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Abstract

The depletion of natural resources and the increasing interest in reducing CO2 emissions
have heightened the demand for alternative materials in concrete production. A viable
approach is to lower the clinker-to-cementitious materials ratio by partially replacing
clinker with supplementary cementitious materials (SCMs) and/or alternative materials
such as aggregate mineral fillers (AMFs). As the availability of SCMs is expected to
decline, AMFs have been increasingly explored, including those derived from aggregate
processing and susceptible to alkali-aggregate reaction (AAR). However, the behaviour of
AAR-reactive AMFs in concrete remains poorly understood. This paper summarizes the
current state of the art and identifies knowledge gaps concerning the use of AAR-reactive
AMFs, focusing on the roles of mineralogy, particle size, replacement content, and the
test methods used to assess AAR-induced development and associated microscopic and
mechanical deterioration. A consistent terminology is also proposed to support future
research. Finally, a theoretical foundation to understand the role of AAR-reactive AMFs in
mortar and concrete is provided, and the key knowledge gaps are discussed.

Keywords: alkali-aggregate reaction; alkali-silica reaction; aggregate mineral filler; reactive
AMF; reactive filler; concrete durability

1. Introduction
The pursuit to reduce the carbon footprint of concrete construction to achieve Net Zero

by 2050 [1] has stimulated studies focusing on reducing the use of cement (i.e., clinker) [2].
Reducing the clinker-to-cementitious material ratio by partially replacing cement with
supplementary cementitious materials (SCMs) or mineral fillers is a viable alternative
for reducing CO2 emissions in the short term [2–13]. However, conventional SCMs (e.g.,
blast furnace slag, silica fume, fly ash, etc.) are byproducts of some industries, which
have shown significant activity reduction in recent years, prompting investigations into
alternative materials [5].

In this context, fillers have gained attention as an alternative material to reduce clicker
demand [5]. A filler is defined as a particulate product that is inert or almost chemically
inert when mixed with Portland cement [14,15]. The American Concrete Institute defines
aggregate mineral fillers (AMFs) as a finely divided inorganic material produced in crushing
operations of rocks [14]. The use of AMFs normally enhances concrete properties by
means of a physical filling effect [16] and extra specific surface area (SSA) that acts as
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nucleation sites for the precipitation of clinker hydration products [4,17–19]. Considering
this potential, AMFs from different sources, including quartzite [20–23], alumina [21],
basalt [24–28], diabase [28], tuff [28], dolomite [25], marble [29,30], and granite [31–33],
have been studied. However, limited information is available regarding the durability
aspect of concrete produced with AMFs.

Among the rocks used to produce AMFs, some may be susceptible to alkali-aggregate
reaction (AAR). AAR refers to a chemical reaction between certain mineral phases in the
aggregates and alkalis present in the concrete pore solution [34–36]. AAR is commonly
divided into two main types with different mechanisms: alkali-silica reaction (ASR) and
alkali-carbonate reaction (ACR) [36]. ASR involves the interaction between metastable
siliceous phases in aggregates and hydroxyl ions in the pore solution. This reaction forms a
hydrophilic expansive reaction product (i.e., ASR product/gel) with an opposite surface
charge to that of the aggregate and generates repulsive forces at the interface of the aggre-
gate and the gel, leading to the progressive expansion and deterioration of the affected
concrete [35]. ASR has been reported to affect critical concrete infrastructure worldwide [37].
In contrast, despite being associated with certain dolomitic carbonate rocks, the mecha-
nism of ACR remains under debate and has only been identified in a limited number of
countries [38–44].

AAR poses a significant challenge to the long-term durability of concrete infrastructure
and is among the most harmful deterioration mechanisms affecting concrete infrastructure
around the globe, compromising both their durability and serviceability. As the rehabilita-
tion of AAR-affected structures is complex and costly, preventive approaches are generally
more effective and economical.

Therefore, considering the importance of alternative materials to reduce the clinker-
to-cement ratio as a strategy to reduce CO2 emissions, the use of AMFs becomes a viable
option; however, the use of AAR-reactive AMFs, which are available worldwide, raises
concerns as their long-term behaviour in concrete remains insufficiently understood. This
paper reviews the current knowledge on using AAR-reactive AMFs in concrete, presenting
important questions related to the reaction mechanisms, such as kinetics, ultimate expan-
sion, deterioration, and mitigation potential. A theoretical foundation for understanding
the role of AAR-reactive AMFs in mortar and concrete is provided, and the key knowledge
gaps are discussed.

