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Abstract: In this study, the influence of two distinct reac-
tive aggregate dosages on the alkali–silica reaction (ASR) of
concrete was investigated. The expansion ratio, axial com-
pressive strength, splitting tensile strength, and relative
dynamic elastic modulus (RDEM) of concrete were consid-
ered as the main parameters to study the failure criteria of
concrete induced by ASR at 40°C. Microscopic experiments,
such as scanning electron microscopy and X-ray computed
microtomography, were applied to analyze the damage
induced by ASR on the concrete prisms and the propaga-
tion of internal cracks of the reactive aggregates in nano-
space. The results showed that the two ranges can be used
as the failure criteria produced by the ASR of concrete con-
taining 3 and 6% dosages of reactive aggregates at 40°C,

respectively, when the RDEM of concrete was reduced to
70‒75% and 85‒90%. Additionally, the results of CT indicated
that microcracks tended to extend from the initial defects of
aggregate to the cement slurry. Meanwhile, ASR gel packed
with the pores, which reduced the porosity. It was note-
worthy that the adhesive force between the ASR gel and
the cement matrix after filling pores could not make up for
the loss of the mechanical properties of concrete.

Keywords: alkali–silica reaction, mechanical properties,
failure criteria, deterioration mechanism, X-ray computed
microtomography, microstructure

1 Introduction

Alkali–aggregate reaction (AAR) is a common factor affecting
the durability of concrete structures [1]. According to the
types of alkali-active aggregates, the AAR can be divided
into two types, including alkali–silica reaction (ASR) and alkali–
carbonate rock reaction [2,3]. ASR is recognized as one of
the most deleterious phenomena in concrete, which will
lead to serviceability problems, cracks, and other dete-
rioration mechanisms [4]. Since it was discovered in the
1940s, the damage of ASR has been highly valued by coun-
tries all over the world because of its long reaction period
and strong destructiveness [5].

ASR is a deleterious reaction that takes place between
alkali and silica contained in reactive aggregate and pro-
duces hydrophilic gel [6]. In a high relative humidity envir-
onment, the gel can absorb water and produce expansion
pressure inside the material. The determinants (yield stress
and viscosity) are the important rheological properties of
ASR gels [7]. The gel with high yield stress and viscosity
will produce expansion pressure on pores and tensile stress
in concrete. When the expansion pressure is higher than the
tensile stress, microcracks will be generated in the aggregate
particles [7,8]. As the ASR progresses, the gel penetrates into
the cracks and spreads into the cement paste [9,10], which
eventually leads to an increase in expansion pressure,
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resulting in large-area cracking of the concrete and a sub-
sequent decrease in the strength and stiffness of concrete
structure [11,12]. The ASR progress can be better represented
by Figure 1.

The damage caused by ASR to concrete is mainly
reflected in the decline of the bearing capacity of concrete
structures [13–15]. Several attempts have been made on
this by scholars to evaluate the influence of ASR develop-
ment on concrete materials and mechanical properties all
over the world [1–3,5,16–18]. Pan et al. [13] established the
mesoscopic particle model of ASR in concrete and con-
ducted uniaxial compression tests to evaluate the damage
of ASR in concrete. They reported that the tensile stress
was produced in cement paste with the continuous pro-
gress of ASR, which eventually finally reached the meso-
strength of material after continuous accumulation. The
cement paste cracked as a result of accumulating tensile
stresses that were greater than the components could with-
stand, which caused the concrete to deteriorate even further.
As the curing age increased, several researchers found that
ASR caused a reduction in the compressive and tensile
strength of concrete [2,3,15]. The tensile strength of concrete
is very low, making it liable to collapse, particularly in the
ASR phenomenon where the tensile strength of the concrete
is easily affected [5]. In addition, it was found that the gain in
concrete strength with time must be considered when evalu-
ating the effect of ASR on the strength of concrete [16].

Some researchers [17] found that the expansion related
to ASR exhibited no significant impact on the reduction of
the uniaxial compressive strength of concrete. However,
when the concrete contains a certain amount of high reac-
tive aggregates, the uniaxial compressive strength of con-
crete declines significantly [3,5,15,18]. Ahmed et al. [15]
studied the effect of ASR on the degradation trend of
mechanical properties of concrete, and the compressive
strength, direct tensile strength, splitting tensile strength
(STS), and static elastic modulus of concrete were regarded
as mechanical indexes. The results showed that ASR showed
a negative effect on the mechanical properties of concrete,
and the expansion caused by ASR had less influence on the

direct tensile strength of concrete in the early stage than the
STS and flexural strength of concrete. Compared with the
compressive strength, the static elastic modulus was a sen-
sitive and reliable indicator to reflect the deterioration
degree of concrete due to ASR.

These studies showed that due to the different test
methods of the reactivity of aggregate and the mechanical
properties of concrete, this reduction induced by ASR in
different types of aggregates and different mechanical
properties was different [5,14]. While the elastic modulus
of concrete is a good indicator for evaluating internal
damage caused by ASR because of its high sensitivity to
microcracks [5,12,14], Abd-Elssamd et al. [16] found a loga-
rithmic correlation with the correlation coefficient (R2 =

0.9) between the modulus of elasticity and volume expan-
sion at high expansion ratio (ER). As the decrease of the ER
of ASR (the high ER was 0.62, and the slow ER was 0.6), the
R2 value also decreased to 30% because of the hydration of
cement and the creep of cement paste. When the ER value
of concrete only reached 0.6%, the elastic modulus of con-
crete might also drop sharply to around 30% of the initial
value [14]. It is worth noting that the mechanical properties
of concrete affected by ASR exhibited a direction depen-
dence with the anisotropic degradation of concrete mechan-
ical properties. A multi-axis compression test conducted by
Comi confirmed the characteristics of reduced expansion in
the direction of the major stress of compression, and the
elastic modulus measured along the direction of constraint
was significantly more affected by ASR than compressive
strength [19]. The elastic modulus’ susceptibility to aniso-
tropy has also been documented. When compared to con-
crete’s compressive strength, Anca discovered that the
anisotropy of the elastic modulus appeared to be more
noticeable [20]. In addition, to investigate the best indica-
tors to characterize the degree of ASR injury, Liu et al. [21]
conducted tests on the dynamic elastic modulus, the com-
pressive strength, the STS, and the flexural strength of speci-
mens in different periods. Experiment results indicated that
the influence of ASR on the compressive strength of concrete
was less than that on the STS and flexural strength of

Figure 1: Schematic demonstration of the ASR progress.
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concrete and found that the dynamic elastic modulus of
concrete had a linear relationship with its ER. Additionally,
Swamy [22] used the dynamic elastic modulus and ultra-
sonic pulse velocity to detect the ASR damage inside the
concrete as he looked into the finest indications to describe
the severity of the injury. The results [22] had clearly shown
that the dynamic elastic modulus was more appropriate to
the ASR damage in concrete (shown in Figure 2).

