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Abstract: Despite extensive research, the relationship between the progression of the alkali-silica
reaction (ASR) and the expansion of concrete due to ASR, particularly for the heterogeneous aggregate
with slow reactivity, is not thoroughly understood. In this paper, the dissolution kinetics of reactive
silica present in sandstone when exposed to NaOH solutions, alongside the expansion characteristics
of rock prisms under ASR conditions, were studied. The experimental results indicate that ASR
behaves as a first-order reaction, accompanied by an exponential decrease in the concentration of
OH™ over time, and the dissolution rate of silica is predominantly governed by diffusion dynamics.
Notably, increasing the temperature accelerates ASR, which augments the expansive pressure in a
confined and limited space, leading to more significant aggregate expansion. Conversely, higher
temperatures also result in a diminished retention of ASR gels within the aggregate, leading to the
mitigation of ASR expansion. Our findings underscore that larger aggregates retain a greater quantity
of gels, resulting in more pronounced expansion. To establish an ASR prediction model based on the
relationship of the ASR expansion of concrete to high and low temperatures, the parameters such as
the range of curing temperatures and the grading size of aggregates should be carefully considered
for the experiments.
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1. Introduction

The alkali-silica reaction (ASR) is a complex chemical reaction taking place between
the reactive silica in the aggregate and hydroxyl ions (OH™) from the pore solution in
concrete [1,2]. ASR gel may adsorb water and cause the expansion and cracking of concrete.
In general, two steps are involved in the ASR process: (1) the chemical reaction to form ASR
gel, and (2) the expansion of gel due to the uptake of water [3]. Correspondingly, the ASR
expansive behavior of concrete depends on: (1) chemical factors influencing the chemical
reaction rate and degree, such as temperature [4,5], pore solution chemistry [6,7], and the
reactivity of silica; (2) the response of physical factors to expansive pressure, such as the
confined conditions of ASR gel [8-11], the distribution of reactive silica in the aggregate [12],
and the rheological behavior of the gel [13]. Therefore, it is necessary and important to
comprehensively understand the influence factors and expansion mechanism of ASR for
establishing the ASR prediction model.

1.1. Chemistry of Alkali-Silica Reaction

The kinetics is equally important because the rate at which silica dissolves in the pore
solution can largely control the overall rate of ASR. The explanation of the chemical process
was given by Glasser et al. [14], and in more detail, by Bulteel et al. [15]. The topochemical
rupture of the siloxane bonds possibly acts as follows:
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= Si-0-Si = + 20H™ & 2(=Si-07) + H,O (1)
But it may occur in two steps [15]:

(1) The formation of Q3 sites due to siloxane bonds first breaking up by hydroxide ion
attack, as follows:

2510, + OH™ — SiO;, + SiOs/,H )

(2) The dissolution of silica due to continued hydroxide ion attack on the Q3 sites to form
silica ions, as follows:

. _ 1 o
8i05/, + OH™ + SHO, — H,SiO] (3)

As the reactive silica structures (=5Si-OH, =5i-O-Si=) gradually break down, they also
attract the soluble alkali hydroxides (sodium hydroxide, NaOH, and/or potassium hydrox-
ide, KOH), then form the hydrated alkali-silicate gel within the aggregate. Dron et al. [16]
argued that ASR involves mainly ionic reactions in the pore solution. Different chemical
equilibriums are possible, depending on the pH of the pore solution and the ionic species
in the solution. Balachandran et al. [17] proposed a three-stage behavioral model to explain
the dynamic relationship between ASR progression and pore solution composition. A high
calcium ASR product (C-S-H- type gel) or a low calcium ASR product (ASR-type gel) was
dictated by their accessibility to the pore solution.

The dissolution rate of silica is influenced by various factors, such as the pH, tem-
perature, surface area of the reactive silica, the reactivity of silica, and the concentrations
of K*, Na*, and Ca?* present in concrete [18,19]. Dron et al. [20] studied the kinetics of
the dissolution of opal in NaOH solution according to the conditions described in ASTM
C289 [21]. Bulteel [15] and Verstraete et al. [22] quantified the reaction degree of flint
dissolved in 0.79 mol/L KOH solution at different temperatures. Maraghechi [23] studied
the dissolution rate of soda-lime-silica glass, and the results showed that it is highly related
to both pH and temperature. Up to pH = 14 and at 60 °C, the dissolution rate of glass
was found to be a function of [OH~]*2. Kim et al. [19] investigated the chemical reaction
sequence and kinetics of ASR by exposing «-cristobalite to 0.7 mol/L KOH or NaOH
with the presence of solid calcium hydroxide (Ca(OH);). They subsequently presented
the results on the kinetics of the chemistry of the pore solution in a cementitious system
containing the highly reactive aggregate [24].