2. Evaluation of Systems Containing Reactive AMFs
2.1. Test Methods for Assessing AAR-Induced Expansion

The most widely used test procedures for appraising the potential reactivity of
aggregates are the accelerated mortar bar test (AMBT) [45,46] and concrete prism test
(CPT) [47–49]. From these tests, ASR kinetics (i.e., expansion rate over time [50]) and ul-
timate expansion (i.e., maximum expansion resulting from ASR) can be obtained. These
parameters can help assess the effects of AAR-reactive AMFs in systems with reactive
or non-reactive aggregates. In reactive systems, the type of reactive aggregates, whether
coarse or fine, must also be analyzed separately. In general, most studies focused on the
use of AMFs with reactive coarse aggregates.

The AMBT is commonly adopted given its short duration (i.e., 16 days—ASTM
C1260 [45] and CSA A23.2-25A [48]; 30 days—Brazilian standard NBR 15577-4 [46];
56 days—Norwegian standard). However, the test is conducted in mortar, and the con-
ditions are harsh (i.e., samples immersed in a 1N NaOH solution, 80 ◦C), leading to the
misclassification of some aggregates [51–56]. The CPT (ASTM C1260 [47], CSA A23.2-
14A [48], and NBR 15577-6 [49]) is considered more reliable compared to the AMBT owing
to its more realistic storage conditions (i.e., 38 ◦C, high relative humidity (RH)). However,
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the duration of the test is one year, and some challenges remain to be addressed, such as
alkali leaching [57,58]. Other tests have been developed to address some shortcomings of
these tests, such as the accelerated CPT (ACPT; RILEM AAR 4.1 [34] and NBR 15577:7 [59]).
This test has a reduced duration (i.e., 180 days) compared to the CPT, increased particle
size distribution (PSD) compared to that used in the AMBT [38,60,61], and intermediate
conditions (i.e., 60 ◦C, 100% RH).

The following sections present literature data on the use of AMBT, CPT, and ACPT to
evaluate reactive and non-reactive systems containing AAR-reactive AMFs incorporating
(i) reactive coarse, (ii) reactive fine, and (iii) non-reactive aggregates.

2.1.1. Accelerated Mortar Bar Test (AMBT)

Figure 1 depicts the AMBT expansion curves available in the literature for systems
containing reactive coarse aggregates and reactive AMFs. The solid lines represent the
results of control mixtures, and dashed lines represent the results of mixtures contain-
ing ASR-reactive AMFs. Each colour represents a family of results for the same coarse
aggregate used.

Figure 1. Expansion results of systems with reactive coarse aggregates and reactive fillers (SF: sand-
stone filler; DF: dacite filler; GF: greywacke filler; BF: basalt filler; OF: orthogneiss filler). Greywacke
data from [62]; Sandstone data from [63]; Orthogneiss data from [64]; Basalt data from [65].

As observed, the ultimate expansion was reduced for all the reactive AMFs used. The
expansions were reduced by up to 74% for greywacke fillers (GFs); 56% for dacite fillers
(DFs, greywacke coarse aggregate); 72% and 91% for sandstone fillers (SFs) Capanda and
Formosa, respectively; 61% for basalt fillers (BFs); and 74% for orthogneiss fillers (OFs).
Differences in the effects on the ultimate expansion were observed for different parameters
evaluated, such as the reactivity degree of the aggregate and percentage of AMFs, which
will be further discussed in the coming sections.

In a robust study by Pedersen [66], several parameters were appraised using both the
AMBT and CPT following Norwegian standards. The AMBT results are shown in Figure 2.
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Figure 2. AMBT expansion results using reactive AMFs (Norwegian standard) [66].

As observed, the AMBT results obtained with the Norwegian standard were similar to
those obtained using the ASTM standard (Figure 1), that is, lower expansions with the use
of AMFs. The parameters evaluated were the type of AMFs (i.e., mylonite (MF), granite
(GrF), cataclasite (CF), rhyolite (RF)), PSD (i.e., 0–20 µm, 10–30 µm, 10–40 µm, 20–125 µm,
0–125 µm), and percentages (i.e., 10% and 20%). The mixtures with reactive AMFs (dashed
lines) resulted in reduced ultimate expansion compared to the control curves (solid lines).
The exception was the mixture with mylonite as aggregate and 20% GrF, with higher
expansions than the control mixture.

Few studies evaluated systems with fine reactive aggregates [62,67]. In this regard,
the AMBT was used to assess a combination with reactive Waikato natural river sand and
reactive AMFs produced from a greywacke (GF), and replacing 25% of cement (Figure 3).
Fine reactive aggregates usually exhibit a faster rate of reaction [50,68], reaching consid-
erable expansion levels at early ages, as observed in the figure by the steep inclination
of the control curve. When using GF in Figure 3, the rate of reaction was slowed. More-
over, the maximum expansion was reduced from 0.47 to 0.12, representing a reduction of
approximately 74%.

