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A B S T R A C T   

A 3D reactive transport model at microscale is proposed for simulating the chemical reaction process of alkali 
silica reaction (ASR) thermodynamically and kinetically including the dissolution of reactive silica, the nucle
ation and growth of ASR products and the dissolution of calcium hydroxide (CH) and calcium silicate hydrate (C- 
S-H) as a buffer of Ca2+ and OH− to ASR. The implementation methodologies are firstly explained. Sensitivity 
analyses are done to calibrate some important parameters. The model is then applied to investigate the influence 
of the silica microstructural disorder degree on ASR. The simulation results show that the model is able to 
simulate successfully two typical patterns of the expansion sites location depending on the silica reactivity (inside 
the aggregate or in the aggregate-cement paste zone) found in field concrete and laboratory samples. A possible 
mechanism is provided based on the quantitative data captured by the model. The model can be extended to a 
multiscale ASR model for physic-chemical simulation to bridge the gap between the fundamental chemical 
mechanisms and the physical response of concrete.   

1. Introduction 

Concrete structures have been prone to deterioration by expansive 
alkali silica reaction (ASR) that causes extensive cracking thus reducing 
the safety of the whole structure. After decades of studies on the 
fundamental chemical mechanisms, it is widely known now that ASR 
starts from the dissolution of the reactive silica in the aggregate under 
the attack of OH− and cations such as K+, Na+ that mainly come from the 
pore solution in the cement paste [1,2]. The dissolved silica further re
acts with the Ca2+, Na+ and K+ to form ASR products in the aggregate 
or/and in the cement paste. The resulting products include a high Ca/Si 
ratio gel and a low Ca/Si ratio gel [3]. It has reached to an agreement in 
literature that high Ca/Si ratio gel is less expansive than low Ca/Si gel 
[3–5]. Discoveries also show that high Ca/Si ratio gel usually locates 
near the aggregate-paste interface, while low Ca/Si ratio gel is likely 
found inside the aggregate relatively far from the aggregate-paste 
interface in some structures [6,7]. 

Based on at which level the ASR effect is implemented, the present 
ASR mechanical simulation models can be divided into two classes: 
models at concrete level and models at aggregate level. In the models at 
concrete level, the chemical reaction process is missing and the effect of 

ASR is modelled directly by imposing an expansion strain in concrete. 
The change of the strain with time is derived from phenomenological 
laws or from reaction kinetic laws based on thermodynamic principles 
[8–11]. At aggregate level, three types of models can be found as 
concluded in [12]. In the first type of models, the effect of ASR is 
implemented into the model as an internal pressure directly at aggregate 
level, which is calculated based on the expansion test results [13–17]. In 
the second type of models, the effect of ASR is implemented into the 
model as a mass/volume of expansive reaction products. The reaction 
kinetics are functions of the change in mass or volume of the expansive 
alkali-silica gel. Then, the mass or volume change is used to calculate the 
internal strain or pressure that is imposed at aggregate level [18–22]. 
The chemistry and physics of ASR begin to be connected in this type of 
models at aggregate level. In the third type of models, the effect of ASR is 
implemented into the model also as a mass or volume of expansive re
action products produced. But the reaction kinetics of the mass or vol
ume change of the reaction products are controlled by the ions diffusion 
into the aggregate [23–29]. Except for trying to build a connection be
tween the chemistry and the physical response, the chemical process is 
taken into consideration with more fundamentals in this type of models 
at aggregate level. These mechanical predictive models are able to 
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provide an acceptable prediction about the pessimum size of aggregate 
or the structural mechanical degradation. 

ASR is a multiscale phenomenon. The chemical reactions happen at a 
small level such as nanoscale or microscale (μm) depending on the pore 
size in cement paste. The cracking starts at a small scale and extends to a 
structural scale. Therefore, a comprehensive model should build the 
relation between the chemical reaction at a small scale and the physical 
response at a large scale, which means a multiscale modelling technique 
should be adopted in the model. More specifically, a model can be built 
firstly at a small scale to simulate the complicated chemical reaction 
process considering as much influential factors as possible. The simu
lation results then can be used at a large scale to simulate the cracking 
process and the mechanical degradation. Obviously, the models at 
concrete level can only predict the mechanical degradation at structural 
level since the chemical reaction mechanisms are not considered. Mul
tiscale modelling technique has been adopted in the models at aggregate 
level with ASR effect being implemented at aggregate level and me
chanical degradation at concrete analyzed. Especially in the third type of 
models at aggregate level, ion diffusion-reaction approach is used trying 
to take the chemical fundamentals into consideration. However, the 
reaction mechanisms are still not fully implemented in these models. For 
example, the ca2+is not fixed in the expansive ASR gel, the chemical 
reactions are not thermodynamically controlled and the ‘buffer effect’ 
that during ASR the calcium hydroxide (CH) and calcium silicate hy
drate (C-S-H) can dissolve to buffer the Ca2+ and OH− , is not considered. 
What's more, a homogeneous sphere aggregate is adopted in most of the 
models, which is not consistent with the real situation that the reactive 
silica is actually heterogeneously distributed in the aggregate. Further
more, due to the continuum approach adopted in these models, the 
present models are unable to describe the multiscale cracking 
development. 

Our final goal is to build a comprehensive multiscale model as 
aforementioned. In this paper, a 3D reactive transport model at micro
scale for simulating the chemical reactions of ASR as comprehensively as 
possible is proposed. The chemical reactions including the dissolution of 
reactive silica and nucleation and growth of ASR products are simulated 
on the long term. In addition, the dissolution of CH and C-S-H to buffer 
Ca2+ and OH− for ASR is also considered. All of these chemical reactions 
are thermodynamic and kinetically controlled coupled with ion diffu
sion. Instead of assuming the aggregate to be an unrealistic homoge
neous sphere, the microstructure of a reactive limestone considering 
heterogeneous reactive silica distributed following its realistic distri
bution is considered as an input together with the representative cement 
paste microstructure. The paper firstly elaborates the implementation 
methodologies. Then, sensitivity analyses are done to determine some 
important input thermodynamic and kinetic parameters. In the end, the 
model is applied to investigate the influence of the silica microstructural 
disorder degree on the location patterns of the ASR expansion sites. The 
investigation results show that the proposed model is not only able to 
simulate the discovered expansion sites pattern found in experiments or 
field concrete but also to provide a possible mechanism based on its 
capability of tracing the mass evolution of ASR products, the ion con
centration evolution and the ion distribution on the long term. 

2. Implementation methodology 

2.1. Determination of the domain of interest 

In order to simulate ASR as realistically as possible at microscale, the 
3D microstructures of aggregate and cement paste are introduced in the 
model. A reactive siliceous limestone from Belgium was chosen as the 
reactive aggregate. Petrographic analyses on the thin-sections of this 
stone [30] showed that the alkali reactivity of this limestone attributes 
to the microcrystalline to cryptocrystalline silica and no other silica 
polymorphs were found. Computed tomography (CT) or focused ion 
beam milling combined with scanning electron microscopy (FIB-SEM) is 

not applicable to obtain the 3D microstructure of the aggregate due to 
pixel size limitation. The microstructure of the aggregate was numeri
cally simulated through Gaussian filtering method based on 2D scanning 
electron microscopy backscattered-electron (SEM-BSE) images. Pores 
below 1 μm in the aggregate are lost due to the voxel limitation. More 
details can be found in our former paper [30]. The final microstructure 
contains air voids (pore size over 1 μm), reactive silica and other 
nonreactive minerals. On the other hand, the cement paste microstruc
ture with a water/cement (w/c) ratio of 0.4 in a REV size of 100 × 100 ×
100 μm3 (voxel of 1 μm3) was also numerical simulated using the cement 
hydration model of Chen and Ye extended from [31]. The cement 
properties used in the simulation are listed in Table 1. The simulated 
hydration degree αhy is 78%. The simulated cement paste microstructure 
is composed by unhydrated clinker (C3S, C2S, C3A, C4AF), gypsum, 
insoluble phases in cement, saturated pores, CH, low density C1.1SH3.9, 
high density C1.5SH2, aluminate ferrite monosulfate (AFm) and katoite 
(C3AH6). The simulated pore solution ions are Ca2+, OH− , Na+, K+, 
H2SiO4

2− , Al(OH)4− , Fe(OH)4− , SO4
2− . Only the first five ASR related 

ions are considered in this model. 
No further hydration is considered in the model due to computer 

capability limitation. The average equivalent Keq
+ concentration in the 

simulated cement paste was about 0.38 mol ⋅ L− 1, with 0.35% Na2Oe 
(mass of Na2O and the equivalent transferred mass of K2O) by mass of 
cement. Here, [Keq

+] equals to the sum of the concentration of K+ and 
the equivalent K+ concentration of Na+. Based on the empirical equation 
that relates the alkali concentration and alkali composition and the w/c 
ratio proposed by Helmuth [32], the alkalis in the cement is almost 
released completely to the pore solution with a hydration degree of 78% 
in the simulated cement paste. 

The 3D domain of interest is shown in Fig. 1(a). The left cube is the 
cement paste while the right cube is the aggregate. The above mentioned 
phases are presented by different colors as explained in Fig. 1(b). The 
final voxel size of the simulation is reset to be 2 μm considering that the 
minimum reactive silica particle in the selected limestone is bigger than 
2 μm [30]. The final domain size becomes 50 × 100 × 50 with one node 
representing a volume of 8 μm3. This process has further reduced the air 
voids fraction in the aggregate. Thus, the diffusion of an ion in the 
aggregate was implemented by assigning a calculated diffusion coeffi
cient to the whole aggregate based on the mercury intrusion porosimetry 
(MIP) results as stated in the next section. 

