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Abstract: The alkali–silica reaction (ASR) is a critical concern for concrete durability, yet its
assessment remains challenging and directly impacts mixture design decisions. This review
shows that the inconsistencies are more prevalent in mitigation evaluations compared to
aggregate reactivity assessments, mainly due to the chemical variations in supplementary
cementitious materials (SCMs). A validated framework is suggested to determine the
optimal SCM replacement levels for ASR mitigation based on extensive field data, offering
direct guidance for mix design decisions involving potentially reactive aggregates. The
combination of the accelerated mortar bar test (AMBT) and the miniature concrete prism
test (MCPT) is shown to be a reliable alternative for the concrete prism test (CPT) in
aggregate reactivity. Also, their extended versions, AMBT (28-day) and MCPT (84-day), can
be applied for SCMs mitigation evaluation. Given the slower reactivity of SCMs compared
to ordinary Portland cement (OPC), the importance of incorporating indirect test methods,
such as the modified R3 test and bulk resistivity is underscored. In addition, emerging
sustainability shifts further complicate ASR assessment, including the adoption of Portland
limestone cement (PLC), the use of seawater in concrete, and the declining availability of fly
ash (FA) and slag. These changes call for updated ASR testing specifications and increased
research into natural pozzolans (NPs) as promising SCMs for future ASR mitigation.

Keywords: alkali–silica reaction (ASR); alkali–silica reaction mechanism; supplementary
cementitious materials (SCMs); mitigation mechanism of SCMs in alkali–silica reaction;
concrete durability; concrete sustainability; natural pozzolans (NPs)

1. Introduction
With an annual production rate of 25 billion tons, concrete is the second most con-

sumed material in the world after water [1]. It is a composite material consisting of coarse
and fine aggregates mixed with cementitious binders, such as Portland cement and sup-
plementary cementitious materials (SCMs). The hydration of these cementitious materials
provides the required compressive strength for concrete structures [2]. Concrete structures
are exposed to a wide range of environmental conditions. Therefore, they are subjected
to various forms of distress that can compromise their durability and performance over
the service life. These types of distress include cracking, scaling, spalling, corrosion, and
chemical deterioration. Since each distress has a distinct mechanism and contributing
factors, it is essential to understand and address each form of distress according to these
causes, which include environmental exposure, freeze–thaw cycles, sulfate attacks, and an
alkali–silica reaction (ASR), among others [3].
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ASR is a chemical reaction between hydroxyl ions (OH−) and the reactive siliceous
aggregate in concrete. With sufficient moisture and available alkalis, the reaction product
can expand and generate internal stresses that lead to cracking, which adversely influence
the performance of concrete structures [4]. ASR is a prominent distress due to its expansive
reaction, causing a premature failure, especially in environments with high moisture and
alkali levels [5,6]. The first identification of ASR in concrete was made by Stanton [7], who
discovered map cracking in concrete containing a specific type of aggregate. This map cracking
was continuous in its propagation, ending with a significant concrete deterioration [8]. Later,
several studies defined ASR as a chemical reaction between reactive siliceous constituents of
concrete aggregates and alkaline pores solution of concrete [9]. The product of this reaction
is hygroscopic gel that creates tensile stress in concrete after absorbing moisture. Numerous
studies demonstrated that the required conditions to initiate ASR are sufficient availability
of alkalis in cement, reactive siliceous constituents in aggregates, and sufficient moisture in
concrete [10,11]. The reaction between siliceous compounds and alkalis creates the reaction,
while the presence of moisture causes the expansion of the gel. For that reason, controlling the
structures by preventing the penetration of moisture can halt its progression [12].

Since ASR can cause serious damage to concrete structures, several approaches have
been proposed for its mitigation, including the addition of lithium compounds and the
incorporation of SCMs. Currently, SCMs have gained significant attention toward ASR
mitigation due to their additional benefits in concrete mixtures. Along with the ASR
mitigation, SCMs are utilized to improve the fresh and hardening properties of concrete,
such as durability, longevity, workability, and strength, while also reducing cost and
supporting sustainability aspects through the use of industrial by-products [13,14]. In
addition, SCMs generally have less carbon footprint compared to Portland cement. Typical
SCMs include fly ash (FA) (Class F and Class C), silica fume, ground granulated blast-
furnace slag, natural pozzolans (NPs), and metakaolin among others [15].

The chemical complexity of ASR has led to the development of several performance
tests aimed at evaluating aggregate reactivity and assessing the effectiveness of preventive
measures. These tests are designed to simulate the expansion of ASR by accelerating the
field conditions during the laboratory testing. For example, the accelerated mortar bar
test (AMBT) measures the expansion of mortar bars immersed in an alkaline solution for
14 days at 80 ◦C [16]. The concrete prism test (CPT) measures the expansion in concrete
prisms stored in a full humid environment for 1 year at 38 ◦C [17]. ASR performance tests
have another version that is used to assess the efficacy of mitigation measures in mitigating
ASR with specified limits. While ASTM C1260 [16] was mainly developed to assess the
aggregate reactivity, ASTM C1567 [18] specified the testing procedures to assess the ASR
mitigation via SCMs with similar testing conditions for the aggregate reactivity version.
Also, the CPT performance test has two versions under the ASTM C1293 [17] standard
including the testing conditions for mitigation measures using SCMs.

As different tests specify various testing conditions, several concerns have been raised
regarding their practicality and reliability. For instance, CPT, although reliable, is time
intensive. AMBT offers a shorter screening option but is prone to inaccuracies such as
false positives and negatives. Others proposed the miniature concrete prism test (MCPT)
as a more balanced version with quicker results and better sensitivity to SCMs. Much of
the literature examines the correlation between different performance tests and assesses
their outcomes with field exposure blocks, which have recently shown extensive research.
However, despite these advancements, there is still no widely accepted approach for
evaluating ASR performance, especially in assessing the efficacy of mitigation measures.

Therefore, this study aims to bridge the existing gaps in ASR performance testing
by critically evaluating the reliability of widely used ASR performance tests and current
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methods for assessing the effectiveness of SCMs. By emphasizing recent advancements
and offering an extensive comparison with the long-term field exposure data, this critical
review provides a thorough assessment of current ASR testing frameworks. The findings
of this study are intended to support engineering design decisions by providing testing-
based recommendations for SCM selection and replacement level determination when
using potentially reactive aggregates in durable concrete mixtures. Additionally, emerging
techniques, such as the modified R3 test and bulk resistivity, are explored as complementary
indirect methods capable of accurately evaluating the efficacy of SCMs in mitigating ASR
expansion. Finally, this review addresses the recent industry shifts driven by sustainability
considerations, including the growing adoption of Portland limestone cement (PLC), the use
of seawater in concrete structures, and the declining availability of traditional SCMs such as
FA and slag. This decline underscores the potential of NPs as a promising alternative due
to their abundant natural deposits and comparable performance in concrete applications.

This review critically collected a total of 119 articles, of which 102 were included in the
following sections of ASR performance tests and SCM mitigation assessment. The articles
were selected based on their relevance to experimental investigations, test validation, and
long-term performance assessments. The majority of the cited sources were published from
2010 to 2025, with a few studies considered for historical significance and contribution to
research development.

2. Aggregate Screening Tests
The reactivity of aggregates is primarily attributed to the presence of reactive silica [19].

Therefore, quantifying reactive constituents in aggregates can be used to determine and detect
the potential for ASR. For this reason, ASTM C1778 [20] recommends petrographic analysis
(ASTM C295 [21]) as an initial step in evaluating the reactivity of aggregates for the unknown
sources. The systematic procedure for evaluating aggregate reactivity is shown in Figure 1.

 
Figure 1. Sequence of laboratory tests for evaluating aggregate reactivity in accordance with ASTM C1778.
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2.1. Petrographic Analysis

Petrographic examination can be used as a first detection tool for ASR potential in new
aggregate sources and as a periodic quality check for existing deposits. It evaluates the ASR
potential in the constituents of aggregates by identifying reactive minerals and evaluating
their texture and distribution. It utilizes both visual and advanced microscopic techniques
to identify reactive constituents, including opal, chalcedony, cristobalite, tridymite, highly
strained quartz, microcrystalline quartz, cryptocrystalline quartz, volcanic glass, and
synthetic siliceous glass [21,22].

