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Abstract: A chemo-damage model is proposed to predict the expansion caused by the alkali silica
reaction (ASR). The model covers the formation of the pre-expansion gel driven by alkali and the
swelling of the gel driven by water. The swelling capacity of the ASR gel is quantified by the sodium
to calcium ratio in the pore solution. The bound alkali in the gel recycled by calcium is also considered
in this model. Both external alkali supply and internal alkali released from aggregates are included.
Several sets of experimental data are compared with the simulation results for the verification of
the model.
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1. Introduction

Alkali-silica reaction (ASR) is a gradual and deleterious reaction between the reactive silica in
concrete aggregates and the alkaline pore solution of concrete. The reaction starts from the progressive
attack of siloxane networks in aggregates by hydroxide ions. The dissolved silica binds with alkali
ions to generate alkali silicate, called the pre-expansion gel (basic ASR gel) with a significant sorptivity.
In the presence of moisture, the basic ASR gel swells significantly by absorbing water. The expansive
pressure caused by the swelling gel will be loaded on the solid skeleton of concrete. This leads to
damage in concrete and expansion [1,2].

Numerous models were developed for the simulation of ASR damage as summarized in
References [3,4]. Those include theoretical approaches emphasized on the reaction mechanism [5,6],
mesoscale models to explain the mechanism of deterioration [7–10] and macroscale models to combine
the chemical reaction kinetics and mechanical constitutive laws to predict the behavior of ASR-affected
concrete at structural scale [11–15].

Bažant and Steffens [5] proposed a reaction kinetics of ASR governed by a Stefan type diffusion
of alkali-rich water into reactive aggregates. They were able to explain the size effect of ASR damage
depending on the size of reactive aggregates. The imbibition of alkali-rich water was considered as the
driving force of gel swelling [16–18]. The overall ASR process was modeled by using the mass balance
of moisture. The role of alkali was rather simplified in those models [5,17,18].

The role of alkali was well discussed by Multon et al.’s model [19,20]. Alkali transport and
consumption were modeled in a multi-scale approach. The formation of the gel by the ASR reaction
was driven by the alkali concentration in the pore solution. They were able to capture the effect of the
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decreased alkali in the pore solution, which was caused by alkali binding in the gel and alkali leaching
out of specimens.

Both alkali and moisture play crucial roles during the reaction process. Alkali reacts with reactive
silica to produce the basic form of gel which is believed to be non-expansive without water imbibition
to the gel [5,18]. Once moisture is imbibed to the gel, the gel swells to produce pressure to the
surrounding solid skeleton causing expansion and damage. During the ASR reaction, the consumption
and transportation of alkali and moisture take in place simultaneously. The variations in alkali and
water content may lead to different behaviors of ASR.

Moreover, the above mentioned models are suitable to only the situation that alkali ions are
charge-balanced by hydroxide ions. For the alkali ions charge-balanced by other anions, for instance,
chloride ions from NaCl. It would not form the basic gel because the pH is too low to break the
siloxane network. However, if the chloride ions supplied by sodium chloride get bound in Friedel salt,
hydroxyl ions released to keep charge-balance result in high pH [21].

An experimental study was carried out [22] to investigate the effect of sodium chloride on ASR.
When specimens were immersed in high pH solution, i.e., NaOH, the expansion caused by ASR was
increased dramatically by extra NaCl. The chemical composition analysis of ASR products showed
that the extra NaCl increased the Na/Si ratio of ASR gel. According to References [23,24], such a
kind of gel with a high Na/Si ratio has a high expansibility, causing high expansion. Therefore, alkali
charge-balanced by hydroxyl ions and other anions should be considered separately.

Although the basic gel is formed by the alkali charge-balanced by hydroxyl ions, the expansibility
of the gel is influenced by the total amount of sodium in the pore solution, i.e., the alkali
charge-balanced by other anions, i.e., chloride ions as mentioned above. In this paper, ‘alkali’ refers to
only the part of alkali charge-balanced by hydroxyl ions as the default definition.

Portland cement is the main source of alkali. Some aggregates may also release significant amounts
of alkalis, such as volcanic glass, unwashed marine sand, alterated feldspars, micas, clay minerals
and zeolites, and soda-lime glasses [25–27]. This could explain why many concrete structures are
damaged by ASR, despite having been built with low-alkali cements [28,29]. It was reported that
the ASR expansion in 14 days in 80 ◦C increased from 0.83% to 1.04% due to the alkali released from
aggregates with a cement containing only 1.0% Na2Oe. The increase in 360 days in 20 ◦C was about
35.7% (from 0.95% to 1.29%) [30]. Such an effect of alkali released from aggregates on ASR was not
considered in the above mentioned models either. As the reaction goes on, the calcium in the pore
solution penetrates into the gel layer producing more C-S-H gel resulting from the recycling of alkalis
in the basic gel by calcium, which is called alkali-recycling by calcium [1]. This also play a role of
alkali source. The formed C-S-H gel would play a barrier shells surround the particle. Microstructure
models are developed for the microstructure evolution and influence on the creep behavior of cement
paste [31,32].