2.2. Ions transport 

The anisotropic diffusion of pore solution ions is simulated using the 
multi-relaxation time (MRT) lattice Boltzmann method instead of the 
most popular Bathnagar-Gross-Krook (BGK) method [33]. The MRT 
model provides the advantage over BGK that the artificial error depen
dent on the relaxation time is suppressed [34], especially for the case in 
which the diffusion coefficients vary spatially. This method requires 
only seven velocities in three dimensions. The method is not elaborated 
here due to the space limitation. More details can be found in [35]. The 
diffusion coefficients of different ions in different phases are different. In 
the model, ions are considered to diffuse within pores, low density 
C1.1SH3.9, high density C1.5SH2, aggregate and ASR products. Due to 
the incomplete pore information in the aggregate, ions are assumed to 
be able to diffuse in the aggregate with theoretical calculated diffusion 
coefficients. Table 2 summarizes the diffusion coefficients of [Ca2+, 
OH− ,Na+,K+,H2SiO4

2− ] in the above physical phases. The diffusion 
coefficient of an ion in the aggregate Dagg is calculated using the 
empirical equation Dagg = Dwϕ3.05 from Mihara et al. [36]. ϕ is the 
porosity of the aggregate obtained from MIP, which is 0.8% in our case. 
The calculated diffusion coefficients of [Ca2+,OH− ,Na+,K+,H2SiO4

2− ] 
in the aggregate Dagg are then 4 × 10− 7 times Dw, where Dw are the 
diffusion coefficients of these ions in pore water as shown in Table 2. 

During simulation, the simulation time per step Δt is calculated by: 
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Δt =
TP

TLB
(1)  

where TLB is the total simulation steps and TP is the physical target 
simulation time. TLB can be calculated by Eq. (2), which describes that 
the concentration flux Fo of an ion is not changed when being simulated 

in a lattice Boltzmann domain. LLB is the length of lattice domain (100), 
and DP is the physical diffusion coefficient of the fastest ion (OH− in this 
model) in the dominant phase (high density C1.5SH2). LP is the real 
physical length of the simulation domain (200 μm). DHB is the artificial 
diffusion coefficient of OH− in the high density C1.5SH2 in the lattice 
domain and is determined by the input relaxation time τ via Eq. (3). δx 
and δt are the unit lattice spacing and unit time step respectively. Based 
on DHB, the diffusion coefficients of other ions in different phases in the 
lattice domain can be determined through the coefficient ratio which 
can be calculated using the data in Table 2. 

DPTP

L2
P

= Fo =
DHBTHB

L2
LB

(2)  

DHB =
1
3

(

τ − 1
2

)
δx2

δt
(3) 

During ion diffusion, a half-way bounce back boundary condition 
[33] is applied to the crystal phases and the unhydrated cement in the 
cement paste which prevents ions from diffusing through these phases 
but bounces back to the coming direction. A periodic boundary condi
tion [33] is applied on the outflow boundary faces in Y and Z direction, 

Table 1 
Details of the simulated cement paste domain.  

Cement compositions, wt% Simulated w/c ratio Simulated αhy, % 

C3S C2S C3A CaSO4 C4AF K2SO4 Na2SO4 

64.1 13 7.9 4.4 8.1 1.3 0.3 0.4 78  

Fig. 1. (a): A schematic diagram of the initial 3D domain of interest in the model. The left of the cube is cement paste and the right of the cube is aggregate. Different 
colors represent different phases. Unit of scale: μm; (b): A 2D slice from the 3D domain; (c): Boundary conditions applied on the outflow faces of the domain. 

Table 2 
Diffusion coefficients of ASR related ions in different phases.  

Phase Diffusion coefficients, m2/s 

Pore (Dw) [0.72(Ca2+),5.30(OH− ),1.33(Na+),1.80(K+),0.70 
(H2SiO4

2− )] × 10− 9 [37] 
Low density C1.1SH3.9 

(DLD) 
1
80

Dw [31]  

High density C1.5SH2 
(DHD) 

1
720

Dw [31]  

Low Ca/Si ASR product 
(DKSH) 

1
80

Dw  

High Ca/Si ASR product 
(DTobH) 

1
720

Dw  

Aggregate (Dagg) 4 × 10− 7Dw  
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which permits ions to diffuse through the surface of the simulation box 
and diffuse back to the simulation box through the opposite surface in 
the same orientation. The half-way bounce back boundary condition is 
applied on outflow boundary faces in X direction of the domain of in
terest that prevents ions from diffusing through the surfaces but bounces 
back to the box. As such, the outflow perturbs the system as little as 
possible and the mass balance is obeyed. These different boundary 
conditions are shown in Fig. 1(c). 

2.3. Dissolution of reactive silica 

As illustrated by Powers and Steinour [3], ASR starts from the 
dissolution of the reactive silica after the hydroxide ions progressively 
attack the silanol bonds (≡SiO–OH) that are present at the silica-water 
interface, which results in the formation of H4SiO4. In basic solution, 
H4SiO4 further decomposes to H3SiO4

− and H2SiO4
2− . In high pH pore 

solution, it mainly decomposes to H2SiO4
2− [38]. The dissolution rate of 

silica is kinetically affected by many factors as concluded by Kim et al. in 
[39] including reactive silica surface area, reaction temperature, pH of 
pore solution, ionic strength of pore solution and under-saturation de
gree of silica. An integrated dissolution kinetic law considering all of the 
above influencing parameters was proposed in [39] and is adopted in 
our work as shown in Eq. (4). 

RSiO2 = −
dSiO2

dt
=

ρ′

SiO2

ρSiO2

Aexp
(

−
Ea

RT

)

×(αOH− )
0.5I0.2

(

1 −
QSiO2

K1

)
(4)  

where RSiO2 is the dissolution rate of the reactive silica, m ⋅ s− 1; dSiO2 is 
the thickness of the dissolved silica, m; dt is the simulated time, s; ρSiO2

′ is 
the mass of reactive silica per mol, 0.06 kg ⋅ mol− 1; ρSiO2 is the density of 
the reactive silica, which varies from 2150 to 2650 kg ⋅ m− 3 depending 
on the silica polymorphs. 2550 kg ⋅ m− 3 is used for the reactive micro
crystalline to cryptocrystalline silica in the limestone used in this work; 
A is the pre-exponential factor, mol ⋅ m− 2 ⋅ s− 1; Ea is the activation energy 
of surface controlled silica dissolution, J ⋅ mol− 1; R is the gas constant, 
8.314 J ⋅ K− 1 ⋅ mol− 1; T is the temperature. 298.15 K is considered in the 
model; I is the ionic strength of the pore solution; K1 is the equilibrium 
constant of reactive silica dissolution; α is the activities of ions, which is 
calculated using Extended-Debye-Huckel equation; QSiO2 is the reaction 

quotient, calculated by QSiO2 =
αH2SiO2−

4
αOH− 2αSiO2 (s)

. 

2.4. Dissolution of CH and C-S-H 

According to Wang and Gillott [40] and Guthrie et al. [41], CH and 
C-S-H act as a ‘buffer’ to maintain a high pH value and provide Ca2+ and 
OH− ions for further reaction during ASR. Thus, CH and C-S-H are also 
considered to dissolve in the model according to their local thermody
namic state during each simulation step. Dissolution happens when the 
solution for CH or C-S-H is undersaturated. 

For CH dissolution the kinetic law from [42] as defined by Eq. (5) is 
adopted. The equation has considered the forward and backward reac
tion at 25∘ C as well as the influence of Ca2+ and OH− . 

RCH = −
dCH

dt
=

ρ′

CH

ρCH

(
kf − kbαCa2+αOH−

2) (5)  

where RCH is the dissolution rate of CH, m ⋅ s− 1; dCH is the thickness of 
dissolved CH, m; ρCH

′ is the mass of CH per mol, 0.074 kg ⋅ mol− 1; ρCH is 
the density of CH, 2200 kg ⋅ m− 3; kf is the forward dissolution rate of CH, 
1.55 × 10− 4mol ⋅ L− 1 ⋅ s− 1 ⋅ m− 2; kb is the backward precipitation rate of 
CH, 41 L2 ⋅ mol− 2 ⋅ s− 1 ⋅ m− 2. 

For C-S-H dissolution, the method used in [41] is adopted that a 
dissolution rate constant is used, which is determined as the dissolution 

rate of the Ca-Si minerals that is structurally and compositionally similar 
to C-S-H in the database of Palandri and Kharake [43]. The dissolution 
equations of C-S-H in cement paste are presented in Table 3 and the 
dissolution kinetics law is defined by Eq. (6). 

−
dmoleSi

dt
= RC− S− H (6)  

where RC− S− H is the Si releasing rate due to the dissolution of C-S-H, and 
dmoleSi is the mole change of the released Si. A constant value for RC− S− H 
of 3 × 10− 11 molsi ⋅ s− 1 ⋅ m− 2 from [41] is used in the model. 