1.2. Effect of Aggregate Properties

Whether or not concrete structures suffer ASR damage during service is fundamentally
determined by the content of reactive silica in the aggregates and their properties. Aggre-
gates are commonly classified as: non-reactive, moderately reactive, highly reactive, or very
highly reactive, according to the results of standardized tests (e.g., the accelerated mortar
bar test (AMBT, ASTM C1260 [25]) or the concrete prism test (CPT, ASTM C1293 [26])).
Amorphous SiO; (e.g., opal, natural, or synthetic glass) is known to be the most reactive,
followed by metastable crystals (e.g., cristobalite and tridymite), microcrystalline silica,
and other crystalline forms containing many lattice defects, residual strains, or internal
microcracks. If the aggregate particle is composed entirely of reactive silica, such as opal or
glasses, which have uniform composition throughout their volume, the aggregate surface
may react quickly with the alkaline pore solution to form ASR gel at the surface. Onion
skin cracks can be observed when alkali ions diffuse uniformly into the highly reactive
aggregate [27,28]. Ichikawa et al. [27] proposed a reaction rim model to describe the ASR
evolution. However, if the reactive silica is absent at the surface and is mostly contained
as fine reactive particles distributed within a non-reactive matrix of the aggregate, such
as many sandstones, greywackes and siliceous limestones, it takes time for the alkaline
pore solution to penetrate into and contact with the reactive silica. As a result, the reaction
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proceeds more slowly, and the gel forms within the aggregate, leading to sharp cracks
throughout the aggregate. As a type of slow-reacting aggregate, the mineralogy and fabric
of rocks are responsible for different manifestations of the alkali-silica reaction [29,30].
Based on the results, Dunant et al. proposed a gel pocket model [31]. In the gel pocket
model, expansive pressure forms at the random location of a reactive site (gel pocket),
i.e., the origin of expansion is randomly distributed inside the aggregate [28,32].

The porosity degree of aggregate particles also plays a vital role in the rate of ASR
expansion. According to the study by Ben et al. [30], it was reported that highly porous
aggregates suffered more ASR expansion as compared to the aggregates with lower porosity.
It was found that the alkali ions are more easily diffused in the porous aggregate particles
than in the less porous aggregates, which then initiates aggregate dissolution leading
to ASR.

The kinetics of the highly reactive aggregates, such as opal, glass, flint, and «-
cristobalite, has been studied by many researchers, while for the slow-reacting aggregates,
the reactive silica randomly distributed within the non-reactive matrix of the aggregates,
few studies have focused on the kinetics of silica dissolution. On the other hand, for the
same aggregate, the expansion of ASR gel at different temperatures and aggregate sizes
varies. The cause of the expansion induced by ASR gel remains controversial. In this
paper, the kinetics of ASR in sandstone was investigated, and the corresponding induced
expansion was discussed.

2. Materials and Methods
2.1. Materials

Sandstone, a clastic sedimentary rock, was used in this study, which also adopted
the dam concrete for the Jinping Hydroelectric Project located at Sichuan Province, China,
as the coarse aggregate. The sandstone is mainly composed of 72.0 wt.% SiO;, 11.2 wt.%
AlyO3, 4.5 wt.% Fep O3, 1.4 wt.% CaO, 3.6 wt.% MgO, 2.0 wt.% KO, and 1.0 wt.% NayO; and
the ignition loss is 4.1 wt.%. The rock exhibits a mosaic structure consisting of quartz, mica,
feldspar, calcite, and chlorite, according to the petrographic analysis using a LEICA DM750P
Polarization Microscope (Leica Microsystems, Tokyo, Japan) (Figure 1a). Microcrystalline
quartz is considered to be the reactive phase, which distributes as an aggregate in the rock
(Figure 1b). The amount of microcrystalline quartz in the rock is approximately 10 wt.%. A
continuous foliation can be distinguished, and the direction of the foliation planes is shown
by a black arrow in Figure 1c. Minerals in the rock were also confirmed by X-ray diffraction
(XRD, Bruker D8 Focus, Billerica, MA, USA, Cu, 40 kV, 40 mA, 5°/min, ), and the results
are shown in Figure 2. The expansion of the mortar was 0.19% at 14 days according to
the accelerated mortar bar method (ASTM C1260 [25]), and the expansion of the concrete
prisms was 0.04% at 1 year according to ASTM C1293 [26]. This indicates that sandstone is
potentially alkali-reactive, and that it is a slow-reacting aggregate. Chemical grade NaOH
(NaOH > 95%) was used to prepare alkali solutions with deionized water.

Figure 1. Petrographic analysis of sandstone with a crossed polarizer. (a) Clastic texture of sandstone;
(b) microcrystalline quartz aggregated in sandstone; (c) direction of foliation planes. Q—quartz;
C—calcite; F—feldspar; M—mica.
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Figure 2. XRD pattern of the sandstone.

2.2. Experimental Methods
2.2.1. Kinetics of Silica Dissolution

The extent of the reaction between the NaOH solution and sandstone was determined
using ASTM C289, while some conditions were adjusted: (1) The crushed sandstone
particles with the size fraction of 0.315-0.630 mm instead of that of 0.15-0.3 mm, described
in ASTM C289, were used in the experiment. (2) The reaction conditions, such as different
temperatures (40 °C, 60 °C, and 80 °C) and the different concentration of NaOH solution
(1.0 mol/L, 0.5 mol/L, 0.3 mol/L and 0.2 mol/L), were used in the experiment. (3) The
duration of the reaction was prolonged to 90 days.

Two batches of test specimens were prepared for the experiment. One is used for in-
vestigating the influence of temperatures designated at 40 °C, 60 °C, and 80 °C, respectively,
and the concentration of NaOH solution is 1.0 mol/L. Another batch of specimens is used
for investigating the influences of NaOH concentration, for which the concentrations are set
to 0.5 mol/L, 0.3 mol/L, and 0.2 mol/L, respectively, at a specific temperature of 60 °C. A
total of 25.0 g of sandstone particles was placed into a polypropylene copolymer container.
Prior to the mixing of sandstone and the NaOH solution, they were separately preheated
to the reaction temperature. Following this, 25 mL of NaOH solution was added into the
container. The containers were sealed and stored at the preset temperature conditions.