The purpose of this paper is to develop a model to predict the expansion caused by ASR.
The formation of the basic gel and its swelling are considered separately in this model. The formation
of the basic ASR gel is driven by alkali charge-balanced by hydroxide ions. The swelling of the gel is
driven by water imbibition. This two steps reaction sequence is more in line with the reaction sequence
for the formation of ASR products.

The alkali recycling effect by calcium is included in the model because it plays an important role
in the long term reaction. Both external alkalis (deicing salt, etc.) and internal alkalis (cement and
aggregates, etc.) are considered for the mass balance of alkali. The expansibility of the gel is modeled
as a function of sodium to calcium ratio in the pore solution. Swelling of the gel is calculated based on
the water imbibition process according to the expansibility. The pressure due to swelling is coupled
with a damage model to calculate the expansion and damage caused by the alkali-silica reaction.
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2. Mathematical Model for the Chemical Reaction of ASR

2.1. Reaction Sequence

The following reaction sequence for the formation of ASR products is considered in our model.
The reaction initiates from the dissolution of silica in an alkaline environment, in which the (≡ Si−O−)
bonds are attacked progressively by hydroxyl ions. The released silica is consumed very quickly by
calcium in the nearby pore solution to form a C-S-H layer as shown in Figure 1a. This leads to the
local depletion of calcium [1,33,34]. Then, the released silica will bind Na+(or K+) to form alkali
silicates, which is called the basic ASR gel in this paper; see Figure 1b. Note that the imbibition of
water is not considered yet in this basic gel. As the calcium in the pore solution penetrates into the gel
layer, some of alkalis in the basic gel will be replaced by calcium to form C-S-H gel, which is called
alkali-recycling by calcium [1]; see Figure 1b. Two reaction fronts are considered in our model; the ASR
reaction front, zr, and the alkali recycling front, zc, respectively.

(a) At t=t0

csh
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zr0
zc0

(b) At t>t0
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Figure 1. Reaction front of alkali silica reaction (ASR) and alkali-recycling front in a representative
reactive aggregate.

The gel is so hygroscopic that it imbibes nearby water to generate hydrated alkali silicate gel.
This is the swelling of ASR gel. The expansive pressure induced by the swelling gel causes the
deterioration of concrete. The water imbibition ability (or swelling capacity) of the basic gel is
influenced by the chemical composition of the gel, for example, the concentration of calcium ions in
the gel [23,24]. This dependence on calcium in the pore solution is considered in this model.

2.2. Formation of the Basic Gel

In the model proposed in Reference [5], the advance of the reaction front of ASR in a reactive
aggregate was driven by water diffusion. A part of the reacted aggregate was modeled as the
ASR gel [17,18]. This would result in the same volume of reacted aggregate regardless of the
alkalinity. This means that the reactive aggregate may fully react without producing the ASR gel in
an asymptotically extreme case, such as a very low alkaline environment. In this case, even if high
alkaline environment is supplied later, no more reactive aggregate is left. In addition, alkali release
from aggregates is not considered.

However, the dissolution rate of silica in reactive aggregates depends on the alkalinity of the
solution [35]. The advance of the reaction front in the reactive aggregate would be better described by
means of the alkali content in the pore solution, rather than the water [6,36]. It is better to consider the
transport of alkali explicitly because alkali concentration may be influenced by internal alkali release
from reactive aggregates, and external alkali supplies, too.

With a given reactive aggregate, the reaction between alkali and silica in the reactive aggregate is
governed by the diffusion of alkali from the pore solution. To simplify the calculation of the advance of
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the reaction front, a steady state diffusion process of the alkali is assumed as in the literature [5,17,18].
Then the concentration of free alkali in the corresponding reacted layer, Cr f is given as

Cr f = C f
1− zr/x
1− zr/R

(zr ≤ x ≤ R), (1)

where C f is the concentration of free alkali in the pore solution (mol/m3 of pore solution), R is the radius
of the reactive aggregate, and zr is the reaction front of ASR with initial value zr0. The distribution of
free alkali is shown in Figure 2a schematically.

By assuming the alkali released at the reaction front will be consumed instantly in situ, the mass
balance of alkali at the reaction front will be given as

(βasρ̄s − 2ρ̄a)dzr = −Da f
∂Cr f

∂x
dt, (2)

where βas = 0.5 is the alkali-to-silica stoichiometric mass conversion ratio, ρ̄s = ρs/ms with the mass
density of reactive SiO2 inside the aggregate ρs, and the molar weight of SiO2 ms = 60.08 g/mol.
ρ̄a = ρa/ma with the mass of releasable alkali per volume of aggregate ρa, mainly Na2Oe, and the
molar weight of Na2O ma = 62 g/mol, Da f is the diffusivity of alkali into the aggregate which depends
on temperature and humidity as given in Appendix A. Note that the reactive silica is only a part of the
total silica content and depends on the type of aggregates. The consumption of the reactive silica is
shown in Figure 2b at different times schematically.

