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Abstract: The alkali–silica reaction is a universally known destructive mechanism in concrete that
can lead to the premature loss of serviceability in affected structures. Quite an enormous number of
research studies have been carried out focusing on the mechanisms involved as well as the mitigation
and prevention of the reaction. A few in-depth discussions on the role of moisture and temperature
exist in the literature. Nevertheless, moisture and temperature have been confirmed to play a vital role
in the reaction. However, critical assessments of their influence on ASR-induced damage are limited.
The available moisture in concrete needed to initiate and sustain the reaction has been predominantly
quantified with the relative humidity as a result of difficulties in the use of other media, like the
degree of capillary saturation, which is more scientific. This paper discussed the current state of
understanding of moisture measurement in concrete, the role of moisture and temperature in the
kinetics of the reaction, as well as the moisture threshold needed for the reaction. Furthermore, the
influence of these exposure conditions on the internal damage caused by ASR-induced deterioration
was discussed.

Keywords: alkali–silica reaction; moisture; relative humidity; temperature; damage rating index;
relative humidity threshold

1. Introduction
1.1. Background

The alkali–silica reaction (ASR) has been a menace to the durability of concrete infras-
tructure since its discovery several decades ago [1]. The ASR is a chemical reaction that
results from the interaction between reactive silica and alkalis in a humid environment; this
reaction generates a gel that swells upon moisture uptake, leading to induced expansion
and cracking in the affected concrete. The occurrence of ASR depends on many factors
and although the failure of ASR-affected structures is not common, it can induce several
durability and serviceability issues [2]. Extensive research has been conducted on the
mechanism of the ASR and the development of maintenance strategies [1–3]. However,
in many cases, locally available aggregates exhibit some level of reactivity, necessitating
the need to prevent the reaction. Unfortunately, there is currently no known technique to
completely prevent the reaction once all the required conditions are met. Nevertheless,
supplementary cementitious materials (SCMs) [4–7] and lithium compounds [8–11] have
often been incorporated into new concrete structures to slow down the reaction. However,
due to the reported shortages in the supply of SCMs like fly ash [12] and the cost of using
available admixtures [9], there is an urgent need to explore additional SCMs or admixtures
that could be used [13,14]. In existing structures already affected by ASR, there is no known
method to halt the reaction. Common mitigation measures include controlling moisture
availability through the application of coatings/sealers [15,16], the impregnation of lithium,
the release of stresses through slot cutting, and external restraint by post-tensioning [17].

Materials 2024, 17, 10. https://doi.org/10.3390/ma17010010 https://www.mdpi.com/journal/materials

https://doi.org/10.3390/ma17010010
https://doi.org/10.3390/ma17010010
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://orcid.org/0000-0002-5090-0248
https://orcid.org/0000-0002-2449-5111
https://doi.org/10.3390/ma17010010
https://www.mdpi.com/journal/materials
https://www.mdpi.com/article/10.3390/ma17010010?type=check_update&version=1


Materials 2024, 17, 10 2 of 18

However, new cracks have been reported to appear years after the application of such
techniques [18,19]. Given the challenges posed by the unavailability of non-reactive aggre-
gates, especially in areas prone to ASR; diminishing SCMs; the availability of high-alkali
cement; and limitations to existing coating systems; exploring the influence of moisture
and environmental conditions like temperature remains crucial for preventing the ASR and
selecting effective maintenance strategies.

Moisture is an important factor for the ASR and its availability in concrete has been
often appraised with the aid of relative humidity (RH), which is not the true indicator
of available water in concrete. Other methods like the degree of capillary saturation,
chemical reactions, electrical resistance, etc., have also been used. Nonetheless, various
researchers have reported numerous RH thresholds for the onset of the reaction. Some
conclusions were based on the external RH, while others were based on the internal RH, i.e.,
relative humidity outside or inside the concrete, respectively [3,20,21]. Furthermore, some
authors have claimed the threshold is dependent on the temperature [22], while others
have suggested that the reactivity level of the aggregates is paramount [3,23]. Some of
these conclusions were inferred from tests using reactive fine aggregates [24] and others
with reactive coarse aggregates [25]. Other factors, such as size, drying and wetting cycles,
etc., can also affect the availability of moisture in concrete and, subsequently, the kinetics of
the reaction.

Temperature plays a pivotal role in the ASR as with other durability problems in
concrete. Concrete exposed to high temperatures is more likely to experience the ASR as a
result of the increase in the rate of expansion aided by the rapid dissolution of silica and the
diffusion of ions. However, temperature could also play a counter role by improving drying
and thereby reducing the absorption of water by ASR gel [26]. Furthermore, temperature
can significantly affect the relative humidity of the air that concrete is exposed to; the higher
the temperature, the higher the capacity of the air to take in more moisture, thereby reducing
the relative humidity. The impact of this relationship and its influence on ASR-induced
expansion are yet to be well studied.

The ASR is initiated in the concrete microstructure and produces internal cracks long
before the manifestation of surface cracks or other symptoms. The internal cracks in ASR-
affected concrete can be correlated to its induced expansion [27], thus emphasizing the need
to assess the influence of various exposure conditions on the microstructural behaviour of the
reaction. Cracks due to ASR, as shown in Figure 1, were observed as being initiated within the
aggregate particles (i.e., fine or coarse) and propagating to the cement paste. Coarse aggregates
have been known to have a different effect on induced expansion when compared to fine
aggregates [28]; cracks generated by the latter propagate faster into the cement paste due to
their small size [29]. Thus, the physical integrity determined by the inner damage (pattern
and extent of cracks) of affected concrete at different moisture and temperature conditions,
bearing distinct aggregates with different reactivity levels, can vary.
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This paper aims to review the influence of moisture and temperature on the ASR.
To provide a comprehensive overview, the available methods for measuring moisture in
concrete, the moisture threshold needed for the reaction, the influence of cyclic condi-
tions, and the multifaceted role of temperature in the ASR will be discussed. While the
influence of these conditions in the kinetics of ASR is well known, existing studies have
primarily focused on expansions recorded over time. This study seeks to broaden the
discussion by exploring the evaluation of damage due to the ASR under various moisture
and temperature conditions using microscopic assessment.