2.5. Surrogate of ASR products 

In 2019 Leemann et al. [44] have investigated the reaction sequence 
of ASR by adding caesium to concrete. The results implicated that it is 
the formation of the amorphous ASR products near the surface of the 
aggregate that causes the initial expansion of the structure. They have 
also characterized the chemical compositional difference of the amor
phous and crystalline ASR products formed in concrete by using Raman 
microscopy [45]. The average Ca/Si ratio and alkali/Si ratio of these two 
products are very similar, while the main difference concerns the Na/K 
ratio with higher values in the amorphous products compared to the 
crystalline ones. This is similar to discoveries made by Shi et al., who 
have synthesized three crystal alkali-silica reaction products (K-shly
kovite, Na-shlykovite and ASR-P1) identical to that formed in field 
concrete [46]. The study of Shi et al. also showed that the temperature 
has an influence on the products formed. Under 40∘C, only crystalline K- 
shlykovite and amorphous products are formed [47]. 

Based on the above studies, the K-shlykovite (KCaSi4O8(OH)3 ⋅ 
2.9H2O, KSH) is used as the surrogate for the low Ca/Si ratio amorphous 
ASR products in our model when the temperature is 25oC. The Na+ is 
transferred to an equivalent mass of K+ in the model based on the fact 
that most of the alkalies in the pore solution of concrete are K+ and they 
behave kinetically similarly in ASR system [48]. Another product 
implemented in the model is the tobermorite ((CaO)0.6667SiO2 ⋅ 1.5H2O, 
TobH) as TobH also presents in ASR-damaged concrete and Shi et al. 
[46] also found it during their synthesis process. 

2.6. Nucleation and growth of ASR products 

2.6.1. Nucleation kinetic law 
Due to lacking of the kinetic information about the nucleation and 

growth of ASR products, the classical nucleation and growth theory is 
adopted in the model. According to the theory, ASR products begin to 
nucleate when the local solution reaches a thermodynamic supersatu
ration state. The dependence of the nucleation rate Rn (m− 3⋅s− 1) on the 
supersaturation degree S can be described by Eq. (7) [49]. 

Rn = AnSexp
(

−
Bn

ln2S

)

(7) 

The kinetic parameter An (m− 3⋅s− 1) is defined as, 

An =

(
4π
3v0

)1/3( σ
kBT

)1/2

D (8)  

and the thermodynamic parameter Bn is defined as, 

Bn =
fv0

2σ3

(kBT)3 (9) 

S is the supersaturation degree calculated locally according to the 
solution environment. v0 (m3) is the volume of a molecule of the new 
formed phase; σ is the interfacial energy (J ⋅ m− 2), which is the free 
energy per unit area of the nucleus interface. D is the apparent diffusion 
coefficient of the solute species (m2 ⋅ s− 1). f is the shape factor, for a 
sphere f = 16, for a cube f = 32. kBT is the thermal energy with kB being 
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the Boltzmann constant (1.38 × 10− 23, J ⋅ K− 1). 
The location of the nucleus of ASR products in the domain is simu

lated based on the probability distribution theory that at a constant 
supersaturation degree, the appearance of a nucleus can be regarded as a 
random process and as independent. The probability Pn of forming n 
nucleus in a time interval Δt in a volume V can be described by the 
Poisson distribution [50] as presented by Eq. (10). 

Pn =
Nn

n!
exp( − N) (10) 

N is the average number of the newly formed nucleus in time δt and 
in a volume V, which can be calculated by Eq. (11). 

N = RnVΔt (11)  

2.6.2. Growth kinetic law 
Once a nucleus is formed, ASR products will grow if the local solution 

is supersaturated. The growth rate Rg (m ⋅ s− 1) is modelled using the 
diffusion-reaction theory (power law) [51] based on the experience of 
Andalibi et al. [52] who simulated the nucleation and precipitation of C- 
S-H matching the experimental data in a simplified chemical system. 
The growth rate is presented by Eq. (12). 

Rg = kgexp
(

−
Eg

RT

)

Ke
v( S1/v − 1

)g (12)  

where kg, Eg, v, g are the growth constant (m ⋅ s− 1), the growth activation 
energy (J ⋅ mol− 1), the total number of ions produced by one of the 
formula units of solid upon dissolution [52,53], and the growth order 
respectively. Ke is the equilibrium constant of the new formed phase. 

During the simulation, three types of non-full nodes are available for 
ASR products to nucleate and grow. Type 1 is the pore nodes. Type 2 is 
the non-full nodes in the cement paste and type 3 is the partially dis
solved silica nodes in the aggregate. Once a non-full node is full of ASR 
product, the extra mass is evenly relocated to the non-full nodes from its 
26 adjacent nodes. If there is no more non-full adjacent node, the extra 
ASR product is then accumulated in the full node. 

2.7. Input thermodynamic and kinetic parameters 

2.7.1. Thermodynamic parameters 
Six chemical reactions are involved in the model including silica 

dissolution, CH dissolution, low density and high density C-S-H disso
lution, KSH formation and TobH formation. Table 3 summarizes the 
equilibrium constants for the thermodynamic simulations. Except the 
equilibrium constant of KSH formation K5, all equilibrium constants are 
collected from [54]. K5 is obtained through sensitivity analysis which is 
stated in Section 3.2 due to lacking data in literature. K1 is the solubility 
of silica in the water. It should be noticed that the dissolution equilib
rium constant of silica in water increases as the silica microstructural 
disorder increases. For the reactive silica (cryptocrystalline to micro
crystalline quartz) contained in the limestone in this paper, a value of (1 
× 10− 3.73) is used. Considering the fact that the solubility of silica is 
greatly affected by the pH of the pore solution due to ionization, K1 is 
then modified in the model according to the local pH based on the 

ionization reactions [38]. It is observed that at high pH, the solubility of 
silica increases by several orders of magnitude. 

2.7.2. Kinetic parameters 
Table 4 summarizes the determined kinetic parameters from silica 

dissolution to the growth of ASR products in the model. 
For the silica dissolution parameters in Eq. (4). The activation energy 

Ea varies from 9000 J ⋅ mol− 1 to 6000 J ⋅ mol− 1 in literature depending 
on the silica microstructural disorder [55]. A value of 78000 J ⋅ mol− 1 

from [56] is adopted for the reactive micro-to-crypto crystalline silica in 
the model. For the pre-exponential constant A, the dissolution rates of 
the reactive silica at different temperatures should be tested to deter
mine it as elaborated in [56]. In our model, the value of 5.5 × 10− 3 mol ⋅ 
m− 2 ⋅ s− 1 from [39] is adopted. 

For the nucleation parameters in Eqs. (8) and (9), the molecular 
volume v0 of 0.25 nm3 for TobH is obtained from literature [57]. For 
KSH, v0 of 0.323 nm3 is taken as the molecular volume of shlykovite 
since its crystal form highly resembles the structure of shlykovite. The 
interfacial energy σ, which is the free energy per unit area of the nucleus 
interface, is 12 mJ ⋅ m− 2 for TobH [57]. However for σ of KSH, there is a 
lack of experimental data. A recent finding [58] has revealed that the 
formation of C-S-H proceeding via a complex two-step pathway. In the 
first step, amorphous spheroids whose composition is deleted in calcium 
and charge compensated with alkalis such as sodium or potassium are 
formed. In the second step, calcium exchanges part of the sodium or 
potassium in the amorphous spheroids and these amorphous spheroids 
then aggregate to the final C-S-H. Based on this finding, it is reasonable 
to believe that the formation process of KSH is similar to C-S-H espe
cially the first step where nucleation happens. In the second step, for 
KSH less calcium concentration would be exchanged due to its low 
concentration in the pore solution. Therefore, it is reasonable to assign 
the same interfacial energy (12 mJ ⋅ m− 2) of the nucleus of C-S-H to that 
of KSH. The apparent diffusion coefficients D for KSH and TobH are then 
estimated using the Stokes–Einstein relationship [51] based on their 
molecular volume and the interfacial energy, which are 9.07 × 10− 10 

and 9.66 × 10− 10m2 ⋅ s− 1 respectively. 
For the growth parameters in Eq. (12), the growth constant Kg, the 

growth activation energy Eg, the growth order g of TobH are collected 

Table 3 
The determined equilibrium constant for thermodynamic simulations.   

Chemical reaction formula Equilibrium constant 

Silica dissolution SiO2(s) + 2OH− →H2SiO4
2− logK1 = − 3.73 

CH dissolution Ca(OH)2 → Ca2+ + 2 OH− logK2 = − 5.2 
C-S-H Dissolution Ca1.1SiO2(OH)2.2⋅2.8H2O→1.1Ca2+ + H2SiO4

2− + 0.2OH− + 2.8H2O  logK3 = − 7.85 

(CaO)1.5SiO2⋅2H2O→1.5Ca2+ + H2SiO4
2− + OH− + 0.5H2O  logK4 = − 11.46 

KSH formation Ca2+ + K+ + 4H2SiO4
2− + 2.9H2O→KCaSi4O8(OH)3⋅2.9H2O+ 5OH− logK5 = − 12 

TobH formation 0.6667Ca2+ + H2SiO4
2− + 0.8333H2O→(CaO)0.6667SiO2⋅1.5 H2O+ 0.6667 OH− logK6 = − 5.33  

Table 4 
The determined kinetic parameters for kinetic simulations.  