The movement speed of ASR reaction front can be determined by substituting Cr f , the free alkali
Equation (1) into Equation (2)

żr = −
Da f C f

zr(1− zr/R)(βasρ̄s − 2ρ̄a)
. (3)

The growth of the basic ASR gel is shown in Figure 2c.
The thickness of the C-S-H layer formed instantaneously by the reaction of the dissolved silica

and calcium was determined as δcsh = 1.05 µm following the method proposed by Reference [37].
This layer is not considered to imbibe water. The more the calcium is penetrated into the gel layer from
the pore solution, the more the basic gel will be converted into C-S-H [1,33].

Similar to the movement of the ASR front, the alkali-recycling front can be determined by means
of another Stefan condition, i.e.,

Ccc = CCa
1− zc/x
1− zc/R

(zc ≤ x ≤ R), (4)

βcaβasρ̄sdzc = −DCa
∂Ccc

∂x
dt, (5)

żc = − DCaCCa
zc(1− zc/R)(βcaβasρ̄s)

, (6)

where Ccc is the concentration of calcium in the corresponding converted layer, CCa is the concentration
of calcium in the pore solution (mol/m3 of pore solution) as given in Appendix B, R is the radius of the
reactive aggregate, zc is the convert front, βca is the calcium-to-alkali stoichiometric mass conversion
ratio, ρ̄s = ρs/ms with the mass density of reactive SiO2 inside the aggregate ρs, and the molar weight
of SiO2 ms = 60.08g/mol. DCa is the diffusivity of calcium into the aggregate which depends on
temperature and humidity as given in Appendix A. The distribution of the free calcium is shown in
Figure 2d. The growth of C-S-H gel by the alkali-recycling effect is shown in Figure 2e. The ASR gel
and the C-S-H gel at time t is shown in Figure 2f.
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Figure 2. Schematic description of the progress of phases distribution; (a) free alkali, (b) reactive silica,
(c) basic ASR gel (or ASR reaction front), (d) free calcium, (e) C-S-H gel by alkali-recycling, and (f)
distribution of different phases at time t.

Two different sources of alkalis are considered for the alkali bound in the gel layer; one is the alkali
released from aggregates and the other the alkali supplied from the pore solution. Here, we assume
both of them will be recycled by calcium.

The total volume and mass of the basic gel before the imbibition of water in an aggregate can be
determined by the volume of the aggregate that has reacted.

Vbg =
4π

3

[
(zc)

3 − (zr)
3
]

, (7)

mbg = Vbgρs
mg

ms
, (8)

where Vbg is the total volume of the basic gel before the imbibition of the water in an aggregate. mbg is
the total mass of the basic gel before the imbibition of the water in an aggregate.

2.3. Swelling of the Basic Gel

Swelling of the basic gel by water imbibition may be given by References [5,18].

∂wi
∂t

=
Ai
τi

, (9)

Ai = kimbg − wi, (10)

τi =
δ2

w
Dwi

, (11)

where Ai is the thermodynamic affinity of the water imbibition, which is the imbalance between
the imbibed water at a thermodynamic equilibrium and the current imbibed water; ki = 0.22 is
an empirical constant for water imbibition at the thermodynamic equilibrium; τi is the characteristic
time of the water imbibition; δw = R− zr is the distance to reach the gel in the water transport process
which increases with the advance of the reaction front; and Dwi is the diffusivity of water for the
micro-diffusion near the aggregate, which is a nonlinear function of temperature and the relative
humidity that is given in Appendix A.
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kimbg in Equation (10) represents the maximum amount of water imbibition by the basic gel.
The maximum water imbibition must depend on the expansibility of the gel. This is strongly influenced
by the chemical composition of the gel, specifically, the ratio of Na(K)/Si and Ca/Si, etc., in the
gel [23,24]. As the concentration of Ca increases and that of Na(K) decreases, the gel will behave more
like C-S-H gel [38]. In such a condition, the expansibility of the ASR product is low, or negligible.
Therefore, the thermodynamic affinity of Equation (10) is corrected by the expansibility of the gel as
given by

Ai = fackimbg − wi, (12)

where fac is the expansibility of the gel depending on its chemical composition.
Because of the complicated nature of the alkali silica reaction, it is difficult to capture the exact

composition of the gel at different positions even with numerical simulations. We adopt Multon and
Sellier’s [20] proposal to estimate the expansibility of the gel, which is proportional the ratio of sodium
to calcium in the pore solution. The expansibility of the gel is given by

fac =
〈ρ− ρT〉+

ρ0 − ρT
, (13)

where ρ = [Na+]/[Ca2+] is the ratio of sodium to calcium in the pore solution, ρT is the threshold value
for the expansibility which depends on temperature. By referring to the experiment data [39], ρT may
be given by ρT = ρTre f exp[U

R (
1

Tre f
− 1

T )], with ρTre f = 198.62, Tre f = 293.15 K, and U = −7.8 kJ/mol.