Figure 3. AMBT results for a system with reactive fine aggregates [62].
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Overall, for the AMBT, a lower rate of reaction and maximum expansions were
obtained for systems with both reactive coarse and reactive fine aggregates and AAR-
reactive AMFs compared to systems without AMFs.

2.1.2. Concrete Prism Test (CPT)

Figure 4 shows the expansion results obtained through the CPT. In general, the kinetics
and ultimate expansions of the combinations were similar to those of the control mixture,
except for the combination with RF, in which the expansion was considerably reduced. In
this case, the type of AMFs may have played a significant role, as RF has been reported to
have pozzolanic activity [66].

Figure 4. CPT expansion results using reactive AMFs (Norwegian version) [66].

In addition to systems with reactive aggregates, the study of non-reactive systems, in
which reactive AMFs and non-reactive aggregates are used, is very important but has not
been extensively addressed in previous studies. This type of analysis was found in one
study in which limestone fillers were used in percentages of 15% and 30% (50% replacing
cement and 50% replacing sand) [69]. As observed in Figure 5, the use of the reactive AMFs
resulted in increased expansions. Despite the different percentages, the expansions after
1 year for both replacement levels were similar. However, compared to the control curve,
the average ultimate expansion was two times higher.

Figure 5. Expansion of non-reactive systems containing reactive AMFs [69].
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These results indicate the potential impact of reactive AMFs in non-reactive systems.
Further studies should focus on different lithologies of aggregates to be used as AMFs.
Moreover, both cement and sand were replaced by AMFs, hindering the identification of
individual effects. The type of replacement, whether by cement or sand, should be tested
separately to identify the corresponding influences on the kinetics, ultimate expansion, and
concrete deterioration process.

2.1.3. Accelerated Concrete Prism Test (ACPT)

Figure 6A shows the expansion results of mixtures with AAR-reactive AMFs using
the ACPT.

Figure 6. (A) ACPT results for combinations with AAR-reactive AMFs and reactive coarse aggregates.
(B) ACPT results for systems with reactive fine aggregates (TX). SH: Springhill, reactive greywacke
aggregate; K: Kingston, limestone associated with ACR occurrences [67].

As observed, combinations with reactive coarse aggregates (greywacke—SH), two
AMFs (greywacke—SH and dolomitic argillaceous limestone—K, which are ASR- and
ACR-reactive, respectively), and replacement by sand (15% SH) and cement (15% SH-C)
resulted in similar or slightly higher ultimate expansions. For the combination with SH
fillers replaced by sand, the kinetics were also accelerated. The above outcomes contradict
the AMBT results, in which the use of AAR-reactive AMFs led to reduced expansions, but
are in agreement with the CPT results (Figure 4).

Moreover, the ACPT was utilized to evaluate a system incorporating a highly reactive
sand (i.e., Texas sand—TX) and AMFs from greywacke (SH) and limestone (K), which are
ASR- and ACR-reactive, respectively, replacing 15% of cement and sand (Figure 6B).

Combinations with reactive fine aggregates or reactive coarse aggregates incorporating
AAR-reactive AMFs exhibited similar or slightly higher ultimate expansions and similar or
accelerated kinetics compared to combinations without AAR-reactive AMFs (Figure 6A).
The type of test and the aggregate features (i.e., reactivity degree, PSD) may have influenced
the results. To better understand the effects of AAR-reactive AMFs in systems with fine
reactive aggregates, a long-term evaluation coupled with a continuous assessment of
deterioration, that is, evaluating samples at different ages to understand how deterioration
is progressing, is essential.

2.2. Test Methods for Assessing AAR-Induced Deterioration

The methods used to evaluate the deterioration progress of systems with AAR-reactive
AMFs were surface cracking [70] along with the damage rating index (DRI) and stiffness
damage test (SDT) [67]. For the surface cracking evaluation, prisms of 7 × 7 × 28 cm
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stored at 60 ◦C with 20% AMFs replacing sand were stored for 34 weeks. As observed in
Figure 7, for all the faces of the prisms (Faces 1–3 and 2–4 are opposed and rectangular and
Faces 5–6 are square-shaped and located at the extremities), a drastic reduction in surface
cracking was observed for samples with a reactive aggregate and 20% of sand replaced by
AMFs derived from the same aggregate (i.e., metaquartzite (o): 100% reduction; siliceous
limestone (t): approximately 90% reduction; opaline aggregate (b): 100% reduction; crushed
waste glass (g): 100% reduction).