In addition, the deterioration degree induced by ASR is
not only related to the types of reactive aggregate [18,23],
and its chemical and physical characteristics [10,11,15,23]
but also related to the amount of reactive aggregate [24].
Also, a small amount of reactive aggregate could produce
ASR-related damages in concrete [22]. Therefore, many
scholars investigated the influence of reactive aggregate
and other factors on the mechanical properties of concrete
and also adopted various measures to alleviate the expan-
sion induced by ASR [2,3,5]. The most common method to
inhibit ASR is the application of supplementary cementi-
tious materials (SCMs), mainly using fly ash, metakaolin,
silica fume, etc. [1,3,5,25]. Due to the existence of the vol-
canic ash effect, SCMs effectively consume CH, which helps
to form additional calcium silicate hydrate (C-S-H) and
combines more alkali ions, thus helping to lower the alkali
content of concrete. In addition to reactive silica, the alkali
is also an indispensable reactant in ASR, so incorporating
SCMs into concrete can be considered a practical approach
to inhibiting ASR in concrete.

The purpose of this study aimed to explore the ASR
failure criteria of concrete with two various dosages of
reactive aggregates. At present, there are many measures
to inhibit the ASR in concrete. However, only a few studies
have investigated the evolution of mechanical properties

of concrete and its failure criteria caused by ASR with
different dosages of reactive aggregates. In this article,
the axial compressive strength (ACS), STS, and RDEM tests
were carried out on concrete with different contents of reac-
tive aggregates. Simultaneously, the relationship between the
RDEM, other indicators, and the ER of concrete prisms at
different ages was analyzed, and the failure criteria of con-
crete affected by ASR were established based on the RDEM
loss of concrete. Besides, in order to better understand the
development process of ASR and analyze the relationship
between the degradation of mechanical properties and crack
development, scanning electron microscopy (SEM) combined
with energy-dispersive X-ray spectral (EDS) was applied to
analyze the changes in product morphology and element
composition at the interface between cement paste and aggre-
gate at different ages. The phases of the hydration products
were also evaluated by X-ray diffractometer (XRD), and X-ray
computed microtomography (X-ray CT) was carried out to
explore porosity and the crack evolution inside the concrete.
Therefore, these results will be highly significant in deter-
mining the damage degree of ASR to concrete in the future,
which will provide theoretical guidance and a technical basis
for studying the degree of damage to concrete caused by ASR.

2 Experimental

2.1 Raw materials

The physical properties and chemical composition of ordinary
Portland cement are listed in Tables 1 and 2. And the qualified
stability indicates that the expansion degree of cement mea-
sured by Lei’s method met the requirements of GB/T 1346-
2011 [26].

The non-reactive fine aggregates intended for use in
concrete were natural mid-sand, and the quartz glass aggre-
gates with 99.91% SiO2 were considered reactive aggregates.
The chemical compositions of quartz glass aggregate are
shown in Table 3, and the gradation of mid-sand and coarse
aggregates met the requirements in the SL352-2020 standard
[27] and GB/T 14685-2011 [28], respectively. And piped water
was used to mix the specimens.

2.2 Mixture proportions

The prism test and mechanical property test of concrete
were prepared in accordance with GB/T 50082-2009 [29]
and GB/T 50081-2009 [30]. The water/cement ratio applied
to all the mixtures was 0.42. For all specimens, the fine
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Figure 2: Relationship between the ER of ASR and relative dynamic
elastic modulus (RDEM) of concrete [22].
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aggregates (natural medium sand) were partially replaced
by 3 and 6% bymass of the reactive aggregates, which were
denoted as CLA-4 and CHA-4, respectively, and the mixture
proportions are shown in Table 4. The concrete specimens
were mixed according to the components in Table 4 and
removed from the mold after forming, and the specimens
were maintained in a standard curing room at 40°C with a
relative humidity of 100 to the specified ages.

2.3 Test methods

2.3.1 ER of concrete prisms test

The concrete prism test was carried out on the specimens
following the standard of GB/T 50082-2009 [29]. The con-
crete prism specimens measured 75 mm × 75 mm × 275 mm
in size, with three specimens per group. The age was
extended to 245 days to observe the later ER. The changes
in length and mass were measured using a digital length
comparator and scale, respectively.

2.3.2 Mechanical property tests

The ACS and STS experiments of concrete specimens were
measured according to GB/T 50081-2019 [30], and the RDEM
test of concrete specimens was performed in accordance
with the National Standards of China GB/T 50082-2009 [29].
The dimensions of the ACS, STS, and RDEM of concrete
specimens were 150mm × 150 mm × 300 mm, 100mm ×

100mm × 100mm, and 100mm × 100mm × 400mm,
respectively. Besides, the ACS, STS, and RDEM of concrete
specimens were measured at different curing ages.

2.3.3 XRD analysis

To characterize the phase changes of the reaction products
within 35 weeks, the XRD measurements were taken using
an XRD (Bruker D8 Advance, Germany). The step size and
scanning rate of this apparatus were 0.02° and 5°·min−1,
respectively. The specimens were scanned in the range
from 10° to 90°.