< X >+ is equal to X if X > 0 or equal to 0 if X ≤ 0. ρ0 is the ratio of sodium to calcium when the
silica is most reactive, i.e., when the alkali charge-balanced by hydroxide ions is 1 mol/L as reported
in Reference [35]. It is calculated based on the calcium concentration, which is temperature dependent,
as given in Appendix B.

We consider sodium as alkali in this model. To calculate the ratio of sodium to calcium, both alkalis
charge-balanced by hydroxide ions and charge-balanced by other anions, such as chloride ions,
are considered. To simplify the calculation, the relative proportion of the alkali contents in the pore
solution charge-balanced by different anions were assumed to keep the same proportion during the
diffusion of alkalis because of the similarity of diffusion coefficients of the anions that charge-balanced
with the alkalis [40,41]. Another reason of the simplification is the complexities for describing the
multi-species ionic diffusion in the pore solution of concrete correctly [41,42], which is too complicated
within the frame of this work.

3. Mass Transport at Macro-Scale

3.1. Transport of Alkali

Alkalis in the reactive aggregates are released gradually as the silica dissolves [1,43]. While the
exact mechanism of the alkali release is not completely understood yet, it is believed that the release
process mainly depends on the ion exchange reaction between sodium from siliceous aggregate and
calcium from the pore solution [1,30]. The released amount is related to the volume of the reaction
layer of the aggregate. Since the ASR reaction is much slower than hydration, it is assumed that all the
alkalis in cement was released into the pore solution, for a simplification.

The total concentration of alkali per volume of concrete includes the free alkali in the pore solution,
the alkali in the reactive aggregates, and the alkali bound in the ASR gel, i.e.,

Ct = φwe C f + Cag + Cb, (14)

where Ct is the total alkali content in a unit volume of concrete (mol/m3 of concrete), φwe is the volume
fraction of evaporable pore water (m3 solution/ m3 concrete), C f is the free alkali content in the pore



Appl. Sci. 2020, 10, 3807 7 of 18

solution (mol/m3 of pore solution), Cag is the alkali content in the aggregate which will decrease
due to its release (mol/m3 of concrete), and Cb is the alkali content bound in the ASR gel (mol/m3

of concrete). The relation between φwe and humidity (h) could be obtained according to the model
developed by Brunauer, Skalny, and Bodor (BSB model) [44], given in Appendix A.

The alkali content in the aggregate, Cag, will decrease due to release caused by dissolution.
The alkali content bound in the ASR gel, Cb, will increase due to the gel formation and decrease due
to calcium recycling. It depends on the reaction front of ASR and alkali-recycling front as given in
Equations (3) and (6). They are expressed as

Cag = Na
4
3

πz3
r 2ρ̄a, (15)

Cb = Na
4
3

π(z3
c − z3

r )ρ̄sβas, (16)

where Na is the number of reactive aggregates per volume of concrete (1/m3 of concrete), which is
calculated by dividing the total mass of the aggregates by the mass of the representative aggregate,
ρ̄a = ρa/ma, ρ̄s = ρs/ms, and βas = 0.5 is the alkali-to-silica stoichiometric mass conversion ratio.

The momentary rate of the total alkali content can be calculated as

∂Ct

∂t
=

∂φwe C f

∂t
+ Ċag + Ċb. (17)

The alkali mass balance governing equation is given by

∂Ct

∂t
= ∇ · (D f∇C f ), (18)

where D f is the diffusion coefficient of free alkali, which is a nonlinear function of temperature and
relative humidity, as given in Appendix A.

By combining Equations (17) and (18), the alkali mass balance governing equation can be obtained
and simplified as

∂φwe C f

∂t
−∇ · (D f∇C f ) = Iagg − Igel, (19)

Iagg = −Ċag = −8πρ̄aNaz2
r żr, (20)

Igel = Ċb = 4πβasρ̄sNaz2
c żc − 4πβasρ̄sNaz2

r żr, (21)

where Iagg being the term representing the alkali released from aggregate, and Igel being the sink term
reflecting alkali fixed in the gel. The first term of Igel means the alkali recycling rate by calcium and the
second means the binding rate due to formation of the new basic gel.

3.2. Transport of Heat and Moisture

The moisture mass balance governing equation is given by

∂φwe

∂h
∂h
∂t
−∇ · (Dm∇h) = −(ẇbg + ẇI), (22)

where Dm is the moisture diffusion coefficient, which is a nonlinear function of temperature and the
relative humidity that is given in Appendix A, wbg is the amount of water consumed by the basic ASR
gel, and wI is the amount of water imbibition. They are given by

ẇbg = 4π(βws
ρs

ms
)Naz2

r żrVH2O, (23)

ẇI = ẇi/ρwNa, (24)
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where Na is the number of reactive aggregates per unit volume of concrete (1/m3 of concrete), and wi
is the amount of water imbibition by the ASR gel in one aggregate (kg).