Figure 7. Effect of AAR-reactive AMFs on the specific length of surface cracking of concrete prisms
after 34 weeks at 60 ◦C. O, T, B, and G refer to the aggregates and O-o, T-t, B-b, and G-g to the samples
with the use of the corresponding reactive fillers (Adapted from [70]).

The DRI is a petrographic analysis to evaluate the deterioration progress of a concrete
sample. Samples are cut, polished, and analyzed using a stereomicroscope (15–16× mag-
nification) [71]. Deterioration features (i.e., open cracks in aggregate, closed cracks in
aggregate, cracks in the cement paste) are counted in a 1 cm2 grid drawn on the surface of
a polished concrete section [72]. Each petrographic feature has a weight. The DRI is calcu-
lated by averaging the features found multiplied by the corresponding weights (Figure 8)
and normalized for an area of 100 cm2. The SDT provides a correlation between loading
cycles and crack density. The test consists of applying five cyclic loads in compression (i.e.,
40% of the compressive strength at 28 days) to concrete specimens. Some of the outcomes
of the test are the stiffness damage index (SDI), which is the ratio of the dissipated energy
to the total energy, and the modulus of elasticity reduction [50].

The DRI and SDT were adopted to evaluate systems containing 15% greywacke or
dolomitic argillaceous limestone fillers (i.e., ASR- and ACR-reactive, respectively) with
reactive coarse and reactive fine aggregates. When the greywacke fillers replaced cement,
the DRI values were lower [67], but a replacement by sand led to similar to or higher
DRI values compared to the DRI for a system with no AMFs. Replacing 15% of dolomitic
argillaceous limestone fillers by sand resulted in a similar DRI for systems with reactive
coarse aggregates and a lower DRI for systems with reactive fine aggregates. The main
difference that caused this variation in the DRI was the number of cracks in the cement
paste with and without a reaction product, which is directly influenced by the use of
AMFs. The DRI number also exhibited a very good correlation with the expansion level of
the samples.

For the SDT, replacing cement by AMFs led to slightly higher SDI values. In contrast,
replacement by sand led to similar or lower SDI values compared to systems without
AMFs. The modulus of elasticity reduction exhibited different behaviours depending on
the type of reactive aggregate used. For reactive coarse aggregates, the reduction was lower
than that observed for systems with no AMFs for both types of replacement. For reactive
fine aggregates, the values were higher for the greywacke fillers, being more prominent
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when cement was replaced. For the dolomitic argillaceous limestone fillers, the value was
considerably lower.

Figure 8. (A) Important features used to determine the DRI of a sample (CCP: crack in cement paste;
OCA: open crack in aggregate; CCA: closed crack in aggregate) [67]. (B) Sample with limestone filler
replacing 15% of cement. Yellow arrows indicate cracks in aggregate particles and red arrows indicate
cracks in the cement paste (Courtesy of the author of [73]).

In the studies discussed, AAR-induced deterioration was evaluated at the end of the
expansion measurement period (i.e., 34 weeks for the surface cracking and 180 days for the
multilevel assessment). Therefore, assessing the deterioration progress at different ages or
expansion levels could provide insights into the process when using AAR-reactive AMFs.

2.3. Summary of Current Knowledge

Based on the results presented in the previous sections, the type of test may influence
the behaviour of mixtures containing AMFs. AMBT results indicated a more pronounced
expansion reduction, whereas the CPT and ACPT provided smaller reductions or slight
increases, particularly when AMFs were used replacing sand (Table A1—Appendix A).
Some aspects may have led to such discrepancies, influencing test performance and the
interpretation of the results. First, AMFs derived from rocks containing siliceous minerals
may exhibit pozzolanic activity at high temperatures such as 80 ◦C [66]. Therefore, the
use of the AMBT [62–64,74,75] or tests at elevated temperatures (i.e., 60 ◦C) [64,67,69,70]
may provide biassed results. Second, the tests performed were developed to evaluate
aggregates, and their efficiency in appraising AMFs is mostly unknown. Third, inconsistent
test parameters were used in distinct studies, with varying durations, sample sizes, alkali
contents, immersion conditions, and replacement strategies, which hinders comparison
across them. Finally, the impact of some physiochemical properties of AMFs, such as
mineralogy and PSD, as well as the replacement strategy, on the behaviour against ASR
should be better studied.

In the next section, these parameters are discussed in detail.