ASR products are present in two forms: (1) free silica ions in alkali solution, and
(2) precipitated silica to form sodium silica hydrates (N-S-H, ASR gels). At the end of the
exposure periods, the container was cooled immediately, and the liquid was filtered. The
filtrates were collected, and the content of dissolved silica and the reduction in alkalinity
were detected according to the method described in ASTM C289. The residues were dried
at 105 °C for 24 h, then ground into powders by passing them through a 0.045 mm sieve. A
total of 5.0 g of the powders were immersed in 500 mL of 1:1 dilute hydrochloric acid (HCI)
and stirred for 0.5 h [19]. This acid treatment was intended to dissolve the ASR gels in the
solids and dilute the silicate ions for silica content detection. The dissolution solution was
filtered, and the content of dissolved silica was measured, according to ASTM C289.

The reaction degree of the silica was calculated at different ages. The reaction degree

o is defined as: . )
o= Sidissolved _ Slsolution + Slgel (4)
Si® Si®
where Sigopytion is the amount of free silicate ions in alkali solution at time t, Sig, is the
amount of ASR gels, Si* is the asymptotic value for t = oo, of which the value was obtained
through curve-fitting, described by Gao [33]. The Si™ is 2.4 g in the reaction system with

25.0 g of sandstone.
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2.2.2. Expansion of Rock Prism

The test method for potential alkali reactivity of carbonate rocks was used for ref-
erence [34], but some parameters were altered in this experiment: (1) Sandstone in-
stead of carbonate rock was used in the rock prism test method [35]; (2) Rock prisms
of 10 mm x 10 mm X 35 mm and 20 mm X 20 mm x 60 mm instead of cylinder sample
®9 mm x 35 mm were prepared. Each batch of rock prisms contains three mutually per-
pendicular specimens. Stainless steel reference studs were fixed on the mid-points at the
end faces of the rock prisms. Specimens were immersed in deionized water at a room
temperature (22 £ 1 °C), and the length was measured at different intervals until the change
in length in a 24 h water immersion period did not exceed 0.02%. The stable datum is used
as the initial length of rock prism. Following this, the specimens were immersed in 1 mol/L
NaOH solution and cured at 60 °C and 80 °C, respectively. The ratio of the NaOH solution
to the solid (by mass) is 3. When the concentration of OH™ ions of the alkali solution was
less than 0.7 mol/L, an NaOH tablet was added to improve the concentration of OH™
ions to 1.0 mol/L [35]. Prior to the length measurement, the specimens were removed
and cooled down to the room temperature (22 £ 1 °C). The length change was calculated
as follows:
li—lo

x 100%
ly

Al =

)

where Al is the length change at the test age, /; is the length in mm at the test age, and ) is
the initial length after equilibrium in water. In the three mutually perpendicular specimens,
the max expansion specimen was used for plotting.

3. Results and Discussion
3.1. Kinetics of ASR in Sandstone
3.1.1. Reaction Degree of Silica in Sandstone

As mentioned previously, the total dissolved silica consisted of (1) free silicate ions in
solution, and (2) precipitated silica as ASR gels. A specific reaction degree «; is defined

as follows: )
o Slsolution

N = —c— 6
ay is determined by the difference between total dissolved silica and free silica in
solution o:

(7)

The reaction degree of sandstone immersed in 25 mL 1 mol/L NaOH solution, cured
at 40 °C, 60 °C, and 80 °C, respectively, is given in Figure 3.

Xy =& — X1

0.18+ 0.4+
——a
60°C

U‘

e °
Y

a,

0.3

°
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\
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\
\
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Reaction degree
\
Reaction degree

o 0.1 A

0.0

1
100

T T
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()

]
o reaction time /d reaction time /d

(b) (c)

Figure 3. Reaction degree o as a function of time at different temperatures. (a) 40 °C, (b) 60 °C, (c) 80 °C.

At 40 °C, the reaction degree o was increased continuously in the experimental period.
In the early stages, « increased rapidly, which was mainly due to the rapid increase in «;.
After a short plateau at 6 days, ; increased steadily. When sandstone was immersed in
1 mol/L NaOH solution for 90 d, the «, &1, and «y; were 0.08, 0.03, and 0.05, respectively.
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At 60 °C, o increased continuously, which is similar to the reaction at 40 °C. The difference
is that ap was increased to reach an asymptotic value of 0.06. As the temperature increased
to 80 °C, the silica dissolved in solution increased rapidly in 28 d, with the highest reaction
degree of 0.38, and thereafter, it reached a plateau. The precipitated silica was increased
rapidly in the early stages, and then reached a steady value of around 0.04. During the
reaction period from 28 d to 90 d, the precipitated silica increased slowly, with the value of
oy increased from 0.04 to 0.06.

3.1.2. Dissolution Rate Constant

The dissolution of silica is influenced by many factors, such as mineral type of silica,
particle size, surface area, pH value, and composition of the solution [36]. In this model, it
is assumed that the formation and dissolution of ASR gel is a dynamic equilibrium process,
which simplifies the diffusion process of ions in the alkali silica reaction system. The rate of
a solid-liquid reaction is usually controlled by chemical dynamic or diffusional dynamic.
The chemical control model is usually described as follows [37]:

1—(1—a)” =kt (8)
And the diffusional control model is described as [37]:
1+2(1—a) —3(1—a)”* = kyt 9)

where « is the reaction degree, k is the dissolution rate constant, and ¢ is the reaction time.
To determine the experimental dissolution rate constants (k), the relationships between the
reaction degree («) and the time () were explored according to Equations (8) and (9) for the
reaction systems at 40 °C, 60 °C, and 80 °C, respectively. The results are listed in Table 1.

Table 1. Values of dissolution rate constant (k) at 40 °C, 60 °C, and 80 °C, respectively.