1.2. The Mechanism of the ASR

In the presence of adequate moisture, the alkalis present in cement—mainly sodium
and potassium oxides—react with poorly crystallized siliceous phases in aggregates. Ac-
cording to Juliana et al. [30], the high alkalinity of concrete pore solutions promotes the
exchange of hydroxyl ions (OH−) with either sodium or potassium through an ion ex-
change process, and calcium-rich ASR gel is formed when amorphous or poorly crystallized
silica is attacked. The ASR gel formed has a great affinity to water and swelling and exerts
pressure in all directions. This mechanism leads to stresses which, in turn, generate cracks
that initiate from the aggregates and propagate into the cement paste, as schematically
shown in Figure 2.
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The hydroxyl ions (OH−) present in the pore solution from the hydration of cement
attack the silica in aggregates, leading to the decomposition of the silica structure. The OH−

disrupt the siloxane bonds (≡Si–O–Si ≡) and break the network to form a silanol group
(≡Si–OH). The progressive attack of the hydroxyl ions on the silanol group (≡Si–OH) re-
sults in the network dissolution of silica. According to Rajabipour et al. [1], this dissolution
can be hastened with an increase in temperature and/or alkalinity. The high alkalinity of
the pore solution promotes the exchange of hydroxyl ions (OH−) from the silica surface
with alkali ions, such as sodium (Na+) or potassium (K+), in the pore solution [33]. The
presence of alkali ions triggers the formation of an ASR gel composed of alkali silicates.
The reaction mechanism is time-dependent [34]; at the inception of the reaction, the ASR
gel is deficient in calcium. However, as the reaction progresses, the dissolution of solid
portlandite (Ca(OH)2) in the cement occurs. Although the role of calcium ions remains
controversial [35], popular claims remain stating that calcium hydroxide (Ca(OH)2) serves
two primary roles: it functions as a “buffer” by helping to sustain a high pH level, which
corresponds to a significant concentration of hydroxyl ions within pore solutions [36], and
allows for the potential exchange of Ca++ ions with alkali ions in the gel and forcing the
return of the alkali ions into the pore solution, a phenomenon referred to as alkali recycling.
Despite the controversial state of the role of calcium ions in the reaction, their availability
remains vital for the expansive behaviour of the gel. Irrespective of this, ASR gels have
been known to possess a low Ca/Si- ratio compared to C–S–H gel. The presence of Ca in
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the gel ensures its high viscosity and swelling upon the imbibition of water. Otherwise, the
gel dissolves and remains in the solution [37].

The deficiency of calcium in the concrete pore solution will further lead to the dis-
integration of more portlandite from the cement. This, combined with the presence of
alkali ions in the pore solution, initiates a repetitive sequence, ultimately leading to the
formation of additional alkali–silica gels. Buttressing the time dependency of the reaction,
the reaction can be distinguished into two stages [38]. The first stage is composed of amor-
phous ASR products that are generated in the aggregates in proximity to the cement paste.
The products move into the interior of the aggregates, generating pressure that results in
cracks. Since the reaction is a continuous one, new ASR products formed in the second
stage are crystalline in structure, filling the existing cracks and exerting swelling pressure
that propagates the cracks into the cement paste. There exist several other analogies in
the literature about the ASR gel swelling mechanism [39–41]. Nonetheless, the reactivity
is endless and will continue until sufficient alkalis, calcium ions, siliceous phases, and
moisture are no longer available [3].

2. Review Objectives

The objective of this research was to conduct a thorough examination of the impact of
moisture and temperature on the alkali–silica reaction (ASR). This review highlights the
variations in the existing literature concerning the role of moisture in the reaction, as well
as the limited availability of articles specifically addressing the influence of moisture and
temperature on the microstructural properties of ASR-affected concrete.

3. Moisture in Concrete

Moisture plays a vital role in the durability of concrete [42]. Its availability beyond a
specific limit could be favourable for the alkali–silica reaction, freezing and thawing [21],
carbonation [43], etc. Available water in concrete can be categorized into chemically bound
water, physically bound water, and capillary (free) water [44]. Physically bound and free
water are responsible for the transportation mechanism in concrete pore structures, and
their distribution in this space is influenced by the moisture content, while chemically
bound water is non-evaporable and fixed in the hydrate phases [45]. The moisture content
available in concrete can therefore be interpreted as the volumetric ratio of the sum of
physically bound and free water to the pore space [44]. This moisture content has been
measured using several methods.

The gravimetric method is the most dependable and accurate technique for measuring
moisture in concrete, especially when representative samples can be collected from the body
under investigation. However, the destructive nature of the test renders it unsuitable in
some circumstances [46]. Some other relevant methods are itemized in Table 1, but most of
these methods do not measure moisture in concrete directly, thus limiting their use. Other
challenges include cost, calibration challenges, and ease of usage. Nevertheless, the relative
humidity and degree of capillary saturation have been popularly used for such measurements.