Without considering any internal sink or internal source term of heat, the heat transfer equation is
given by

ρccq
∂T
∂t
− λ∇ · (∇T) = 0 (25)

where T is the temperature (K), ρc is the concrete mass density (kg/m3), and cq is the specific heat
of concrete, ranging from 840 to 1170 J/(kg ·K) [45], with an average value of 1100 J/(kg ·K) taken
in this paper. λ is the thermal conductivity of concrete, which is slightly dependent on temperature,
moisture, and aging; an average value of 1.74 W/(m ·K) is taken in this paper.

4. ASR-Induced Volume Expansion

4.1. Expansion Pressure Caused by ASR

The swelling ASR gel due to water imbibition will first be accommodated by easily accessible
pores around the aggregate without producing pressure [16]. Once the easily accessible pores are filled,
further water imbibition will produce pressure. The infiltration of ASR gel will then take in place as
a consequence [18]. The volume fraction of the space available to the ASR gel due to the infiltration of
the gel can be calculated as

dvi f t

dt
= D′g(1 + β < εv − ε′0 >2)

p
vi f t

, (26)

where D′g = (Nani f tai f t)
2Dg, is the equivalent permeability for the volume infiltration; p is the pressure;

ni f t the number of infiltration paths in the representative volume that can be assumed nevertheless;
ai f t is the average cross section area of one infiltration path, and here the infiltration path is taken
as capillary pores with diameter of 10 µm [46]; and Dg is the permeability for the gel movement
depending on temperature given in Appendix A. εv is the volumetric strain, ε′0 represents an empirical
finite threshold, taken here as 0.01%, and exceeding this threshold will increase the permeability.

The total space fraction available for the ASR gel in one representative volume of concrete is
given by

vts = vbg + vitz + v0 + vi f t + vde f , (27)

where vbg is the volume fraction of the basic gel (m3/m3 of concrete), vbg = NaVbg, vitz is the volume
fraction of the interface transition zone (ITZ), and the thickness of ITZ is considered to be constant and
independent of the aggregate size [16,20]. v0 is the pore volume fraction surrounding the aggregate
without producing any pressure (m3/m3 of concrete), taken here as 1.0E-5; vi f t is the volume fraction
of the space available to the ASR gel by the infiltration (m3/m3 of concrete); and vde f is the volume
fraction produced by mechanical deformation. We set vde f equal to the volumetric strain of concrete.

The volumetric strain of the ASR gel can be measured as

ε
gel
V =

< vgel − vts >+

vts
, (28)

where vgel is the total volume fraction of gel after imbibition (m3/m3 of concrete), vgel = vbg + vw,
and vw = wI/ρw. < X >+ is equal to X if X > 0 or equal to 0 if X ≤ 0.
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Then, the volumetric stress of the gel is given as

σ
gel
V = Kε

gel
V , (29)

p = −σ
gel
V , (30)

where K is the bulk modulus of the ASR gel, which ranges between about 1.64 to 2.87 GPa for different
alkali solutions, with an assumed Poisson ratio of 0.2 [47]. K can be even higher than 10 GPa for a gel
containing high concentration of calcium [48]. In the present paper, it is set equal to that of water [18].

4.2. Damage of Concrete

In order to determine the ASR-induced free expansion in a simple way, a scalar isotropic damage
model is used in the present paper at macro scale. The main advantage of using a scalar damage model
is its simplicity when compared to more advanced models, including plasticity and anisotropy, etc.
Mazars equivalent strain Reference [49] is adopted

εeq =
√
〈ε〉 : 〈ε〉. (31)

For the standard isotropic damage model, the damage growth is governed by the damage
loading function

f = εeq − κ ≤ 0, (32)

f ≤ 0, κ̇ ≥ 0, κ̇ f = 0, (33)

where κ is the internal variable of the damage growth which is the maximum value of εeq in the load
history, and εeq is the equivalent strain. The exponential damage evolution law on the form [50]

d = 1− ε0

κ
exp

(
−κ − ε0

ε f

)
, κ ≥ ε0, (34)

where ε0 = ft/E and ε f = ε0/2 + G f /( fth f ), with the tensile strength ft, E is Young’s modulus, and G f
is fracture energy. Here, the crack band approach is adopted to keep mesh objectivity of the solution
with the characteristic length h f .

By applying the ASR-induced expansive pressure, the constitute law can be written as:

σij = (1− d)Cijklεkl − (αp)δij, (35)

with εkl being the strain components, Cijkl being the initial elastic modulus of the material, and p
being the ASR-induced expansive pressure. α being the Biot coefficient approximately equal to the
porosity. However, the adsorbed water will behave like a load-bearing solid since the nanopores only
a few atoms wide. Therefore, instead of Biot coefficient, the effective porosity φ is used, since it would
be incorrect to use the same Biot coefficient as for saturated situation [18]. Furthermore, φ = Cφvp

being the effective porosity which is defined as the area fraction of gel in a plane cross section of
the material, with vp the pressurized volume fraction which is the total volume of gel, Vts, and the
empirical parameter, Cφ, representing the geometrical features of the infiltration paths [18].