Chemical reaction 
process 

Parameters Value 

KSH TobH 

Silica dissolution A 5.5 × 10− 3, mol ⋅ m− 2 ⋅ s− 1 

Ea 78000, J ⋅ mol− 1 

Nucleation of ASR 
products 

v0 0.323, nm3 0.25, nm3 

σ 12, mJ ⋅ m− 2 12, mJ ⋅ m− 2 

D 9.07 × 10− 10, m2 ⋅ 
s− 1 

9.66 × 10− 10, m2 ⋅ 
s− 1 

Growth of ASR 
products 

Kg 16.67, m ⋅ s− 1 8.333 × 10− 6, m ⋅ 
s− 1 

Eg 330, J ⋅ mol− 1 330, J ⋅ mol− 1 

g 1 1 
v 11.9 3.8334 
f 16 16  
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from the extended cement hydration model of [31] with value 8.333 ×
10− 6 m ⋅ s− 1, 330 J ⋅ mol− 1 and 1 respectively. However, for KSH no 
data is available in literature. Thus, in order to reduce the number of 
parameters, the growth constant Kg is used to control the growth of KSH 
and the other parameters are fixed. Similar to σ, the growth activation 
energy Eg, the growth order g of KSH are assumed to equal to those of 
TobH. Sensitivity analysis on Kg of KSH has been done to see its influence 
on ASR as stated in Section 3.3. A final value of 16.67 m/s is adopted. 
The shape factor f is 16 for both KSH and TobH assuming their nucleus 
are spherical based on [58]. 

The parameter v is the total number of ions produced by one of the 
formula units of solid upon dissolution [53]. For an ionic-crystal solid, v 
is a constant which is the sum of the stoichiometric number of the dis
solved ions in the solute formula. However, for amorphous solid like C-S- 
H and ASR products, v is not a constant and depends on the dissolution 
formula adopted. For example, values of 5/2 and 2 for C-S-H have been 
used in [59,60] respectively. In our work, the dissolution of KSH and 
TobH in water are considered and shown below: 

TobH : (CaO)0.6667SiO2⋅1.5H2O
→0.6667Ca2+ + (SiO2)aq + 0.8333H2O + 1.3334 OH− , v = 3.8334

(13)  

KSH : KCaSi4O8(OH)3⋅2.9 H2O
→Ca2+ + K+ + 4(SiO2)aq + 2.9 H2O + 3OH− , v = 11.9 (14)  

where aq means aqueous. Therefore, v is 3.8334 for TobH and 11.9 for 
KSH. On the other hand, our simulation results show that the influence 
of v on the growth rate of the new phase is not significant because a large 
growth rate is applied as determined in Section 3.3. 

3. Sensitivity analyses 

As stated before, sensitivity analyses have been done on the equi
librium constant K5 of KSH, which determines the thermodynamic state 
of the solution for KSH to be formed and the growth constant Kg of KSH, 
which determines how fast ASR products formation consumes the ions in 
the solution. Another parameter τ, which determines the physical time 
for a target simulation time, is also studied. The relaxation time τ is 
firstly discussed below as it is the basis for the other simulations. 

3.1. The relaxation time 

The relaxation time τ is a transport parameter that determines how 
quickly the diffusion process evolves to the theoretical equilibrium state 
which relates to the lattice kinematic viscosity of fluid. Eqs. (3), (2) and 
(1) show that the simulation time step Δt increases as τ increases, which 
means that the number of iterations for simulating a given time de
creases as τ increases. On the other hand, the simulation accuracy of ions 
diffusion, which is determined whether the ion reaches its theoretical 
equilibrium concentration after one step, decrease as τ increases. Studies 
have shown that in BGK scheme, τ should be selected in a range (0.5, 5] 
[33,61], while in MRT scheme, τ can be set as high as 100 for predicting 
effective diffusivity of porous media [34]. Since ASR happens in few 
years or decades in the field, a suitable τ should be determined to find a 
balance between the number of iterations (not being too large) and ions 
diffusion accuracy (within an acceptable range). Thus, four τ (12, 1200, 
12,000, 24,000) were studied in the lattice domain where an initial 
average concentration of Ca2+ and Keq

+ of 20 mmol ⋅ L− 1 and 0.2 mol ⋅ 
L− 1 (see in Section 3.2.1 about how it is determined) in the cement paste 
are adopted respectively. Based on [34], among different τ, 12 is 
considered to be the reference τ that could simulate the ions diffusion 
accurately. The resulting Δt were 2 s, 3.6 min, 36 min and 72 min per 
simulation step respectively. In order to avoid the influence of chemical 
reactions on the ions diffusion, all the chemical reactions are not 
implemented in the simulations for this section. 

Fig. 2 shows the concentration evolution of Ca2+ along X axis at four 
different points (1 h, 12 h, 1 day and 6 days) in the lattice domain with 
different τ used. The Y axis is the average concentration of an ion on each 
YOZ plane, which was calculated as the average concentration of each 
ion in the nodes where the ions can diffuse into on each YOZ plane. The 
X axis is the distance of each YOZ plane to the most left one where X = 0. 
The black dashed line distinguishes the cement paste zone and aggregate 
zone. It can be seen from the figure that the blue line (reference line) and 
red line (τ = 1200) are almost overlapped at each time points, while the 
black line (τ = 12000) and green line (τ = 24000) varies much from the 
blue line. This means that the simulated ion diffusion accuracy can be 
guaranteed as long as τ ≤ 1200. However, when τ reaches 12,000 or 
higher, the deviations from the predicted theoretical diffusion become 
too large. Fig. 3 further confirms the conclusion with the Keq

+ concen
tration distribution at different time points in the domain with different 
τ. 

Based on the simulation results, a value of 1200 for τ, which resulting 
a simulation time step Δt of 3.6 min, is used in the model. Values be
tween 1200 and 12000 are not considered as a small variation begins to 
occur when τ = 1200 as shown in Figs. 2(c), 3(b) and (c). 

3.2. The equilibrium constant of KSH 

3.2.1. Inputs of the model 
In our former paper [30], five 3D representative microstructures 

with a size of (100 × 100 × 100 μm3) of the siliceous limestone have 
been simulated based on the real heterogeneous distribution of the 
minerals at microscale. Each microstructure contains a different silica 
fraction (volume fraction of silica in the aggregate from 6.58% to 
40.91%) and distribution pattern. In this section, the microstructure 
with the highest silica fraction (about 40.91%) was used. The reactive 
silica is the slowly-reactive one. The simulated cement paste as 
described in Section 2.1 was used. The initial average concentration of 
Ca2+ was around 20 mmol ⋅ L− 1. A relative high Ca2+ concentration is 
chosen to give a full picture about the role of calcium during ASR. The 
described thermodynamic and kinetic parameters of Tables 3 and 4 were 
used, except K5 of KSH, of which the sensitivity to be studied. τ is set to 
1200. 

Alkali concentration of cement paste is the results of clinker 
composition, w/c ratio, and degree of hydration reaction. The original 
average equivalent Keq

+ concentration in the simulated cement paste 
was about 0.38 mol ⋅ L− 1, with 0.35% Na2Oe (mass of Na2O and the 
equivalent transferred mass of K2O) by mass of cement. We have 
decreased the Keq

+ concentration artificially to an average value of 
0.2 mol ⋅ L− 1 (Na2Oe% around 0.14%) while its distribution was kept. 
The distribution of the ions wouldn't change much since the clinker 
composition is almost not changed by the small percentage of Na2Oe. 
Therefore, instead of changing the clinker composition and redo the 
simulation to obtain the cement paste, we have artificially changed the 
concentration of Keq

+ in the aforementioned simulated cement paste to 
the corresponding concentration while its spatial distribution was 
maintained. A low alkali concentration was chosen because it was easier 
or shorter for the system to reach its equilibrium state. 

In literature, higher threshold alkali concentrations to trigger ASR 
induced damage have been reported. For example, 0.22 mol ⋅ L− 1 was 
proposed in [62] with silica fume used and in [63] a highly reactive Jobe 
sand used. 0.65 mol ⋅ L− 1 was found in [64] and in [65] with reactive 
siliceous limestone used. However, it should be noticed the threshold 
alkali concentration for expansion is different from the threshold alkali 
concentration to trigger the formation of ASR products. The former one 
is larger than the latter one. A threshold alkali concentration of 0.2 mol 
⋅ L− 1 below which no ASR products can be formed was reported in [48] 
based on their thermodynamic simulation results with a temperature of 
55 ◦C. In our model, with a temperature of 25 ◦C, a threshold value of 
around 0.16 mol ⋅ L− 1 was found. Mechanisms have been reported to 
explain the discrepancy. According to bažant [23], a limited amount of 
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ASR products will cause no damage when there are enough pore space to 
accommodate them. On the other hand, our simulations that explores 
the influence of different alkali concentrations (0.2, 0.38, 0.5, 0.75 mol 
⋅ L− 1) on the chemical reaction sequence and ASR products location, 
show that alkali concentration does not affect both except that the for
mation rate of ASR products is decreased as the concentration decreases 
(the results are not presented due to space limitation), which is consis
tent with the experimental results of [48]. Thus, the adoption of a small 
alkali concentration in the model can output the same information about 
ASR as the adoption of a high alkali concentration. 