The choice of relative humidity or degree of capillary saturation measurement is
dependent on the type of moisture (water vapour or liquid water) under consideration.
The assessment of frost damage in concrete can be further emphasized with the use of the
degree of capillary saturation, which illustrates the number of filled pores. Whereas, in
describing concrete deterioration involving chemical reactions influenced by the activity of
moisture in the pores, the relative humidity measurement can be more efficient [55].

The RH considers the amount of water vapour in the air. The internal RH of early-age
concrete is hugely dependent on the water-to-cement ratio (w/c), and the readings can be
obtained with hygrometers [56]. The RH is assumed to be 100% at complete saturation
after casting (liquid-like condition). According to Zhang et al. [57], this condition exhibits a
continuous liquid network, and the RH of the air is close to 100% [58]. After some time,
the RH starts dropping due to hydration and/or evaporation. As hydration continues, the
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formerly continuous liquid network gets breached, secluding the pore water and leading
to the decrement in the internal RH.

Table 1. Moisture measurement techniques.

Test NDT Location Influencing Factor Output

Gamma densitometry [47] Yes Different depth Geometry Density of concrete

Electrical resistance [48] Yes Surface Degree of maturity Electrical conductivity

Hygrometry [49] Yes Location of choice Calibration, temperature Relative humidity

Chemical reactions [50] No Representative sample Evaporation Reaction with water

Thermalized neutrons [51] Yes Surface Chemical composition Thermal neutron detector

Microwave absorption [52] Yes Few inches deep Mix proportion Electromagnetic waves

Infrared thermography [53] Yes No contact Concrete density Surface temperature

Gravimetric [54] No Representative sample Depth of collection, incomplete drying Surface temperature

The degree of capillary saturation (DCS) of concrete, on the other hand, can be obtained
through the ratio of the volume of water available in the concrete to the volume taken
up when the concrete is subjected to capillary suction until equilibrium is reached [55].
A handful of strategies have been adopted to measure the DCS in the literature, most of
which are focused on obtaining the weights of the sample before and after drying as well
as the weight after capillary water absorption, which can be achieved by submerging the
sample or with one surface of the sample in contact with water [59,60]. The procedure
(weighing and drying) for DCS can limit its use for in situ measurements, unlike that for
RH [61,62].

The DCS and RH focus on different properties of moisture in concrete and are affected
by distinct factors. However, there exists a seemingly linear relationship between them.
According to a study by Weiss [63] on concrete specimens with a w/c of 0.42, the degree of
saturation increases as the RH increases. Despite the challenges involved in performing the
DCS, this test seems to be more scientific; the actual amount of water in concrete can be
determined. However, the RH is more suitable for use in ASR-affected concrete due to the
ease of measurement. This can be performed easily with the aid of sensors. Furthermore,
the ability to carry out RH measurements in situ, especially in the laboratory, without
interfering with the ASR-accelerated performance tests through the drying of samples and
the capillary water absorption procedures required for DCS makes the RH more suitable.

4. The Role of Moisture in the Alkali–Silica Reaction

Moisture is a critical factor for the initiation and sustenance of the ASR [64]. The mois-
ture present in ASR-affected concrete is largely due to the mixing water (w/c) and ingress
of water from external sources. Such ingress could be from rain, ambient environmental
conditions, drainage, etc., or a combination of these.

The role of moisture in the reaction has been well documented [65]. Its availabil-
ity serves as a transportation medium for the ions involved in the reaction and for the
formation/swelling of the resulting ASR gel. The transportation of ions can be further
enhanced in a highly porous and permeable medium obtainable in concrete with high
w/cm [66]. As a result, the reduction in the available moisture has been used to mitigate
the reaction. On the other hand, a reduction in the w/cm could potentially aid the reaction.
During hydration at low w/cm, the products are less heterogeneous and less portlandite is
produced. Hydroxyl ions are dissolved from the Ca(OH)2 in order to maintain equilibrium
with the high alkali concentration in the pore solution as a result of the release of Na+ and
K+ from the cement, leading to an abundance of ions in the pore solution [60]. According
to Nilsson and Peterson [67], the reaction can be initiated even at a low RH of 80%, but
progresses slowly due to the low rate of diffusion. The ASR gel swelling that can arise in
this condition may not be sufficient to exert significant pressure on the surrounding paste.
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If the concrete is re-exposed to water or moved to a more saturated condition, the rate of
the reaction is improved, and expansion is significantly improved [68,69].

The moisture needed for the ASR has been prominently measured using the RH [3,22,70].
Poyet et al. [22] examined the kinetics of the ASR and resulting expansion in cylindrical
mortar samples stored in different external relative humidity conditions and, based on
their studies, ASR expansion increases as RH increases. Few researchers have argued
that the degree of DCS is a better means of moisture measurement for the reaction [55,71].
Nonetheless, damage due to the ASR intensifies as the DCS increases [55], and a DCS
threshold of 90% has been reported to be needed [71].

4.1. Relative Humidity Threshold

The availability of a sufficient amount of water has been confirmed as a crux for the
reaction [26]. Based on the discussion in the previous sections, no significant distress can
be recorded at low moisture conditions. As a result, the concept of the RH threshold has
been introduced for the prevention and maintenance of ASR-affected structures.

The absorption of water and expansion of the ASR gel are dependent on the RH.
According to a work carried out by Bažant and Steffens [72], the absorption capacity of the
gel greatly diminishes when the RH of the air in the pores falls below 85%. Furthermore,
expansion is impeded at low RH levels. According to the studies in [73], no expansion
was recorded when mortar samples were stored at 65% RH and 38 ◦C, while considerable
expansion was reported in those stored at similar temperatures but at 85% RH, buttressing
the claims that a minimum RH of 80–85% is needed for the reaction [74]. Some other
authors have posited a threshold of 80% [21,67]. Yet, numerous RH thresholds exist in
the literature. Olafsson [70] reported 80% at 23 ◦C, which falls to 75% at 38 ◦C, while
Ludwig [20] reported it to be between 80–85% at a lower temperature of 20 ◦C.