In summary, the developed model from chemical to mechanical are schematically described
in Figure 3.
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Figure 3. Schematic description of the proposed model.

5. Summary of Model Parameters and Sensitivity Analysis

The reference input parameters are summarized in Table 1. In order to minimize the number
of model parameters, a sensitivity analysis was carried out. The one-way sensitivity analysis was
adopted for the simplicity. The verification example at Section 6.1 is for the effect of temperature on
ASR expansion. It has all the key features of the developed model, such as formation of basic gel
driven by alkali ions, swelling of basic gel driven by water imbibition, infiltration of gel, etc. All the
model parameters play a role in this example. Therefore it is suitable for sensitivity analysis. By taking
the expansion at 38 ◦C as a reference, the influence of each parameter was investigated as shown
in Figure 4. Each parameter was changed by 10%.

Table 1. Summary of the reference input parameters for the sensitivity analysis.

Parameter Value Parameter Value

w/c * 0.47 ki 0.22
a/c * 2.25 Cφ 2
Dre f

f 1.0 × 10−11 m2/s ε′0 0.0001

Dre f
m 3.0 × 10−10 m2/s β 4.5 × 106

Dre f
a f 8.3 × 10−16 m2/s v0 0.00001

Dre f
wi 2.0 × 10−16 m2/s K 2.15 × 109 Pa

Dre f
g 1.1 × 10−21 m2/Pa/s cq 1000 J/kg/K

Dre f
ca 1.0 × 10−16 m2/s λ 1.74 W/m/K

βas 0.5 E 2.5 × 109 Pa
βca 0.5 υ 0.2
ai f t 25π µm2 ft 2.0 × 106 Pa
ni f t 1 Gt 120 J/m2

* Determined from the mix proportion before simulation.



Appl. Sci. 2020, 10, 3807 11 of 18

-10 -5 0 5 10

D_m^ref
V_0

E
epson_0^'

C_q
lambda

D_ca^ref
beita_c/a

K
possion
D_f^ref

G_t
f_t

beita
D_g^ref

D_wi^ref
C_fai
n_ift
a_ift

D_af^ref
beita_a/s

k_i

Using the increased
parameters
Using the decreased
parameters

Percentage change in the expansion (%) Parameter

ј і
۽ ю Ѡ
ѫ ҂
ғ

ю і ѓ ѡ
ћ і ѓ ѡ
ж

ѫ Ҙ Ҋ
ғ

ѫ
ғ

۽

ѓ ѡ
к ѡ

з ѓ
џ ђ ѓ

ν

۽ ѐ ю

ѐ ю
џ ђ ѓ

ϼ

ѐ ў
܀ 0
2

и

щ 0
з њ
џ ђ ѓ

G
ro

up
 A

G
ro

up
 B

-0.1 0 0.1

1

2

3

4

5

6

7

8

Figure 4. Sensitivity of parameters on the ASR expansion.

According to the sensitivity analysis, the parameters can be grouped into two sets as shown in
Figure 4. Because the influence of group A is marginal, parameters belonging to group A may be
fixed for any of furthers simulations. Group B are significant parameters. Among them, ki, βas, ai f t,
and ni f t can be determined independently from the mix proportion and the chemical information in
advance before analysis. Cφ and β can be determined separately, too, by referring to the literature

information [51]. Therefore, there are only three parameters, i.e., Dre f
a f , Dre f

wi , and Dre f
g , to be calibrated

in the following verification examples.

6. Verification Examples

6.1. Effect of Temperature on ASR

The effect of temperature on ASR was investigated experimentally by Desai [52]. In the
experiment, specimens with size 25 mm × 25 mm × 285 mm were casted with fused silica as the
reactive aggregate. The incorporated aggregate size was 0.15–4.75 mm as for standard ASTM C-1260.
The specimens were immersed in 1N NaOH solution with temperatures of 38 ◦C and 80 ◦C. The results
showed that the expansion was higher with increased temperature, as shown in Figure 5.

Model
Model

Days

Figure 5. Comparison between measured [52] and simulated ASR expansions, effect of temperature.

In the model, two size groups of aggregates were incorporated for simplification, diameter with
0.4 and 2.2 mm, respectively. Thanks to the symmetry, only one 1/8 of specimen had to be simulated,
as shown in Figure 5 on the left. Linear brick elements were used both for diffusion and mechanics.
The size of the elements is chosen as 2.5 mm, which was close to the size of the maximum aggregates.
The parameters were calibrated based on the expansion curve at 38 ◦C and are listed in Table 2. Then,
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the case of 80 ◦C was simulated with the same set parameters, the results of which were shown
in Figure 5. As shown in the figure, the effect of temperature on expansion was well captured by
the model.

Table 2. Parameters used for the numerical simulations in this study.

