.2. Damaged REV

4.2.1. Damaged Young's modulus of the REV

The REV contains several reactive aggregates (Fig. 1), which all
cause cracks in the REV. The interactions between the cracks of the
different aggregates in the REV cause a decrease in the concrete
modulus. This can be modeled by a damage variable [35]. The damage
evaluation method is based on the strain equivalence principle [36]:
the cracked medium (initial Young's modulus Ey) is replaced by an
equivalent medium without cracks but with a lower modulus Eq4
(Fig. 4) leading to the same displacement as the cracked one with the
initial Young's modulus. Therefore, as the cracked zone cannot
withstand radial tension exceeding the tensile strength, the residual
uncracked surrounding concrete is equivalent to a hollow sphere with
inner and outer radii equal to Ry and R%gy under pressure p.
According to the strain equivalence principle, the radial strain of this
hollow sphere must be equal to the radial strain of the uncracked
hollow sphere with inner and outer radii equal to R, and R%ky under
pressure p but with a damaged Young modulus E4 (Fig. 4). The
damaged variable is then defined by:

Eq

d=1-p

(17)

Thus, the first hollow sphere, with a modulus of Ey, and the second
one, with a modulus of (1-d)E, (Fig. 4), have the same stiffness. If the

REV modulus E, = (1-d).E,

Fig. 4. Determination of the modulus of the damaged concrete.
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inner radius Ry of the first sphere is equal to R, the strain of the
cracked medium is equal to the strain of the medium without cracks
and the damage d is equal to 0. If the inner radius Ry of the first sphere
becomes close to the outer radius Rggy, the strain of the cracked
medium increases and the damage d increases towards 1. Calculations
are successively performed for all the aggregate size fractions a, and
the maximum value of damage is used to determine the modulus of
the equivalent medium Eg:
E; = (1—d)E, (18)
4.2.2. Evaluation of the REV expansion

Finally, the mechanical problem studied to assess the ASR-
expansion is presented in Fig. 5. As explained above, the model
assumes that the cracks close to the aggregate are filled by the ASR
gels. Thus, three parts can be distinguished (Fig. 5): the central
aggregate (between radii 0 and R,), the cracked zone filled by the gel
(between radii R, and R.,) and the part of the REV not yet cracked. As
the gel reaches the cracks connected to the reactive aggregate, the
radius R, corresponds to the radius Rq used to determine the damage
(Fig. 4). The gel pressure is constant in both the aggregate and the
cracked zone; it is then applied to the internal boundary of the
surrounding uncracked concrete. The modulus of the whole medium
surrounding the aggregate is equal to Eq according to the damaged
Young's modulus evaluated just above. The following behavior
equation, concerning the part of the REV surrounding the aggregate
and filled by the ASR gel, had to be added:
- the constitutive law:

O, = )\fgtrgcz . ; + 2 bt —GAg + 2p) - 8impZ(t) (19)
where
Eimp2 is the imposed strain applied to the cracked zone of the

surrounding concrete due to presence of ASR gel in the
cracks;

the displacement is

B
(ACZ'T-Fﬁ)'EJ

The two supplementary unknown constants A., and B, can be
determined from two supplementary boundary conditions: the
continuity of radial displacements and radial stresses at the boundary

(20)

Ug(r) =

495

between the cracked zone and the surrounding concrete. The
mechanical equations can thus be solved in function of Re;, €imp1
and é&imp2. Three last equations are needed to assess the three
unknown values of R, €imp1 and eimp2. The tensile stress ogy is
equal to the concrete tensile strength f; for the radius R.,:
O (Rey) = f,

The effect of the imposed deformations ejmp; and eimpy in the
aggregate and in the concrete filled by the gel can be compared to a
pressure pg in both the aggregate and the cracked zone (Fig. 5). As the
pressure p, is an isotropic stress, in the cracked zone filled by the gel

(21)

077 (Rer) = 0o(Re,) (22)

The imposed strains applied to the aggregate and to the cracked
zone are the relative increase in the volume due to the production of
gel by ASR. However, as explained above, a part of the gel fills the
porous volume surrounding the aggregate (determined by Eq. (3))
and does not participate in the expansion. The imposed strain is then
equal to the volume of gel V; minus the connected porosity Vj,, filled
by the gel compared to the volume of the aggregate. Thus, the last
equation is given by chemical modeling:

4

0r> ' 2 §H(R§z - R§>£imp2

- 3
= - T[Ra &imp1 +

<Vg_v 3

o (23)
where (X)™ is equal to X if X>0 or equal to 0 if X<0.