40°C 60 °C 80°C
Time/Days
kr kd x kr kd x kr kd
1 0.015 5071 x 1073 7.842 x 1075 0.024 7.932 x 1073 1.902 x 10~4 0.050 1.690 x 102 8.526 x 10~*
3 0.018 2.054 x 1073 3.844 x 107° 0.035 3.907 x 1073 1.375 x 10~* 0.085 9.724 x 1073 8.375 x 10~*
5 0.020 1.347 x 1073 2.749 x 107° 0.042 2.827 x 1073 1.196 x 10~* 0.114 7.887 x 1073 9.110 x 10~*
6 0.022 1.257 x 1073 2.869 x 107° 0.046 2.620 x 103 1.230 x 1074 0.125 7.268 x 103 9.253 x 10~*
14 0.033 7.882 x 1074 2.614 x 107° 0.072 1.768 x 103 1.296 x 10~4 0.282 7.462 x 1073 2.178 x 1073
28 0.047 5.657 x 10~* 2.676 x 107° 0.105 1.298 x 103 1.384 x 10~¢ 0.359 4.918 x 103 1.847 x 1073
63 0.068 3.693 x 1074 2.549 x 107° 0.150 8.384 x 10~ 1.284 x 1074 0.366 2.240 x 103 8.598 x 10~*
90 0.082 3.141 x 1074 2.623 x 107° 0.184 7.291 x 10~ 1.375 x 1074 0.377 1.623 x 1073 6.421 x 1074

2/3
As shown in Table 1, the values of k; = Hz(lf')‘);?’(l*“)

1/3
are roughly equal, while the values of k, = 120-9" are discrete. The standard deviation

f
values (SD) via ANOVA are listed in Table 2.

at a certain temperature

Table 2. SD of dissolution rate constant (k) at 40 °C, 60 °C, and 80 °C, respectively.

SD
40°C 60 °C 80°C
k; 0.00157 0.00236 0.00481
ks 1.8 x 107° 22 x107° 55 x 1074

Obviously, the SD of k, is much greater than that of k; at each temperature. This means
that the rate of silica dissolved in alkali solution is controlled by the diffusional dynamic.
The average value of k; (only the roughly equal values) represents the dissolution rate
constants (k) for the reaction system at each temperature. The influence of temperature on
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the dissolution rate of the silica in sandstone was examined using the Arrhenius equation,
and the results are shown in Figure 4. The activation energy (Ea) for the dissolution of silica
in sandstone is 80.0 k] /mol. The value is a little higher than that for flint (78 kJ /mol) [15]
and o-cristobalite (73.05 kJ/mol) [19].

-6.5

80°C
70l u
7.5} Ink=-9619.7T"'+20.1
8.0 ™~ R%=0.9845
85l \ E,=80.0kJ/mol
= N
= g0l e
a5l 60°C
100 \
~_ 40°C
-10.5 -
11,0 . . . )
6.0028 0.0029 0.0030 0.0031 0.0032

T-I/ K-]

Figure 4. Arrhenius plot for the reacting systems with sandstone immersed in 1 mol/L NaOH.

3.1.3. Reaction Order

To determine the order of the alkali-silica reaction, only the [OH™] was changed for
all of the reaction systems. Assuming the reaction order is n, the kinetics of the reaction
could be described as:

rock[OH™]" (10)

where 7 is the rate of reaction, k is the reaction rate constant depending on the reaction
temperature, and n is the reaction order. The following relationship can be deduced from
Equation (10) when the temperature is fixed:

lgr ecnlg[OH ™| (11)

The influence of the concentration of NaOH on silica dissolution at 60 °C is shown in
Figure 5. The amount of dissolved silica is the sum of silica in solution and the precipitated
silica. The dissolved silica increases rapidly in the first 3 days, and it is mainly precipitated
in inner part of sandstone particles. After that, at each concentration of NaOH, the amounts
of dissolved silica are approximately proportional to the reaction time. Figure 6 shows
the relationship between the magnitude of dissolved silica and the reaction time when
different NaOH concentrations were used, and the slope of the fitted line to the different
concentration of NaOH represents the reaction rate. The relationship between r and [OH™]
was plotted according to Equation (11), shown in Figure 6. The slope represents the reaction
order, nn, which is 1.3, indicating that ASR is a first-order reaction. Obviously, the reaction
rate is proportional to the [OH™].

500|- 3.6mgd
= 0.2mol/L, NaOH 5 Home/

e 0.3mol/L NaOH
400 - 4 0.5mol/L NaOH|

300~ 1.9mg/d

Amount of dissolved silica /mg

0 20 40 60 80 100 120
reaction time /d

Figure 5. The reaction rate of silica in NaOH solution.
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slope=1.3

R’=0.9993
02} /
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0'0 1 1 1 1 1
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Figure 6. The order of alkali-silica reaction.

3.2. Expansion of Rock Prism

The expansion of rock prisms with the size of 10 mm x 10 mm X 35 mm and
20 mm X 20 mm X 60 mm, cured in 1 mol/L NaOH at 60 °C and 80 °C, respectively, is
shown in Figure 7. In the early ages, prisms of 10 mm x 10 mm x 35 mm showed a higher ex-
pansion at either 60 °C or 80 °C, while at the later stage, prisms of 20 mm x 20 mm x 60 mm
showed a higher expansion. For the prisms of 10 mm x 10 mm X 35 mm, the expansions
obtained in 330 days at 60 °C and 80 °C are 0.20% and 0.36%, respectively. For the prisms
of 20 mm X 20 mm X 60 mm, the expansions obtained in 228 days at 60 °C and 80 °C
are 0.28% and 0.53%, respectively. With increasing temperature, the expansion of the rock
prism increased.

