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Abstract

This paper presents a modeling methodology for predicting the expansion of concrete affected by the
alkali-silica reaction (ASR), in which time-dependent reaction kinetics regarding ASR gel formation are
reflected. The mass balance equation for the aggregate is applied, assuming that the alkalis diffuse into
the aggregate and silica dissolves in the reactive aggregate. In addition, it is assumed that the change
in gel composition during gel migration reduces the gel volume. The proposed method is implemented
in a multiscale computational system (DuDOM-COM3), and the pressure resulting from ASR gel
generation and the consequent expansion of concrete are calculated based on pore-skeleton and
multidirectional cracking models in the computational system. In the proposed model, the ASR
expansion behavior of concrete with different reactivity of aggregates and alkali supply conditions, such
as alkali leaching, supply, or constant conditions, can be predicted using the silica dissolution curve.
The model is verified by comparing its results with existing test results. It is shown that the proposed
model accurately evaluates the ASR expansion of the specimen.
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1. INTRODUCTION

The alkali-silica reaction (ASR) mechanism, which causes concrete deterioration, has been
investigated extensively. According to previous studies, because of silica attack by alkali ions, silica is
dissolved from the reactive aggregate, and the dissolved silica reacts with alkali ions, water, and calcium
to form ASR gel [1-3]. The ASR gel generated around the aggregate expands and results in tensile
stress in the surrounding cement paste. When the tensile stress reaches the tensile strength of concrete,
cracking occurs, and the durability of concrete degrades over time. Meanwhile, the gel generated inside
and around the aggregate at the beginning of ASR has a lot of alkali and low calcium composition,
whereas the ASR gel that is far from the aggregate contains a significant amount of calcium and has a
chemical composition similar to that of calcium silicate hydrate [4-8]. This is because the alkali-rich gel
generated at the beginning of ASR has high flowability, which allows it to migrate into the cement paste
through cracks and pores, and it subsequently reacts with calcium near the cement paste with a high
calcium content to form a calcium-rich gel. As the calcium composition of the ASR gel increases, the
viscosity, mechanical properties, and swelling capacity change; hence, these phenomena must be
considered when calculating concrete expansion induced by ASR.

The aim of this study is to model the complex ASR behavior analytically and apply it to the ASR
model based on a multiscale chemo-hygral computational system (DuCOM-COM3) proposed by the
authors in a previous study [9-10]. In this regard, time-dependent reaction kinetics for ASR gel
generation were introduced, considering the silica dissolution rate of the reactive aggregate and the
alkali concentration in the pore solution. In addition, to consider the effect of gel properties, which change
during the migration of the ASR gel into cracks and pores, on the expansion of concrete, the reduced
swelling capacity as alkali-rich gel is transformed into calcium-rich gel was reflected in the analytical
model. The results of ASR tests with alkali supply conditions and reactivity of aggregate as variables
were obtained from previous studies [11,12]. And to verify the applicability of the proposed model, the
analysis results based on key variables were compared and examined comprehensively with the
experimental results.
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2. MULTISCALE MODELLING FOR ASR

The multiscale model [13] adopted in this study can be used to analyze the chemo-physical behavior
of cement (i.e., hydration, pore structure development, moisture transport, and ion transport and
equilibrium) while considering the mix proportion of concrete and environmental conditions based on
thermodynamics. The calculated mechanical properties of concrete and pore pressure are reflected in
the structural analysis using a multidirectional crack model [14-15]. In the ASR model proposed by the
authors previously [9-10], as shown in Figure 2.1, it was assumed that the alkali concentration of cement
paste calculated via thermodynamic analysis was the same as the alkali concentration on the aggregate
surface. Subsequently, the amounts of alkali diffused into the aggregate and alkali consumed by the
ASR were calculated using the mass balance equation for alkalis at the aggregate scale (see Section
2.1). The consumed alkali was used to calculate the amount of ASR gel generated, and the alkali that
diffused into the aggregate or consumed by ASR gel formation was reflected in the next time step of the
thermodynamic analysis. Meanwhile, to reflect the effect of pore pressure caused by the volume of ASR
gel on the stresses of the concrete skeleton, Takahashi et al. [9] applied poro-mechanics, in which the
behavior of the ASR gel in the pore and the stress generated in the gel-filled skeleton were expressed
by dynamic equilibrium equations. The detailed procedure for solving the dynamic equilibria and
calculating the pore pressure caused by the ASR gel is available in the literature [9,15].