The damage to the concrete is obtained by substituting the volume
of gel determined by the chemical modeling (Eq. (3)) in Eq. (23). The
expansion induced by ASR in each aggregate size fraction can thus be
calculated. For the aggregate size fraction a:

— urr (Rla(EV) (24)

“ Riev
with Riev the radius of the REV corresponding to the aggregate size
fraction i.

If the concrete contains several aggregate size fractions, the
resulting strain is assumed to be the sum of expansions induced by
each fraction:

EASR = Z‘C'a
a

(25)

The relationship between the damage and the expansion of one
reactive aggregate obtained by this model has been plotted in Fig. 6. It

A A A
i ‘ !
REV modulus E, REV modulus E, :
Aggregate m?du!us E. Aggregate :‘modulus E. REV moduh?s Eq

Fig. 5. Mechanical equilibrium of the damaged REV.
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Fig. 6. Relationship between the damage (d) and the expansion of the REV.

is interesting to compare these values to experimental data but only a
few papers deal with the decrease of direct tensile strength with ASR
expansion, and none with the decrease of the tensile modulus. Siemes
and Visser measured a decrease greater than 85% in the direct tensile
strength for expansions between 0.05% and 0.1% [37]. For the same
ASR expansions (between 0.05 and 0.1%), the damage calculated by
the model is between 60 and 75%, which is slightly lower than the
experimental values.

The mechanical modeling uses only five parameters: the Young's
modulus and the Poisson's coefficient of the aggregate and mortar (E,,
v, and E, V) and the tensile strength of the mortar f;; no other
fitting is necessary.

5. Comparison with experiments

The last part of the paper shows some calculations performed with
the model developed in the previous parts. In order to assess the
capability of the model to represent and predict real ASR expansions,
the analysis is divided into three parts. First, experiments used to fit
and test the model are presented. Then, the identification of the
parameters is carried out and discussed. For the identification, the
measurements of expansion performed on four different mortars were
used. Finally, the model is used to calculate the expansion of six other
mortars. The calculated expansions are compared to the measured
ones and the differences are discussed.

5.1. Experiments

The experiments used to check the capability of the model to
predict ASR expansion have been presented and analyzed in a pre-
vious paper [38]. Therefore, only the parameters used by the model
are dealt with here. Expansion was measured on mortar prisms with a
water-cement ratio of 0.5. The sand and cement contents were
1613.4 kg/m3 and 537.8 kg/m3 respectively. Two distinct Na/Si ratios
were studied by adjusting the alkali contents (NayOeq) to 6.2 and
13.4 kg of alkali per m> of mortar (addition of NaOH in the mixing
water). Three size fractions of aggregate were used: FS for small
aggregates (80-160 pum), FM for medium aggregates (315-630 pum)
and FL for large ones (1.25-3.15 mm). The reactive aggregate was a
siliceous limestone. In the experimental study, only fractions FS and FL
were composed of reactive aggregates, the medium size aggregates
were not reactive but were introduced into the formulation to obtain
an acceptable particle size distribution. The reactive silica contents of
the two reactive fractions were measured through a chemical analysis
based on basic attack [38]; the reactive SiO, contents were equal to
9.4% and 12.4%/kg of aggregate for FS and FL. The particle size
distribution was the same for all the mortars: 30% of FS, 40% of FM
and 30% of FL. Different proportions of reactive and non-reactive

. Reactive

Weight fraction of aggregate (%) D Non Reactive

100 1 — — — _
071 I i FL
80+
720l . . ] (125@0 um)
60 4
504 FM
40 ¢+ (315-630 um)
30+ |— | — | _— -
20 ¢ FS
104 .
0 . (80-160 um)
Mso-L100 Msi7.183 Mssoso  Mssatr7 Msioo-Lo

Mortar mixtures

Fig. 7. Particle size distribution of the five mortars (in black: reactive aggregate, in
white: non-reactive aggregate).

aggregates from the two size fractions FS and FL were used to make
5 reactive mortars for each alkali content, with always 30% of re-
active particles (Fig. 7). The mortar Msg — 100 contained 0% of reactive
particles in the SL fraction while 100% of the particles of the FL
fraction were reactive. For the mortar Msygg — 19, 100% of the smallest
reactive particles (FS) were reactive and all the other particles were
non-reactive. The reactive particle contents of the mortars Msq7 _ g3,
Msso — 150 and Msgs — 117, lay between these two values. The ASR
expansions presented in Figs. 8 and 9, and used for the identification
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Fig. 8. Identification of chemical parameters on mortars Mso _ 100 — 6.2 kg/m>, Msso _ 150 —
6.2 kg/m>, Ms7 _ 153 — 13.4 kg/m’> and Ms;00 — 10 — 13.4 kg/m”.
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Ms100 — 1o — 6.2 kg/m?® and Mso — 100, Msso — 150, Mss3 — 17 Ms1o0 — 1o — 134 kg/m>.