Antolik et al. [23] explored the correlation between ASR expansion and the reactive
mineral content in granite aggregates (G1, G2, G3), granodiorite aggregate (GD), and
gabbro aggregates (GA1, GA2). G3 showed a high percentage of strained, microcrystalline,
and cryptocrystalline quartz, which was related to a significant expansion in AMBT after
14 and 28 days, as shown in Figure 2. The petrographic analysis aligned well with the
expansion results, demonstrating that the greater the quantity of reactive quartz forms,
the more extensive the ASR expansion. This relationship emphasizes the importance of
screening and quantifying reactive silica in aggregates for ASR assessment [23].

 

Expansion limit (ASTM C1260) 

Figure 2. Agreement between petrographic examination and AMBT results [23]. Red boxes in-
dicate G3 aggregate, which showed the highest reactive quartz content, aligning with its high
AMBT expansion.

However, this method can fail to sufficiently detect reactive minerals [24]. Further-
more, the petrographer experience plays a critical role in the examination process and
in the interpretation of results. Antolik et al. [23] suggested using an image analysis
approach to minimize personal error in detecting the potential reactive minerals. Jozwiak-
Niedzwiedzka et al. [25] successfully quantified reactive minerals using the image analysis
technique. However, the authors demonstrated the image analysis limitations when ap-
plied to certain rock types with minerals rich in ferrous phases. Additionally, both image
and petrographic analyses cannot determine whether the identified reactive constituents
will lead to harmful expansion. Therefore, accurate ASR performance tests are required for
assessment and validation [26].

2.2. Chemical Tests

A quick chemical test can be conducted to assess the ASR reactivity in aggregates
in accordance with ASTM C289 [27] (withdrawn in 2016 with no replacement). In this
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test, aggregates are crushed to 150–300 µm and sealed in a 1N sodium hydroxide (NaOH)
solution at 80 ◦C for 24 h. These conditions account for the dissolved reactive silica in the
aggregate and the reduction in the solution alkalinity [28]. The results indicate whether the
aggregate source is reactive or non-reactive. However, this method is commonly limited
by false positives and negatives. Many reactive aggregates pass this test, while many
nonreactive aggregates can be identified as deleterious. The poor performance of this
method has been attributed to the interaction of NaOH with other minerals found in the
aggregate, like calcium or magnesium [26].

This test has raised concerns regarding its reliability of predicting aggregate reactivity
compared to their performance in outdoor exposure sites. This is because of the required
crushing step that changes the reaction phases of aggregates, which can lead to results that
contradict those observed in outdoor sites [24]. For this reason, Muñoz et al. [29] proposed
a new chemical method that measures the concentration of silicon, calcium, and aluminum
after 21 days of simulating the concrete pore solution at 55 ◦C. The authors concluded
that this novel method showed good agreement with field exposure blocks. However, this
method was limited to coarse aggregates and the authors recommended further validation
to verify its validity for fine aggregates.

3. ASR Performance Tests
The mechanism of ASR is complex due to the interrelation of multiple factors and con-

ditions that can change the reaction kinetics. For example, higher temperatures accelerate
the ASR rate [30], while reactive silica, with its amorphous form, dissolves more readily
under high pH conditions [31]. Additionally, the formation of cracks can increase the infil-
tration of moisture and other detrimental compounds into concrete, such as chloride ions
and sulfate ions, further exacerbating ASR-induced damage [32]. Although ASR involves
multiple interacting factors, the widely accepted mechanism suggests that the dissolved
silica, under attack from hydroxyl ions, reacts with alkalis, sodium ions (Na+), and potas-
sium ions (K+), to form ASR gel. Following gel formation, calcium ions (Ca2+) react with
silica, producing calcium-alkali–silicate compounds [12]. The role of calcium in ASR gel;
however, has remained controversial among researchers [33]. Pan et al. [34] demonstrated
that the calcium content in ASR gel determines its potential expansion; high-calcium gels
are generally non-expansive, whereas low-calcium gels swell and induce damage. The
presence of calcium ions significantly reduces the dissolution rate of soda-lime glass, a
form of amorphous silica, by forming a dense, low-porosity barrier. This barrier curbs the
diffusion of alkali ions, preventing further dissolution of soda-lime glass [35]. By contrast,
Doğruyol [36] reported a high calcium content in an expansive ASR gel, suggesting that
the calcium role is complex and context-dependent. However, Vayghan et al. [37] demon-
strated that the presence of calcium ions fuels the reaction by exchanging alkalis in the gel,
thereby releasing alkalis back into the pore solution. This alkali regeneration maintains
silica dissolution process, leading to continuous ASR gel formation and perpetuating ASR-
induced damage. Additionally, calcium hydroxide (Ca(OH)2) in the pore solution produces
hydroxyl ions, maintaining the high alkalinity necessary for the progression of ASR [38].

These multiple contributing chemical interactions present ASR as a highly sensitive
reaction to environmental conditions. Figure 3 illustrates the widely acceptable mechanism
of ASR in concrete. Step 1 represents the attack of hydroxyl ions found in the pore solution
that dissolves silica from the aggregate surface. In Step 2, the dissolved silica reacts with
alkali ions in the presence of water, forming the ASR gel. Step 3 shows the calcium-alkali
ions exchange, sustaining the reaction, maintaining high pH levels, and dissolving more
silica. These continuous cycles induce accumulated internal stresses in concrete due to the
expansion of ASR gel, forming an outward map cracking throughout the entire concrete
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structure. Compared to calcium, alkalis have higher affinity for silica and react more readily
with dissolved silica due to their greater electronegativity and ability to disrupt the silica
lattice structure [39].

 

Figure 3. Schematic representation for the ASR mechanism in concrete. Step 1: Silica dissolution by
hydroxyl ions (OH−). Step 2: ASR gel forms from dissolved silica and alkalis. Step 3: Calcium-alkali
exchange sustains the reaction.

ASR is a long-term reaction, and its damage can take 10–15 years to propagate in
concrete structures [40]. Therefore, ASR performance tests were mainly developed to accel-
erate the reaction by elevating the testing conditions, including alkali loading, temperature,
and humidity. This approach can provide reasonable testing duration with acceptable
reliability. Since ASR is expansive, an expansion limit was used to set safe expansion
thresholds [41]. Generally, there are two categories of ASR performance tests. The first
category was developed to examine the reactivity of aggregates by accelerating the test-
ing conditions to either mortar or concrete, while monitoring the expansion of samples
(i.e., length change). Figure 4 shows the length measurement setup during ASR perfor-
mance test according to ASTM C157 [42]. The expansion is tracked along the monitored
length and reported as a percentage of the original gage length. Another category of perfor-
mance tests was set to determine the efficiency of incorporating compounds and SCMs to
mitigate ASR expansion [43]. In the following subsections, the common ASR performance
tests will be discussed. Following that, newly advanced techniques, with the assessment of
SCMs efficiency in ASR mitigation, will be discussed.
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Figure 4. Schematic representation of an ASR expansion measurement setup according to ASTM C157.

3.1. Concrete Prism Test (CPT)

The concrete prism test (CPT) is an ASR performance test with a long duration of one
year to determine aggregate reactivity and two years to determine the efficiency of SCMs
in mitigating ASR expansion ASTM C1293 [17]. In the CPT, nonreactive fine aggregates
are combined to evaluate unknown coarse aggregate reactivity, and a nonreactive coarse
aggregate is used to determine the reactivity of unknown fine aggregate reactivity. The
nonreactive aggregate should previously pass ASTM C1260 [16] for either coarse or fine
aggregate specifications. Specimens are prepared with 420 kg/m3 type I Portland cement
content with a total alkali content of 1.25% of Na2Oeq by mass of cement. Otherwise, NaOH
should be added to concrete mixture to boost alkali levels to reach the specified cement
alkali level. The concrete is cast into prisms and stored in a fully humid environment at
38 ◦C to simulate and speed up ASR conditions. Measurements of length change are taken
at intervals over a year, or up to two years if preventive measures are considered. If the
expansion remains below 0.04% at one year for aggregates, or at two years when SCMs are
used, the materials might reasonably be considered safe from deleterious ASR potential
ASTM C1293 [17].