[ Thermodynamic analysis]
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Figure 2.1 Analysis procedure in multiscale model

2.1 Mass balance equation for alkalis

In the multi-ionic transport and equilibrium model used in the thermodynamic analysis, the amount
of alkali transported from the outside to inside of concrete can be calculated based on the mass balance
equation shown in Eq. (a) of Figure 2.2. Meanwhile, from the perspective of the aggregate scale, the
alkali in the pore solution of cement paste diffuses into the aggregate through pores and reacts with
dissolved silica in the aggregate to generate the ASR gel. Multon et al. [16] proposed a mass balance
equation considering the amount of alkali diffused into the aggregate and the reaction kinetics for ASR
gel generation, based on which the alkali concentration at an arbitrary location (r) in the aggregate can
be calculated as follows:

C 1d dc,
PagySr o = = (D 2) = K[C, = Copy] (1)

where p,,, is the aggregate porosity, S, is the saturation degree in the aggregate, C, is the alkali
concentration at an arbitrary location r inside the aggregate, D is the diffusion coefficient, k is the
reaction rate constant, and C,,, is the threshold value of the alkali. Once the alkali concentration (Cy)
reaches the threshold value (C,, ), the alkali begins to react with silica to form an ASR gel. The
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aggregate porosity (p,44) and saturation degree (S,) were assumed to be 0.02 and 1.0, respectively,
based on previous studies [10]. Cy,-is 0.275 mol/L at 38 °C and 0.222 mol/L at 55 °C, as calculated via
linear interpolation at temperatures between 38 °C and 55 °C [17].

In our previous study [10], Eq. (1) was introduced to a multiscale chemo-hygral computational system,
and a sensitivity analysis was conducted to determine the appropriate diffusion coefficient and reaction
rate constant for ASR analysis. In the previous model, however, different reaction rate constant (k) were
used depending on the silica reactivity because the effect of silica reactivity on the rate of ASR gel
formation was not considered. Hence, a sensitivity analysis for the reaction rate constant (k) should be
performed when the reactivity of the aggregate is changed (i.e., different types of aggregates are used),
and this requires considerable time and effort. Therefore, it is necessary to reflect the effect of the silica
dissolution rate on the calculation of the reaction rate.

Mass balance at concrete
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Figure 2.2 Mass balance equation for alkalis

2.2 Gel formation and pore pressure

The rate of ASR gel generation can be determined based on the rate of alkali consumption calculated
using Eq. (1). In this study, the chemical composition of the alkali-rich gel generated in the early stages
of ASR was assumed to be that of mountainite (A20-2Ca0-6Si02-4.5H20), based on a study by
Katayama [18], in which the chemical composition of low-calcium ASR gel corresponds to that of
mountainite. Accordingly, the number of moles of ASR gel produced from 1 mol of alkali was set as 0.5,
and a gel molar volume of 361 cm3mol was adopted in the analysis.

Pressure caused by semi liquid behavior of ASR gel
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Figure 2.3 Pressure calculation [9]
The pore pressure generated by the ASR gel was calculated by adding the isotopic pressure induced

by the liquid phase of the gel to the anisotropic pressure caused by the solid phase of the gel, as shown
in Figure 2.3. As mentioned in the previous section, the calculated pore pressure was considered in the
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stresses of the concrete skeleton through the poro-mechanical model; subsequently, the stresses were
reflected in the structural analysis, and consequently, the expansion of concrete can be obtained [9,14].

3. MODEL DEVELOPMENT

3.1 Silica reactivity

Since ASRis initiated by the silica dissolved by the attack of alkali, the silica dissolution rate is directly
associated with the ASR gel formation rate. The dissolution rate and maximum amount of silica vary
depending on the mineralogy, crystallinity, and chemical composition of the reactive aggregate. In
general, the higher the dissolution rate, the higher is the reactivity. A reactive aggregate with a high
silica dissolution rate induces ASR more easily, thereby affording a rapid ASR gel formation and
expansion, resulting in severe damage to concrete.