0.30 | o
o 05} -

-— /
0.25 / 04l

7
7

0.3
02 / —=— 10mm*10mm*35mm

0.15

Expansion /%
o
N
o
Expansion /%

y e

010 # . —u—10mm*10mm*35mm —e— 20mm*20mm*60mm

S —e— 20mm*20mm*60mm ‘ /

7 0.1 g
0.05 | f

/ 0.0 “ L L L L L L )
0.00 0 5IO 1(I)0 1;0 260 2.;30 3(I)0 350 0 50 100 150 200 250 300 350
Time /d Time /d
(a) 60 °C (b) 80°C

Figure 7. ASR expansions of rock prism cured in 1 mol/L NaOH solution at 60 °C and 80 °C.

3.3. Discussion

The deterioration of concrete structures due to ASR expansion is usually initiated
by the chemical reaction accompanying the formation of swelling gels. In sandstone, the
microcrystalline quartz particles (reactive SiO,) are surrounded by other minerals (non-
alkali-reactive matrix). The alkali solution diffuses into the sandstone through pores and
other channels, and then the chemical reaction takes place at the surface of the microcrys-
talline quartz to form ASR gels. As the reaction progresses, the amount of ASR gel around
the reactive silica sites increases. On the one hand, the ASR gels will diffuse and fill the dif-
fusion channels, leading to a decrease in the diffusion coefficient. On the other hand, cracks
generated by ASR expansion will enhance the diffusion coefficient. With the evolution of
the reaction, gels increased within the sandstone, and they would create pressure if the
gels formed in a confined and limited space, but the gels would exude from the confined
space into the alkali solution to release the pressure, accompanied by an increase in free
silica ions in the alkali solution. In addition, the reactant NaOH is continuously consumed,
and the concentration of OH™ constantly decreases. Therefore, the diffusion of OH™ is
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not steady. In this model, it is assumed that the formation and dissolution of ASR gel is a
dynamic equilibrium process, which simplifies the diffusion process of ions in the alkali
silica reaction system.

3.3.1. Effect of the Temperature

The temperature plays an important role in the alkali-silica chemical reaction and
ASR gel behavior in the sandstone aggregate. As a chemical reaction, the kinetics of
ASR in sandstone follow Arrhenius’ law, which means that increasing the temperature
may accelerate the process of ASR, forming more products. In many laboratory studies
on assessing the performance of concrete due to ASR, it is common to use temperature
elevation to accelerate the rate of reaction and to explore the correlation between the
expansion of ASR at high and low temperatures for predicting the performance of concrete
in service. It is worth noting that the ASR expansion is related to the reacted fraction of
aggregates, but it is also affected by the amount of ASR gel retained in the aggregate and
confined in a restricted space. As shown in Figure 3, in the early stage, o is greater than o,
which means that the amount of gel is always higher than that of the free silicate ions. As
the reaction proceeds, the amount of silicate ions in the alkali solution increases gradually.
Elevated temperature boosts the exudation of ASR gels from the sandstone into the alkali
solution. Figure 8 shows the content of ASR gels inside the particle at different temperature,
in which the content of gels is defined as o/ «.

100

content of ASR gels / %

time

Figure 8. Content of ASR gels inside the particle at different temperatures.

With increasing temperature, the content of ASR gels decreased dramatically. At 40 °C,
the reacted silica is mainly in the form of ASR gels, with an amount of 5% at 90 d, and the
amount of gel were increased continuously. At 60 °C or 80 °C, the amounts of ASR gel
retained in the sandstone came to a plateau, at 6% and 4%, respectively. Although more of
the reactive silica reacted at a higher temperature, the products mostly exist in the form of
silicate ions in the alkali solution. Research results show that high temperature decreases
the viscosity of ASR gel [13,38], which means that the higher temperature enhances the
movement of ASR gel, making it more likely to flow out through the pores or cracks.
The amount of ASR gels retained inside the aggregate decreased with the increase in
temperature, which will reduce the ASR expansion [39].

3.3.2. Effect of Hydroxyl Ions

According to the chemical reaction described in Equations (2) and (3), the hydroxyl
ions play a vital role in the dissolution rate of silica, since it acts as a reactant attacking
the reactive silica. The results show that the dissolution of reactive silica within sandstone
attacked by OH™ ions can be expressed as a first-order reaction, which means that the
dissolution rate of reactive silica is only proportional to the concentration of OH™ to the
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power of one. As ASR proceeds, the hydroxide ions consume continuously, and the [OH™]
reduces gradually. The drop in alkalinity is shown in Figure 9.

—=—at 40°C
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Figure 9. Reduction of alkalinity of 1 mol/L NaOH reacted with sandstone.

During the first 3 days, the concentration of OH™ ions dropped rapidly at every
temperature, which might be attributed to the rapid alkali-silica reaction. At the later
stages, the decline in the concentration of OH™ ions became slow. It should be noted that
the [OH™] in the solution at 80 °C remained around 0.6 mol/L, even though the reaction
degree of silica reached a plateau. It can thus be inferred that the reaction in the system
with 25.0 g of sandstone and 25 mL of 1 mol/L NaOH did not come to end, but to an
equilibrium of dissolution.

Therefore, the effect of OH™ ions could be described as follows: at the early stage,
with a high concentration, OH™ ions rapidly attack the reactive silica, producing abundant
gels, leading to a rapid ASR expansion; at the late stage, with a declining concentration, the
reaction rate slows down, with a slow growth of ASR gels.