3.2.2. Simulation results 
Six different values varying from 1 × 10− 8 to 1 × 10− 18 for K5 were 

studied. The simulated mass evolution of KSH and TobH (represented by 
MV, kg ⋅ m− 3) within 270 days is shown in Fig. 4. Here, MV is the 
normalized mass per cubic meter that equals to the total mass of the 
formed phase divided by the total volume of the simulated domain 
which is 1 × 10− 12 m3. The navy blue curves in both of the subfigures 
indicate that when logK5 ≥ − 8, there is no KSH but only TobH formed in 
the domain. However, when logK5 ≤ − 16 as indicated by the black and 
rose red curves (overlapping with the black curve) in both of the sub
figures, the situation is the opposite with no TobH but only KSH formed 
in the domain. 

In order to verify whether the alkali concentration is not large 
enough for KSH to form when logK5 ≥ − 8, simulations were repeated 
with the initial equivalent Keq

+ concentration artificially increased to 
0.38, 0.50 and 0.75 mol ⋅ L− 1 for logK5 = − 8. The simulation results are 
shown in Fig. 5. As can be seen the produced KSH is still at an order of 1 
× 10− 3 kg ⋅ m− 3 even [Keq

+] is as high as 0.75 mol ⋅ L− 1, while the 
produced amount TobH is large (7 kg ⋅ m− 3). 

Ca2+ plays a significant role in the initial sequence of ASR. Based on a 

simple chemical reactor composed by high NaOH solution, silica fume 
and CH, the studies of Hou et al. [66,67] and Kim and Olek [39,68] have 
proposed that C-S-H is formed firstly and ASR products is not formed 
until Ca2+ is depleted by C-S-H at different temperatures (23∘C, 38∘C and 
55∘C). Recently, Kim et al. [69] has confirmed this hypothesis in a model 
reactant system with one reactive aggregate exposed to high alkali 
concentration at 60 ∘C. The study of Li et al. [70] also discovered an 
absence of CH in the vicinity of the reactive aggregate in the mortar 
samples at 23∘C. These researches indicate that when relatively high 
concentration of Ca2+ is present near to the reaction sites in aggregate, 
C-S-H will be formed and temperature does not affect the chemical 
fundamentals of ASR but only its kinetics rate as also confirmed by 
numerous researchers [56,71,72]. Therefore, the above analyses indi
cate that when the temperature is 25oC, the equilibrium constant for 
KSH should be less than 1 × 10− 8 while greater than 1 × 10− 16 based on 
the fact that the Ca2+ concentration in the domain is relatively high 
(20 mmol ⋅ L− 1) and is distributed all over the cement paste so that both 
ASR products and C-S-H should be formed. To further calibrate the value 
between 1 × 10− 10, 1 × 10− 12 and 1 × 10− 14, some random slices with 
distributions of TobH were extracted from the 3D domain with the above 
three different equilibrium constants used respectively (0.2 mol ⋅ L− 1 

initial alkali concentration), which are presented in Fig. 6. In the sub
figures, the red dashed line distinguishes the cement paste zone and the 
aggregate zone. It can be seen that part of TobH is always located in the 
aggregate, near the aggregate-cement paste interface in all of the sub
figures. However, the amount of TobH inside the cement paste decreases 
with K5 decreasing. When logK5 = − 14, there is no TobH in the cement 
paste. When logK5 = − 10, most of TobH is in the cement paste. 
Considering the discovery from [45,69] that high Ca/Si ASR products 
are found mostly inside the aggregate near the aggregate-cement paste 
interface and in the ITZ zone, a middle value of 1 × 10− 12 is chosen for 

Fig. 2. The evolution of Ca2+ concentration distribution along X axis at different time points within 6 days in the same system but different τ. Only ions diffusion is 
implemented in the system. 
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K5 in the model. 
It should be noticed that in field concrete, whether C-S-H will be 

formed at the early age during ASR period is much complicated and 
depends on the availability of Ca2+. If the initial Ca2+ concentration in 
the pore solution is high enough, C-S-H can be found near the aggregate 
surface since ASR starts. However, the results of [69] also show that part 
of the initially formed C-S-H may uptake the available alkalis around 
and convert to a relative high‑calcium ASR product. If the initial Ca2+

concentration in the pore solution is very low, no C-S-H but only low- 
calcium ASR products will be formed at the early age of ASR. Instead, 
the alkalis in these low calcium ASR products will exchange with 

calcium and gradually convert to C-S-H after a couple of years or de
cades as reported by many researchers [6,73–75]. Unfortunately, this 
exchange effect is not implemented in the model yet due to the missing 
thermodynamic data. Another situation is that even if the initial Ca2+ is 
very low, if CH around the aggregate surface is abundant locally that it 
can buffer the Ca2+ to a local high concentration, C-S-H can also be 
formed near the aggregate surface. 

3.3. The growth constant of KSH 

Ten different values varying from 1.667 × 10− 23 to 16.67 m. s− 1 for 

Fig. 3. The evolution of Keq
+ concentration distribution along X axis at different time points within 6 days in the same system but different τ. Only ions diffusion is 

implemented in the system. 

Fig. 4. The mass evolution represented by MV of ASR products in the domain with different K5 used within 270 days. (a): The mass evolution of KSH; (b): The mass 
evolution of TobH. 
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the growth constant Kg of KSH were studied to explore its influence on 
ASR. The input values were the same as those described in Section 3.2.1 
except that K5 was set to be 1 × 10− 12. 

Fig. 7(a) shows the mass evolution of KSH in the domain with 
different Kg values used within 420 days. In the figure the curves with Kg 
varying from 1.667 × 10− 11 m ⋅ s− 1to 16.67 m ⋅ s− 1 are overlapping as 
well as the curves with Kg varying from 1.667 × 10− 23 m ⋅ s− 1 to 1.667 
× 10− 17 m ⋅ s− 1. It can be seen that Kg has a great influence on the 
generated KSH. No KSH is formed as Kg is less than 1.667 × 10− 14 m ⋅ 
s− 1. When Kg is greater than 1.667 × 10− 14 m ⋅ s− 1, the generated KSH 
increases as Kg increases. But when Kg is equal to or greater than 1.667 ×
10− 11 m ⋅ s− 1, the generated KSH does not change anymore with Kg 
increasing. 

By comparing Kg with the maximum silica dissolution rate RSiO2 in 
the model which is around 1.35 × 10− 15 m ⋅ s− 1 occurring at the 
beginning of the simulation when the OH− was still high, it was found 
that KSH can only be numerously formed when Kg is greater than the 
silica dissolution rate. The greater Kg is, the faster KSH grows. When Kg is 
far greater (over 1000 times) than the silica dissolution rate, the growth 
of KSH is limited by the amount of the dissolved silica so that the pro
duced KSH does not change anymore with Kg increasing. On the con
trary, when Kg is less than the silica dissolution rate, no KSH is formed. 
The dissolved silica is consumed by the formation of TobH. 

ASR kinetics has been reported either controlled by ion transport 
when highly reactive aggregate is used or by silica dissolution when 
slowly reactive aggregate is used (which is the situation in this section) 
[56]. However, a recent study [76] has numerically investigated a 
relative comprehensive sensitivity study about the effects of both of ion 
transport in aggregate and reactive mechanism (ASR gel production) on 

ASR kinetics in a REV composed of cement paste and aggregate whose 
size varying from 2 to 125 mm. Their results have shown that the impact 
of reactive mechanisms on ASR kinetics is of prime importance, while 
the ion diffusion coefficients seem to have little effect when the tem
perature is higher than 10 ∘C. But no matter it is the ion transport or 
silica dissolution that controls the ASR kinetics, it is certain that a large 
value of Kg should be chosen to implement these two findings under 
different conditions. 

In order to select a suitable value, we have also investigated if Kg has 
any influence on the location of KSH when it is larger than the silica 
dissolution rate. Fig. 7(b), (c) and (d) show the 3D mass distributions of 
KSH in the domain after 420 days with Kg varying from 1.667 ×
10− 7 m/s to 16.67 m/s. The Cartesian coordinates are shown in Fig. 7 
(b). The 3D zone from X = 0 to X = 100 μm is the cement paste zone, 
while the 3D zone from X = 101 to X = 200 μm is the aggregate zone as 
also shown in Fig. 7(b). It is very obvious that Kg does not have a big 
influence on the location of KSH when it is over 1.667 × 10− 14 m/s. 
Most of KSH is located inside the cement paste near the aggregate- 
cement paste interface after 420 days in all of systems. Based on the 
above analysis, a large value of 16.67 m/s is chosen for Kg in the model. 

4. Application of the model 

In literature, two fundamentally cracking patterns induced by ASR 
have been reported depending on the mineralogy of the aggregate. 
When the aggregate is highly reactive [77] or non-porous [78], silica 
dissolution takes place at the surface of the aggregate so that the initial 
expansion sites due to ASR gel formation develop and accumulate at the 
aggregate-cement paste interface which can crack the matrix around 

Fig. 5. The mass evolution represented by MV of KSH and TobH in the domain with different alkali concentrations adopted in the cement paste and logK5 = − 8 
within 300 days. (a): The mass evolution of KSH; (b): The mass evolution of TobH. 

Fig. 6. Mass distribution of TobH on a random 2D slice when logK5 = − 10 (a), logK5 = − 12 (b), logK5 = − 14 (c) within 270 days.  
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[79]. A reaction rim around the aggregate surface can usually be found 
in this case [74]. When the aggregate is slowly reactive, the initial 
expansion sites develop in the aggregate leading to cracking from the 
inside of the aggregate and propagate to cement paste [77,78,80,81]. 
With respect to the crack pattern inside the aggregate, Sanchez et al. 
[78] further divided the cracking mechanism into two types: swelling of 
the bulk reactive aggregate due to the diffusion of alkali ions into the 
aggregate attacking the reactive silica; formation of veins full of ASR gel 
inside the reactive aggregate. Furthermore, they have also observed two 
typical cracks inside the aggregate: the ‘sharp crack’ which can pass 
through aggregates and the ‘onion skin crack’ which only propagates in 
the circumferential direction. 