Several studies confirmed that CPT is the most reliable performance test in identifying
aggregate reactivity [44–46]. It is a highly reliable test for evaluating ASR in concrete, offering
results that align closely with field performance [40,47,48]. CPT reliability stems from (1) the
moderate temperature conditions (2) the storage in humid environment without an excessive
amount of crushing [12]. However, its major drawback is the long duration. Therefore, a
modified version (the accelerated concrete prism test [ACPT]) was proposed to reduce the
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testing duration to 6 months. In the ACPT, the elevated temperature (60 ◦C) speeds up
the chemical interactions between reactive aggregates and alkalis. However, increasing the
temperature conditions also increases the risk of alkali leaching, which can alter the accuracy
of ACPT [49]. According to Ideker et al. [45], ACPT showed a significant reduction in ASR
expansion compared to CPT. The authors reported that the 13-week expansion at 60 ◦C in
ACPT was approximately 62% lower for fine aggregates and 53% lower for coarse aggregates
compared to the 1-year CPT expansion at 38 ◦C. Therefore, this study excluded ACPT as it
has received less research compared to other performance tests, and due to the significant
reduction in expansion attributed to alkali leaching effects [45,48].

3.2. Accelerated Mortar Bar Test (AMBT)

Accelerated mortar bar test (AMBT) is an ASR performance test with a short testing
duration (16 days) conducted to determine the reactivity of aggregate in accordance with
ASTM C1260 [16] or the efficiency of SCMs in mitigating ASR in accordance with ASTM
C1567 [18]. AASHTO standards adopted AMBT under AASHTO T303 [50], including both
versions of reactivity and mitigation tests. In the AMBT, aggregates are finely crushed to
meet specific grading requirements. Mortar bars are soaked in high alkaline environment
(1N NaOH) for 14 days at 80 ◦C, preceded by one day for specimens hardening in molds,
and one day for soaking in water before the alkali soaking. The purpose of using these
severe conditions is to accelerate the reaction in mortar bars, thereby reliable expansion
levels can be obtained within 16 days after casting. The samples are classified as innocuous
(<0.10%), innocuous and deleterious in field (i.e., uncertain) for 0.10–0.20%, and potentially
deleterious (>0.20%) ASTM C1260 [16].

Several studies indicated that the AMBT should be used with caution when rejecting
aggregates. The testing conditions (1N NaOH and 80 ◦C) are severe and the results
are poorly correlated with field performance [29,47,48]. Aggregates with an unreactive
history can be classified as reactive under AMBT conditions [51]. This is supported by the
observation when some aggregates failed by the AMBT and passed by the CPT (i.e., false
negatives) [52]. These false results are critical with slow reactive aggregates that can show
damage in concrete in the long-term. Therefore, if the change in length falls in innocuous
and deleterious in field category (0.10–0.20%), further investigation using petrographic
specifications (ASTM C295 [21]) should be conducted and it is recommended to extend the
AMBT readings for 28 days.

3.3. Miniature Concrete Prism Test (MCPT)

The miniature concrete prism test (MCPT) is an ASR performance test that balances
between the reliability of CPT and the short testing duration of AMBT. It was developed
by Latifee and Rangaraju [53], which was later adopted under AASHTO T380 [54]. Due
to the moderate testing conditions (1 N NaOH solution at 60 ◦C) and the larger concrete
sample sizes, it efficiently predicts the aggregate reactivity within 56 days and up to
84 days for slowly reactive aggregates [53]. Measurements are taken at specific intervals
(3, 7, 10, 14, 21, 28, 42, and 56 days) to monitor expansion. Aggregates are classified
based on their 56-day expansion and the rate of expansion between 8 and 12 weeks. An
aggregate is considered nonreactive if its expansion is ≤0.030%. For expansions between
0.031% and 0.040%, the aggregate remains nonreactive only if the 2-week average rate from
8 to 12 weeks is ≤0.010%. If the rate exceeds 0.010%, the aggregate is classified as slow re-
active. Expansions between 0.041% and 0.120% are considered moderate reactive, between
0.121% and 0.240% are highly reactive, and values above 0.240% are classified as very
highly reactive AASHTO T380 [54].



Designs 2025, 9, 71 9 of 30

Previous work indicated that MCPT correlates well with the field performance and
provides reasonable results with minimal false positives or negatives, suggesting it as a
potential alternative to the CPT and AMBT. Its testing protocol involves mixing nonreactive
aggregates with the tested ones, offering additional advantages than AMBT. Also, it has been
employed to assess the effectiveness of SCMs in mitigating ASR with good results [55,56].

3.4. The Correlation of ASR Performance Tests

The accelerated conditions of performance tests are used to obtain quicker results
compared to the multi-year duration of ASR development. However, they can alter ASR
behavior, which may lead to inappropriate assessments. Therefore, outdoor exposure blocks
were implemented to validate the tests reliability [44,57–59]. Ideker et al. [58] examined the
accuracy of AMBT and CPT in determining the aggregate reactivity compared to outdoor
exposure blocks (monitored for up to five years in Texas, USA). The reported results are
summarized in Table 1.

Table 1. Comparison of disagreement results between CPT and AMBT with field performance for
fine and coarse aggregates.

Aggregate Type Total Samples CPT vs. Field
(Disagreement)

AMBT vs. Field
(Disagreement)

Fine Aggregates 7 None 1 (F1)

Coarse Aggregates 17 5 (C1, C5, C6, C7,
C10)

10 (C1, C2, C3, C4, C5,
C6, C7, C8, C9, C10)

F1 (quartz), C1 (gravel), C2 (quartzite), C3 (dolomite), C4 (sandstone), C5 (basalt), C6 (limestone), C7 (granite), C8
(chert), C9 (andesite), and C10 (gneiss).

The CPT results showed 100% agreement for fine aggregates and approximately
71% agreement for coarse aggregates with field blocks. In contrast, the AMBT results
showed approximately 86% and 41% agreement for fine and coarse aggregates, respec-
tively. The authors concluded that CPT is more reliable than AMBT due to its less
severe conditions.

Crushing coarse aggregates in AMBT can alter their reactive phases, increasing the
discrepancy with field blocks. In addition, Thomas et al. [44] demonstrated that the ASR
performance tests suffer from significant alkali leaching during the soaking process, where
smaller sample sizes lead to higher leaching. Figure 5 shows that the estimated amount
of leached alkalis during one year of the CPT is approximately 35%, compromising the
accuracy of CPT results [44]. Lindgård et al. [60] highlighted significant alkali leaching
from concrete prisms in humid environments during ASR tests, which in turn reduces
prism expansion during ASR tests. This was also shown by studying the 50-year-old Votna
I dam in Norway, where it was shown that the areas with alkali leaching induced fewer
cracks compared to non-leached zones within the same concrete structure [61,62]. Another
limitation of ASR performance tests is the effect of temperature cycles in the field. This
variation in temperature results in higher expansion for the field blocks compared to testing
results, further increasing the inconsistency between field results and testing results [59].

Given the inconsistencies in expansion measurements, researchers further analyzed the
accuracy of CPT and AMBT in predicting aggregate reactivity. Bergmann and Sanchez [48]
analyzed the performance of CPT and AMBT in determining aggregate reactivity using 208
outdoor exposure concrete blocks under varying conditions. The CPT had an accuracy of
68% in detecting reactive aggregates and 25% in detecting nonreactive aggregates. This
indicates its tendency to misrepresent aggregate reactivity and potentially underestimate
expansion compared to field blocks. Nevertheless, CPT expansions are generally well
correlated with field exposure blocks due to the boosted alkali content of cement during
the mixing phase [44]. Figure 6 shows that 19 out of 20 concrete mixes showed agreement
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between CPT results and field results, suggesting a good correlation in determining the
aggregate reactivity.

 

Figure 5. Concentration of alkalis in water reservoir during the concrete prism test (CPT) [44].

 

Expansion limit 

Expansion lim
it 

Figure 6. Comparison of expansion data for blocks stored on exposure site and concrete prisms stored
over water at 38 ◦C [44].

Although CPT demonstrated its reliability in predicting the aggregate reactivity, the
AMBT, with its severe conditions, can be more conservative, avoiding false negative results.
The AMBT achieved an accuracy of 72% in detecting reactive aggregates, minimizing the
false negative results. However, it achieved only 32% accuracy in detecting nonreactive
aggregates, leading to a higher number of false positive results [48].