2.3.4 SEM/EDS test

To explore the effect of ASR on the microstructure of con-
crete, the microstructural characteristics of samples at dif-
ferent ages, including the changes in the microstructure

Table 1: Physical and mechanical properties of P·O 42.5 cement

Indexes Standard consistency (%) Fineness (cm2·g−1) Stability Setting time (min) Flexural and compressive strength (MPa)

Initial setting Final setting 3 days 28 days

Results 27.5 3830 Qualified 134 224 5.2/34.7 8.3/49.6

Table 2: Chemical compositions of cement (%)

Oxides Na2O K2O MgO CaO SiO2 Al2O3 Fe2O3 Loss on ignition

w (%) 0.42 0.72 2.32 59.06 28.60 8.11 3.72 0.60

Table 3: Chemical compositions of quartz sand (%)

Oxides MgO CaO SiO2 Al2O3 Fe2O3

w (%) 0.080 0.035 99.55 0.14 0.19

Table 4: Mixture proportions of concrete specimens (kg·m−3)

Types Cement Fine aggregate Quartz sand Coarse aggregate Water 10% NaOH solution

CHA-4 420 714.4 45.6 1140 176 14.96
CLA-4 420 737.2 22.8 1140 176 14.96

Notes: CHA-4 referred to concrete specimens with 6% dosage reactive aggregate; CLA-4 represented concrete specimens with 3% content reactive
aggregate.
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morphology and chemical component of hydration pro-
ducts, were studied. The samples were examined using a
thermal field emission scanning electron microscope and
an energy-dispersive X-ray spectrometer and the speci-
mens were scanned using an apparatus mode with a vol-
tage of 15 kV and a current of 4 MPa.

2.3.5 X-ray CT test

X-ray CT was applied to observe the variation in porosity
and the progression of ASR influence over 35 weeks. The
specimens used for X-ray CT were thin slices of concrete
with a diameter of 18 mm and a height of 6 mm. And the
slices were randomly chosen for observational purposes.

The 3D computed tomography microscanning system
primarily consists of an X-ray source, rotating sample
stage, detector, and computer system. X-ray CT measures
the topography of the sample alone and reconstructs it to
obtain a three-dimensional image. During this process, the
X-ray intensity will attenuate due to the absorption or scat-
tering of the sample, and its intensity reduction complies

with the Lambert–Beer law [31]. The composition of the
microcomputed tomographic system is shown in Figure 3.

3 Results and discussions

3.1 ER of concrete prisms

Figure 4 presents the ER changes of concrete prisms con-
taining 3 and 6% reactive aggregate. As can be seen from
Figure 4(a), the ERs of all tested samples far exceeded the
limits specified (0.04%) in ASTM C1260 [32] and SL 352–2020
[27], and the ER of the CHA-4 group was significantly larger
than that of the CLA-4 group.

For the trend of ER versus time, the hyperbolic func-
tion of Liu was used to fit [33], and the fitted curve and
related parameters are detailed in Figure 4(b) and Table 5,
respectively, and the equation of the hyperbolic function is
shown in Eq. (1). As can be seen from Table 5, the correla-
tion coefficient R2 values of the CHA-4 and CLA-4 groups
are equal to 0.9906 and 0.9953, respectively, and their
values are close to 1, so the hyperbolic function provides
an excellent fit. At the same time, the relationship between
the ER and time was fitted to derive the reaction rate (kT)
and the final ER (ξu) by Origin in order to further analyze
the expansion trend of concrete prisms.

( ) =
+

ξ t
ξ k t

k t1

,2

u T

T

(1)

where ( )ξ t2 and ξu are the expansions of concrete prisms at
the curing time of t and the final ERs, respectively. And kT
and t are the reaction rate constant at T°C and the curing
time of the specimens at T°C, respectively.Figure 3: Schematic diagram of the X-ray CT.
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Figure 4: Relationship between the ER and curing age of the CHA-4 and CLA-4 group concrete specimens: (a) ER and (b) fitting curve of the ER of
CHA-4 and CLA-4 groups.
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Combined with the analysis of the ER data obtained
from the test, the difference between the ER growth of the
CHA-4 and CLA-4 groups in the two time periods of 56–91
days and 91–126 days was large, which demonstrated that
the growth rate of the ER of both changed at 91 days, and
the reaction rate of the prisms at the corresponding time
point could be calculated by Equation (1). The reaction
rates of the CHA-4 group specimens were 0.0158, 0.0145,
and 0.009 at 56, 91, and 126 days, respectively, while the
reaction rates of the CLA-4 group specimens were recorded
as 0.006 and 0.0056 at 56 and 91 days, respectively. The
reaction rates of the CHA-4 and CLA-4 groups gradually
leveled off around 126 and 91 days, respectively. Mean-
while, in conjunction with the analysis of Figure 4, the
reaction rates of CHA-4 and CLA-4 gradually stabilized
around 126 and 91 days, respectively.

The ER results demonstrated that all the two groups of
concrete prisms containing 3 and 6% reactive aggregates
showed a sharp increase in expansion at an early age,
while concrete prisms’ ER in the later stage entered a
stable stage until the end of the observation period, which
indicated that the ASR process entered the end stage.

3.2 Variation of weight gain rate with time

Figure 5 illustrates the evolution of weight gain in concrete
prisms of the CHA-4 and CLA-4 groups with the increase
in curing age. It could be seen from Figure 5 that the
weights of CHA-4 and CLA-4 increased continuously with
the growth of maintenance age, and the weight gain rate of
the CHA-4 group was greater than that of the CLA-4 group.
The weight gain rate of the two groups both reached a
maximum value of 1.2 and 0.6%, respectively, at 126 days,
while the weight gain rate of the two groups both exhibited
a sharp decline in the segment after 126 days. And with the
progress of the experiment, the weight gain rate of the
concrete prism became negative in the later periods. It
could be concluded that as the ASR took place, the prism
masses of both high and low dosing reactive aggregates
demonstrated a tendency that increased first and then
decreased. On the one hand, the weight gain rate gradually

became larger as the age increased. On the other hand, the
higher the dosage of reactive aggregates was, the greater
the weight gain rate of the concrete prism would be.

This tendency was caused by the internal expansion of
concrete prisms brought on by the ASR gel’s water absorp-
tion, which increased the weight of concrete prisms [15,34].
The growing gel pockets in the aggregates would create
expansion pressure inside the concrete, and the internal
stress accumulated to a high level that the concrete could
no longer support, resulting in a growing number of cracks
in the prisms. The evolution of cracks would lead to an
increase in the permeability and water absorption rate of
concrete prisms, thus increasing the weight gain rate of
concrete prisms [35]. The concrete prisms containing 6%
reactive aggregates would have more ASR gel accumula-
tion, resulting in more cracks and a greater weight gain
rate. Due to the increasing number of cracks and extension
width, the concrete aggregates were forced apart from the
matrix, which ultimately led to the appearance of a sharp
decrease segment in the weight gain rate. The results also
indirectly indicated that the internal structures of the CHA-
4 and CLA-4 groups were damaged to different degrees with
the increase of curing age. Furthermore, the internal damage
was constant and the mechanical properties became worse in
the process of the mass increase.