Some researchers have worked at higher temperatures. Tomosawa et al. [25] and
Kurihara and Katawaki [24] investigated the reaction at 40 ◦C and reported a threshold
of 75%. Poyet et al. [22] reported a threshold of less than 59% at 60 ◦C as an expansion of
0.06% was recorded in cylindrical concrete specimens exposed to 60 ◦C after just 100 days.
Thus, the RH threshold could depend on the temperature [22]. As indicated by Figure 3,
which includes various studies on RH thresholds at different temperatures, it is evident
that the moisture needed for the reaction at room temperature surpasses that required at
the standard conditioning temperature of 38 ◦C. Moreover, the moisture requirement is
even lower at a higher temperature of 60 ◦C. Consequently, the critical RH for ASR-induced
expansion decreases with increasing temperature, confirming the claims in [22]. However,
in a report by Pedneault [23], the author stated that the critical RH depends on the form of
siliceous minerals of the aggregate. Given the different reactivity levels of aggregates, some
aggregates are expected to have a faster rate of expansion. As a result, very highly reactive
aggregates could expand at a moisture level where moderately reactive aggregates would
not. Furthermore, the reactive content (fine versus coarse) of the mix could influence the
kinetics of the reaction, as clearly shown in Figure 3.

According to the studies [25,75] carried out on concrete prisms stored at 40 ◦C, as
shown in Figure 3, specimens containing reactive coarse content have an RH threshold
of 75% compared to the 65–70% RH needed for the mix prepared using a reactive fine
aggregate. Hence, a lower moisture level could be sufficient to initiate the reaction in
specimens involving reactive fine aggregate. After all, ASR-induced cracks propagate faster
in reactive fine aggregates due to their small size. Lastly, the RH threshold required for
the reaction could vary depending on the sample size and shape. After all, the rate of
the reaction and ultimate ASR-induced expansion differ in concrete prisms, cubes, and
cylinders incorporating reactive aggregates [77]. Thus, the varying sample types used in
the available studies may play a role in the varying thresholds reported in the literature.



Materials 2024, 17, 10 7 of 18Materials 2024, 17, x FOR PEER REVIEW 7 of 19 
 

 

 
Figure 3. Relative humidity threshold as a function of temperature, specimen type, and reactive 
content from several studies [3,20,22,23,25,70,75,76]. 

According to the studies [25,75] carried out on concrete prisms stored at 40 °C, as 
shown in Figure 3, specimens containing reactive coarse content have an RH threshold of 
75% compared to the 65–70% RH needed for the mix prepared using a reactive fine 
aggregate. Hence, a lower moisture level could be sufficient to initiate the reaction in 
specimens involving reactive fine aggregate. After all, ASR-induced cracks propagate 
faster in reactive fine aggregates due to their small size. Lastly, the RH threshold required 
for the reaction could vary depending on the sample size and shape. After all, the rate of 
the reaction and ultimate ASR-induced expansion differ in concrete prisms, cubes, and 
cylinders incorporating reactive aggregates [77]. Thus, the varying sample types used in 
the available studies may play a role in the varying thresholds reported in the literature. 

4.2. The Role of Alternate Drying and Wetting on the Availability of Moisture for the Alkali–
Silica Reaction 

Concrete exposed to natural environmental conditions is subjected to several drying 
and wetting cycles during its service life; these conditions have an influence on the 
available moisture in the concrete and the development of the ASR. According to Zhang 
et al. [58], when concrete is exposed to moisture (wetting), the interior RH increases 
rapidly within a short period of time and then reaches a stable level; this, however, is 
dependent on the concrete grade, permeability, size, and other properties of hardened 
concrete; duration of the wetting cycle; etc. Conversely, during drying, the interior RH 
reduces gradually [58]. According to the study by Zhang et al. [58], concrete cubes with 
28 days of compressive strength of 30 MPa were subjected to a dry and wet cycle (14 and 
7 days, respectively) and the internal RH at the centre of the 60 × 100 × 350 mm cubes of 
the samples was measured. As expected, the RH reduced during the drying cycle but 
failed to reach the initial moisture level when subjected to wetting. This could have been 
due to the duration of the wetting cycle. As a result, such a phenomenon could influence 
the available moisture in concrete for the ASR [15,78]. 

To discuss the influence of the cyclic condition on ASR, Stark et al. [26] confirmed 
that cyclic wetting and drying conditions could stimulate the initiation and sustenance of 
the reaction. Of course, there was less moisture to be absorbed by ASR gel during drying; 
nevertheless, the increase in temperature improved the concentration of hydroxyl ions in 
the pore solution, which exacerbated the attack on the poorly crystallized aggregates. As 
a result, expansion progressed exponentially in the following wetting cycle. Furthermore, 
in the next dry period, more non-expansive reaction products were formed and drying 

Figure 3. Relative humidity threshold as a function of temperature, specimen type, and reactive
content from several studies [3,20,22,23,25,70,75,76].