3. Discussion
3.1. Role of AMF Mineralogy in AAR

Several reactive aggregates with different lithologies and, consequently, different de-
grees of reactivity have been used to evaluate the influence of reactive AMFs on AAR
expansion. The type of rock used (i.e., texture, mineralogy, and microcracks [76]), as well as
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the crushing process, directly influences the morphology of the particles produced [77,78],
which also influences the action of AMFs produced from these rocks. These aspects impact
the dispersion of mineral phases that compose the rocks, as the propagation of microcracks
is different depending on the minerals and their structure [79,80]. This was observed when
using AMFs from the same rock but crushed by different types of crushers, in which the
SSAs were different and resulted in distinct effects on AAR-induced expansions [81]. More-
over, aggregates from different types of rocks also result in distinct expansion tendencies
when produced using the same crushing methods, highlighting the influence of the rock
characteristics on expansion results [81,82]. However, the crushing procedure used to
produce AMFs is frequently not disclosed in studies on the topic. Moreover, studies on the
morphology of AMFs, directly related to the source rock characteristics, are still limited
and should be further conducted.

In addition to physical aspects, chemical aspects related to the composition of the
rock also influence the effect of corresponding AMFs. Reactive AMFs were shown to
exhibit pozzolanic activity [62,63,66,74], with differences observed in terms of the amount
of reaction products formed, Si/Ca ratio, and dissolved silica [62]. As the results were
different depending on the type of AMFs used, their effect may not be limited to cement
dilution and can also be influenced by the lithotype and chemical composition of the rock
used to produce the filler, which should be further examined. This can also be influenced
by the temperature of the test adopted, as AMFs derived from rocks containing siliceous
minerals may exhibit pozzolanic activity at high temperatures (i.e., 80 ◦C) [66]. The efficacy
of the filler was also shown to be directly related to the alkali content, with a lower
alkali level requiring lower replacement levels to reduce expansions [74,83]. However, the
contribution of alkalis from the AMFs should also be considered.

The alkali release by the aggregate may have a role when considering the effects of
reactive AMFs [84], and it varies depending on the type of rock [85]. Feldspars are one of
the major sources of alkalis from aggregates [86–88]. The size of particles and the alkali
solution interfere in the release of alkalis by the aggregate, with smaller sizes resulting
in greater release [86]. Moreover, K+ release is more intense in 1 N NaOH solutions [86].
Thus, considering the importance of the lithology of the rock on the AMF produced, a
petrographic analysis of the rock could provide interesting insights into the effects of the
AMF in concrete.

3.2. Role of AMF Particle Size in AAR

The similarity between ASR and pozzolanic reaction has been acknowledged [89,90].
Taylor [91] affirmed that the chemical mechanisms of these reactions are the same, with
different effects owing to the different particle sizes of siliceous materials. These reactions
also differ in their timescale and occurrence of expansion. This effect is considerably
affected by the size of reactive particles of the aggregate. For small particles, the dissolution
of ASR gel is rapid, and dissolved silicate groups can react with calcium ions to produce
C-S-H, contributing to strength development [92,93]. In contrast, large aggregates lead
to the accumulation of the gel [93]. This can be exemplified considering the use of silica
fume, which is the most effective SCM for counteracting ASR; yet, when agglomerated, it
can have the opposite effect, triggering ASR [94–97], which can also be related to the silica
content [94].

Stanton [98] studied a siliceous magnesium limestone containing opal and chalcedony
and determined that if this aggregate is sufficiently fine (<180 µm), no expansion occurs. In
his work, he also indicated that when the aggregate has a reduced size, the gel dissipates
in the cementitious matrix such that no tension is generated, and the reaction terminates
before the final setting of concrete. In contrast, Vivian [99] found that expansions increase
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with the reduction of particle size until it reaches 50 µm, from which no expansion is
observed, as shown in Figure 9.

Figure 9. Expansions of mortars with different contents of reactive component vs. mean size of
reactive particles [99].

The amount of reactive particles is considered to affect the number and width of the
cracks formed, which influences expansion [99]. The volume of a particle would determine
its capacity to generate cracks. If the diameter of the particle is below a certain threshold,
the corresponding increase in volume after the reaction can be accommodated by the pores
in the surrounding area. Moreover, larger particles would be expected to generate wider
cracks and a more pronounced local expansion compared to small particles. However,
the core of the particle may react slowly, which limits this behaviour, indicating that not
all the reactive portion of a particle may contribute to expansions [99]. By increasing the
number of reactive particles in cementitious materials, the number of cracks also increases,
followed by an increase in expansion. Nevertheless, there is a limit for the number of
reactive particles of a certain size, above which no additional cracks are generated. This
limit number of cracks tends to increase as the particle size is reduced. In addition, by
increasing the number of particles, their distribution becomes more uniform, leading to
uniformity of crack width. The increase in the number of reactive particles may not result
in increased expansions because the amount of alkalis acts as a limiting factor. Therefore,
the expansion in cementitious materials with reactive AMFs can be a result of the effects of
volume, SSA, and the number and distribution of reactive particles [99].