3.3 Analysis of the ACS

The variations of ACS with the increase of curing age for
the investigated CHA-4 and CLA-4 group concrete prisms
are illustrated in Figure 6. It can be obtained from the
picture that under the influence of ASR, the overall ACS
of all concrete prisms showed a continuous downward

Table 5: Regression parameters of the fitting curve about the relation-
ship between expansion and time of CHA-4 and CLA-4 groups

Types ξu (%) kT (d−1) R2

CHA-4 0.6319 0.0147 0.9906
CLA-4 0.6310 0.0062 0.9953
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Figure 5: Weight gain rate of the CHA-4 and CLA-4 group concrete
prisms.

6  Yongbo Wang et al.



trend. The CHA-4 group, on the other hand, similarly exhib-
ited a reduced declining rate of the curve during the period
from 7 to 28 days, while the CLA-4 group displayed a minor
growing segment of strength for the first 28 days. This
trend could be due to the strong initial hydration of
cement, which weakened the damage caused by ASR to
the ACS [18]. During the period from 28 to 126 days, the
decline rate of the ACS of the CHA-4 group was greater than
that of the CLA-4 group in the early period. The decline rate
of the ACS of the CLA-4 group tended to be stable in the
latter stage, and the decline rate of the ACS of the CHA-4
group appeared to slow down. At 126 days, the ACS of the
CLA-4 group had decreased to a minimum value of 28 MPa,
whereas the ACS of the CHA-4 group had not yet stopped
declining. The results demonstrated that with the increase
in curing time, the ACS of concrete prisms was weakened
by ASR. The higher the dosage of reactive aggregates was,
the greater the weakening effect of ASR on the ACS of con-
crete would be. Meanwhile, the ACS might be affected by the
interactive effect of the hydration reaction of the cement
and ASR in the early stage of the experiment, which indi-
cated that the evolution of the ACS might mask the damage
caused by ASR in the early stage.

It is worth mentioning that the hydration reactions of
the cement as well as the ASR-related degradation have an
impact on the mechanical characteristics of concrete. The
former diminished the mechanical properties of concrete,
while the latter enhanced these properties [18]. For the
CLA-4 group concrete prisms, at the start of the experi-
ment, the hydro-chemical reaction of cement dominated.
The strength increase brought on by the cement’s ongoing
hydration was stronger than the influence of ASR-induced
damage on the mechanical properties of concrete. Simi-
larly, for the CHA-4 group concrete prisms, the hydro-che-
mical reaction of cement also lessened the harm that ASR

had done to the stiffness and compressive strength of con-
crete. The ACS declined at a slower rate throughout the
first 28 days as a result. After 28 days, the negative effect
of ASR on the ACS grew more pronounced, and even
though the hydration reactions of the cement continued,
the adverse effect from ASR-induced damage on the ACS
still dominated. Therefore, the ACS showed a downward
trend in the later stage. This indicated that the 28-day ACS
of concrete prisms containing reactive aggregates could
not effectively reflect the degradation of ASR mechanical
properties, which should be paid attention to in practical
engineering applications.

3.4 Analysis of the STS

The impact of ASR on the tensile behavior of the concrete
can be best reflected by the splitting test. Figure 7 shows
the variation of STS of concrete prisms with the increase in
curing age. It can be seen in the figure that the STS reached
a maximum value for both concrete prisms with various
reactive aggregate dosages before it started to reduce. The
maximum value of the STS of the CHA-4 and CLA-4 groups
was 3.4 and 3.7 MPa, respectively. The stronger ASR caused
the CHA-4 groups to reach their maximum values at 28
days, whereas the weaker ASR caused the CLA-4 groups
to reach their highest values at 56 days. After reaching
the maximum value, a significant decline in strength was
seen in both the CHA-4 and CLA-4 groups, followed by a
gentle section. At 56 days, the CHA-4 groups decreased
to 1.6 MPa, while the CLA-4 groups dropped to 2.2 MPa at
91 days. The findings demonstrated that the STS of the
concrete prisms with various reactive aggregate dosages

0 25 50 75 100 125 150 175 200
15

20

25

30

35

40

45
A

x
ia

l 
co

m
p
re

ss
iv

e 
st

re
n

g
th

(M
P

a)

Time/(days)

 A-CHA-4  B-CLA-4

Figure 6: Relationship between the ACS and curing age of the CHA-4 and
CLA-4 groups.

0 20 40 60 80 100 120 140 160 180 200

1.5

2.0

2.5

3.0

3.5

4.0

S
T

S
(M

P
a)

Time/(days)

 A-CHA-4  B-CLA-4

Figure 7: Relationship between the STS and curing age of the CHA-4 and
CLA-4 groups.

Failure criteria and microstructure evolution mechanism of ASR  7



tended to increase strength in the early stages and decrease
strength in the late stages. The reason was that in the initial
stage, the continual hydration of cement and the gel’s ability
to plug in the cracks improved the microstructure of con-
crete, which temporarily raised the STS [15,24]. And the
more the reactive aggregate was, the shorter the enhance-
ment stage would be. With the progression of ASR in con-
crete, the existing microcracks might extend into the matrix
and form a network, which connected the microcracks pro-
ceeding through the reactive aggregate. The microcracks
also kept increasing continuously in number, length, and
width. The matrix was eventually not sufficient to resist
the damage caused by ASR, and the STS appeared to
decrease sharply.

3.5 Analysis of the RDEM

Due to its high sensitivity to microcracks and aggregate
grading, the RDEM is acknowledged as a useful index to demon-
strate the negative consequences of ASR [14,23,36–40]. Figure 8
is plotted to clarify the variation of the RDEM of the concrete
prisms with the increase in curing age. It can be seen from
Figure 8(a) that the RDEM of the CHA-4 and CLA-4 groups
displayed a consistent tendency toward decline, with both of
them showing the fastest fall rates before 56 days. At the
same time, the RDEM has been in the lowering stage
throughout the observation period, and the decline rates
of the RDEM of the CHA-4 and CLA-4 groups were compar-
able at a later stage. The curve-fitting results between the
RDEM and time are represented in Figure 8(b); it could be
concluded that the degradation of RDEM of concrete was

well described by the fitting curve, and the R2 values in
the CHA-4 and CLA-4 groups reached 0.99 and 0.95, respec-
tively. This also indirectly indicated that the RDEM was
much more sensitive to the progression of cracks with the
increase of curing age. The investigation revealed that the
concrete’s RDEM was a reliable predictor of the negative
effects of ASR (i.e., expansion), that it declined over time,
and that the amount of reactive aggregate in the later phases
had a minimal bearing on the reduction of it. Though the
RDEM of concrete was still in the declining stage, the accu-
racy of the dynamic elastic modulus detection dropped as a
result of more damage inside the prisms at a later stage.
Though the RDEM of concrete was still in the declining
stage, the RDEM could still effectively describe the internal
damage of ASR. This revealed that the concrete’s RDEM was
a reliable predictor of the negative effects of ASR (i.e.,
internal damage).