Set Shim [22] Desai [52] Ramyar [53] Ben Haha [54]

w/c * 0.47 0.47 0.47 0.51
a/c * 2.25 2.25 2.25 3.0

Dref
af (m2/s) 3.7 × 10−16 8.3 × 10−16 3.7 × 10−16 5.2 × 10−16

Dre f
wi (m2/s) 4.0 × 10−16 2.0 × 10−16 2.0 × 10−16 4.0 × 10−16

Dre f
g (m2/Pa/s) 2.9 × 10−21 1.1 × 10−21 2.9 × 10−21 2.9 × 10−21

* Determined from the mix proportion before simulation.

6.2. Effect of External Alkali on ASR

An experiment to investigate the characteristic of ASR in different alkali exposure environments
was carried out recently [22]. Two size groups of waste glass were incorporated as the reactive
aggregates in the specimens, group 1.18–2.36 mm and 2.36–4.75 mm, respectively. The specimens were
immersed in three kinds of solution, 1N NaOH solution, 0.5N NaOH solution, and 0.5N NaOH+0.5N
NaCl solution at 80 ◦C. As shown in Figure 6, the expansion caused by ASR increases with the NaOH
concentration of the solution. The expansion was increased significantly due to the addition of NaCl in
the NaOH solution.

Numerical simulations were carried out with the developed model to capture the experimental
results. The two size groups of aggregate were equivalently simplified in the model, diameter with
1.77 mm for group 1.18–2.36 mm and 3.56 mm for group 2.36–4.75 mm, respectively. Only 1/8 of
specimen had to be modeled, as shown in Figure 6 on the left. The parameters used in the numerical
model were calibrated based on the highest expansion curve at 1N NaOH, and are given in Table 2.
Then, the other alkali contents were simulated with the same parameters, and the results are shown in
Figure 6, along with the experimental expansion data.

Model
Model

Model

Days

Figure 6. Comparison between measured [22] and simulated ASR expansions, effect of different
alkali contents.

The results indicate that the model can capture the influence of different alkali contents on
expansion, except for a small gap in the early period. The expansion increased by NaCl with changes
in the swelling capacity of gel was predicted very well. However, it may be noted that we ignored the
change of hydroxide ions due to the formation of Friedel’s salt, etc.

6.3. Effect of Aggregate Size on ASR

Ramyar et al. [53] carried out an experiment according to ASTM C-1260 to investigate the effect of
aggregate size on ASR. The experiment results are shown in Figure 7. It can be seen that the expansions
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caused by the largest and smallest aggregate groups (0.125–0.25 mm and 2.0–4.0 mm, respectively)
are close to each other and lower than that of the other three groups. The expansion caused by group
0.25–0.5 mm was the highest. The overall trend is that the expansion caused by ASR increased first
as the aggregate size decreased. It then showed the opposite trend as the size became smaller than
0.25–0.5 mm.

,
:,

,
,
,

:

:

:

:

Model

Model

Model

Model

Model

Days

Figure 7. Comparison between measured [53] and simulated ASR expansions, fine aggregate.

The parameters used in the numerical model were calibrated using the largest size aggregate
group, as given in Table 2. Then, the other size groups were simulated with the same set of parameters.
One eighth of the specimen was modeled as shown in Figure 7 on the left. As shown in Figure 7,
the pessimum effect of the aggregate size was well reproduced by the model with a single set of
parameters. As the aggregate size decreases, the expansion increases first following the decreases,
and the maximum expansion occurs in the size group of 0.25–0.5 mm.

The smaller the aggregate is, the more the number of aggregate is in the unit volume of specimen
for the specimen contains same amount of reactive aggregate. On the one hand, this means more pores
that accommodate the gel without expansion is available in the unit volume of specimen. This includes
the volume of ITZ pores and the volume of the space available by the infiltration of gel, etc. As a result,
the smaller the aggregate is, the smaller the expansion is caused by ASR. On the other hand, the more
the number of smaller aggregate in the unit volume of specimen, the more ASR gel will be produced
due to the higher specific surface area. As a result, the smaller the aggregate is, the bigger the expansion
is caused by ASR. These two competing aspects explained the pessimum effect of the aggregate size as
shown above.

6.4. Verification the Effect of Alkali Released from Aggregate on ASR

Instead of immersing the specimens in alkali solution, the alkali released from aggregate will play
an important role when the specimens were immersed in water, or when the experiment was carried
out in 100% humidity environment [30].

In the experiment carried out by Ben Haha [54], mortar bars (40 mm × 40 mm × 160 mm were
stored at three temperatures (20, 40, and 60 ◦C), along with a small amount of water in order to
maintain 100% humidity and limit alkali leaching. The reactive aggregate contains alkali was used to
prepare the specimens, with size groups of 0–3 mm.

In the model, two sizes of aggregates were incorporated for simplicity. Eight-five percent with
the size of 2 mm and 15% with the size of 0.75 mm, as suggested in Reference [51]. The results of
XRD showed that the principle phases of the aggregates were quartz and illite. Illite contains up
to 7.26 percent alkali (K2O), which will be released into the pore solution as the reaction proceeds.
The mass ratio of alkali in aggregate depends on their chemical composition. This could range from
0.01% for limestone to 14% for soda-lime glass aggregates. Since the exact amounts of illite and
alkali in the aggregates were unknown, we assume here that the alkali content in aggregate was 1.0%.
The parameters adopted in the model are listed in Table 2. One eighth of specimen was modeled with
linear brick elements, as shown in Figure 8 on the left.
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Model
Model
Model

Days

Figure 8. Comparison between measured [54] and simulated ASR expansions, mortar bars.