Following the development of AMBT and CPT, MCPT was developed to provide a
balanced version in terms of testing conditions and duration. Figure 7 shows the summary
of testing conditions and sample sizes of AMBT, MCPT, and CPT. The MCPT sample size
(50 × 50 × 285 mm) is between AMBT (25 × 25 × 285 mm) and CPT (75 × 75 × 285 mm)
sample sizes with moderate alkali conditions at a moderate elevated temperature. Ran-
garaju et al. [63] examined the performance of MCPT by investigating its correlation with
AMBT and CPT results. By testing the reactivity of 16 fine aggregates and 26 coarse ag-



Designs 2025, 9, 71 11 of 30

gregates, the authors concluded that the MCPT showed good correlation in identifying
nonreactive and highly reactive aggregates. However, most inconsistencies between MCPT
and AMBT, as well as between MCPT and CPT were observed in moderately reactive cases.
Also, they demonstrated that the MCPT expansion results were greater than the CPT results
due to the more aggressive alkaline environment of MCPT. This suggests that MCPT has
less alkali leaching along with fewer false negatives compared to CPT.

Figure 7. Testing schemes of CPT, MCPT, and AMBT for aggregate reactivity. All dimensions are in mm.

Due to the inconsistencies of MCPT against AMBT and CPT in moderate reactivity
groups, Konduru et al. [55] correlated their performance with 16 fine and 26 coarse ag-
gregates with more moderate reactive aggregates. The authors reported a reasonable to
strong correlation between the CPT and MCPT with a coefficient of determination (R2) of
0.9435 and 0.7522 for the fine and coarse aggregates, respectively. For AMBT, the analysis
showed a reasonable correlation with MCPT with R2 of 0.54 and 0.75 for the coarse and
fine aggregates, respectively. The MCPT fully agreed with the classification of CPT for
moderate reactivity aggregates, unlike the AMBT, which showed two disagreement results
as shown in Table 2. The authors concluded that MCPT performs well in all reactivity
cases, as it shows strong correlation with CPT. Since CPT is widely considered the most
reliable method for evaluating aggregate reactivity and has been well validated through
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outdoor exposure sites, this suggests that MCPT is also a dependable test. Furthermore,
due to the less severe conditions of MCPT compared to AMBT, the former has greater
reliability due to the minimal false positive outcomes [55]. As a result, MCPT can reduce
the false negatives observed in CPT due to its harsher conditions and lower alkali leaching,
while also minimizing the false positive results in AMBT by avoiding overly aggressive
test conditions.

Table 2. Comparison of CPT, MCPT, and AMBT classifications for moderately reactive aggregates.
The moderate reactivity classification follows the thresholds defined by Konduru et al. [55].

Aggregate
Mineralogy CPT Classification MCPT Classification AMBT Classification

Dolomite ⰺⰻ M (0.033%) ⰺⰻ M (0.042%) ⰺⰻ M (0.105%)
Chert (fine) ⰺⰻ M (0.050%) ⰺⰻ M (0.046%) ⰺⰻ M (0.235%)

Argillite ⰺⰻ M (0.083%) ⰺⰻ M (0.083%) ⰺⰻ M (0.120%)
Limestone ⰺⰻ M (0.046%) ⰺⰻ M (0.055%) ⰮⰯ N (0.070%)
Limestone ⰺⰻ M (0.065%) ⰺⰻ M (0.054%) ⰮⰯ N (0.054%)

Although the correlation between different ASR performance tests can provide an
indication of their reliability, they should be interpreted with caution, especially with small
dataset sizes. Also, a more robust approach would be one-to-one comparisons, including
the outdoor exposure results, rather than relying on statistical parameters with relatively
small datasets. For example, Fanijo et al. [64] reported a high R2 value (0.88) between the
AMBT and MCPT and a moderate correlation (R2 = 0.69) between the CPT and MCPT
(Figure 8). However, despite the stronger correlation between MCPT and AMBT, two
disagreement points were observed (Figure 8a), whereas CPT and MCPT showed full
agreement. Moreover, these results do not align with the correlation results reported by
Konduru et al. [55], where a larger dataset size was utilized, and aggregate size variations
(fine and coarse aggregates) were considered. Therefore, the dataset size may influence the
reliability of statistical correlations in ASR test comparisons.

  
(a) (b) 

Figure 8. Correlations between (a) AMBT and MCPT; (b) CPT and MCPT [64].

Another concern relates to the correlation between CPT and ACPT reported by
Fanijo et al. [64]. With only six expansion data points, the authors reported a strong correla-
tion (R2 = 0.94) between ACPT and CPT. They suggested that the ACPT, with further vali-
dation, can be adopted instead of CPT due to its shorter duration (six months vs. one year).
However, previous research showed several limitations of the ACPT, including exces-
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sive expansion, altered ASR gel viscosity, and significant alkali leaching compared to
CPT [45,48,62]. These findings suggest a high level of discrepancy between ACPT and CPT,
which requires further assessment prior to considering ACPT as a potential alternative.
Hence, dataset size plays a critical role in statistical parameters and their interpretation.
Also, while statistical correlations can be informative, they should be complemented by
one-to-one comparison based on each test reactivity limits to enhance the significance of
the correlations between ASR performance tests.

3.5. The Correlation of ASR Mitigation Performance Tests

This section presents the mechanism of SCMs in mitigating ASR expansion and
assesses the reliability of AMBT, CPT, and MCPT in evaluating their effectiveness. While
CPT is the most reliable ASR performance test for assessing aggregate reactivity, CPT,
with the 2-year limit for mitigation measures, is the least reliable test. The comparison of
ASR performance tests highlights the challenges in assessing SCMs efficacy using current
methods. At the end of this section, a combination approach between MCPT and AMBT
for determining the optimal dosage level is considered, which was developed extensively
based on field exposure blocks.

The primary mechanism by which SCMs mitigate ASR is through the reduction in
alkali content in concrete mixtures. Portland cement is one of the major sources of alkalis
in concrete and those alkalis play a critical role in activating ASR. Therefore, the partial
replacement of Portland cement by SCMs significantly reduces alkalis, thereby mitigating
ASR expansion. Beyond mix design, SCMs continue to mitigate ASR during the hydration
phase [44,65–67]. SCMs retain more alkalis than conventional mixtures due to their lower
Ca/Si ratio. This low atomic ratio enhances the ability of portlandite products to react with
alkalis [65]. Kian [68] concluded that the calcium–silicate–hydrate (C-S-H) compounds
produced by conventional concrete mixtures bind fewer alkalis compared to the same
compounds produced by SCMs concrete mixtures. Similarly, Shehata and Thomas [69]
concluded that portlandite in SCM-modified concrete has more affinity to react with
available alkalis for the ASR, further influencing ASR mitigation.

Although SCMs have a significant influence on mitigating ASR, their effectiveness
depends on their reactivity, chemical compositions, and the replacement levels in con-
crete [70]. As a result, different optimum dosage levels have been proposed for different
types of SCMs. Tapas et al. [71] demonstrated that the recommended dosage of FA and
slag for ASR is about 25%, and 50–65%, respectively. However, due to the variations in
the FA composition, Saha et al. [72] concluded that the FA with low calcium levels is more
efficient in mitigating ASR compared to high calcium ones. Figure 9 shows the association
of low expansion results according to the calcium content of FA.

Along with the several properties of SCMs, their effectiveness in mitigating ASR
is also influenced by the testing conditions. Thomas et al. [44] highlighted that SCM
mitigation in AMBT differs from outdoor exposure blocks, where alkalis diffuse internally.
In contrast, alkalis, in AMBT, are continuously supplied from an external NaOH solution,
which overestimates the required SCM dosage. Nevertheless, AMBT can be useful for
assessing SCMs mitigation efficiency due to: (1) short-term evaluation results [44,48],
(2) sensitivity to the dosage level of SCMs [44,69], (3) conservative evaluation results (i.e.,
false positives) [44,58], (4) supplementary to other ASR performance tests like CPT [44,60].
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Figure 9. Correlation between ASR expansion and CaO/SiO2 of fly ash (FA) [72].