The size effect may also be related to the reaction on the surface of the aggregate, which
acts to produce ASR gel, and the dissolution of silica, which acts to reduce ASR gel [92].
Therefore, the ASR rate is defined by the rate of these two processes. In small particles,
the reactive portion is completely converted to gel, meaning that posterior dilution will
contribute to reducing expansions. For big particles, the smaller SSA and volume mean
that only a part of the reactive components will react, as illustrated in Figure 10.



Buildings 2025, 15, 3025 11 of 26

Figure 10. Effect of a relatively fast rate of ASR gel formation and a slow rate of gel dissolution over a
period t1. Large particles (a) produce relatively large volumes of gel as they react. Smaller particles
(b) become entirely converted to gel, which then gradually dissolves. Very small particles (c) are
dissolved entirely in a relatively short period of time [92].

Considering the size effect, different size ranges of marble and siliceous limestone
sands were used to evaluate ASR, and higher expansions were obtained for coarse particles
(630–1250 µm) and no expansion for fine particles (0–160 µm) [29]. In contrast, the use
of opal in ranges from 125 µm to 20 µm led to increased expansions for all ranges, with
maximum expansions in the range from 30 µm to 20 µm [100]. A similar study using opal
also obtained higher expansions for the finer fraction (150 to 300 µm) [101]. The effect of the
size of particles, considering the fractions of the AMBT, has also been analyzed by using a
non-reactive aggregate and replacing each fraction with a reactive aggregate. Although
the results indicate lower expansions for the coarser and finer fractions (2.0 to 4.0 mm and
0.125 to 0.250 mm, respectively), the percentages of these fractions are also lower than those
of intermediate fractions, which may have influenced the results [102].

These conflicting results may be related to the pessimum effect, which is the intensi-
fication of the reaction in a certain size range, whereas above and below this size range,
expansions are reduced [103]. Some explanations have been proposed for this behaviour.
For instance, the pessimum silica content is considered to be directly related to the pes-
simum content [100,103–105]. The pessimum SiO2/Na2O ratio varies with the size and
nature of the aggregate and the amount of accessible SiO2 [106]. In another model, the gel
formed is divided into two types: the gel deposited into the interface pores and the gel
that permeates into the surrounding pores in the cement paste. The first type does not
cause expansion and is governed by dilution, whereas the second type generates interface
pressure and causes expansion. In this case, the aggregate size and porosity of the paste
influence the amount of the first type of gel, and the permeation rate influences the amount
of the second type [107]. Given a fixed volume of aggregate, small particles lead to higher
expansions because of the higher surface area, which is the dilution process. If the particles
are sufficiently small such that the volume of gel formed is comparable to the volume
of pores in the surrounding paste, the pressure is released, and expansions are reduced,
which is the permeation process. For a particle sufficiently small such that the gel can be
completely held in the interfacial pore space, no expansion occurs. According to this model,
the pessimum size is that at which these diffusion processes are balanced [107].

Fracture mechanics was also used to explain this behaviour [93]. In this case, particles
below a certain size will not cause cracks even if the expansion caused by the aggregate is
higher than the strain capacity of the paste [108,109]. This is because the energy released
from a crack propagating from a particle with radius R is proportional to R3, whereas the
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necessary fracture energy is proportional to R2 [108]. Cracks propagate when the energy
released is higher than the fracture energy required to propagate the crack. Therefore, for a
given system, there is a critical particle size below which no crack propagation occurs [108].

Certain aggregates may also exhibit a pessimum content, which is a range in which
the expansions are pronounced [110]. Despite the variable methods and aggregates used,
the nature and composition of aggregates considerably influence the results, particularly
considering rapid and slow reactive aggregates [29,92]. Moreover, the pessimum effect is
still not fully understood. However, the observations related to the reduced or nonexistent
expansions from a certain size of particle motivated studies on the use of reactive fillers,
either replacing fine aggregates or cement.

In this regard, several parameters were used to indicate the particle size of the AMFs,
such as the maximum dimension, range, D10, D50, D90, and also parameters related to SSA,
such as Blaine fineness and the Brunauer–Emmett–Teller (BET) method, as summarized in
Table A2 (Appendix A).

When examining the influence of the fineness of reactive AMFs on the expansion
results, a fineness of 800 m2/kg for andesite powder was determined to be the minimum
value required to effectively reduce expansions [83]. As for powders from three natural
aggregates and glass with different SSAs, measured by means of Blaine fineness and used
to replace sand in mortars, an increase in SSA resulted in reduced expansions for all
percentages analyzed [70].