According to test results reported by other researchers [19-20], the rate of expansion due to ASR is
linearly proportional to the silica dissolution rate. Therefore, in this study, the effect of dissolved silica
([Sit:ti]) is reflected in the reaction rate (k[C, — C.p,]) in Eq. (1), as follows:

c, 1d dc ,
Pagg-r 6_1: = T_ZE( 2 d—;> - k[Slt:ti][CA - Cthr] (2)
As shown in Figure 3.1, dissolved silica [Simi] is the amount of silica at t; remaining after ASR gel is

generated, and the total amount of dissolved silica can be measured from the dissolution test. Based
on Eq. (2), if all the silica and/or alkali is consumed, then the expansion of concrete stops because ASR
gel is no longer formed.
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Figure 3.1 Silica dissolution curve used for simulation

3.2 Change in gel properties

ASR gel accumulates inside the aggregate over time, eventually causing the aggregate to crack.
Because the gel generated in the aggregate is an alkali-rich gel [4-5], it exhibits high flowability and can
therefore migrate into the cement paste through cracks and pores after the aggregate is cracked. As
shown in Figure 3.2, the ASR gel (i.e., alkali-rich gel) changes gradually to a calcium-rich gel over time
by reacting with calcium in the cement paste [21]. Therefore, to determine the point at which the gel
properties begin to change, the time at which aggregate cracking first occurs must be determined. In
this study, it was assumed that cracks were generated when the tangential tensile strain at the aggregate
surface due to the ASR gel reaches the cracking strain of the aggregate. Assuming that the aggregate
is spherical in shape and that the entire ASR gel volume contributes to the expansion of the aggregate,
the radial displacement at the aggregate surface (u) can be calculated as follows:

4TRggq° an(Rggg+u)’
;lgy + Ve = (aig ) (3)
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Figure 3.2 Composition change of calcium rich gel
where R, is the radius of the aggregate, and V,,, is the volume of the ASR gel. As shown in Figure

3.3, if radial displacement u occurs, then the tangential tensile strain at the aggregate surface (¢&,) can
be calculated based on elasticity theory, as follows [22]:

u

& = Rocs (4)

The cracking strain of the aggregate can be calculated by dividing the tensile strength of the aggregate
by its elastic modulus. Because the mechanical properties of aggregates vary depending on the
aggregate type, the tensile strength and elastic modulus of the aggregate were assumed to be 20-80
MPa and 60 GPa, respectively, based on previous studies [23-24].

Figure 3.3 Radial strain at aggregate caused by ASR

Meanwhile, the crack in the aggregate provides a path for the gel to migrate while allowing the alkali
to penetrate the aggregate more easily. Before the aggregate cracks, the alkali diffuses only through
the pores, whereas after cracking, it diffuses through cracks as well, resulting in an increase in ASR gel
formation. In general, in the early stages of ASR, the expansion of concrete occurs slowly, but it tends
to increase rapidly from a certain point in time [25-27]. In this study, it was speculated that this
phenomenon is caused by an increase in the alkali diffusion rate after the aggregate cracking. Therefore,
the diffusion coefficient (D) before cracking was assumed to be 1% of that after cracking, based on
which the phenomenon where expansion accelerates after cracking occurred in the aggregate is
modeled.

While the ASR gel migrates into the cement paste through cracks and pores, the alkali-rich gel adopts
calcium and transformed into a calcium-rich gel, resulting in changes in the gel properties, such as the
mechanical properties, viscosity, and swelling capacity. Therefore, in the proposed model, the volume
reduction that occurs as the ASR gel transformed into a calcium-rich gel is reflected, which in turn
reduces the expansion rate. Meanwhile, the tensile strain increases gradually over time owing to the
pressure caused by the gel filling the crack, and consequently, a large plastic strain occurs in concrete,
which is hardly recovered. However, in the case of a newly formed gel, since some of the gel contacting
with the cement paste reacts with calcium while the gel migrates into the crack, the expansion of
concrete can be reduced by volume reduction of ASR gel. Therefore, among the ASR gels filling the
cracks, such a mechanism (i.e., volume reduction) was assumed to occur in some of the newly
generated gels.
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The rate of formation of the calcium-rich gel (v, con) can be calculated by multiplying the ASR gel
volume (AV,,,) generated during each time step (At) by the gel conversion rate constant (k. ), as follows:

Ygel,con = kcshAVgel' (5)

where the gel conversion rate constant (k.s,) depends on the available calcium in the cement paste
required for the ASR gel to transform into a calcium-rich gel. In addition, k., is affected by the gel
composition. However, as the gel composition may vary and the amount of available calcium changes
sensitively at the microscale, it is difficult to reflect them directly in the model. Therefore, in this study,
sensitivity analysis was conducted using the gel conversion rate constant (k. ) as a variable. In addition,
based on a study by Katayama [18], the alkali-rich gel and calcium-rich gel were assumed to be
A20-2Ca0-6Si02-4.5H20 and 3Ca0-2Si02-3H:0, respectively; hence, the volume reduction due to the
change in gel properties was determined to be 31%.

4. COMPARISON OF ANALYSIS AND TEST RESULTS

4.1 Experimental data

As shown in Table 4.1, the results of ASR tests based on alkali supply conditions and the aggregate
reactivity as variables were obtained from the literature [11-12] to verify the rationality of the proposed
model. Takahashi et al. [11] manufactured three 10 cm-cube specimens using andesite aggregates, one
of which was immersed in 1.6 mol/L NaOH (i.e., alkali supply condition), and the other two specimens
were wrapped with water (i.e., alkali leaching condition) and an alkaline solution with the same alkali
concentration as the pore solution in concrete (i.e., constant-alkali condition). Gao et al. [19] investigated
the effect of aggregate reactivity on concrete expansion. To prevent alkali leaching, alkali was added to
the concrete such that the specimen had the same alkali concentration as the exposure environment (1
mol/L NaOH). Therefore, it was assumed in the analysis that the specimens were under constant-alkali
conditions.

Table 4.1 Experimental data

Alkali condition Aggregate type
Supply
Takahashi et al. [11] Leaching Andesite
Constant
Opal
Gao et al. [19] Constant Quartz
Siliceous limestone

4.2 Analysis results and discussions

To investigate the applicable range of the gel conversion rate constant (k. ), a sensitivity analysis
was performed based on the test results reported by Takahashi et al. [11]. Figure 4.1 shows a
comparison of the test and analysis results with respect to k.. For the silica dissolution rate, the value
measured in the experiment was applied; however, the maximum amount of silica was not measured
during the test; hence, it was assumed to be the maximum value of the measured data (= 500 mol/m3).
In addition, under alkali leaching conditions, because the alkali concentration of the environment
surrounding the specimen was extremely low, it was set to 10 mol/L. In all analyses, 3.0 x 1078 was
applied as the reaction rate constant for ASR gel formation (k), and 1.0 x 10713 and 20 MPa were set
as the diffusion coefficient (D) and tensile strength of aggregate (f;), respectively.

The obtained results showed that as the gel conversion rate constant (k_g,) increased, the rate of
conversion from the ASR gel to a calcium-rich gel increased, resulting in a decrease in expansion. In
addition, under the constant-alkali condition, the analytical model predicted the experimental results well
when the value of k., was in the range of 0.002—0.005. Under the alkali supply condition, the obtained
result was the most similar to the experimental result when k., was zero, i.e., the final expansion of the
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specimen was evaluated closest when the generation of calcium-rich gel was not considered. This may
be attributable to the following two reasons: First, in the pore solution with a high alkali concentration,
the soluble calcium decreased [16,21], and accordingly, the rate of conversion from the ASR gel to
calcium-rich gel was extremely low. Secondly, the maximum amount of silica was assumed to be
relatively low as it was not measured in the experiment. Therefore, the applicability of the proposed
model to alkali supply conditions should be investigated more comprehensively via additional
experiments in the future. For the alkali leaching condition, the proposed model slightly underestimated
the experimental results in all ranges of k_g,. Under actual experimental conditions, when alkali leaching
occurs, the external alkali concentration increases, thereby causing the difference in alkali concentration
between the inside and outside of the specimen to decrease. Consequently, the alkali leaching rate
decreases gradually over time. However, the proposed model did not consider this phenomenon; hence,
it underestimated the expansion of the specimen under alkali leaching conditions. Therefore, additional
analytical studies that reflect changes in the external alkali concentration caused by alkali leaching must
be conducted in the future. Although the analysis and experimental results differed slightly, and the
value of kg, that provided the most accurate analysis result varied depending on the environmental

alkali conditions, the expansion of the specimen was evaluated reasonably by applying k.., in the range
of 0—0.005.
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Figure 4.1 Sensitivity analysis based on Takahashi et al. [11]