4 Establishment of the failure
criteria

4.1 Analysis of the relationship between the
limits of each parameter

It can be seen from the aforementioned analysis that the
RDEM was the most accurate index for indicating the
extent of ASR damage. Combined with the ER, the weight
gain rate, the relative ACS, and the relative STS, the RDEM
was chosen as the reference group for comparative ana-
lysis in this study.
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(b) fitting curve of the CHA-4 and CLA-4 groups.
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4.1.1 Relationship between the RDEM and ER

Both the relationship between the RDEM and ER with ages
and the fitting curve of the RDEM and expansion were
plotted for concrete prisms, as shown in Figure 9. From
Figure 9(b), the CHA-4 and CLA-4 groups’ RDEM and ER
fitting curves obtained values of the regression coefficient
(R2) of 0.985 and 0.995, indicating a very good fitting rela-
tionship between the RDEM and ER. Consequently, there
was a close connection between the RDEM and the ER. As
ASR progressed inside the concrete, the ER of concrete
prisms continuously increased, while the RDEM of con-
crete prisms gradually decreased. Therefore, according to
the RDEM of the concrete prisms undergoing an internal
damage limit state, the growth limits of the ER could be
further determined.

Based on extensive tests, Swamy [22] found that when
the first crack generated by ASR appeared on the concrete
surface, the corresponding ERs ranged from 450 to 650 με,

that is, 0.045‒0.065%. It can be observed from Figure 9 that
the ER of the concrete prisms in this study was already in
the range of 0.045‒0.065% at the early stage, in which the
first crack was generated. However, the lack of a clear loss
of mechanical qualities at this range suggested that the first
crack’s formation had little effect on the mechanical prop-
erties of the concrete.

Figure 10 exhibits the gels and cracks on the surface of
the CHA-4 and CLA-4 prisms when the RDEM was reduced
to 70 and 60%, respectively. Following the observations in
this study, when the RDEM of the CHA-4 group either
decreased to 70% and the ER was 0.287%, or the RDEM of
the CLA-4 group decreased to 60% and the ER was 0.182%,
the cracks on the specimen’s surface increased sharply and
numerous gels appeared subsequently, indicating that the
ER of concrete had reached the limit values at this time. In
conclusion, the limit values of ER for the CHA-4 and the
CLA-4 groups are when the RDEM decreases to 70 and 60%,
respectively.
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Figure 10: Gels and cracks on the surface of the concrete prisms: (a) gels of the CHA-4 group when the RDEM was 70%; (b) gels of the CLA-4 group
when the RDEM was 70%; (c) cracks of the CHA-4 group when the RDEM was 70%; and (d) cracks of the CLA-4 group when the RDEM was 60%.
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Figure 10 exhibits the gels and cracks on the surface of
the CHA-4 and CLA-4 prisms. Liu et al. [21] found that when the
corresponding RDEMwas 83.34%, large cracks appeared on the
surface of concrete accompanied by visible gel overflow.When
the RDEM of the CHA-4 and CLA-4 groups fell to 70 and 60% in
this study, respectively, large cracks appeared on the surface of
the specimen and gel overflow occurred (Figure 10). At this
point, the mechanical properties decreased significantly.

Following the observations in this study, when the
RDEM of the CHA-4 group either decreased to 70% and
the ER was 0.287%, or the RDEM of the CLA-4 group
decreased to 60% and the ER was 0.182%, the cracks on the
specimen’s surface increased sharply and numerous gels
appeared subsequently, indicating that the internal damage
of concrete was very serious at this time, and the mechanical
properties deteriorated obviously (Figures 6 and 7), which was
no longer suitable for continuous load bearing. In conclusion,
the limit values of ER for the CHA-4 and the CLA-4 groups are
when the RDEM decreases to 70 and 60%, respectively.

4.1.2 Relationship between the RDEM and the relative
ACS with time

According to GB/T 50476-2019 [41], the concrete structure
should meet the reliability requirements of the service-
ability limit state, the reliability of concrete should be
90‒95%, and the corresponding failure probability should
be 10‒5%. For the percentage loss of the relative ACS of
concrete, the variations between RDEM and the relative
ACS with time in this study are shown in Figure 11. It could
be concluded from Figure 11 that the RDEM of the CHA-4
group reduced to 82.25 and 79.33% under the influence of

ASR when the relative ACS was lost by 5 and 10%, while the
RDEM of the CLA-4 group decreased to 69.38 and 64%. The
findings revealed that the RDEM reduced to 69.38 and 64%
when the relative ACS of the low dosage of reactive aggre-
gates reached the loss limit and to 82.25 and 79.33% when
the relative ACS of the high content of reactive aggregates
reached the loss limit.

4.1.3 Relationship between the RDEM and the relative
STS with time

According to the previous analysis, before the weakened
point of the STS, there would be a temporary strengthening
phase of the STS for a certain period due to the bonding
effect of the gel. However, the subsequent decline section
belongs to the brittle failure stage, and brittle failure is
strictly prohibited in concrete structures. Therefore, the
loss limit of the STS should be determined before the decline
stage, that is, the peak point. Figure 12 is plotted to clarify
the influence of expansion due to ASR on the RDEM and the
relative STS over time. As can be seen from Figure 12, the
RDEM must be reduced to 84% for the loss limit of STS of
high content reactive aggregate specimens (CHA-4), while
the RDEM must be reduced to 64% for the loss limit of STS
of low content active aggregate specimens (CLA-4).