Good agreement can be seen in Figure 8, while, for the case of low temperature, there was some
discrepancy between the simulation results and the experimental results.

7. Conclusions

A model is proposed for the expansion and damage caused by ASR where the ASR reaction
and expansion are modeled separately. The ASR reaction is modeled by the diffusion of alkali.
The expansion is modeled by the water imbibition to the gel. The model can be calibrated by means
of only three parameters on the diffusion of alkali and water in the representative microstructure.
Other parameters can be determined from the mix proportion and the literature, independently.

Different sources of alkalis are considered in the model, including external alkali, internal alkali
released from aggregates, and alkali of the ASR gel recycled by calcium. The effect of alkali released
from aggregate on ASR is considered at both aggregate and concrete scale.

The volume of the expansive ASR gel is the consequence of the ASR reaction and the calcium
recycling. The ASR reaction increases the volume of the expansive gel, while the calcium recycling
decreases the volume of the gel. The expansibility of the ASR gel is calculated by the sodium to calcium
ratio in the pore solution and temperature.

To verify the developed model, the numerical results were compared with several sets of
experimental data. The influence of temperature, external alkali, and aggregate size effect are
well captured.

The developed model is more in line with the reaction sequence for the formation of ASR products.
However, the mechanics model used in the model is a simple damage model without considering
creep, plastic deformation, etc. A more sophisticated mechanics model is required, and this is our
ongoing research.
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Appendix A. Volume Fraction of Evaporable Pore Water and Diffusion Coefficients

The relation between volume fraction of evaporable pore water φwe and humidity h can be
estimated as:

φwe =
CkmVmh

(1− kmh)[1 + (C− 1)kmh]
, (A1)
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where C, km, and Vm are parameters. For te ≥ 5 days and 0.3 ≤ w/c ≤ 0.7, they can be
determined as [55]

C = exp(855/T), (A2)

km =
C(1− 1/nw)− 1

C− 1
, (A3)

nw = (2.5 + 15/te)(0.33 + 2.2w/c), (A4)

Vm = (0.068− 0.22/te)(0.85 + 0.45w/c), (A5)

where te is the age of concrete hydration in days. The unit of temperature is K.

Da f = Dre f
a f ,gel fT(Un, T) fh1, (A6)

D f = Dre f
f fT(Un, T) fh1, (A7)

DCa = Dre f
Ca fT(Uc, T) fh1, (A8)

Dwi = Dre f
wi fT(Uh, T) fh2, (A9)

Dm = Dre f
m fT(Uh, T) fh2, (A10)

Dg = Dre f
g fT(Ug, T), (A11)

with the reference values at reference temperature: Dre f
f ,gel , Dre f

f , Dre f
Ca , Dre f

wi , Dre f
m , and the influence of

temperature and humidity:

fT(U, T) = exp

[
U
R

(
1

Tre f
− 1

T

)]
, (A12)

fh1 =

[
1 +

(1− h)n

(1− h∗)n

]−1

, (A13)

fh2 = α0 +
1− α0

1 + [(1− h)/(1− h∗)]n
, (A14)

where Tre f = 296 K is the reference temperature, T is the current temperature, R is the universal gas
constant, and U = Un, Uc, Uh, and Ug are the activation energies of the alkali diffusion process, calcium
diffusion process, moisture diffusion process, and gel infiltration process, respectively. Un = 20 kJ/mol
for aggregate, 40 kJ/mol for cement paste [20], Uc = 44 kJ/mol, Uh = 42.5kJ/mol, Ug = 45kJ/mol [18],
and the value of α0 is between 0.025 and 0.1, representing the ratio of min Dm and max Dm. Here,
we take α0 = 0.05.

Appendix B. Concentration of Calcium in the Pore Solution

The molar concentration of calcium varies with concentrations of alkali (charge-balanced by
hydroxyl ions) and temperature. The relation of the concentration of calcium in different concentration
of alkali solution can be obtained based on the experimental data [56], as shown in Figure A1.

log(C̄Ca) = a exp(bC̄ f ) + c (A15)

where C̄Ca = CCa/(1 mol/L) is the dimensionless molar concentration of calcium ions, C̄ f =C f /(1 mol/L)
is the dimensionless molar concentration of alkali, a, b and c are temperature-dependent parameters,
a = −4.69× 10−4 T̄ + 1.88, b = −3.52× 10−4 T̄2 + 0.185T̄ − 27.73, and c = −3.13× 10−3 T̄ − 2.33,
with T̄ = T/(1 K), the dimensionless temperature.
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Figure A1. log(C̄Ca) calculated at different temperatures compare with experimental data [56].
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