Several concerns of AMBT, with the false positives for both aggregate reactivity and
mitigation assessments, have led researchers to propose extending the testing duration
from 14 to 28 days [49]. Table 3 summarizes previous findings of the extension of AMBT to
28 days. This extension may be useful for lowering false positive results along with a better
detection of slow reacting SCMs performance in preventative measures. The extended
test duration can be beneficial for slow reacting aggregates, as well as for SCMs, which
often contain slower reacting phases compared to the main clinker phases in Portland
cement [73]. Math et al. [74] compared the AMBT expansion of 31 different aggregates
and concluded that there was no significant difference in the expansion trend between
14 days or 28 days. Similarly, Thomas et al. [75] demonstrated that the trend of expansion
is nearly the same for both durations, as shown in Figure 10. Alaejos et al. [76] reported
a good linear correlation between both durations, suggesting that the 28-day extension
may not offer an additional value for high reactive aggregates. Nonetheless, some agencies
adopted the 28-day extension with an adjusted threshold limit for slow reactive aggregates.
Spanish standards require a 28-day extension with a reactivity threshold equal to 0.20% if
the 14-day expansion falls between 0.10% and 0.20% (slowly reactive category) [76]. Also,
the Army Corps of Engineer uses 28-day expansion instead of 14-day expansion rate [77].

However, extending the test duration may not resolve AMBT limitations. The crushing
process of AMBT can result in a lack of reaction phases during crushing and sieving
aggregates. This explains why some aggregates classified as reactive in CPT were identified
as nonreactive in AMBT, leading to false negative results [78]. Similarly, Mukhopadhyay
and Liu [52] demonstrated that the extension of the testing duration can be insufficient
to overcome the false negatives and positives of this test. While the 28-day AMBT offers
additional information on slow-reacting aggregates and slow-reacting SCMs, it may not be
adequate as a standalone method for predicting long-term ASR performance. Additionally,
Thomas et al. [79] concluded that for SCMs mixes, 28-day expansion limit overestimates
the dosage of SCMs by 1.5 based on outdoor exposure blocks. Despite that, a recent
comprehensive report that used a total of 450 outdoor exposure blocks concluded that the
14-day reactivity limit should be used for aggregate reactivity, and the 28-day limit is more
appropriate for the determination of SCMs dosages [47].
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Table 3. Summary of the reported results of the 14-day vs. 28-day limits of AMBT.

14-Day Limit of AMBT 28-Day Limit of AMBT Ref.

AMBT at 14 days can successfully detect reactive
aggregates in mixes without SCMs, minimizing false
negatives. However, it suffers from false positives.

The 28-day limit can be used for mixes containing
SCMs to consider their slow reactivity and provide a

more balanced prediction of long-term
field performance.

[48]

The 14-day limit underestimates the reactivity of
moderately reactive aggregates compared to CPT.

Therefore, the 28-day limit can be used for aggregates
with delayed reactivity.

The 28-day limit correlates better with field exposure
block for SCMs mixes and can reduce the

underestimation of reactivity.
[47]

The 14-day limit of 0.10% correlates well with field
performance for SCMs mixes.

The extension to 28 days overestimates the required
SCM dosage to mitigate ASR, with 1.5 times higher

dosage on average.
[79]

Reliable for screening highly reactive aggregates but
limited accuracy for slow-reacting aggregates.

The extension to 28 days shows improved
classification of slow-reacting aggregates and aligns

well with CPT results.
[80]

Poor correlation between the 14-day limit and field
performance for certain aggregates (e.g., quartzite).

The 28-day limit shows better consistency in capturing
slow-reacting aggregate behavior. [81]

The 14-day AMBT limit of 0.06% instead of 0.10% is
recommended for minimal false results.

The 28-day limit of 0.13% instead of 0.10% is
equivalent to the 14-day 0.06% limit but provides more

conservative results.
[82]

Several inaccuracies in AMBT at 14 days due to severe
test conditions and rapid alkali exposure.

The 28-day limit improves accuracy in capturing
delayed expansions, especially with

low-reactivity aggregates.
[83]

The 14-day limit is typically used for rapid screening
of ASR.

The 28-day limit at 0.28% instead of 0.10% provides
better accuracy for identifying aggregates with

delayed reactivity.
[84]

Figure 10. Pessimum phenomenon for coarse aggregate, expressed as chert percent [85].

Given the harsh conditions of AMBT, previous articles assessed its performance in
examining the efficacy of SCMs compared to outdoor exposure blocks and other perfor-
mance tests like CPT and MCPT. For mixes containing SCMs, Bergmann and Sanchez [48]
reported that the AMBT 28-day limit showed an accuracy of 76%, with a sensitivity (true
positives) of 75%, and a specificity (true negatives) of 64%. These findings highlighted
its effectiveness in detecting reactive cases while being prone to false positives. The CPT
2-year limit demonstrated an accuracy of 76% but showed a much lower sensitivity of
19%, suggesting significant inaccuracies in identifying true reactive cases. However, its
high specificity of 91% made it reliable in detecting nonreactive cases. These findings
suggest that AMBT is more reliable for detecting the reactivity in SCMs mixes compared
to CPT that can underestimate SCMs dosages [48]. Fournier et al. [86] concluded that
AMBT for preventive measures using SCMs has better precision than 2-year CPT due
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to the significant alkali leaching during the latter longer testing duration. This signifi-
cant leaching underestimates the expansion values and the required dosage of SCMs to
prevent ASR.

To analysis the stability of expansion values derived from AMBT (28-day) and CPT
(2-years) compared to long-term field results, Bergmann and Sanchez [48] collected ASR
data from 208 outdoor exposure sites including different SCMs like FAs, slags, and silica
fumes. The outdoor exposure samples were monitored between 1.1 and 29 years, with an
average field exposure of 13.3 years, providing extensive ASR field datasets. The authors
used the K coefficient to examine the variation between ASR expansion values predicted
by performance tests and actual field results (Figure 11). The K coefficient was defined
as the ratio of the long-term field expansion to the performance test expansion at a given
time, with a typical compatibility of one. For the AMBT, the k-value was relatively stable at
around one, suggesting the good reliability of AMBT in predicting the SCMs efficacy based
on long-term field measurements. By contrast, CPT, with the 2-year expansion limit, had a
higher variation with initial k-values (up to 6 years) below one (overpredicting), and then
changed to significantly underpredicting. While CPT results initially correlated well with
the field results conservatively (overpredicting), the results underpredicted the required
SCMs dosage in the long-run [48].

  
(a) (b) 

Figure 11. K coefficient over 27 years of exposed concrete blocks with SCMs compared to (a) AMBT
(28-day expansion); (b) CPT (2-year expansion) [48].

Due to the reliability issues of the CPT 2-year limit, several authors adopted different
modifications to improve its predictive performance. Sirivivatnanon et al. [80] demon-
strated that the 2-year CPT expansion limit of 0.04% should be changed to 0.03% based
on field exposure results (20 years age). Table 4 shows that the adoption of 0.03% 2-year
expansion limit (AS 1141.60.1 [87]) correlated better than the adopted ASTM C1293 [17]
0.04% limit [80]. It should be noted that the AMBT (14-day) results were also correlated well
with the field blocks, highlighting the good reliability of AMBT for SCMs mixes. Similarly,
Bavasso et al. [88] increased the testing temperature from 38 ◦C to 60 ◦C to accelerate the
ASR chemistry [89]. Nevertheless, several articles reported that these modifications com-
promised the accuracy results of CPT. These modifications decreased the expansion values
because of the reduction of OH− ions concentration in the prism pore solution, the in-
crease in alkali leaching, and the increase in the exudative properties of ASR gels [88,90,91].
Folliard et al. [92] recommended further investigation to improve the validity of the CPT
2-year limit with the effect of the proposed modifications on its accuracy. However, a key
concern with the CPT 2-year limit is its prolonged duration, which may exacerbate certain
limitations of ASR tests, including the significant alkali leaching.
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Table 4. Comparison of AMBT (ASTM C1260) and CPT (ASTM C1293 and AS 1141.60.1) with field
expansions after 20 years of exposure.