of the parameters and for the analysis of the model were obtained by
subtracting the expansion of the reference mortar (without reactive
aggregate) from the total expansion [38]. Thus, the strains were only
caused by the pressure of the ASR gel and not by the pressure due to
water absorption. The water porosity of each of the mortars was
measured at the end of the experiment (Table 1), using AFPC-AFREM
method [39]. Values were between 17 and 20%.

5.2. Assessment of the parameters

Table 2 sums up the various parameters of the two models, with
the symbols, the method used for identification, the values and the
units. The following parts explain how the values were obtained.

5.2.1. Parameters of the physicochemical modeling
The first parameters needed for the physicochemical modeling are
given by the mix-design information (see above: size and volume

Table 1

Porosity of the mortars in %.

Alkali content of the Mso — 1100 Ms17 — 183 Msso — 150 Msgs — 117 Ms100 10
mix design

6.2 kg/m> 17.5 16.9 17.3 17.6 17.6

13.4 kg/m> 20 19.9 19.6 18.9 17.9

Table 2

Parameter identification.

Parameter Symbol Identification  Value Units

Physicochemical modeling

Aggregate
Coefficient of diffusion D Curve fitting 35%x10~ 13 m?/s
Porosity p Usual value 0.01 %

Paste
Porosity of mortar Dmort Measurement  17.—20. %
Thickness of the connected ¢, Curve fitting 0.63x10~¢ m
porous interface zone

Gel
Molar volume of ASR gel vang! Curve fitting 18.2x10~° m>/mol
Alkali threshold Nag, Curve fitting 620. mol/m?
Alkali fixation f Curve fitting —65x1077  m?/m’/s
coefficient

Mechanical modeling

Aggregate
Young's modulus Ea Usual value 70,000. MPa
Poisson's coefficient vV, Usual value 0.2 -

Mortar
Young's modulus Ergv Usual value 9000. MPa
Poisson's coefficient VREV Usual value 0.2 -
Tensile strength fi Usual value 3. MPa

fractions of particles, alkali and reactive silica contents). Taking all the
information into account, the aggregate concentration per m> of
concrete C,gg could be calculated: it was equal to 0.61.

The porosity of the aggregate was taken as the value of 0.01% given
by a previous work [40]. The porosity of the cement paste was
calculated with Eq. (7). The last five parameters (coefficient of
diffusion, thickness of the connected porous interface zone, molar
volume of ASR gel, threshold concentration Na, and alkali fixation
coefficient) of the physicochemical modeling were obtained by curve
fitting on four mortars of the experimental study as explained in
Section 5.2.3.

5.2.2. Parameters of the mechanical modeling

All the parameters of the mechanical modeling (Table 2) were
obtained from the literature. The Young's modulus of the siliceous
limestone was determined in a previous experiment [41]. The
instantaneous Young's modulus of the mortar was taken as equal to
a frequently found value for a mortar with a ratio W/C of 0.5: about
27,000 MPa. As explained in the presentation of the assumptions, a
long-term Young's modulus equal to one third of the instantaneous
Young's modulus was used in the calculations in order to take the
creep effect into account. The Poisson's coefficients of aggregate and
mortar were taken as 0.2. The tensile strength of the mortar was
estimated at 3 MPa. None of the parameters of the mechanical
modeling were fitted.

5.2.3. Identification by curve fitting

The five parameters (coefficient of diffusion, thickness of the con-
nected porous interface zone, molar volume of ASR gel, threshold
concentration Nag, and alkali fixation coefficient) were obtained by
curve fitting the expansions of four mortars of the experimental study:
the last expansion measured on Msg _ 1190 With 6.2 kg/m? of alkali and
M2, Ms100 — 1o With 13.4 kg/ m® of alkali, and the whole expansion curves
of Msso — 150 With 6.2 kg/m? of alkali and Msy7 _ g3 with 13.4 kg/m? of
alkali (Fig. 8). First, the molar volume of ASR gel and the thickness of the
connected porous zone were determined to fit the last expansion mea-
sured on the mortars Mso — L100 — 6.2 kg/m3, Ms17 — 183 and Ms100—10 —
13.4 kg/m> (Fig. 8). Then, the coefficients of diffusion and fixation of
alkali were calculated to fit the whole kinetics of the expansion of
the two mortars Msso 150 — 6.2 kg/m3 and Msi7 183 — 134 l(g/m3
(Fig. 8). The values thus determined are given in Table 2.
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5.3. Discussion