4.2. The Role of Alternate Drying and Wetting on the Availability of Moisture for the
Alkali–Silica Reaction

Concrete exposed to natural environmental conditions is subjected to several drying
and wetting cycles during its service life; these conditions have an influence on the available
moisture in the concrete and the development of the ASR. According to Zhang et al. [58],
when concrete is exposed to moisture (wetting), the interior RH increases rapidly within
a short period of time and then reaches a stable level; this, however, is dependent on the
concrete grade, permeability, size, and other properties of hardened concrete; duration of
the wetting cycle; etc. Conversely, during drying, the interior RH reduces gradually [58].
According to the study by Zhang et al. [58], concrete cubes with 28 days of compressive
strength of 30 MPa were subjected to a dry and wet cycle (14 and 7 days, respectively) and
the internal RH at the centre of the 60 × 100 × 350 mm cubes of the samples was measured.
As expected, the RH reduced during the drying cycle but failed to reach the initial moisture
level when subjected to wetting. This could have been due to the duration of the wetting
cycle. As a result, such a phenomenon could influence the available moisture in concrete
for the ASR [15,78].

To discuss the influence of the cyclic condition on ASR, Stark et al. [26] confirmed
that cyclic wetting and drying conditions could stimulate the initiation and sustenance of
the reaction. Of course, there was less moisture to be absorbed by ASR gel during drying;
nevertheless, the increase in temperature improved the concentration of hydroxyl ions in
the pore solution, which exacerbated the attack on the poorly crystallized aggregates. As a
result, expansion progressed exponentially in the following wetting cycle. Furthermore,
in the next dry period, more non-expansive reaction products were formed and drying
increased the extent of the cracks formed in the prior wetting cycle. Thus, minimizing
wetting and drying cycles is vital in controlling the reaction [79].

Evidently, expansion due to the ASR is significantly retarded in the drying cycle,
especially towards the surface of the concrete. The reaction can, however, progress ac-
tively in the inner depth but not close to the outer surface due to the moisture gradient.
According to Kagimoto and Kawamura [80] in their study on lab-conditioned concrete
specimens, a relative humidity of up to 80–90% (a moisture level sufficient to initiate the
ASR) was measured in the middle of the concrete cylinders during drying; such variations
in expansion across the depth of affected concrete were responsible for surface cracks due
to the ASR [81]. A similar observation was recorded in field samples by Stark et al. [26].
It is, however, worth noting that this phenomenon could be dependent on the size of the
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concrete member. Slender members would experience a rather quicker drop in RH across
their depth.

5. The Role of Temperature in the Kinetics of the ASR

Increases in moisture, temperature, alkalinity, or a combination of any of these factors
have been adopted in the laboratory to accelerate the rate of ASR-induced expansion,
among which, increases in temperature have been reported to be the most efficient [82].
Although temperature has not been noted as one of the primary factors (alkalis, silica,
water) needed for the ASR, its influence can affect the availability of these factors. Its
influence extends even further into the structure of the gel produced upon the initiation
of the reaction. An increase in temperature has proven to be effective in enhancing the
dissolution of silica, thereby accelerating the formation of ASR gel [83,84]. The influence
of temperature on the accelerated dissolution of silica was reported in [85]; the authors
recorded an increase in the rate of dissolution of siliceous particles from 71% to 100% when
their storage temperature was increased from 25 ◦C to 80 ◦C. The role of temperature on
the availability of alkalis in concrete pore solutions can be categorized into two groups. An
increase in temperature enhances the mobility of the alkali ions (K and Na); aside from that,
the concentration of ions in concrete pore solutions increases at elevated temperatures. On
the other hand, some reactive aggregates have been found to contribute alkalis to concrete
pore solutions, and temperature has been reported to affect the release of such additional
alkalis. In [77], elevated temperatures resulted in a greater total alkali content released from
the three tested aggregates (Sudbury, Spratt, and Springhill) into the alkaline solutions at
three different temperatures (21 ◦C, 38 ◦C, and 60 ◦C), with the highest release occurring
at 60 ◦C. An exponential increase in alkali release was reported when the temperature
was increased from 20 ◦C to 80 ◦C [86]. It is, however, worth noting that after considering
other studies in the literature [87] and the comprehensive table of available works in the
literature on aggregates and alkali release put together in [88], the amount of alkali release
can also be influenced by the mineralogy of the aggregates and the type of aggregate (coarse
versus fine).

The improved properties due to elevated temperature can influence the properties of
the resulting ASR gels. As noted in the study on synthesized gel in [89], gels at elevated tem-
peratures and higher molarities exhibit notable differences in both their microstructure and
macrostructure when compared to those generated under milder conditions. For instance,
the structure of the crystalline product formed at 38 ◦C/40 ◦C was different from that
formed at 60 ◦C using the Raman spectra [38]. The differences in the mobility/dissolution
parameters and structure of the gels can influence the kinetics of the reaction, leading
to a possible rise in the expansion rate by 1.7 times when the temperature is increased
from 38 ◦C to 50 ◦C [82]. As a result, several laboratory performance tests were conducted
at high temperatures to increase the rate of expansion and reduce their duration [90–92].
Table 2 comprises a database of several ASR tests that have been conducted at different tem-
peratures, highlighting the uniqueness of each test. The table includes the test conditions,
durations, and ultimate expansion results. Furthermore, the 28-day expansion results are
highlighted to show the influence of temperature on the evolution of the reaction over time.

Despite the pros of the accelerated performance tests conducted at high temperatures,
some shortcomings have been identified. As a matter of fact, the ultimate expansion can
be lower at high temperatures [82,90,93]. Significant reductions in the ultimate expansion
recorded from several accelerated tests are in Figure 4. At similar ages of exposure, spec-
imens conditioned at 38 ◦C all had a higher final expansion than at 60 ◦C, even in tests
involving the use of similar aggregates. Based on findings from the literature, increased
alkali leaching, non-reactive sand, improved porosity, and reduced calcium content [90,96]
are factors that could be deemed responsible for a lower final expansion.
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Table 2. Database of ASR expansion at different temperatures.