In contrast, samples using reactive fillers with different Blaine fineness values
(210 m2/kg, 400 m2/kg, 610 m2/kg, 860 m2/kg) exhibited very similar expansions even for
different replacement levels [75]. The concentration of soluble alkalis varied with the SSA
of the filler particles. For sandstone fillers, the Na+ concentration increased until reaching a
certain value of SSA where the K+ concentration surpassed that of Na+. As higher K+/Na+

ratios have been related to higher expansions [111], this is a factor that should be considered
when evaluating reactive fillers. The alkali bonding ability also followed the same tendency,
decreasing until reaching a specific SSA value and then increasing again. The alkali binding
behaviour may be explained by the pozzolanic activity and nucleation effects. Considering
that C-S-H is the only phase that can bind alkalis and taking CH content as an indicator of
the hydration degree, when the activity effect is dominant, CH is consumed, whereas when
the nucleation effect is dominant, the CH content increases. Therefore, the SSA influences
the alkali bonding and liberation ability [75].

The influence of the particle size on the AAR results was also evaluated [66], and some
of the results are shown in Figure 11.

As observed, different PSDs resulted in differences in expansion for the same coarse
aggregates, AMF, and replacement percentage used. In the AMBT, the finer the AMF,
the lower the expansion. The combination with fraction 0–20 µm resulted in the lowest
expansion, followed by the combination with fraction 0–30 µm. The combination with
fraction 0–125 µm exhibited a slightly higher expansion than that with fraction 20–125 µm,
which indicates that the finer part removed in the latter fraction played an influential role
in the result. In contrast, for the CPT, the expansions for combinations with reactive AMFs
were higher than those of the control sample and very similar.

Based on the exposed, in which different tendencies were observed when varying
the PSD, other aspects might affect the results, such as the pessimum content previously
described. Therefore, more studies are necessary to better understand the influence of the
PSD on AAR expansions, also considering the deterioration process, which has not been
studied so far, taking into account this parameter.
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Figure 11. Influence of particle size on AAR expansion results considering (A) AMBT and (B) CPT
(ranges in µm) [66].

3.3. Role of Replacement Content

The replacement content has a direct influence on AAR-induced expansion when
cement is replaced considering the reduction in alkali content. Replacing cement by SCMs
and AMFs has been an important strategy as a means to reduce CO2 emissions to achieve
the Net Zero target [5]. Considering this scenario, recent studies examining the use of
reactive AMFs have focused on replacing cement by such AMFs. However, former studies
also adopted the replacement of sand. Figure 12 shows a summary of the impact of the
replacement content on AAR expansions.
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Figure 12. Impact of replacement content of cement by reactive AMFs on AAR expansions. Greywacke
GF/DF and Waikato data from [62]; Greywacke GF-S/GF-C/K-S and Texas sand data from [67];
Basalt data from [65]; Orthogneiss data from [64]; Mylonite data from [66].

As observed, most of the results indicate a reduction in expansions with the increase in
the replacement percentage. Some of the curves show the opposite tendency, with increased
expansions with the increase in the replacement percentage, all of which were tested by
means of longer tests compared to the AMBT, such as the ACPT and CPT. Moreover, for
some of these curves, sand was replaced, which indicates that the replacement content
has different roles depending on the material the AMF replaces. Figure 13 shows the
expansion results evaluating the influence of the percentage replacing cement coupled with
different parameters.

Figure 13. Influence of replacement percentage of cement by reactive AMFs (MF: mylonite filler; CF:
cataclasite filler; RF: rhyolite filler) [66].
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As observed, when varying the replacement percentage while maintaining other
parameters fixed such as coarse reactive aggregates, the type of AMFs, and the PSD of the
AMFs, the expansions are reduced by increasing the content.

3.4. Current Gaps and Research Perspectives

Several studies have addressed the effects of reactive aggregate AMFs on AAR, whose
parameters adopted are summarized in Table 1. However, some limitations hinder a
comprehensive evaluation of this material and comparative analysis.

Table 1. Summary of studies using AAR-reactive AMFs.