Ca(OH), presented in the alkali-silica reaction plays an important role in ASR expan-
sion [40]. Struble et al. [41,42] reported that for a homogenous amorphous silica aggregate,
the silica minerals merely dissolved and remained in the solution in the absence of calcium
(Ca), while with the presence of Ca, the reaction rim of the aggregates was formed in a
confined space and therefore, produced the expansion of concrete. Unlike the homoge-
nous silica aggregate, sandstone itself provides restricted spaces for accommodating the
expansive ASR gels. In the absence of Ca in this experiment, the rock prisms expand
continuously (Figure 7), but it can be inferred that the presence of Ca(OH), accelerates the
rate of ASR expansion. High-alkali and low-calcium silica hydrates [C-(Na/K)-S-H) with
higher viscosity form on the surface of the aggregate, which can reduce the exudation of
gels from the particles [10,13].

3.3.3. Effect of Particle Size

The amount of gel retained inside the aggregate is also influenced by the prism size.
Figure 7 shows the ASR expansion of the sandstone rock prisms with different cross-
sections. In the experimental system of the rock prism and 1 mol/L NaOH solution, with
the increasing size of the rock prism, the expansion of the rock prism increased. Figure 10
shows the micrographs of rock prisms cured at 80 °C. Obviously, ASR damage to the
20 mm x 20 mm x 60 mm prism seems more serious. Ke [43] performed an experiment
using the same sandstone as that used in this study. In Ke’s experiment [43], the aggregates
with sizes of 0.63-1.25 mm and 2.5-5.0 mm were used, respectively, and mortar bars with
20 mm X 20 mm x 80 mm were cast. The effect of the curing temperature on the ASR
expansion of mortar bar was explored, and the results are shown in Figure 11. At the same
temperature, the expansion of mortar bar with 2.5-5.0 mm aggregates is usually greater
than that of the mortar bar with the 0.63-1.25 mm aggregates. Larger aggregates tends
to retain a higher amount of gels inside for the longer distance of diffusion, leading to a
higher expansion and more serious damage.
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by stereomicroscope, 30x

(b) Prism measuring 10 mm x 10 mm x 35 mm, 330 days

Figure 10. Cracks in the rock prisms cured in 1 mol/L NaOH at 80 °C.
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Figure 11. Expansion of mortar bar cured in 1 mol/L NaOH solution [43].

4. Conclusions

The study of the kinetics of the alkali-silica reaction (ASR) in sandstone has provided
significant insights into the dissolution behavior of reactive silica under varying conditions,
and the following conclusions can be drawn:

(1) The ASR of sandstone is a first-order reaction. The alkali-silica reaction in sandstone
conforms to a first-order kinetic model. The reaction rate is directly proportional
to the concentration of hydroxide ions ([OH™]) and decreases exponentially over
time as the OH™ ions are consumed. This indicates that without the introduction
of new hydroxide ions, the silica dissolution rate will progressively diminish. The
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reaction kinetics adhere to the principles outlined by Arrhenius’ law, demonstrating
that temperature is a critical factor in the reaction rate.

(2) There is a temperature influence on ASR dynamics. Elevated temperatures signifi-
cantly accelerate the ASR process, increasing the rate of silica dissolution and subse-
quent gel formation. However, higher temperatures also reduce the retention of ASR
gels within the aggregate particles, which mitigates the overall expansion caused by
the reaction. This dual effect underscores the complexity of predicting ASR behavior
solely based on temperature. Larger aggregates tend to retain more ASR gels, leading
to greater expansion, which is a crucial consideration for understanding and modeling
ASR in real-world scenarios.

(38) The implications for predictive modeling are as follows: The study highlights the
necessity of incorporating various parameters, such as temperature and aggregate
size, into predictive models for ASR. These factors must be meticulously controlled
in experimental setups to ensure the accuracy and applicability of the models. The
relationship between ASR expansion at different temperatures and the structural
properties of the aggregate provides a basis for developing more reliable predictive
tools for concrete deterioration due to ASR.

This study primarily focuses on the behavior of sandstone aggregates under controlled
laboratory conditions. While the insights are valuable, real-world conditions often present
additional variables, such as fluctuating environmental temperatures and varying chem-
ical compositions of concrete. Future studies should aim to replicate these conditions to
further validate the findings. By addressing these aspects, the understanding and man-
agement of ASR in concrete can be significantly improved, leading to a more durable and
resilient infrastructure.

Author Contributions: Conceptualization, Y.Y. and M.D.; methodology, Y.Y.; software, Y.Y.; validation,
Y.Y, LM.,, WL. and M.D.; formal analysis, Y.Y.; investigation, Y.Y.; resources, Y.Y. and W.L.; data
curation, Y.Y.; writing—original draft preparation, Y.Y.; writing—review and editing, Y.Y. and W.L.;
visualization, Y.Y.; supervision, M.D.; project administration, M.D.; funding acquisition, M.D. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was financially supported by the National Key Research and Development
Plan of China (2017YFB0309903-01).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Sims, I.; Poole, A. Alkali-Aggregate Reaction in Concrete: A World Review; CRC Press: London, UK, 2017.