In the simulation based on the experiment of Gao et al. [19], the diffusion coefficient (D) and tensile
strength of the aggregate (f;) were set as the main parameters in the sensitivity analysis because
different types of aggregates were used for each specimen, as shown in Table 4.1. The reaction rate
constant (k) of 3.0 x 10~8 was applied as in the previous analysis. As shown in Figure 4.2, in the case
where the specimen to which siliceous limestone was applied, the proposed model evaluated the
expansion with good accuracy when D and f; values used in the analysis for the test reported by
Takahashi et al. [11] were applied. In addition, for the specimen with opal, relatively accurate results
were obtained when a diffusion coefficient (D) of 1.0 x 10~1* was applied, whereas applying a diffusion
coefficient (D) of 1.0 x 10~1* and a high tensile strength of aggregate (f, = 80 MPa) yielded favorable
evaluation results for the specimen with quartz. The values of k., that yielded the most accurate
prediction were 0.005, 0, and 0.01 for siliceous limestone, opal, and quartz, respectively, which suggests
that k., is affected by the reactivity of the aggregate.
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Figure 4.2 Sensitivity analysis based on Gao et al. [19]
To clarify the relationship between k., and silica reactivity, the silica dissolution rate of each

aggregate was calculated based on the same temperature (40 °C) using Arrhenius’ law [12], and the
results are shown in Figure. 4.3. It was discovered that k., decreased as the silica dissolution rate
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increased, which implies that the alkali-rich gel changes slowly to calcium-rich gel in the environment
where silica was dissolved rapidly. However, this conclusion was reached based on the simulation
results, therefore, additional experimental studies must be conducted for further confirmation. If a silica
dissolution test is conducted for the reactive aggregate, then the suitable value of k., for ASR
simulation can be determined based on the relationship between the dissolution rate and k., as shown
in Figure 4.3, from which the expansion caused by ASR can then be reasonably estimated under various
alkali environmental conditions and aggregate reactivity, using the proposed model. In addition, if the
reaction rates of the alkali-rich gel with calcium as well as the chemical composition of the ASR gel and
its formation process based on the aggregate reactivity are identified, then the proposed model is
expected to be usefully applied to simulate the structural behavior of ASR-affected concrete.
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Figure 4.3 Relationship between k., and silica dissolution rate

5. CONCLUSIONS

In this study, a modeling method to predict the ASR expansion of concrete under various alkali
conditions and with different reactive aggregates was developed. The silica dissolution behavior of the
reactive aggregate, rate of gel conversion of alkali-rich gel to calcium-rich gel, and volume reduction
caused by gel conversion were introduced in an analytical model. The proposed model was
comprehensively examined and verified to evaluate its applicability by comparing its results with the
experimental results. The findings of this study are as follows:

1. Sensitivity analysis using the gel conversion rate constant (k) as a variable showed that as
k.sn increased, the rate of conversion from an ASR gel to a calcium-rich gel increased, resulting
in a decrease in expansion.

2. By comparing the analysis and test results based on various environmental alkali conditions, it
was discovered that the proposed model reasonably evaluated the expansion of the specimen
when a k_g, value between 0 and 0.005 was applied.

3. Because the mechanical properties and diffusion coefficient of aggregates depend on the
aggregate type and shape, an analysis was conducted to investigate the effects of the tensile
strength and diffusion coefficient of the aggregate on ASR expansion, in this study. It was
discovered that a larger tensile strength and a smaller diffusion coefficient resulted in a slower
expansion.

4. The value of k., that resulted in the most accurate predicted test results were 0.005, 0, and 0.01
for siliceous limestone, opal, and quartz, respectively, which suggests that k., is affected by the
silica reactivity of the aggregate. The relationship between k., and silica reactivity revealed that
k.s, decreased as the silica dissolution rate increased. This implies that the alkali-rich gel
changes to calcium-rich gel slowly in the environment where silica was dissolved rapidly.
However, this conclusion was reached based on the simulation results; therefore, additional
experimental studies must be performed in the future for further confirmation.
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