Ref. Aggregate
Type

Sample
Size

Reactive
Content

Alkali
(Na2Oeq) Temp. Test

Duration
Final

Expansion
Expansion
at 28 Days

[3] Highly
reactive fine

75 × 75 × 285 mm
(prism) Fine agg. 1.25%

21 ◦C
167 days

0.14% 0.010%

40 ◦C 0.55% 0.020%

[22] Reactive
limestone

16 × 2 cm
(cylinder) Fine agg. 1.84% 60 ◦C 200 days 0.24% 0.220%

[71]
Highly
reactive
quartz

75 × 75 × 285 mm
(prism) Coarse agg. 0.925%

38 ◦C 365 days 0.24% 0.010%

60 ◦C 273 days 0.18% 0.040%

[77]

Sudbury

100 × 285 mm
(cylinder)

Coarse agg. 1.25%

38 ◦C

365 days

0.20% 0.010%

60 ◦C 0.16% 0.040%

75 × 75 × 285 mm
(prism)

38 ◦C 0.170% 0.015%

60 ◦C 0.080% 0.030%

Spratt

100 × 285 mm
(cylinder)

Coarse agg. 1.25%

38 ◦C

365 days

0.26% 0.018%

60 ◦C 0.18% 0.110%

75 × 75 × 285 mm
(prism)

38 ◦C 0.21% 0.020%

60 ◦C 0.17% 0.100%

[82] Spratt 75 × 75 × 285 mm
(prism) Coarse agg. 1.25%

38 ◦C 730 days 0.26% 0.013%

50 ◦C 187 days 0.248% 0.085%

[88]

Spratt
75 × 150 mm

(cylinder) Fine agg. 1.07%

38 ◦C

365 days

0.160% 0.033%

60 ◦C 0.074% 0.058%

Springhill
38 ◦C 0.230% 0.028%

60 ◦C 0.103% 0.050%

[90]

Spratt
75 × 75 × 285 mm

(prism) Coarse agg. 1.25%

38 ◦C 365 days 0.257% -------

60 ◦C 91 days 0.160% -------

Sudbury
38 ◦C 365 days 0.171% -------

60 ◦C 91 days 0.138% -------

[91]

Spratt
75 × 75 × 285 mm

(prism) Coarse agg. 1.25%

38 ◦C 365 days 0.229% -------

60 ◦C 182 days 0.167% 0.103%

Sudbury
38 ◦C 365 days 0.150% -------

60 ◦C 182 days 0.187% 0.022%

[92] Limestone
75 × 75 × 285 mm

(prism) Coarse agg. 1.25%
38 ◦C 365 days 0.22% 0.000%

60 ◦C 150 days 0.19% 0.065%

[93]
Highly
reactive
andesite

75 × 75 × 250 mm
(prism) Coarse agg. 0.94%

40 ◦C
365 days

0.140% 0.035%

60 ◦C 0.110% 0.070%

[94]
Highly

reactive Jobe
sand

25 × 25 × 285 mm
(prism) Fine agg. 1.04%

38 ◦C
600 days

0.800% 0.050%

55 ◦C 0.790% 0.350%

[95]
Silica sand
and Pyrex

glass

28 × 28 × 180 mm
(prism) Fine agg. 1.20%

30 ◦C
100 days

0.650% 0.350%

60 ◦C 0.420% 0.410%

The curing temperature to which concrete specimens are exposed before being condi-
tioned for the ASR can affect their expansion. High curing temperatures tend to result in
a high degree of hydration, consequently reducing the porosity of concrete and thereby
reducing water uptake properties and the mobility of ions [60]. Although this does not
stop expansion, the final expansion can be much lower [71]. Considering this, some re-
searchers [97] developed a micro-mechanical expansion model that assessed the effect of
ASR gel in cement paste in terms of hydrostatic pressure in the microstructure of cement
at different temperatures. Porosity is considered an important characteristic of concrete
microstructure, and experimental results prove its reduction at high temperatures because
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of hydration. According to the authors, the hydrostatic pressure decreases with increases
in temperature due to improved porosity, leading to a reduced diffusion of alkali and ASR
expansion. However, since hydration is a continuous process, the rate of expansion could
be higher at early ages and dwindle at later ages.
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An increase in temperature can indirectly lead to a reduction in calcium concentration
and accelerate various chemical reactions, including the dissolution of alkali compounds
and their mobility, thus enhancing the concentration of the alkalis in the pore solution [38]
and the ASR reaction. The absorption of Ca by existing gel reduces the concentration of Ca
ions in the pore solution. Hence, new ASR gels generated may lack the required expansive
properties that can be acquired by reactions with Ca ions. In fact, a less viscous gel has been
reported to be produced in such conditions that flows into the concrete matrix without an
accompanied swelling pressure [60,94]. In the same context, several authors have reported
the instability of ettringite at high temperatures greater than 60 ◦C leading to the presence
of sulfate ions and aluminium in the pore solution [98]. The presence of these ions lowers
the concentration of Ca and, consequently, the ASR expansion.