2. Chatterji, S. Chemistry of alkali-silica reaction and testing of aggregates. Cem. Concr. Res. 2005, 27, 788-795. [CrossRef]

3.  Takahashi, Y.; Ogawa, S.; Tanaka, Y.; Maekawa, K. Scale-dependent ASR expansion of concrete and its prediction coupled with
silica gel generation and migration. J. Adv. Concr. Technol. 2016, 14, 444-463. [CrossRef]

4. Allahyari, H.; Heidarpour, A.; Shayan, A.; Nguyen, V.P. A robust time-dependent model of alkali-silica reaction at different
temperatures. Cem. Concr. Compos. 2020, 106, 103460. [CrossRef]

5. Shi, Z,; Park, S.; Lothenbach, B.; Leemann, A. Formation of shlykovite and ASR-P1 in concrete under accelerated alkali-silica
reaction at 60 and 80 °C. Cem. Concr. Res. 2020, 137, 106213. [CrossRef]

6. Leemann, A.; Saout, G.; Winnefeld, F.; Rentsch, D.; Lothenbach, B. Alkali-silica reaction: The influence of calcium on silica
dissolution and the formation of reaction products. J. Am. Ceram. Soc. 2011, 94, 1243-1249. [CrossRef]

7. Strack, C.; Barnes, E.; Ramsey, M.; Williams, R.K,; Klaus, K.L.; Moser, R.D. Impact of aggregate mineralogy and exposure
solution on alkali-silica reaction product composition and structure within accelerated test conditions. Constr. Build. Mater. 2020,
240, 117929. [CrossRef]

8.  Broekmans, M. The Alkali-Silica Reaction: Mineralogical and Geochemical Aspects of Some Dutch Concretes and Norwegian
Mylonites. Ph.D. Thesis, Utrecht University, Utrecht, The Netherlands, 2002.


https://doi.org/10.1016/j.cemconcomp.2005.03.005
https://doi.org/10.3151/jact.14.444
https://doi.org/10.1016/j.cemconcomp.2019.103460
https://doi.org/10.1016/j.cemconres.2020.106213
https://doi.org/10.1111/j.1551-2916.2010.04202.x
https://doi.org/10.1016/j.conbuildmat.2019.117929

Materials 2024, 17, 2956 13 of 14

10.

11.
12.

13.

14.
15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Bleszynski, R.; Thomas, M. Microstructural studies of alkali-silica reaction in fly ash concrete immersed in alkaline solutions. Adv.
Cem. Base Mater. 1998, 7, 66—78. [CrossRef]

Giorla, A,; Scrivener, K.; Dunant, C. Influence of visco-elasticity on the stress development induced by alkali-silica reaction. Cerm.
Concr. Res. 2015, 70, 1-8. [CrossRef]

Giorla, A.; Dunant, C. Microstructural effects in the simulation of creep of concrete. Cem. Concr. Res. 2018, 105, 44-53. [CrossRef]
Miura, T.; Multon, M.; Kawabata, Y. Influence of the distribution of expansive sites in aggregates on microscopic damage caused
by alkali-silica reaction: Insights into the mechanical origin of expansion. Cerm. Concr. Res. 2021, 142, 106355. [CrossRef]
Vayghan, A.; Rajabipour, F.; Rosenberger, ]. Composition—rheology relationships in alkali-silica reaction gels and the impact on
the Gel’s deleterious behavior. Cem. Concr. Res. 2016, 83, 45-56. [CrossRef]

Glasser, L.; Kataoka, N. The chemistry of alkali-aggregate reaction. Cem. Concr. Res. 1981, 11, 1-9. [CrossRef]

Bulteel, D.; Garcia-Diaz, E.; Vernet, C.; Zanni, H. Alkali-silica reaction: A method to quantify the reaction degree. Cem. Concr. Res.
2002, 32, 1199-1206. [CrossRef]

Dron, R.; Brivot, F.; Chaussadent, T. The mechanism of the alkali-silica reaction. Bull. Lab. Ponts Chaussées 1998, 214, 61-68.
Balachandran, C.; Munoz, J.; Peethamparan, S.; Arnold, T.S. Alkali -silica reaction and its dynamic relationship with cement pore
solution in highly reactive systems. Constr. Build. Mater. 2023, 362, 129702. [CrossRef]

Broekmans, M.; Jansen, ]. Silica dissolution in impure sandstone: Application to concrete. J. Geochem. Explor. 1998, 62, 311-318.
[CrossRef]

Kim, T.; Olek, J. Chemical sequence and kinetics of alkali-silica reaction Part I. experiments. J. Am. Ceram. Soc. 2014, 97, 2195-2203.
[CrossRef]

Dron, R.; Brivot, F. Thermodynamic and kinetic approach to the alkali-silica reaction. Part 2: Experiment. Cem. Concr. Res. 1993,
23,93-103. [CrossRef]

ASTM C289; Standard Test Method for Potential Alkali-Silica Reactivity of Aggregates (Chemical Method). ASTM: West
Conshohocken, PA, USA, 2003.

Verstraete, J.; Khouchaf, L.; Bulteel, D.; Garcia-Diaz, E.; Flank, A.M.; Tuilier, M.H. Amorphisation mechanism of a flint aggregate
during the alkali-silica reaction: X-ray diffraction and X-ray absorption XANES contributions. Cem. Concr. Res. 2004, 34, 581-586.
[CrossRef]

Maraghechi, H. Development and Assessment of Alkali-Activated Recycled Glass Based Concretes for Civil Infrastructure; The Pennsylva-
nia State University: State College, PA, USA, 2014.

Kim, T.; Olek, J.; Jeong, H. Alkali-silica reaction: Kinetics of chemistry of pore solution and calcium hydroxide content in
cementitious system. Cem. Concr. Res. 2015, 71, 36—45. [CrossRef]

ASTM C1260; Standard Test Method for Potential Alkali Reactivity of Aggregates (Mortar-Bar Method). ASTM: West Con-
shohocken, PA, USA, 1994.