The earlier ASR simulation models only consider the ASR induced 
cracking in the cement paste and for the aggregate subjected to a 
compression pressure would not fracture [23,82,83]. New works have 
realized significant improvements on simulating different cracking 
patterns in the recent years. Based on the relationship between the 
quantitative void and crack content in the aggregate at microscopic and 
the mechanical measurements at macroscopic revealed by Haha et al. 
[81], Dunant and Scrivener [84] proposed a model that is able to predict 
the mechanical degradation of concrete induced by ASR cracking inside 
the aggregate. Both typical cracking patterns inside aggregate or in ITZ 
have been considered as a basis in the models of Iskhakov et al. [85] and 
Miura et al. [86]. In the work of Iskhakov et al. [85], the ASR induced 
microcrack growth in and around the aggregate is firstly modeled. The 
mechanical degradation at concrete level is then calculated. The model 
is able to provide a theoretical upper and lower range that characterizes 
the distribution of the gel in the aggregate or the cement paste for 
concrete degradation in experiments. In the work of Miura et al. [86], 
the crack pattern inside the aggregate is modelled as gel pocket 
randomly placed in the aggregate and the crack pattern in the ITZ is 

modelled as a reaction rim surrounding the whole aggregate surface. 
Both ‘sharp crack’ and ‘onion skin crack’ were observed in their 
simulation. 

Despite the improvement on considering different cracking patterns 
in the simulation models, the chemical mechanisms behind are ignored 
in these models. It is difficult to investigate the chemical mechanism 
behind these different crack patterns through experiment based on the 
fact that it can be affected by many factors such as alkali concentration, 
silica fraction, temperature etc. However, with the proposed model in 
this paper, it is possible to explore the chemical fundamentals behind 
these phenomenons by controlling part of the influential factors. In this 
section, we have applied the model using the determined parameters 
discussed above to investigate the influence of silica microstructural 
disorder degree on ASR by changing the dissolution rate of the silica. 
The reaction sequence, the expansion sites patterns which infers 
different cracking patterns as well as the mechanism behind when 
different reactive silica is used are discussed. 

4.1. Input parameters 

In this section, we have used the aggregate microstructure with a low 
silica fraction of 6.58%, which is more realistic in the field concrete, to 
form the initial domain. The other inputs were the same as those 
described in Section 3.3 except that the initial concentration of Keq

+ was 
artificially increased to an average value of 0.75 mol ⋅ L− 1 in order to 
provide enough alkalis. Two simulations with different dissolution rate 
were done. The change of the dissolution rate is realized by changing the 
activation energy Ea from 78,000 to 60000 J ⋅ mol− 1. 78000 J ⋅ mol− 1 

represents that the silica is slow-reacting while 60000 J ⋅ mol− 1 repre
sents that the silica is rapid-reacting. The resulting silica dissolution rate 
had a difference of 3 orders of magnitude. The rapid-reaction system is 

Fig. 7. (a): The mass evolution represented by MV of KSH in the domain under different Kg within 420 days; 3D mass distribution of KSH in the domain after 420 days 
when Kg = 1.667e − 7 m/s (b), Kg = 1.667e − 4 m/s (c), Kg = 16.67 m/s (d). The unit of the color bar is kg. 
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referred to the system A and the slow-reaction system is referred to the 
system B respectively in the continuation of the paper. 

4.2. Investigation results 

4.2.1. The formation sequence of ASR products 
Firstly, the mass evolution represented by MV of ASR products in 

both systems is shown in Fig. 8. The blue curve is obtained from system 
A while the red curve is from system B. Fig. 8(a), the mass evolution of 
KSH, shows that in system A when the silica dissolution rate is fast, much 
more KSH (18 kg/m3 after 270 days) is formed than when the silica 
dissolution rate is slow (0.065 kg/m3 after 270 days). KSH grows very 
fast in system A but its growth rate gradually decreases with time. 
However, in system B, KSH grows very slowly before around 240 days 
while the growth rate soars after 240 days. The mass evolution of TobH 
is different from that of KSH in the systems as can be seen from Fig. 8(b). 
At around 235 days, the mass of TobH in the two systems almost reaches 
the same value. TobH in system A grows very fast after the simulation 
starts and stops growing at around 60 days. In system B, TobH grows at a 
stable rate but much slower than in system A and it does not stop 
growing after 270 days. 

The results indicate that in system B when the silica dissolution rate 
is slow, TobH is formed firstly and the dissolved silica is mainly 
consumed by TobH. The growth of KSH is very slow before a certain 
time. However, in system A when the dissolution rate is fast, both of KSH 
and TobH grow very fast from the beginning of the simulation. Fig. 9 
shows the concentration change of each ASR related ion in system A and 
system B. The Y axis is the average ion concentration in the domain, 
which is the total moles of each ion divided by the total volume of the 
domain. The peak value of the blue curve in Fig. 9(d) indicates that the 
reason behind these different formation sequences is that H2SiO4

2−

needs to reach a threshold concentration to supersaturate the solution 
for KSH to be formed. Before the threshold level, no KSH is formed. 
When silica dissolution is fast, H2SiO4

2− shoots up to a high level very 
soon then it decreases as KSH starts to be formed as indicated by the fast 
dropping of the Keq

+ in Fig. 9(c). When silica dissolution is slow, it takes 
a longer time for the H2SiO4

2− to reach the threshold concentration 
(around 240 days). However, the thermodynamic state of TobH is more 
sensitive to Ca2+ concentration. TobH is formed immediately when 
H2SiO4

2− is released and the concentration of Ca2+ is high as can be seen 
from the dropping trend of Ca2+ in Fig. 9(a). 

4.2.2. Location of ASR products 
Fig. 10 shows the mass location evolution represented by MVYOZ (kg ⋅ 

m− 3) of KSH in the two systems within 270 days. Here, MVYOZ is the 
normalized mass per cubic meter on each YOZ plane that equals to the 
mass of the formed phase on each YOZ plane divided by the total volume 

of the domain. The X axis is the distance of the YOZ to the most left one 
where X = 0. In system A where the silica dissolution is rapid, KSH is 
only formed at the aggregate-cement paste zone after 1 day as indicated 
by the yellow curve in Fig. 10(a). But very soon, KSH is formed both at 
the aggregate-cement paste zone and in the cement paste with most of 
KSH formed in the cement paste. In system B where the silica is less 
reactive and the dissolution is slow, KSH is generated inside the aggre
gate with a distance more than 20 μm before 270 days. After 270 days, 
KSH is also found in the cement paste as shown by the blue curve in 
Fig. 10(b). 

Let's have a look at the ion concentration evolution again in Fig. 9. In 
system A when the silica dissolution is fast, OH− plunges to a stable level 
very quickly after the simulation starts as shown by the blue curve in 
Fig. 9(b). Most of OH− is consumed by the dissolution of the reactive 
silica as illustrated by the blue curve in Fig. 9(d) showing that the 
concentration of H2SiO4

2− increases at the same time as OH− decreases. 
Due to the fast dissolution, most of OH− is consumed very quickly near 
the surface of the aggregate. This is confirmed in Fig. 11(a). Just after 3 
days (red curve in Fig. 11(a)), the concentration of OH− is reduced by 
half and the diffusion distance (around 30 μm) in the aggregate does not 
change a lot compared to that after one day (blue curve in Fig. 11(a)). 
After 30 days (rose red curve in Fig. 11(a)), OH− is consumed to such a 
level that its diffusion distance in the aggregate decreases to only few 
micrometers. As a consequence, the dissolution sites only locate near the 
surface of the aggregate and the dissolved H2SiO4

2− is firstly mainly 
concentrated in the dissolution sites as shown in Fig. 11(c). After one 
day (blue curve in Fig. 11(c)), H2SiO4

2− is mainly found in the aggregate 
within a distance of around 30 μm. A small part of H2SiO4

2− is able to 
diffuse into the cement paste. This is why KSH mainly formed in the 
aggregate-cement paste zone in system A in the beginning of the simu
lation. With simulation going, more silica in the aggregate-cement paste 
zone is dissolved resulting that the porosity there is increased which 
makes it more easily for H2SiO4

2− in the aggregate to diffuse out into the 
cement paste plus that the dissolved H2SiO4

2− locates very near the 
aggregate-cement paste zone. After 3 days (red curve in Fig. 11(c)), 
more H2SiO4

2− is diffused into the cement paste but the concentration in 
the aggregate-cement paste zone is still very high. Nevertheless, after 12 
days and 30 days (green and rose red curves in Fig. 11(c)), the con
centration of H2SiO4

2− in the cement paste exceeds that in the aggre
gate. The high concentration of H2SiO4

2− makes the solution more easily 
to be supersaturated for KSH in the cement paste than that in the 
aggregate since the concentration of Keq

+ in the cement paste is higher 
than that in the aggregate due to low permeability of the aggregate. As a 
result, KSH starts to be formed in the cement paste. 