Mixes with SCMs
Expansion Results

AMBT (0.01% at
14 Days)

CPT (ASTM C1293)
(0.04% at 2 Years)

CPT (AS 1141.60.1)
(0.03% at 2 Years)

Field Expansion
(0.05% at 20 Years)

50% S 1 ⰺⰻ N
(0.059)

ⰺⰻ N
(0.029) *

ⰺⰻ N
(0.029) *

ⰺⰻ N

18% FA 2 ⰮⰯ R
(0.111)

ⰺⰻ N
(0.037)

ⰮⰯ R
(0.037)

ⰮⰯ R

25% S ⰮⰯ R
(0.187)

ⰮⰯ R
(0.045)

ⰮⰯ R
(0.045)

ⰮⰯ R

25% S and 3.8% SF ⰺⰻ N
(0.041)

ⰺⰻ N
(0.029) *

ⰺⰻ N
(0.029) *

ⰺⰻ N

1 Slag (S), 2 Fly ash (FA), Silica Fume (SF). * The expansion values were indicated by <0.03%.

Because of the long testing duration and low reliability of CPT (2 years) in SCMs
mixes, MCPT can be alternatively applied for preventive measures. Also, MCPT has
less harsh conditions compared to AMBT that can interfere with the expansion results,
provided that AMBT showed good correlation with field performance for preventive
measures [80]. Liu et al. [93] compared MCPT and CPT results for SCMs mixes in ASR
mitigation (Figure 12). The study found a linear correlation, with an R2 value of 0.6697.
Out of 33 mixes made with FAs and Ss, MCPT and CPT agreed on 26 mixes. The results
attributed the seven disagreement results to the accelerated conditions in the MCPT that can
alter the mitigation mechanism of SCMs [93]. However, this justification can be limited since
it was previously shown that there are several issues in the CPT 2-year limit. Additionally,
Tanesi et al. [56] concluded that MCPT correlated well with the field blocks for preventive
measures unlike with the CPT 2-year limit. The authors used field exposure blocks aged
between 13 and 15 years. Table 5 shows the good agreement results between field blocks
and MCPT for SCMs mixes (3 disagreements out of 13), unlike higher miscorrelation
between field blocks and CPT (9 disagreements out of 13). These findings highlight the
capability of MCPT in efficiently determining the required SCMs dosage in mitigating
ASR expansion.

 

Expansion limit 

(ASTM C1293) 

Expansion lim
it-M

itigation 

(AASHTO T380) 

Figure 12. The correlation of MCPT and CPT for SCMs mixes [93].
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Table 5. Expansion of blocks and specimens tested by CPT (2-years), MCPT (56 and 84 days) for
SCMs mixes.

Aggregate Type Mixes with SCMs

Expansion Results

CPT (ASTM
C1293) (0.04% at

2-Years)

MCPT (AASHTO
T380) (0.03% at

56 Days)

MCPT (AASHTO
T380) (0.03% at

84 Days)

Field Expansion
(0.05% at 20-Years)

Spratt
40% FA-Class C ⰺⰻ N

0.14
ⰮⰯ R
0.029

ⰮⰯ R
0.038

ⰮⰯ R
0.05

20% FA-Class C ⰺⰻ N
0.26

ⰮⰯ R
0.052

ⰮⰯ R
0.063

ⰮⰯ R
0.16

Placitas

40% FA-Class C ⰺⰻ N
0.013

ⰮⰯ R
0.029

ⰮⰯ R
0.038

ⰮⰯ R
0.32

20% FA-Class C ⰮⰯ R
0.043

ⰮⰯ R
0.061

ⰮⰯ R
0.08

ⰮⰯ R
0.45

100% lithium
nitrate

ⰮⰯ R
0.046

ⰮⰯ R
0.091

ⰮⰯ R
0.137

ⰮⰯ R
0.33

Wright

40% FA-Class F ⰺⰻ N
0.005

ⰮⰯ R
0.021

ⰮⰯ R
0.044

ⰮⰯ R
0.14

20% FA-Class C ⰺⰻ N
0.033

ⰮⰯ R
0.077

ⰮⰯ R
0.113

ⰮⰯ R
0.42

40% S ⰺⰻ N
0.025

ⰮⰯ R
0.052

ⰮⰯ R
0.052

ⰮⰯ R
0.34

35% S and 5% SF ⰺⰻ N
0.023

ⰺⰻ N
0.015

ⰺⰻ N
0.017

ⰮⰯ R
0.20

35% C and 5% SF ⰺⰻ N
0.017

ⰮⰯ R
0.025

ⰮⰯ R
0.033

ⰮⰯ R
0.13

Jobe

20% Class F ⰺⰻ N
0.02

ⰮⰯ R
0.033

ⰮⰯ R
0.071

ⰺⰻ N
0.02

50% S ⰺⰻ N
0.033

ⰮⰯ R
0.063

ⰮⰯ R
0.115

ⰺⰻ N
0.02

100% lithium
nitrate

ⰺⰻ N
0.038

ⰮⰯ R
0.261

ⰮⰯ R
0.447

ⰮⰯ R
0.12

Slag (S), Fly ash (FA), Silica Fume (SF).

Recently, AASHTO R80 [94] and ASTM C1778 [20] specifications were developed to
improve the assessment of aggregate reactivity and the selection of appropriate preventive
measures to allow the use of potentially reactive aggregates in concrete. However, the
ASR performance tests, such as CPT, AMBT, and MCPT were generally developed based
on high alkali cement contents. This has raised several concerns related to mixtures with
moderate or low alkali cement contents. According to Ideker et al. [95], the amount of
SCMs recommended by ASR performance tests may not be sufficient to control the ASR
expansion in outdoor exposure blocks that contain large amounts of high-alkali cements
and a validation of current ASR tests may be needed. As a result, a recent NCHRP study
(Project 10-103) was conducted to address the shortcoming of current ASR assessment
methods including the use of limestone cement with moderate to low alkali content [47]. It
should be noted that under the last delivery of the project, Dr. M. D. Thomas passed away,
who significantly contributed to the ASR research topic and was a co-author of the NCHRP
study (Project 10-103). The main findings of the project are summarized in Table 6. The
authors proposed a systematic approach in determining the optimal replacement level for
preventive measures based on extensive historical data and extensive outdoor exposure
blocks (450 blocks with different alkaline loadings under different climates). First, MCPT
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(56 days at 0.03%) and AMBT (14 days at 0.10%) were recommended as a replacement
for CPT (1 year at 0.04%) in aggregate reactivity assessment. This is due to their strong
correlation with both CPT and field exposure blocks. Second, a combination of MCPT
and AMBT was suggested for evaluating the aggregate reactivity. If they yield the same
results (fail/fail), AMBT (28-day at 0.10% limit) should be conducted to determine the
required dosage. However, if AMBT fails but MCPT passes, or vice versa, the authors did
not explicitly outline the next step. To address this gap, this study suggests conducting
MCPT (84-day at 0.025%) when AMBT passes but MCPT fails. This approach provides a
more conservative assessment to ensure adequate ASR mitigation. Alternatively, if MCPT
passes but AMBT fails, additional verification steps may be needed, such as historical CPT
data, field exposure records, or supplementary testing. If no additional data are available,
AMBT (28-day) could serve as a secondary check, though its suitability for aggregate
reactivity classification requires further study due to its false results. Those steps are
shown in Figure 13. The authors excluded the CPT (2-year) for preventive measures as it
underestimates the required replacement level with its sensitivity lack for different alkali
loadings. This systematic approach in ASR testing with its well-established large datasets
can be adopted to determine the required replacement level for the usage of potentially
reactive aggregates in concrete.

Table 6. The main findings of Drimalas et al. [47].

Test Method Aggregate Reactivity Testing Preventative Measures Testing

AMBT (ASTM C1260 /1567 or
AASHTO T303)

The 14-day at 0.10% limit is appropriate for aggregate
reactivity and it correlated well with MCPT and CPT.

The 28-day at 0.10% limit is more appropriate for
preventive measures since it correlated well with

field results and MCPT (84-day).

CPT (ASTM C1293)

It is the best indicator for aggregate reactivity since it
showed the best correlation with field results. It

benchmarks well with AMBT (14 days) and MCPT
(56 days).

The 2-year at 0.04% limit should not be used for
preventive measures as it underestimates the

required dosage for mitigating ASR, and it lacks
the sensitivity for different alkali loadings.

MCPT (AASHTO T380)

Excellent test for aggregate reactivity at 56 days of 0.03%
limit since it strongly correlated with CPT and AMBT. The
slow reactivity category between 8 and 12 weeks should be
removed. The adoption of 0.03% as a reactivity limit should

be adequate.

It was recommended to adopt the expansion limit
of 0.025% at 84 days since it correlated well with

the field results.