5.3.1. Curve fitting

As shown in Fig. 8, the determination of the five parameters of the
physicochemical modeling allowed a good representation of ASR
expansions to be obtained for two different reactive particle sizes and
two different alkali contents. As already observed in the analysis of the
experiment [38], the larger the aggregate, the higher the ASR-
expansion. The model explains the decrease of the expansion with
the increase in the reactive particle sizes by the movement of a part of
the gel into the connected porous zone. The decrease of 90% observed
between the small fraction FS and the large fraction FL can be obtained
by a thickness of the connected porous zone of about 0.6 pm. The
second main parameter of the final expansions of the mortars in the
model is the molar volume of ASR gels. The molar volume determined
by curve fitting for this experiment, 18.2.10~% m?/mol, is in good
agreement with the experimental values obtained on synthetic gels. In
[42], the molar volume of synthetic gels similar to natural ASR gels in
solution was measured to be between 17.35.10  and 23.65.10  m?/
mol depending on the composition of the gels. The two last
parameters have large effects on the kinetics and on the expansion
of mortar with low alkali content. Good representation of the
expansion curves was obtained with the values given in Table 2.

The threshold of alkali above which the ASR-expansion occurred
was assessed by curve fitting. With this threshold and all the
parameters given in Table 2, for a mortar with a mean porosity of
18%, ASR expansion occurs for alkali content higher than 4 kg of alkali
/m?> of concrete. This is in good agreement with the usual values given
by the literature (3 and 5 kg/m?) [23-26].

5.3.2. Prediction of other expansions

Once the curve fitting had been performed, all the other expansions
were calculated without any additional fitting (Fig. 9). For the low
alkali content, the kinetics appears to be overestimated but the final
expansions are well predicted. For the high alkali content, the mortars
Msso — 150 and Msgs — 117 are quite well-estimated but the prediction
of the mortar Mgsg_ 1100 iS not good. The differences between the
calculations and the measurements of the mortar Msso _ 150 can be
explained by the sensitivity of the model to the porosity of the cement
paste. If the same porosity is taken for the mortar Msygo — 10 used in the
curve fitting and for the mortar Msso 150, the prediction is perfect
for the two mortars. A variation of 1.5% of porosity (it is the dif-
ference between the two mortars of the high alkali content Mssg — 150
and Ms00—10) gives a variation of about 0.03% in the calculated ex-
pansions. The scatter (the porosity of Msg_ 100 lies between 19.5%
and 20.7%) and the high value of porosity (about 20% for Msp _ 1100,
Ms17 — 183 and Mssg 150 with the high alkali content) can be re-
sponsible for the difficulties experienced in obtaining better agree-
ment for the two mortars Msp — 100 and Msso — 150. The delay observed
for the mortar Msygo — 1o can be partly explained by the discretization
of the particle sizes: in the present study only one average size was
used for each aggregate size range (S, M or L). A better description of
the size distribution of the finest particles could improve the modeling
results.

5.3.3. Interest and limitations of the model

The model presented here is mainly based on a previous model
developed by Poyet et al. [18]. Several improvements can be noted. In
this new model, some considerations have been modified:

- Due to the large difference in the diffusion coefficients of the
aggregate and the cement paste, the concentration of alkali in the
paste has been considered as homogeneous and is represented by a
single variable (no more discretization of the paste around each
aggregate like in [18]). The calculated values remain reliable, but
the duration of calculation is largely reduced.

- Inorder to predict the difference of expansion, the mechanical part
of the model presents in [18] was partly based on a parameter
which depends on the size of the aggregates. Thus, it was not an
intrinsic parameter of the material. In the new model, all the
mechanical parameters are intrinsic, i.e. independent of the
aggregate size. The expansions of aggregate of different size can
be deduced without supplementary fitting.

- The definition of a threshold in alkali concentration allows the
expansions of mortars containing different alkali contents to be
calculated with a good accuracy. No previous models in the
literature were tested on this point.

Contrary to the previous model [18], the improved new model
presented in this paper allows the prediction of ASR expansions of
mortars containing particles of different sizes.

However, the present model still has some limitations. One of
the main difficulties in using the model presented above is the de-
termination of the reactive silica content in the aggregate. A method
was proposed in [38] for the siliceous limestone studied here, but
improvements are still required, particularly to be used for other types
of reactive aggregates.