ASTM C1293; Standard Test Method for Determination of Length Change of Concrete due to Alkali Silica Reaction. ASTM: West
Conshohocken, PA, USA, 2009.

Ichikawa, T.; Miura, M. Modified model of alkali-silica reaction. Cem. Concr. Res. 2007, 37, 1291-1297. [CrossRef]

Kawabata, Y.; Dunant, C.; Yamada, K.; Scrivener, K. Impact of temperature on expansive behavior of concrete with a highly
reactive andesite due to the alkali-silica reaction. Cem. Concr. Res. 2019, 125, 105888. [CrossRef]

Ponce, ].; Batic, O. Different manifestations of the alkali-silica reaction in concrete according to the reaction kinetics of the reactive
aggregate. Cem. Concr. Res. 2006, 36, 1148-1156. [CrossRef]

Ben, H.; Gallucci, E.; Guidoum, A.; Scrivener, K.L. Relation of expansion due to alkali silica reaction to the degree of reaction
measured by SEM image analysis. Cem. Concr. Res. 2007, 37, 1206-1214.

Dunant, C.; Scrivener, K. Micro-mechanical modeling of alkali-silica-reaction-induced degradation using the AMIE framework.
Cem. Concr. Res. 2010, 40, 517-525. [CrossRef]

Joo, H.; Takahashi, Y. Analytical and experimental studies on alkali-silica reaction mechanism: Aggregate cracking and chemical
composition change of gel. Cem. Concr. Compos. 2023, 139, 105003. [CrossRef]

Gao, X. Contribution to the Requalification of Alkali Silica Reaction (ASR) Damaged Structures: Assessment of the ASR
Advancement in Aggregates. Ph.D. Thesis, Toulouse University, Toulouse, France, 2010.

DL/T 5151; Test Code for Aggregates of Hydraulic Concrete. Standardization Administration of China: Beijing, China, 2014.
(In Chinese).

Yang, W.; Deng, M.; Huang, B.; Chen, W.; Wang, Z. Effects of NaOH solution concentration on expansion of rock-prisms of
siliceous and dolomitic aggregates. J. Nanjing Tech. Univ. 2018, 3, 18-23. (In Chinese)

Iler, R. The Chemistry of Silica: Solubility, Polymerization, Colloid and Surface Properties and Biochemistry; Wiley-Interscience: Hoboken,
NJ, USA, 1979.

Anthony, R. Basic Solid State Chemistry; John Wiley & Sons: New York, N, USA, 2000.

Vail, J. Soluble Silicates—Their Properties and Uses; Chemistry; Reinhold: New York, NY, USA, 1952.

Mbetmi, G.; Multon, S.; Larrard, T.; Duprat, E; Tieudjo, D. Sensitivity of an alkali-silica reaction kinetics model to diffusion and
reactive mechanisms parameters. Constr. Buld. Mater. 2021, 299, 123913. [CrossRef]

Chatterji, S. The role of Ca(OH); in the breakdown of Portland cement concrete due to alkali-silica reaction. Cem. Concr. Res.
1979, 9, 185-188. [CrossRef]


https://doi.org/10.1016/S1065-7355(97)00030-8
https://doi.org/10.1016/j.cemconres.2014.09.006
https://doi.org/10.1016/j.cemconres.2017.12.001
https://doi.org/10.1016/j.cemconres.2021.106355
https://doi.org/10.1016/j.cemconres.2016.01.011
https://doi.org/10.1016/0008-8846(81)90003-X
https://doi.org/10.1016/S0008-8846(02)00759-7
https://doi.org/10.1016/j.conbuildmat.2022.129702
https://doi.org/10.1016/S0375-6742(97)00034-4
https://doi.org/10.1111/jace.12992
https://doi.org/10.1016/0008-8846(93)90139-Z
https://doi.org/10.1016/j.cemconres.2003.09.012
https://doi.org/10.1016/j.cemconres.2015.01.017
https://doi.org/10.1016/j.cemconres.2007.06.008
https://doi.org/10.1016/j.cemconres.2019.105888
https://doi.org/10.1016/j.cemconres.2005.12.022
https://doi.org/10.1016/j.cemconres.2009.07.024
https://doi.org/10.1016/j.cemconcomp.2023.105003
https://doi.org/10.1016/j.conbuildmat.2021.123913
https://doi.org/10.1016/0008-8846(79)90024-3

Materials 2024, 17, 2956 14 of 14

41. Struble, L.; Diamond, S. Swelling properties of synthetic alkali silica gels. J. Am. Ceram. Soc. 1981, 64, 652-655. [CrossRef]

42. Struble, L.; Diamond, S. Unstable swelling behaviour of alkali silica gels. Cem. Concr. Res. 1981, 11, 611-617. [CrossRef]

43. Ke, ]. Kinetics of Expansion due to Alkali-Aggregate Reaction and Expansion Prediction; Nanjing Tech University: Nanjing, China, 2008.
(In Chinese).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1111/j.1151-2916.1981.tb15864.x
https://doi.org/10.1016/0008-8846(81)90091-0

	Introduction 
	Chemistry of Alkali–Silica Reaction 
	Effect of Aggregate Properties 

	Materials and Methods 
	Materials 
	Experimental Methods 
	Kinetics of Silica Dissolution 
	Expansion of Rock Prism 


	Results and Discussion 
	Kinetics of ASR in Sandstone 
	Reaction Degree of Silica in Sandstone 
	Dissolution Rate Constant 
	Reaction Order 

	Expansion of Rock Prism 
	Discussion 
	Effect of the Temperature 
	Effect of Hydroxyl Ions 
	Effect of Particle Size 


	Conclusions 
	References