Other factors like the drying of the ASR gel leading to the reduced absorption of
water by the gel [26] and alkali leaching have been studied [93,98–101]. The role of alkali
leaching has been the most studied from the above factors. The existing literature on
notable possible solutions includes the adoption of a maximum testing temperature of
50 ◦C/60 ◦C [82], wrapping of test samples [60], and reduction of the testing duration [87].
Nevertheless, most of these solutions have proven to be abortive. Of notable importance is
the wrapping of concrete specimens during testing. For instance, in the study carried out
by Kawabata et al. [93], concrete prisms containing highly reactive aggregates wrapped
with alkaline cloth to reduce alkali leaching were conditioned to 20 ◦C, 40 ◦C, and 60 ◦C in
accordance with [99]. The correlation of the results was confirmed by calculating the total
alkali content in the wrapping cloth and assessing the water at the bottom of containers. The
kinetics of the reaction differed at different temperature levels and no linear relationship
existed between the temperature and ultimate expansion; specimens at 60 ◦C yielded the
highest early expansion, but the highest final expansion was achieved at 40 ◦C, which was
only slightly higher than the ultimate expansion at 20 ◦C. Since this method [99] made
provisions for the recycling of alkalis, other factors that have been previously discussed or
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combinations of these factors might be hypothesized to be responsible for the low ultimate
expansion at 60 ◦C.

6. The Influence of Moisture and Temperature on the Microstructure Properties of
ASR-Affected Concrete

The ASR is known to induce the degradation of the microstructure of concrete before
its appearance on the macroscale. This facilitates the need to understand the behaviour
of the mechanism from a microstructural point of view. Several microscopic methods
have been established for such assessment, some of which are highlighted in Table 3. The
scanning electron microscope has been the most used tool; this has often been coupled
with other tools like the EDS and XRF among others to assess the properties of ASR gel
and induced cracks. Other tools such as the TEM and CT scan are also becoming popular
for the diagnosis of the ASR. It should be noted that while some of the assessments from
these tests are quantitative, they are somewhat relative [93]. Furthermore, these tools have
been proven reliable in determining the cause of deterioration (the ASR, in this case), and
visual descriptions of the extent of damage can be made. However, a quantitative output
for assessing the extent of damage is lacking. The damage rating index (DRI) has so far
proven reliable in determining the cause (using the location, features, and propagation of
cracks) and extent of damage in concrete (using the DRI number) [102–104].

The DRI is a petrographic-based semi-quantitative analysis performed on a polished
surface using a stereomicroscope with a magnification of 15–16x, and damage features—as
highlighted in Table 4—are counted in a 1 cm2 square gird. The count of each feature is
multiplied by the corresponding weighting factor. The DRI number is obtained by taking
the sum of the weighted features and normalizing it to 100 cm2 [112].

Table 3. Microstructure assessment of ASR.

Ref. Study Test and Methods Findings

[38]
Characterization of amorphous and
crystalline ASR products formed in

concrete aggregates

SEM, X-ray spectroscopy, and
Raman microscopy

The morphology of crystalline ASR products
is influenced by temperature.

[82]

The effect of elevated conditioning
temperature on the ASR expansion,

cracking, and properties of reactive Spratt
aggregate concrete

Damage rating index
Similar ASR-induced expansion can result in

different levels of damage as
temperature increases.

[105]
Failure criteria and microstructure

evolution mechanism of the alkali–silica
reaction of concrete

Scanning electron microscopy (SEM)
and X-ray computed microtomography

Microcracks propagate from voids in the
aggregate into the cement paste. Presence of

ASR gel in the pores leads to a reduction
in porosity.

[106]
Quantitative analysis of the evolution of
ASR products and crack networks in the

context of the concrete mesostructure
Time-lapse X-ray tomography

Visualization of the movement of ASR
products from the aggregates into the

cement paste in 4D.

[107]
Diagnosis of ASR damage in highway
pavement after 15 years of service in

wet–freeze climate region

Thin section, SEM, and electron
dispersive spectroscopy (EDS)

Cracks were identified in the grains of
coarse quartzite aggregate. Gel-like products

in the cracks were confirmed to be ASR
products by EDS.

[108] Assessment of the alkali–silica reactivity
potential in granitic rocks X-ray diffraction (XRD) and SEM/EDS

Contents of strained quartz in quartz were
determined using image analysis and

correlated with AMBT results. There existed
a linear correlation between the

two observations.

[109]
Composition of alkali–silica reaction
products at different locations within

concrete structures
Thin section and SEM/EDS

Structure and qualitative properties of ASR
gel in different structures were verified.
Composition of gel varied with location.

Gels that had propagated into the cement
paste contained a higher amount of calcium

than those in the aggregates.
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Table 3. Cont.

Ref. Study Test and Methods Findings

[110]
Application of electron backscatter

diffraction to evaluate the ASR risk of
concrete aggregates

SEM and electron backscatter
diffraction (EBSD)

The dissolution of quartz at high pH was
observed to occur along its grain and

sub-grain boundaries. This technique can be
used to assess the properties of slow-late

reactive aggregates.

[111]

Microstructure, crystallinity, and
composition of alkali–silica reaction
products in concrete determined by
transmission electron microscopy

SEM, EDS, focused ion beam (FIB), and
transmission electron microscopy (TEM)

The morphology of ASR products differs
with location. Products located in thin

grains are amorphous while those in larger
widths are crystalline.

Table 4. Damage features used in damage rating index [32].