4.1.4 Relationship between the RDEM and the weight
gain rate with time

The trends of RDEM and the weight gain rate with curing
age throughout the period investigated are depicted in
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Figure 11: Relationship between the RDEM and the relative ACS with
curing age of the CHA-4 and CLA-4 groups.
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Figure 13. From Figure 13, it can be observed that as the
RDEM was continuously reduced, the weight gain rate
abruptly decreased after reaching its maximum value. At
the same time, the RDEM of the high-dosage (CHA-4) and
low-dosage (CLA-4) reactive aggregates corresponded to 51
and 49%, respectively, when the weight gain rate of the
CHA-4 and CLA-4 groups reached the maximum values.
Besides, combined with Figures 11 and 12, when the RDEM
of the CHA-4 and CLA-4 groups were 51 and 49%, respec-
tively, the corresponding relative ACS and relative STS were
reduced to 62, 75%, and 64, 72%, respectively. These results
indicated that the specimens had lost their bearing capacity
and the concrete had sustained serious damage at this point;
thus, the weight gain rate was not a reliable indicator of
characterizing the extent of the damage inside the concrete.

4.2 Determination of the failure criteria

4.2.1 Influence of dosages of reactive aggregate on
mechanical properties

Combined with the analysis of Figures 9 and 11 and and 12,
it can be obtained that the ERs were 0.089, 0.17, and 0.215
for the CLA-4 group when the ages were 28, 60, and 91 days,
respectively, while the ACS increased by 2% at 28 days,
decreased by 12% at 60 days, and reduced by 21% at 91
days. The STS at 28 and 60 days increased by 11 and 15%,
respectively. The STS decreased by 26% at 91 days. The
RDEM was 78, 66, and 55% at 28, 60, and 91 days, respec-
tively; when the ages were 28, 60, and 91 days, the ERs were
0.178, 0.296, and 0.38 for the CHA-4 group, respectively,
while the ACS decreased by 4, 27, and 34% at 28, 60, and

91 days, respectively. The STS increased by 38% at 28 days,
decreased by 34% at 60 days, and reduced by 33% at 91
days, and the RDEM at 28, 60, and 91 days was 84, 70.4, and
59%, respectively.

By comparing the results, it was discovered that the
amount of reactive aggregate in concrete has a significant
impact on its mechanical properties. The more reactive
aggregate there is, the more seriously the concrete is
damaged internally and the less bearing capacity the speci-
mens have at the same age. In addition, it was observed
that when the content of reactive aggregate was higher
under the same damage degree, the degradation age of
the mechanical properties would be earlier. It is note-
worthy that the degradation age of mechanical properties
of the CLA-4 groups has not reached and the ASR had little
impact on the mechanical characteristics of the concrete
when the RDEM was approximately 80%, whereas the
degradation age of the mechanical properties of the CHA-
4 groups reached and the bearing capacity decreased
(Figures 11 and 12). Therefore, it could be inferred that
the RDEM had the ability to accurately characterize the
interior concrete damage to a greater extent with a higher
dosage of reactive aggregates.

4.2.2 Determination of the scopes of the failure criteria

The limit values of the RDEM for each parameter under the
influence of ASR are summarized in Table 6. Following a
horizontal comparison, it was discovered that the limit
values for the weight increase rate and ER of the CHA-4
group were lower than the limit values for the relative ACS
and the relative STS. As a result, the failure criterion of the
CHA-4 group was developed based on the limit values of
the relative ACS and the relative STS. The concrete struc-
ture was close to its maximum load-bearing capacity when
the RDEM was reduced to 84%, the STS achieved its max-
imum value, and the ACS lost almost 5%. At this point, the
brittle failure stage had not yet been reached. Therefore,
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Figure 13: Relationship between the RDEM and the weight gain rate with
curing age of CHA-4 and CLA-4 groups.

Table 6: RDEM corresponding to each parameter limit value

Types Er1 (%) Er2 (%) Er3 (%) Er4 (%)

CHA-4 82.25 84 70 51
CLA-4 69.38 64 60 49

Note: Er1 refers to the corresponding RDEM when the relative ASC
reached the limit value; Er2 denotes the corresponding RDEM when
the relative STS achieved the limit value; Er3 represents the corre-
sponding RDEM when the ER is up to the limit value; Er4 implies the
corresponding RDEM when the weight gain rate was at its limit value.
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the ASR failure criterion for the CHA-4 group would be
adopted as a decrease in the RDEM to 84%.

In comparison with the limiting values of ER, the rela-
tive ACS, and the relative STS, the limiting values of weight
gain rate for the CLA-4 group were much lower. Therefore,
the ER, relative ACS, and relative STS limiting values would
be used to define the failure criterion for the CLA-4 group.
The STS was prevented from reaching its maximum value
and from moving on to the brittle failure stage when the
RDEM was lowered to 69.38%, while the ACS lost 5% and
the ER was prevented from reaching its limiting value.
Therefore, a decrease in RDEM to 69.38% was considered
as the ASR failure criterion for the CLA-4 group.

In summary, the failure criteria of ASR for the CHA-4
and CLA-4 groups were a decrease in the RDEM to 84 and
69.38%, respectively, taking values of 85 and 70%. The
failure criteria of ASR should be treated as a greater value
than the test value in practical engineering due to the com-
plicated aspects of the material and maintenance environ-
ment and on account of safety reserve, and the limit range
should be extended by 5%. For the CLA-4 group of concrete
at 40°C, the RDEM decrease range of 70–75% is chosen as the
ASR failure threshold; the RDEM decrease range of 85–90%
is taken as the ASR failure criterion for the CHA-4 group of
concrete at 40°C.

5 Microstructure analysis

5.1 Analysis of XRD

To investigate the variation of phase types of the concrete
prisms after being cured for 14, 56, 126, and 245 days, the

samples were examined using the XRD technique. The
severe reaction led to the selection of the CHA-4 group
sample for XRD examination of the corresponding periods.
The XRD spectrum of the CHA-4 group is shown in Figure 14.
It was found from Figure 14 that the types of the physical
phases include SiO2 and C2S and C3S, in addition to the
products of hydro-chemical reaction of cement such as Ca
(OH)2, C-S-H gel, calcium alumina, and CaCO3. In addition,
the plots of the samples at different ages were compared,
and it could be seen that only the height and intensity of
characteristic peaks changed. With the evolution of age, the
number of Ca(OH)2, CaCO3, AFt, and C-S-H gel gradually
increased, while the number of C2S and C3S decreased gra-
dually. Therefore, during the observation period, the phase
type did not change, but only the amount of the corre-
sponding substance changed.