 

Figure 13. Decision flowchart for determining the required dosage to mitigate ASR using a combina-
tion of MCPT and AMBT.
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3.6. Indirect Assessments of ASR Mitigation Efficiency

ASR performance tests focus mainly on the expansion measurements under acceler-
ated conditions and often fail in detecting the pore solution chemistry and SCMs reactivity
levels [96]. Therefore, additional screening tests that can indirectly measure the efficacy
of SCMs in suppressing ASR expansion can support and verify performance test results.
This is important because the efficacy of SCMs in mitigating ASR is highly influenced
by their chemical compositions, interaction with the cementitious phases, and reactivity
levels [71,72]. This section assesses the modified R3 test and bulk resistivity, which have
been recently developed for the potential of SCMs to mitigate ASR in concrete. Those tests
focused on measuring the reactivity levels, pore solution alkalinity, and transport properties
of SCMs, allowing for more accurate results in the selection of preventive measures for
ASR mitigation.

3.6.1. R3 and Modified R3 Tests

The rapid, relevant, reliable (R3) test evaluates the reactivity levels of SCMs based
on their pozzolanic reactivity. It measures the heat release or bond water content due to
the SCMs reaction with calcium hydroxide and alkali-sulfate solution under controlled
conditions [97]. The test should be conducted at 40 ◦C for one week in accordance with
ASTM C1897 [98]. Unlike traditional SCMs reactivity tests, R3 test isolates SCM reactions by
removing hydration effect of cement, offering a simplified test as it lacks a fully cementitious
system [99]. The R3 test measures the reactivity through two primary parameters: the
heat release and the bond water content. In the heat release measurement, an isothermal
calorimetry is used to measure the cumulative heat released during SCM hydration. The
amount of heat release measures the SCM pozzolanic reactivity, where the higher the
heat release the greater the reactivity. This parameter is associated with the consumption
of calcium hydroxide that reduces the pore solution alkalinity, which can indicate the
mitigation of ASR expansion [100]. In a case of calorimetric equipment lack, the bond
water content can be used to provide an alternative measure for the SCMs reactivity.
After the hydration of the SCM paste, bound water content is quantified via drying and
thermal process [101].

The R3 test with its current version lacks the prediction of the SCMs in ASR mitigation
because of its lack of measurements of alkalis and CaO contents [100]. For example, FA
class-C (FA-C) are not recommended to mitigate ASR due to its high calcium content [102].
However, based on the R3 test results, FA-C is considered a high reactive SCM [103]. This
underscores the need for the inclusion of additional specifications in R3 test, by which it
can be used to determine the efficiency of SCMs in mitigating ASR.

Recently, a modified R3 test has been developed to further assess SCMs reactivity,
especially for slow reacting materials [104]. The modified R3 test was proposed to be
conducted at 50 ◦C for 10 days. These elevated conditions, compared to the R3 test, enhance
the reaction rate of SCMs, specifically for slow reacting materials. Also, it eliminates the
addition of sulfates and carbonates to establish a clearer distinction of SCMs reactivity
when a chemical composition is uncertain. Both tests examine the pozzolanic or latent
hydraulic nature of SCMs. However, the modified R3 test focuses on calcium hydroxide
consumption rate for a more detailed evaluation of the reactivity classification of SCMs
with an indication of the ASR mitigation potential [99,100].

The consumption rate of calcium hydroxide was correlated with the ASR expansion
level to assess the efficacy of SCMs in ASR mitigation. Suraneni [100,105] observed a good
correlation between AMBT expansion rates and calcium hydroxide consumption measured
by the modified R3 test. Figure 14 shows the correlation between AMBT expansion levels
at 14 days and a novel parameter, which is the multiplication of the calcium hydroxide
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consumption rate by the SCM replacement level in mortars. This relationship suggested
that the quantification of calcium hydroxide consumption rate can indicate the SCMs
efficacy in mitigating ASR. Also, this approach showed an interesting non-linear trend,
encompassing all reactivity classifications including highly, moderate, and nonreactive
cases. There are a limited number of studies that considered the modified R3 test in ASR
mitigation, despite its promising evaluation for slow reactive SCMs. Nevertheless, the
R3 test has shown an increasing attention due to its reliability and short testing duration.
Recently, Min et al. [106] developed the R3 test, producing an ultra-rapid reactivity test for
real time (UR2). By using 4N NaOH solutions at 90 ◦C for 5 min, the authors developed a
reliable SCMs evaluation test with a strong correlation with R3 test (R2 = 0.92).

 Expansion limit 

(ASTM C1260) 

Figure 14. AMBT expansion at 14 days as a function of calcium hydroxide (Ca(OH)2) consumption by
SCM multiplied by SCM replacement in mortars. The asterisk (*) indicates multiplication throughout
the figure. Adapted from [105].

3.6.2. Bulk Resistivity

Bulk resistivity has been extensively applied for the examination of the concrete
quality and durability [107,108]. It measures the electrical current flow resistance by
concrete [109]. Concrete resistivity is influenced by the pore structure refinement and
the free ions concentration in the pore solution of concrete. Bulk resistivity has also been
indirectly used to assess the effectiveness of SCMs in mitigating ASR. SCMs reactions refine
the pore concrete structure by forming C-S-H (in latent hydraulic reactions) and C-A-S-H
(in pozzolanic reactions), which reduce pore size and connectivity, thereby increasing
resistivity. Also, trapping alkalis by SCMs in the reaction products increases the concrete
resistance by lowering free ions in the pore solution [105,110–113].

High correlations were reported between bulk resistivity and ASR expansion, with
highly resistive concrete exhibiting lower ASR expansions [105,110–113]. Wang et al. [105]
reported a good correlation (R2 = 0.89) between AMBT expansion values and bulk resis-
tivity and recommended further validation based on MCPT expansion results. Chopperla
and Ideker [111] found a strong correlation (R2 = 0.94) between MCPT expansion values
and bulk resistivity. Figure 15 shows the correlations between bulk resistivity and the ASR
expansion measured by MCPT and AMBT [110,111]. Chopperla and Ideker [111] showed
that high resistive concrete mixtures with SCMs exhibit lower ASR expansions due to
reduced pore solution alkalinity and limited moisture infiltration. Also, Wang et al. [105]
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demonstrated that the bulk resistivity indicator can capture the differences in the chemical
reactions of various SCMs in concrete mixes. For example, after 180 days with 60% replace-
ment, pumice pozzolan concrete mixture showed the highest increase in resistivity (around
825 Ω·m), slag pozzolan mix had a moderate increase (around 150 Ω·m), and a decrease in
the resistivity for limestone mix (around 36.3 Ω·m) compared to the control mixes (around
37.5 Ω·m). These differences contributed to (1) pumice pozzolans have a strong pozzolanic
reactivity that bind alkalis found in the pore solution and reduce ions concentrations, which
significantly increase the resistivity (2) slags undergo a latent hydraulic reaction that lacks
the alkalis binding but with a pore structure refinement, showing a moderate increase in
the resistivity (3) limestone reacts as a filler in the concrete mixtures lacking any effect on
the pore structures and alkalis concentrations. These findings highlight the capability of
bulk resistivity measurements in classifying the SCMs based on their chemical reaction
along with the capability of assessing SCMs effectiveness in ASR mitigation.

 

Figure 15. Correlation between bulk resistivity and ASR expansion values of AMBT and MCPT.

Additionally, the modified R3 test results showed a good correlation with resistivity
measurements (Figure 16), underscoring the reliability of bulk resistivity as an indirect
method for ASR mitigation assessment. Chopperla and Ideker [111] concluded that the
application of those parameters could reduce the testing duration and improve the pre-
diction performance of ASR performance tests. Wang et al. [105,111] concluded that the
application of resistivity parameters can be used as an additional screening method along
with ASR performance tests to assess the efficacy of SCMs in mitigating ASR expansion.
Nevertheless, the bulk resistivity in concrete needs further research for further validations
and to propose standard frameworks to extract the bulk resistivity results. Chopperla
and Ideker [111] used concrete cylinders at 10kHz frequency resistivity with moisture
correction applied. Chopperla et al. [114] sliced MCPT concrete samples with 50 mm cubes
with dimensional correction applied, and Wang et al. [105] sliced AMBT mortar cubes
at 1 kHz frequency under different curing conditions. These varied conditions should
be further investigated with their effect on the resistivity results. This is critical because
resistivity can vary significantly based on the testing conditions. The accuracy of resistivity
measurements is highly influenced by curing temperatures and saturation degrees. Addi-
tionally, variations in the particle size, chemical composition, and alkali content complicate
direct comparisons. Although resistivity measurements often correlate well with ASR
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expansion for the short-term, the long-term reactivity of SCMs may continue to increase
resistivity, potentially resulting in an underestimation of SCMs long-term performance in
ASR mitigation [105,111].