Features Weighting Factors

CCA: Closed cracks in aggregates 0.25

OCA: Open cracks in aggregates 2

OCAG: Open cracks in aggregates with reaction products 2

CAD: Coarse aggregate debonded 3

DAP: Disaggregated/corroded aggregate particle 2

CCP: Cracks in cement paste 3

CCPG: Cracks in cement paste with reaction products 3

Quite a huge amount of work has been conducted to evaluate the reliability of the
DRI in assessing damage due to ASR and other internal swelling reactions. In summary,
the DRI number has been reported to increase as ASR-induced deterioration increases [27].
Cracks in aggregates have been categorized into two types, namely, sharp cracks and onion
skin cracks [113]. Furthermore, a qualitative model for crack propagation in ASR-affected
concrete has been developed: it highlights the development of several single sharp and
onion cracks in aggregates at low expansion levels. These cracks increase in length, connect,
and propagate into the cement paste at moderate to high expansion levels [112]. Despite
the enormous work that has been conducted with this tool, most studies have been limited
to concrete/mortar samples conditioned at high and constant moisture levels. No study
has been carried out to directly evaluate the influence of moisture on ASR-induced damage
features. An assessment of the few microstructural studies [32,82] that have been conducted
at different temperatures shows that an increase in temperature can lead to changes in the
pattern, location, and number of cracks, even at similar expansion levels. Comparing the
DRI results of samples affected by the ASR through the accelerated concrete prism test
(ACPT) carried out [82] at 50 ◦C and the concrete prism test (CPT) carried out [32] at 38 ◦C,
at ~0.1% and 0.2% expansion levels, a higher DRI number was recorded in the ACPT than
in their counterparts in the CPT. Figure 5 combines the data from published sources and
shows that the damage features are different; more open cracks in aggregates with reaction
products (OCAG) were counted in ACPT than in CPT at similar expansion levels. This is
because of the fast rate of expansion leading to more induced cracks. Another interesting
point is the influence of temperature on the number of cracks in the cement paste at similar
expansion levels. Fewer CCPs were recorded at 60 ◦C compared to 38 ◦C. This interesting
result validates the hypothesis that exposure conditions can influence the microstructural
properties of ASR-affected samples, even at similar expansion levels. Since this comparison
is based on ASR-induced expansion and DRI results from two different authors, research
is needed to improve our understanding of the influence of these exposure conditions on
internal damage caused by ASR-induced expansion.
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7. Conclusions

• Moisture is an important factor for the reaction and an ample amount is needed. The
utilization of relative humidity, an indirect technique measuring the quantity of water
vapour in the air, has been both commonly employed and scrutinized. However, it has
been preferred as a means of moisture measurement in ASR-affected concrete due to the
ease of measurement compared to other methods like the degree of capillary saturation.

• A moisture threshold of 80% RH has been generally agreed to be required to initiate
and sustain the reaction. However, based on reviewed works in the literature, there
exist studies that report thresholds lower and higher than this value. The threshold
could be dependent on the reactivity of the aggregate, temperature, or other factors
that differed among the existing studies.

• Concrete subjected to wet and dry cycles are prone to exhibiting moisture gradients,
and their impact on ASR expansion may vary depending on the size of the concrete
member, with slender members experiencing a quicker drop in RH across their depth.
In managing the reaction, minimizing the number of wetting and drying cycles is
critical. Furthermore, understanding the combined influence of moisture availability,
cyclic conditions, and concrete properties is essential for developing effective strategies
to mitigate the deleterious effects of the ASR.

• The influence of temperature on the ASR is multifaceted and extends beyond its direct
inclusion among the primary factors (alkalis, silica, moisture) necessary for the initiation
and continuation of the reaction. An increase in temperature has been identified as the
most efficient factor for accelerating ASR-induced expansion in laboratory conditions.
However, the ultimate expansion can be lower at higher temperatures. Efforts to address
these complexities have not consistently proven to be effective. Hence, the relationship
between temperature and ASR-induced expansion is complex and non-linear.

• The assessment of the ASR in concrete has evolved to include a detailed assessment
of the influence of induced expansion on microstructural properties, recognizing that
ASR induces microstructural degradation before visible signs appear at the macroscale.
This shift in focus emphasizes the need to comprehend the influence of moisture and
temperature in ASR-affected concrete from a microstructural standpoint rather than
just the induced expansion. The availability of moisture and temperature has been
reviewed to have a possible influence on the properties of cracks induced by the ASR.



Materials 2024, 17, 10 14 of 18

8. Recommendations

In order to advance our knowledge of the influence of moisture and temperature on
the ASR, the recommendations highlighted hereafter are to be considered:

• The ambiguity surrounding the behaviour of the ASR due to variations in constituents
and exposure conditions results in uncertainties when comparing studies. These
variations hinder the establishment of a universal RH threshold. Different thresholds
have been reported by authors and it is likely that the threshold is influenced by factors
such as temperature, aggregate reactivity, and the sample sizes used to determine
reported thresholds. Further research is required to determine the most important
influencing factor.

• Existing studies failed to consider the effect of initial moisture content/internal RH in
determining the critical RH for the ASR. Considering this effect on the evolution of
RH in affected concrete over time would further our understanding of the reaction.

• Temperature has been proven to enhance the rate of ASR-induced expansion; however,
there could be a reduction in ultimate expansion due to factors like alkali leaching,
the drying of gel, and improved pores. This can influence the assessment of the full
reactivity potential of aggregates being assessed. Thus, more research is needed to
develop fast and reliable tests that can withstand these challenges.

• Most microscopic assessments have been performed at high and constant moisture
levels. However, such conditions are not frequent in practice. Understanding the
role of low moisture levels and the impact of cyclic conditions on the microstructural
properties of ASR-affected concrete is crucial.

• Moisture and temperature have been confirmed to exacerbate ASR in concrete. How-
ever, the damage responses and the reduction in mechanical properties over a large
range of moisture and temperature conditions and how these responses change over
time are unknown. Carrying out more research in this area would improve our
understanding of the internal behaviour of concrete at different exposure conditions.
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