5.2 Analysis of SEM/EDS

Next, SEM was used to observe the microscopic mor-
phology of the sample CHA-4 at the corresponding age;
the outcomes are depicted in Figures 15 and 16. EDS ana-
lysis of the hydro-chemical products at points 1–2 in Figure
16 revealed that the component elements are mainly Ca,
Na, Si, and K. In conjunction with related researches, it was
indicated that ASR gels at the hit points in the specimens
were all ASR products [7,42–44], and their EDS profiles are
shown in Figure 17, and the chemical composition is shown
in Table 7.

Figure 15(a) and (c), (b) and (d) are the SEM images of
the CHA-4 group and the CLA-4 group after curing for 56
and 126 days, respectively. It could be seen by comparing

Figure 14: XRD of the samples of the CHA-4 group: (a) cured for 14 days, (b) cured for 56 days, (c) cured for 126 days, and (d) cured for 245 days.
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Figure 15(a) and (c), (b) and (d) that the crack width gra-
dually increased with the evolution of the process of ASR,
and the cracks were filled with a large amount of ASR gels;
it was evident through observing Figure 15(a) and (b), (c)
and (d) that the width and number of cracks of the prisms
in the CHA-4 group were higher than those in the CLA-4
group at 56 and 126 days, indicating that the damage degree
caused by ASR was greater than that of the prisms in the
CLA-4 group as the curing age increased. It was determined
that prisms with a high dosage of reactive aggregates had
more ASR damage than prisms with a low dosage of reac-
tive aggregates as the ASR developed. Additionally, for con-
crete of the same age, interior damage to the material
increases with reactive aggregate dosage.

At 56 days, the ACS of the CHA-4 and CLA-4 groups
decreased by 25.9 and 10.5%, respectively, while the STS of
CHA-4 and CLA-4 groups decreased by 35% and increased by
22%, respectively. Combined with SEM, the mechanical prop-
erties of concrete prisms were significantly reduced, which
was consistent with the previous analysis of mechanical

properties. In addition, the damage caused by ASR had little
effect on the STS of the CLA-4 group for 56 days. Furthermore,
the damage caused by the microcracks of ASR had less influ-
ence on the STS than that of ACS. At the same time, the
cracks continue to expand, which will significantly reduce
the mechanical properties of concrete.

The electron micrographs of the concrete prism of the
CHA-4 group maintained for 7, 56 and 126 days are shown
in Figure 16. It was found from Figure 16(a) that there were
only a few C-S-H gels on the surface of the reactive aggre-
gates at the age of 7 days, but with the increase of curing
age, the hydration products of C-S-H increased quickly,
which can be observed from Figure 16(b)–(d). It is revealed
that the ASR gel was primarily formed inside the cement
paste matrix and at the interface between the glass aggre-
gate and the cement paste. Besides, the samples’ hydration
products were rather dense, and many needle-like calcium
alumina crystals were formed on the surface of the aggre-
gate after curing for 56 days (Figure 16(c)) and 126 days
(Figure 16(d)). Additionally, the continuous flocculent ASR

Figure 15: Microscopic observations of the CHA-4 and CLA-4 groups: (a) and (b) cured for 56 days and (c) and (d) cured for 126 days.
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gels were entangled with one another. From the SEM inspec-
tion, it was revealed that with increasing curing time, the
harmful manifestations inside the matrix increased, and the

colorless and transparent flocculent ASR gel gradually over-
flowed to the outer region, producing many irregularities
and parallel-oriented cracks.

Figure 16: Microscopic observations of the CHA-4 group: (a) cured for 7 days, (b) cured for 56 days, and (c) and (d) cured for 126 days.
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Figure 17: EDS analysis of the CHA-4 group after curing for 56 and 126 days: (a) CHA-4 cured for 56 days and (b) CHA-4 cured for 126 days;.
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5.3 Analysis of X-ray CT

5.3.1 Microstructural investigation of ASR gel damage

To investigate the ASR damage of reactive aggregates and
the crack propagation in aggregates, X-ray CT scanning was
carried out on the specimens. Figures 18 and 19 are the
two-dimensional cross-sectional and longitudinal tomo-
graphy images of the CHA-4 group at 7, 56, and 126 days,
respectively. Besides, the darkest zones denote pores, the
little-bit of darker gray zones are aggregates, and the
lighter zones are the slurry of cement.

It can be seen from Figures 18(a) and 19(a) that the
aggregate surface was smooth and complete, and there
were no microcracks after the sample had been curing
for 7 days. Besides, there were initial defects on the surface
of some glass aggregates. Early in the reaction, the reactive
aggregates were not dissolved or altered because the matrix
structure was compact and there was little contact between
the alkali and the reactive aggregates. At this time, com-
bined with the analysis of Figures 6 and 7, it was found
that the ACS and STS of the concrete prism were in the
growth stage, and ASR has less damage to the mechanical
properties of the concrete prism at the early age.

Then, when the specimen was up to the age of 56 days,
the aggregate microcracks progressively occurred on the
surface, and a ring-shaped fracture on the surface of the
aggregate induced by ASR gel pressure was also observed.
And a pale reactive ring was observed in the surroundings
of the aggregates, the aggregates were in part dissolved,
and the surface of the glassy aggregates progressively
turned coarse and cracked. In addition, as the maintenance
age increased, the gel filled the voids, the color of the defec-
tive reactive aggregate was darker [45,], and the shape of the
pores progressively turned to be a state of irregularity. At
this time, the ACS and the STS of the CHA-4 group of the
prism were in the declining stage. Therefore, when com-
bined with Figure 15, it could be seen that the crack widths

Table 7: EDS data (by weight) of hydration products (%)

Types Na Al Si K Ca C O Ca/Si Na/K

CHA-4
56 days

0.53 3.19 5.51 0.23 24.26 5.41 60.88 4.4 2.3

CHA-4
126 days

1.32 6.16 8.8 0.34 26.93 5.35 51.1 3.06 3.88

Figure 18: Two-dimensional cross-sectional pictures of the CHA-4 group: (a) cured for 7 days, (b) cured for 56 days, and (c) cured for 126 days (the
arrows emphasize the cracks in the mortar samples).

Figure 19: Two-dimensional longitudinal-section pictures of the CHA-4
group: (a) cured for 7 days, (b) cured for 56 days, and (c) cured for
126 days.
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of the prism of the CHA-4 group increased at the age of 56
days, which further explained the reason for the decrease in
the mechanical properties.