In system B, due to the slow dissolution of silica, the concentration of 
OH− is kept at a high level within a long period so that it can diffuse into 
the aggregate in a long distance as shown in Fig. 11(b). After one day 

Fig. 8. The mass evolution represented by MV of ASR products in system A and system B within 270 days. (a): The mass evolution of KSH; (b): The mass evolution 
of TobH. 
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(blue curve in Fig. 11(b)), OH− diffuses into a distance of around 40 μm 
in the aggregate and after 30 days (red curve in Fig. 11(b)), it is able to 
diffuse into the whole aggregate domain. At the same time the silica is 
dissolved in a slow rate where OH− is present, the concentration of 
H2SiO4

2− is much lower than that in system A as shown in Fig. 11(d). 
After 30 days (red curve in Fig. 11(d)), the maximum concentration of 
H2SiO4

2− in system B is around 0.08 mol ⋅ L− 1, while it reaches around 
0.23 mol ⋅ L− 1 in system A just after one day. Furthermore, the slow 
dissolution of silica does not change the porosity of the aggregate a lot in 
a long term. As a result, it is more difficult for H2SiO4

2− to diffuse out 
and KSH is mainly formed inside the aggregate in a long period. How
ever, as long as the simulation time is long enough, it is possible for 
H2SiO4

2− to reach the threshold level in the cement paste for KSH to be 
formed. 

Fig. 12 shows two random slices of TobH mass distribution from 

system A and system B. In system A, TobH is mainly formed inside the 
cement paste as shown by Fig. 12(a) due to the fast release and fast 
diffusion of H2SiO4

2− into the cement paste. In system B, the release of 
H2SiO4

2− is slow and is accumulated inside the aggregate so that TobH is 
formed inside the aggregate within a short distance to the interfacial 
surface (around 20 μm) where Ca2+ can diffuse into as shown by Fig. 12 
(b). 

4.2.3. Spatial correlation between KSH and aggregate microstructure 
We have discussed in the last section about the location evolution of 

ASR products both in system A and B and its corresponding mechanisms. 
KSH is found in the aggregate in both systems. In this section, the 
location of initial reactive silica zone, the remaining reactive silica after 
a target simulation time and the KSH on some 2D slices extracted from 
the inside of the aggregate will be presented to show the spatial 

Fig. 9. Comparison of the ion concentration evolution between system A and system B within 270 days. (a): The change of [Ca2+]; (b): The change of [OH− ]; (c): The 
change of [Keq

+]; (d): The change of [H2SiO4
2− ]; The concentration of each ion is the total moles of each ion divided by the total volume of the domain, which is 1 

× 10− 12 m3. 

Fig. 10. The location evolution of KSH with time in system A system B within 270 days. (a): In system A with Ea = 60000 J ⋅ mol− 1; (b): In system B with Ea = 78000 
J ⋅ mol− 1. 
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correlation between KSH and the aggregate microstructure in both 
system A and system B. 

Fig. 13 (a), (b) and (c) show the mass distribution of the initial 
reactive silica zone in the aggregate used in the model at a distance to 
the aggregate-cement paste interface of 2 μm, 6 μm and 10 μm respec
tively. The navy blue part is the reactive silica while the yellow part is 
other minerals in the aggregate. Every node is full of solid and for the 
silica node, its mass is 2.04 × 10− 14 kg per node. Fig. 13 (d), (e) and (f) 
show the mass distribution of the reactive silica on Fig. 13 (a), (b) and (c) 
after simulation of 60 days in system A respectively. It can be seen that 
after 60 days, at a distance of 2 μm, all of the reactive silica on the slice is 
dissolved. At a distance of 6 μm, only a small part of the reactive silica 
remains, while at a distance of 10 μm, only a small part of silica is 

dissolved. Fig. 13 (g), (h) and (i) show that in the aggregate, KSH is 
formed at where the silica is dissolved and with the distance to the 
aggregate-cement interface increasing, less KSH is formed. In another 
word, the reactive silica zone is surrounded by a KSH rim. With time 
going, the KSH rim gets thicker while the reactive silica zone is attacked 
deeper. 

In system B where the silica dissolution is slow, KSH is formed inside 
the aggregate with a relatively far distance as shown by Fig. 10(b). 
Fig. 14 (a), (b), (c) show the initial mass distribution of the initial 
reactive silica zone in the aggregate at a distance to the aggregate- 
cement interface of 40 μm, 46 μm and 50 μm respectively. Fig. 14 (d), 
(e) and (f) show the mass distribution of the reactive silica on Fig. 14 (a), 
(b) and (c) after simulation of 360 days in system B respectively. It can 

Fig. 11. Evolution of the average concentration distribution of OH− and H2SiO4
2− on the YOZ plane along X axis in system A and system B. (a): [OH− ] in system A 

within 30 days; (b): [OH− ] in system B within 270 days; (c): [H2SiO4
2− ] in system A within 30 days; (d): [H2SiO4

2− ] in system B within 270 days. The yellow dashed 
line distinguishes the cement paste zone and the aggregate zone. (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 

Fig. 12. Random 2D mass distribution slice of TobH from system A (a) and system B (b) within 270 days.  
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be seen that after 360 days, the dissolved silica on each slice is almost 
identical to each other, which confirms that the diffusion of ions in the 
aggregate can reach a far distance than in system A. Again, KSH is 
formed where silica is dissolved as shown by Fig. 14 (g), (h) and (i). 

In general, most of KSH is formed at where silica is dissolved inside 
the aggregate. When the silica dissolves fast, the model is able to 
simulate a KSH rim around the reactive silica zone in the aggregate near 
to the aggregate-cement paste interface as most of ions are consumed 
there. When the silica dissolves slowly, KSH is formed inside the reactive 
silica zone at where silica is dissolved as ions are not reduced greatly and 
can diffuse further in the aggregate. The above results also indicate that 
rate-controlling step is the dissolution of the silica in the above two 
systems even if the MIP porosity of the aggregate is as small as 0.8%. 

5. Discussion 

5.1. The impact of the equilibrium constant and the growth rate of KSH 

The sensitivity analysis has shown that the equilibrium constant of 
KSH K5 has a great influence on the formed ASR products. Either TobH 
or KSH is not formed when K5 is too small or too large. Furthermore, K5 
also affects the location of TobH. TobH is easier to be found in the 
cement paste when K5 is large. A suitable value of 1 × 10− 12 for the 
equilibrium constant of KSH K5 is chosen in the model so that both TobH 
and KSH can be formed and the location of TobH is concentrated near 
the aggregate-cement paste interface. This value is less than that of the 
crystal KSH synthesized under 40oC, which is about 1 × 10− 8 [47]. This 
is reasonable bearing in mind that KSH in the model is assumed to be 
amorphous. In general, non-crystalline phases have a higher solubility 
than their crystalline compositional equivalents. In available ASR ther
modynamic models [39,41,87], magadiite, okenite and kanemite have 
been used as surrogates for low Ca/Si ASR gel based on their similarities 

Fig. 13. (a), (b), (c): The mass distribution of initial reactive silica zone in the aggregate at a distance to the aggregate-cement interface of 2 μm, 6 μm and 10 μm 
respectively. The navy blue part is reactive silica and the yellow part is other minerals in the aggregate; (d), (e), (f): The mass distribution of the remain reactive 
silica on slice (a), (b), (c) respectively after 60 days in system A respectively. The yellow part is other minerals in the aggregate, while the other colors represents 
reactive silica with different mass in a node; (g), (h), (i): The mass distribution of the formed KSH on slice (a), (b), (c) after 60 days in system A respectively. The unit 
scales of the figures and color bars are μm and kg respectively. 
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in composition. We have recalculated their equilibrium constants based 
on the thermodynamic data in [39,41] with H2SiO4 or SiO2(aq) and H+

transferred to the used ion H2SiO4
2− and OH− in this paper. The 

calculated equilibrium constants are 1 × 10− 3, 1 × 10− 18 and 1 for 
magadiite, okenite and kanemite respectively. Obviously, these equi
librium data are either too big or too small compared with the deter
mined value in this paper. Based on our sensitivity analysis results, the 
generated ASR products in these models would be overestimated or 
underestimated since tobermorite was also considered in these models. 
It needs to be noticed that the determined value in this paper is only 
suitable under 25oC. For a higher temperature, the value should be less 
than 1 × 10− 12 considering KSH is more easy to dissolve at a high 
temperature [47]. 

Sensitivity analysis also indicates that the growth constant of KSH Kg 
does not have a big influence on ASR, such as the reaction degree evo
lution, the mass evolution of KSH as well as its location as long as Kg is 
greater (at least 100 times in this paper) than the silica dissolution rate. 

In literature, the kinetics of ASR has also been reported to be controlled 
either by silica dissolution or ion diffusion depending on the reactive 
silica polymorphs contained in the aggregate the aggregate [56,76]. In 
this model, a large value of 16.67 m/s for Kg is chosen. This value should 
be large enough to guarantee the silica dissolution or ion diffusion as the 
rate-limit step for simulation with any reactive silica polymorphs. 