Figure 16. Correlation between SCM pozzolanicity (calcium hydroxide (CH) consumed in the
pozzolanic reactivity test) and amount of SCM and 28-day bulk electrical resistivity of the controlled
concrete specimens. The asterisk (*) indicates multiplication throughout the figure [111].

4. Future Perspectives
The long-term progression of ASR remains a challenge to accurately predict using ASR

performance tests, given the different reactivity classifications of aggregates, the limitations
of existing testing methods, and the variability in SCMs with diverse chemical compositions.
Despite the advancements in ASR testing, the lack of a widely accepted framework in
predicting long-term ASR behavior and determining the optimal preventive measures
underscores the need for further development and alternative testing frameworks.

A critical gap remains in reliably assessing preventive measures, as even well-
established results yield contradictory findings. The inconsistent results between studies
can be primarily shown when preventive measures are assessed. For the assessment of
aggregate reactivity, it is well-known that CPT (1-year) is the best indicator, with acceptable
results obtained by MCPT (56-day) and AMBT (14-day), with a recommended extension for
slow reactive aggregates to MCPT (84-day) and AMBT (28-day). However, for preventive
measures assessment, the results can be inconsistent, despite the usage of field exposure
blocks. For example, Thomas et al. [79] concluded that the extension of AMBT from 14 days
to 28 days overestimates the SCM replacement level required to mitigate ASR expansion by
an average 1.5; however, Drimalas et al. [47] concluded that the usage of AMBT 28-day limit
is the best limit for preventive measures. Both studies used extensive field exposure blocks
to validate their findings. Therefore, combining additional screening methods for preven-
tive measures that evaluate the chemistry of the pore solution and transport properties, is
of interest. In contrast to the expansion measurement of specimens, indirect methods, such
as the modified R3 test and bulk resistivity, provide supplementary information that can
complement current ASR performance tests. The integration of these methods can reduce
the inconsistent results with a better framework for performance predictions.
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Compounding these testing and classification challenges, recent sustainability trends
have further complicated ASR mitigation efforts. Due to sustainability measures, the recent
shift from ordinary Portland cement (OPC) to Portland limestone cement (PLC) introduced
another challenge in ASR performance tests. Most tests were developed based on OPC.
The chemical difference between OPC and PLC may alter the pore solution chemistry and
the expansion behavior, potentially leading to the misclassifications of aggregate reactivity.
Previous studies highlighted the importance of analyzing the effect of using PLC instead of
high alkali OPC [47,114]. The usage of PLC can significantly influence the ASR expansion,
underestimating the required dosage to mitigate ASR expansion. The particle size of PLC
can have a significant impact on the ASR expansion that compromises the classification of
reactivity. It can reduce the pore solution alkalinity and refine the concrete pore structure,
which in turn mitigates ASR expansion [114]. Nguyen et al. [115] reported that replacing
OPC with a 30% blend of limestone and calcined clay (2:1 ratio) reduced AMBT expansion
from 0.30% to around 0.10%, shifting the classification from reactive to potentially reactive.
In contrast, Wang et al. [105] demonstrated that neither the high dosage nor the higher
fineness of limestone was able to mitigate ASR expansion and it only reacts as a filler in
concrete mixtures. These results indicate that limestone effectiveness is likely enhanced
when combined with reactive SCMs such as calcined clay. Therefore, more research is
recommended to establish the effect of PLC in ASR expansion, especially with blended
systems. Moreover, while CPT was developed based on Type I OPC with high alkali
content, the alkali content of cement does not affect AMBT results [16,17]. However, the
usage of PLC with the same alkali content may affect the testing results, given its different
chemical compositions. Diluting alkalis with the effect on pore structure may lead to
false negatives. Therefore, further studies are recommended to analyze and evaluate the
specified limits of ASR tests with the new binder chemistry, ensuring accurate classification
and mitigation dosage predictions.

Broader sustainability measures have also influenced the availability of SCMs, such
as FA and slag, with the recent shift away from using coal-fired power plants for cleaner
energy production. While FA and slag have been widely studied for ASR mitigation, there
is a need for an investigation of other pozzolanic materials, like NPs. Given their cost-
effectiveness and widespread natural availability, NPs present a promising class of SCMs
for ASR mitigation [116]. Although several studies have explored their use in concrete, a
significant research gap remains. For example, the incorporation of diatomaceous earth NP
significantly reduced ASR expansion [117]. However, limited literature focused on this NP,
despite its large deposits in western U.S. states, where over 620,000 tons of diatomaceous
earth were mined in 2004, accounting for approximately 30% of global production [118].

Another recent sustainability aspect is the usage of seawater in concrete infrastructure.
With the increase in adoption of fiber-reinforced-polymers (FRPs) bars instead of steel
reinforcement, the durability of concrete made with seawater is of interest. In this regard,
the quantification of external alkalis added to concrete becomes a need for investigation,
specifically for the ASR distress. Controlling the alkali contribution from cement can
be an effective solution to prevent ASR in concrete. However, other external sources of
alkalis like deicing salts should be considered [44]. Ranger et al. [57] demonstrated that
the ASR damage was, in some cases, connected to the presence of deicing salts, mainly
NaCl. Several explanations were proposed for the effect of NaCl in ASR, such as the
acceleration of dissolution rate of amorphous silica. Zhang et al. [119] concluded that the
ASR mechanism in seawater sea-sand concrete (SWSCC), which is generally used with FRP
bars, was significantly changed due to the high sodium concentrations. Higher sodium ion
concentrations, such as those from seawater, exacerbates ASR by increasing gel formation,
reducing C–S–H polymerization, and deteriorating the internal matrix structure. Altogether,
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resolving these interrelated challenges, from test variability to material transitions, is critical
to develop an adaptable ASR mitigation strategy for future concrete construction.

5. Conclusions and Future Directions
ASR severely deteriorates concrete structures through deleterious expansive cracks.

Its slow progression over the years and the influence of multiple internal and external
factors create uncertainties in reliably assessing its expansion. This critical review evaluates
recent literature concerning the accuracy of AMBT, MCPT, and CPT in correlation with
field exposure results. The widely accepted mechanism of ASR and the role of SCMs
in mitigating ASR were included to identify limitations and propose a testing frame-
work for determining the optimal SCM dosage to mitigate ASR. For aggregate reactivity,
CPT (1-year) is considered the most reliable test. Alternatively, a combination of AMBT
(14-day) and MCPT (56-day) was validated with respect to long-term field data for fail/fail
outcomes. For preventive measures, AMBT (28-day) and MCPT (84-day) demonstrated
good sensitivity and conservative evaluations, while CPT (2-year) is unreliable due to the
significant alkali leaching. This suggested framework can mitigate inconsistencies in evalu-
ating the effectiveness of SCMs in ASR mitigation and provides a well-established decision
basis for designing concrete mixtures under evolving exposure and material constraints.
Moreover, the incorporation of the modified R3 test and bulk resistivity offers additional
screening tools to guide mixture design by evaluating pore solution chemistry and internal
structure characteristics that complement ASR performance tests.

To address current gaps in ASR assessment, future research should integrate indirect
methods, long-term field exposure data, and current data-driven modeling techniques,
such as artificial intelligence. Furthermore, emerging sustainability shifts, such as the
use of PLC, seawater, and natural pozzolans, warrant further investigation that may
affect ASR mechanism and tests performance. These evolving practices call for updated
specifications and a more adaptive testing framework that ensures durable and long-lasting
concrete infrastructure.
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AMBT Accelerated Mortar Bar Test
CPT Concrete Prism Test
MCPT Miniature Concrete Prism Test
ACPT Accelerated Concrete Prism Test
OPC Ordinary Portland cement
PLC Portland limestone cement
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NP Natural pozzolan
SCM Supplementary cementitious material
FA Fly ash
SF Silica fume
S Slag
R3 test The rapid, relevant, reliable test
UR2 Ultra-rapid reactivity test for real time
FRP Fiber-reinforced-polymers
SWSCC Seawater sea-sand concrete
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