Some papers have shown the replacement of the alkali by calcium
in the ASR gels [8-10]. This phenomenon has little effect on the
expansion obtained in the laboratory for short periods or for mortars
with high alkali content because it appears to occur after long period
of exposure. However, it can have important effects on the final
expansion in real structures because, once free again, alkali can attack
more reactive silica and new expansions are possible [6,7]. Therefore,
it will be the next improvement made to the model.

Moreover, the model was developed with several assumptions
(about the diffusion, the composition of the ASR gel, the mechanical
properties of mortar under long-term loading, etc.). Supplementary
investigations are needed before it can be applied to real structures. In
particular, the effect of temperature on all the physiochemical and
mechanical mechanisms needs to be analyzed (expansion measure-
ments of mortars kept at several temperatures are currently in
progress). This paper has shown the effect of the aggregate size on the
prediction of the concrete expansion. It should be taken into account
in the expert assessments of real structures already performed in [6,7].
Thus, it would be important to study the effects of the discretization of
the aggregate size distribution on the expansion predicted.

6. Conclusion

This paper presents an improved empirical microscopic model of ASR
expansions based on previous models. It proposes some improvements to
take the fixation of alkali into account and to calculate the ASR expansion
by means of a mechanical damage variable. The diffusion and the fixation
of the alkali are assessed with the mass balance equation. A threshold
alkali concentration, above which the formation of the gel starts, is
defined; the speed of alkali fixation is assumed to be proportional to the
difference between the alkali concentration in the aggregate and this
threshold. The mechanical modeling uses a damage variable in order to
determine the ASR expansion due to the volume of gel produced by the
reaction and determined by the physicochemical part of the model. No
parameter of the mechanical model needs fitting. Previous experimental
research has been used to check the capability of the model. Four
parameters of the physicochemical modeling were determined by curve
fitting the expansion curves of four mortars of this experiment. These
model parameters have a physical meaning and have been found to be
close to previous measurements reported in the literature. The model can
reproduce the decrease of expansion with the size of the aggregate, and
the increase of expansion with the alkali content. The model is also able to
predict the expansions of six other mortars containing two sizes of
aggregate and cast with two alkali contents. These calculations have
shown the sensitivity of the model to the mortar porosity. Finally, the
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academic interest of the model lies in the fact that the significance of every
assumed mechanism is explained and quantified.

Real structures containing large reactive aggregate (size about
100 mm) are currently being analyzed in the LMDC by using the same
assumptions as in this model. In this approach, the largest aggregates
are crushed and used to make new mortars with high alkali contents
in order to quantify the reactive silica remaining in affected concrete
aggregate as rapidly as possible [7]. Kinetics parameters are assessed
on these mortars and the model is used to predict the expansion of
larger aggregates with different alkali contents. Thus, the model could
be used to predict the slow expansion of concrete in structures from
the fast expansion of mortar observed in the laboratory.

Notation

a sub or superscript relative to the size fraction of the reactive
aggregate

Cage volume fraction of all the aggregate per m> of concrete

Cna concentration of alkali

Cia alkali concentration in the cement paste

z subscript relative to the cracked zone surrounding the
reactive aggregate

D coefficient of diffusion of alkalis into the aggregate

d damaged variable

£ strain matrix for each material

& expansion induced by ASR in the aggregate a

EASR total expansion of the concrete

Eimp1 imposed strain applied to the aggregate

Eimp2 imposed strain applied to the cracked zone

E Young's modulus

Eq4 damaged Young's modulus

o volume fraction of reactive aggregates with mean radius R,

f coefficient of fixation of alkali

fi tensile strength of the mortar

1 unit matrix

Mnazo  mass of equivalent alkali per m® of concrete

M%%s  molar mass of equivalent alkali (equal to 0.062 kg/mol)

v Poisson's coefficient of the medium

N, number of reactive aggregate a in the final REV

Nag, alkali threshold above which the attack of reactive silica
starts

ng number of moles of ASR-gel produced by the aggregate a

Pagg porosity of the aggregate

Pep porosity of the cement paste

Prmort porosity of the mortar

R, mean radius of the reactive aggregate of size fraction a

RRev REV radius corresponding to the aggregate size fraction a

(0] stress matrix for each material

S(Cng)  depletion term which represents the alkali consumption

Ne subscript relative to the concrete surrounding the reactive
aggregate

Sr saturation degree

te thickness of the connected porous volume filled by the gel

u displacement

Vg total volume of ASR gel produced

V'g‘"é‘fl molar volume of the gel

Vpo volume of porosity filled by the gel

X+ equal to X if X>0 or equal to 0 if X<0.
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