When the age was up to 126 days, the glassy aggregate
became a darker-colored reactive ring, the gel-filled cracks
widened and stretched into the cement slurry, the aggre-
gate was mostly consumed, and the gel absorbed water and
expanded pressure eventually led to aggregate cracking. At
this time, the internal damage of the concrete caused by
ASR was considered to be serious, and the degradation of
the mechanical properties was severe, resulting in the spe-
cimen no longer being able to bear the load. The results
revealed that the gel filled microcracks and pores, while
the number of cracks increased with age and the micro-
cracks extended from the initial defects in the reactive
aggregates to the cement matrix. Therefore, the ASR damage
could more readily originate from places with initial flaw.
And stress concentration as a result of structural defects and
the separation of aggregate and cement matrix caused by
microcracks may be the major reasons for the progression
of ASR failure in reactive aggregates predominantly from
the region of initial defects.

5.3.2 Distribution of pore volume

Most classical methods for calculating porosity (including
mercury intrusion porosimetry) only obtain information
about the total pore content and threshold pore size, but
do not obtain the real size and spatial distribution of the
pores. However, CT can accurately and non-destructively
obtain the volume, distribution of pores, and quantitative
data of the samples [31].

The porosity progression of the specimens of the CHA-
4 group cured for 7, 56, and 126 days is drawn in Figures 20
and 21, respectively. It can be seen from Figure 21 that the
quantity of pores in the specimen progressively reduced
with the increase in curing age. As the hydration reaction
of cement took place, the hydro-chemical products of
cement filled the pores and made the cement matrix
more compact. At this point, the ASR gel filled the pores
and microcracks of the samples, leading to the reduction of
the pore size and porosity of the specimen.

Figure 22(a) and (b) shows the porosity histograms and
pore space division of the specimens of the CHA-4 group at
7, 56, and 126 days, respectively. From Figure 22(a), it can be

Figure 20: Three-dimensional original images of the CHA-4 group obtained from tomographic data: (a) CHA-4 for 7 days, (b) CHA-4 for 56 days, and
(c) CHA-4 for 126 days.

Figure 21: Porosity quantity of the specimen of the CHA-4 group: (a) CHA-4 for 7 days, (b) CHA-4 for 56 days, and (c) CHA-4 for 126 days.
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quantified that the CHA-4 group specimens had porosities
of 6.2, 2.1, and 1.2%, respectively, after maintaining for 7, 56,
and 126 days. It could be concluded that the number of big
pores and porosity was shown to decrease as the speci-
men’s curing age increased. A significant amount of ASR
gel was produced in the prism due to the presence of
numerous reactive aggregates therein. And the generated
gel continuously filled in the capillary pores; thus, large
volume pores gradually became little volume pores, thus
leading to smaller porosity of the specimen as the age
increased. Besides, it can be observed from Figure 22(b)
that the three curves exhibited the same tendency of var-
iation. With the development of curing age, the overall
volume of pores declined remarkably, and the pore volume
of 0.01‒0.1 mm3 made up the larger percentage.

However, despite the severity of the internal damage to
the concrete, the porosity of the specimens did not increase.
Consequently, the changes in the samples’ porosity do not
adequately characterize the situation of internal damage
and a reduction in load-bearing capability caused by the
ASR of the concrete at an early age.

6 Conclusions

In this study, the concrete prism test, axial compressive
test, splitting tensile test, and RDEM test were carried out
to investigate the failure criteria of the concrete under the
influence of ASR. Additionally, the microscopic morphology
and porosity variation of the specimens were evaluated by
SEM, X-ray CT scan, and other microscopic means. The fol-
lowing conclusions were drawn:

• The ASR deterioration effect of prism specimens in this
study was obvious. And the prisms with high and low
dosages of the reactive aggregates would exhibit sharp
expansion in the early stage in this study, while the later
stage would gradually level off until the reactive aggre-
gates were completely dissolved at the end of the obser-
vation period. The increase in the mass of the specimen
could not effectively characterize the internal damage
caused by ASR, and when the weight gain rate dropped
sharply, the degradation of the mechanical properties of
the concrete caused by ASR damage was very serious.

• Due to the dominance of cement hydration reaction in
the early stages of the test, the effect of continuous
cement hydration on strength gain was greater than
the influence of ASR-induced damage on the mechanical
properties of the concrete. In addition, it was observed
that neither of the 28-day ACS and STS of the concrete
containing reactive aggregate could effectively reflect the
degradation of the mechanical properties caused by ASR.
Besides, the weakening effects of the damages caused by
ASR on the ACS and RDEM would be stronger, the higher
the dosage of reactive aggregates, and at the same time,
the STS would be attenuated in advance.

• The most sensitive index for assessing the degree of ASR
damage is the RDEM. And RDEM accurately charac-
terizes interior concrete damage to a greater extent as
the higher the dosage of reactive aggregates. Based on the
RDEM, the ASR failure criteria for concrete at 40℃ were
determined by comparing and analyzing the indexes such
as the ER, the relative ACS, and the relative STS. When the
RDEM of concrete with a 3% dosage of reactive aggregates
decreases to the range of 70–75%, it is judged that the
concrete is destroyed by ASR at this time; when the
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Figure 22: Column diagram about porosity content and pore volume distribution of the CHA-4 group: (a) column diagram about porosity content and
(b) pore volume distribution.
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RDEM of concrete with a 6% dosage of reactive aggregates
decreases to the range of 85–90%, it is judged that the
concrete is destroyed by ASR at this time. In practical
engineering processes, it is recommended to determine
the failure limit of the ER according to the RDEM under
the internal damage state.

• The results of SEM revealed that ASR caused many
microcracks to form on the reactive aggregates’ surface,
and the microcracks gradually widened and multiplied
over time, causing major internal damage to the concrete
and a significant decline in its load-bearing capability.
Besides, in accordance with the examination of the X-ray
CT scan, the microcracks are more inclined to spread
from the initial defects of the aggregate to the cement
matrix. And numerous ASR gels formed around the reac-
tive aggregate due to the acceleration of ASR, which con-
tinually filled the capillary pores. As time went on, the
porosity of the samples decreased. Therefore, the por-
osity results of CT further confirmed that the bonding
force between the ASR gel and the cement matrix after
filling pores could not compensate for the loss of the
mechanical properties of concrete.
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