5.2. The impact of silica microstructural disorder degree 

We have implemented two different silica dissolution rates in the 
model to investigate the influence of the silica microstructural disorder 
degree on ASR. The classic distributions of the expansion sites in the 
concrete with rapid-reacting and slowly-reacting aggregate [77] are 
simulated successfully in the simulations. In the system with the fast 
dissolving silica, ASR products are located in the aggregate-cement paste 
zone in the beginning but very soon KSH is formed all over in the cement 
paste. This is corresponding to the findings in [77] that a reaction rim of 

Fig. 14. (a), (b), (c): The mass distribution of initial reactive silica zone in the aggregate at a distance to the aggregate-cement interface of 40 μm, 46 μm and 50 μm 
respectively. The navy blue part is reactive silica and the yellow part is other minerals in the aggregate; (d), (e), (f): The mass distribution of the remain reactive 
silica on slice (a), (b), (c) respectively after 360 days in system B. The yellow part is other minerals in the aggregate, while the other colors represents reactive silica 
with different mass in a node; (g), (h), (i): The mass distribution of the formed KSH on slice (a), (b), (c) respectively after 360 days in system B. The unit scales of the 
figures and color bars are μm and kg respectively. 
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about 1 mm was found in the concrete with rapid-reacting aggregate. In 
[74], a reaction rim is also formed around the glass bead embedded in an 
alkaline solution. In the system with slowly dissolving silica, the 
expansion sites are located inside the aggregate in a long-term. Leemann 
et al. [44] have also confirmed this location pattern in slowly-reactive 
aggregate by adding caesium to concrete to trace the reaction 
sequence of ASR. One difference in our simulation is that after 270 days 
KSH is also found in the cement paste. This may attribute to the different 
environment conditions and testing time in [44,77]. Both field concrete 
and laboratory test samples were used in [77], the solution environment 
as well as the testing time were not clear in these samples. The testing 
time in [44] was around 20 weeks, which probably was not long enough 
for ASR products to be formed in the cement paste. On the other hand, 
the following induced crack is not simulated and coupled in this model. 
Thus, it is also possible that KSH is formed inside the ASR-induced cracks 
inside the aggregate rather than in cement paste in field concrete. 

A possible mechanism for the two different patterns is also provided 
by the model. When the silica dissolves fast, OH− is consumed quickly in 
the aggregate-cement paste zone enabling the dissolved silica to diffuse 
into the cement paste very easily. Meanwhile, the low concentration of 
OH− makes it is unable to diffuse into the aggregate further. As a result, 
ASR products are formed at the aggregate-cement paste zone and in the 
cement paste. While when the silica dissolves slowly, OH− is consumed 
in a slow rate and is able to diffuse into the aggregate so that the reaction 
front is distributed all over the inside of the aggregate. The low 
permeability of the aggregate makes it difficult for the dissolved 
H2SiO4

2− to diffuse out. Consequently, ASR products are formed inside 
the aggregate. But with time on going, the dissolved H2SiO4

2− in the 
cement paste can also reach a threshold level for KSH to be formed there. 

Besides, the simulation results also reveal two different formation 
sequences of ASR products. When silica dissolves very fast, both TobH 
and KSH are formed very soon after the simulation starts. However, 
when silica dissolves slowly, TobH is formed firstly and KSH is not 
formed until around 240 days. The second sequence is also proposed by 
Kim et al. [39] and Leemann et al. [88]. They have investigated the solid 
and the solution change in a simple chemical systems composed by the 
slow-reacting cristobalite (in [39]) or micro silica (in [88]) and alkaline 
solution. Their results showed that ASR gel was not generated until the 
calcium hydroxide was consumed to a low level by the formation of C-S- 
H and the concentration of the dissolved silica was accumulated to a 
level. This is corresponding to the finding proposed before that there is a 
threshold concentration of H2SiO4

2− for KSH to be formed. 
The proposed model in this paper is able to trace the entire chemical 

reaction process of ASR between the cement paste and the aggregate at 
microscale. Not only can the quantitative data such as mass, extra vol
ume produced and reaction degree evolution obtained, but also quali
tative information such as the distribution of ASR products and ions. 
Possible mechanisms can be provided by the model for some discovered 
phenomenon in the field or in the laboratory. However, there are some 
discrepancies between the real situation and the simulation. According 
to a recent study [89], the porosity of ASR products can be as high as 
80%, which means that its expansion ratio may be different from the one 
used in the model (0.5), thus the subsequent induced strain can be 
different. This discrepancy can be resolved by resetting the density of 
ASR products in the model before the simulation. 

The 3D microstructure of the limestone in this work is simulated 
using the correlation functions based on its 2D SEM-BSE microstructure 
images as elaborated in our former paper [30]. Unfortunately, due to the 
computer resources limitation, the pore size below 1 μm is not kept. The 
final simulated 3D microstructure contains the real distribution of 
reactive silica, non-reactive materials and air void (size above the 
simulation resolution which is 1 μm) whose fraction is too small that can 
be ignored. In order to compensate this loss, homogeneous ions diffusion 
coefficients are applied in the aggregate based on the MIP detected 
porosity. This is different from that in field concrete. It has been shown 
that initial ASR products form dominantly in the pre-existing cracks and 

reactive silica zone boundaries in the siliceous aggregates [44,75]. 
Theoretically, the reaction in the pre-existing cracks can also be simu
lated using the present model, as long as the size of the pre-existing 
cracks is larger than 1μm so that it can be captured in the final 3D 
microstructure using the method in [30]. On the other hand, the reac
tion fronts in the model contains not only the reactive silica zone 
boundaries but also inside the reactive silica zone since we assume that 
ions can diffuse through the silica resulting ASR products being formed 
both around grain boundaries (when silica dissolves fast) and inside the 
silica grain (when silica dissolves slowly). This part can be further 
improved in future by constraining the permeable phases in the aggre
gate where the ions can diffuse through. 

Another limitation of the model is that the aggregate microstructure 
size at microscale is limited by the computer resources. In this paper, we 
adopted a size of 100 × 100 × 100 μm. It needs more computation 
resource and a longer simulation time as the size increases. As a result, 
assumptions are needed to calculate the mass of ASR products in 
aggregate relatively further than 100 μm if one tries to simulate the 
induced mechanical degradation at a higher scale. 

Furthermore, the present model focus on simulating ASR in the early 
stage, and no following cracking is considered yet. Our future work will 
simulate the different initial cracking mechanisms induced by the initial 
products at different locations. Once cracking, ions will be able to diffuse 
into the aggregate more easily and the location of ASR products will 
change too. This part needs a coupling work of cracking and chemical 
reaction simulation in a model at the same time, which is more realistic 
but more difficult. The future of ASR modeling will probably see such a 
combination. 

6. Conclusion and perspectives 

In this paper an innovative 3D reactive transport model at microscale 
is proposed. By coupling ion diffusion, the model permits a detailed 
characterization of the chemical reaction process of ASR including silica 
dissolution, dissolution of CH and C-S-H, nucleation and growth of ASR 
products when cement paste is in touched with aggregate. 

The details about the methodologies to implement these different 
reaction processes and the ion diffusion are firstly stated. Important 
parameters are then calibrated. After that, the model is applied to two 
systems with different silica dissolution rate to investigate the influence 
of silica microstructural disorder degree on ASR. The following remarks 
can be made. 

(1) The adoption of the equilibrium constant of KSH K5 in a simu
lation model plays an important role on the formed type of ASR 
products as well as on the location of the formed TobH. When K5 
is too small, only KSH is formed and when it is too large, only 
TobH is formed. TobH tends to be formed in the cement paste 
with K5 increasing. A middle value of 1 × 10− 12 is chosen in the 
present model.  

(2) In order to make sure the rate-control step of ASR is the silica 
dissolution or ions transport, a big value for the growth constant 
of KSH Kg should be chosen in a simulation model. When Kg is less 
than the silica dissolution rate, no KSH is formed. The dissolved 
silica is consumed by the formation of TobH. When Kg is greater 
than the silica dissolution rate, the amount of KSH firstly in
creases with increasing Kg, but when Kg is far greater than the 
silica dissolution rate (100 times in this paper), it does not affect 
the amount of KSH as well as its location anymore. A value of 
16.67 m ⋅ s− 1 is chosen in the present model. 

(3) By adopting the MRT method to simulate ion diffusion, the in
fluence of the relaxation time τ on the ion diffusion is greatly 
decreased so that a relatively large τ (1200 in this work) can be 
adopted to decrease the number of iterations while not sacrificing 
the ion diffusion accuracy. 
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(4) Using the calibrated parameters with other fixed thermodynamic 
and kinetic parameters, the model is able to simulate the two 
typical expansion sites patterns found in field concrete and in 
laboratory experiments. Expansive sites are located in the 
aggregate-cement paste zone when the aggregate is highly reac
tive or inside the aggregate when the aggregate is less reactive. A 
possible mechanism is provided by the model behind these two 
patterns based on the simulated ions evolution and ions distri
bution in the domain. In addition, it is discovered by the model 
that the formation sequence of ASR products is different when the 
silica dissolution rate is different. Given the initial 
Ca2+concentrtaion is high, when the silica is highly reactive, both 
of TobH and KSH are formed very soon, while when the silica is 
less reactive, TobH is formed firstly and KSH is not formed until 
the concentration of H2SiO4

2− reaches a threshold level. 

The proposed model can be extended to simulate the influence of 
other factors on ASR such as alkali concentration, temperature and 
permeability of the aggregate. It is possible to obtain a full picture about 
the ASR reaction mechanism in the ealy stage using the model. On the 
other hand, the output of the mass distribution of KSH can be used to 
calculate the local stress inside the domain which can be used as inputs 
in a lattice cracking model [90] to simulate the initial cracking at a 
larger scale. As such, the initial cracking development at large scale is 
captured without sacrificing or simplifying the chemical fundamentals 
at microscale. 
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