Year Filler Dimension Crushing
Process % Tests Nomenclature Ref. Observation

1996 Andesite Blaine fineness:
780 m2/kg -

30, 40, 50, 60, and
70% replacing

cement
Autoclave (mortar)

Ground
reactive

aggregate
powder

[83] Reduction in expansions

1997 Basalt <75 µm - 10, 20, 30%
replacing cement NBRI method Aggregate

powder [74] Reduction in expansions
and pozzolanic activity

1997

Sandstone
(Capanda)

<75 µm -

20, 40, 60%
replacing cement

NBRI method
Powdered
aggregate [63] Reduction in expansions

and pozzolanic activitySandstone
(Formoso)

20, 40, 60, 80%
replacing cement

2000 Limestone

<100 µm
(D50: ~16 µm)
Blaine fineness:

450 m2/kg

-

15% and 30%, but
half replacing

cement and half
replacing sand

CPT(French
standard) Filler 742 [69] Reduction in expansions

2004

Mylonite
0–20, 10–30,

20–125,
0–125 µm

-
2, 5, and 10%

replacing sand in
volume

AMBT,
CPT

(Norwegian
standards)

Alkali-reactive
fillers

[66]

Effect of temperature
and amorphous silica

content on the
pozzolanic reactivity of

ASR-reactive fillers
Cataclasite 0–20, 10–40,

0–125 µm

Icelandic
Rhyolite

0–20, 10–40,
0–125 µm

2008

Metaquartzite,
siliceous

limestone,
opaline

aggregate,
crushed waste

glass

80 µm
Blaine fineness:
100–650 m2/kg

- 10% and 20%
replacing sand

Autoclave (mortar)
Test in concrete

(different
parameters)

Reactive
aggregate
powder

[70] Reduction in expansions

2015 Sandstone Blaine fineness:
210–860 m2/kg - 10, 20, 30, and 40%

replacing cement AMBT Reactive
powder [75] Reduction in expansions

2021

Greywacke D50: 30 µm Crushing and
sieving to

obtain particles
<150 µm

15% replacing
cement and sand Accelerated CPT Filler [67]

Reduction or similar
expansion when

replacing cement; higher
or similar expansions
when replacing sand

Dolomitic
argillaceous

limestone
D50: 19 µm

2023

Greywacke D50: 30.50 µm
Ring mill for

5 min
25% replacing

cement AMBT
Reactive

aggregate
powder

[62]

Reduction in expansions
and pozzolanic activity.

No contribution to
compressive strength

development
Dacite D50: 41.49 µm

2024 Orthogneiss
<150 µm

D50: 105.36
µm

Crushing and
sieving to

obtain particles
< 150 µm

10 and 20%
replacing cement

and sand
AMBT, MCPT

Reactive
aggregate
powder

[64] Reduction in expansions

The use of reactive AMFs with reactive coarse aggregates [62–67], reactive fine aggre-
gates [62,67], and non-reactive aggregates [69] has been analyzed. However, there is no
comprehensive evaluation of the effects of the same AMFs in these three different systems,
which would be beneficial for a better understanding of the AMF action. The evaluation
of the deterioration progress when using reactive AMFs would also provide interesting
insights, mainly when considering different ages and expansion levels.

Another aspect that has been neglected is the influence of the type of source rock and
corresponding lithotype on the AMF action. Reactive AMFs from several types of rocks,
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such as sandstone, greywacke, and mylonite, have been used. However, this aspect has not
been emphasized, with a lack of a more detailed petrographic analysis for a comprehensive
assessment of the AMFs. The type of crusher used may also influence the morphology and,
consequently, the AMF action [77,81,112]. Nonetheless, few studies described the crushing
method adopted, as seen in Table 1.

Alkali release is also dependent on the type of rock and should be considered when
analyzing the use of AAR-reactive AMFs [84,85]. The alkali contents and Na2Oeq of the ag-
gregates used in studies varied considerably, with Na2Oeq values as high as 6.30 (Table A3).
The contribution of feldspars as a source of alkalis has been acknowledged [86–88]. How-
ever, the contribution of alkalis from aggregates remains unclear. Moreover, the size of
particles can also interfere in alkali release [86], which is particularly important considering
the use of AMFs. However, when considering the use of AAR-reactive AMFs coupled with
kinetics and deterioration assessment, this aspect has not been evaluated.

As for the particle size, some results indicated that finer fractions would not cause
expansions, whereas intermediate fractions would result in higher expansions [29,102,105].
In a few studies, finer particles resulted in higher expansions [100,101], but the aggregates
used contained opal, which is a highly reactive amorphous material that reacts rapidly [38].
This indicates that the reactivity degree may play a role in the influence of fine particles in
concrete. Pozzolanic activity was also identified in reactive AMFs [113,114].

Based on Table 1, the replacement percentages used considerably varied. Moreover,
when considering the PSD, different parameters were used to indicate the fineness of the
material, such as particle size, Blaine fineness, and D50, which also hinders comparison.

Furthermore, among the characteristics evaluated in the mortars and concretes studied
are compressive strength [62,70,83], surface cracking [70,101,110], and pozzolanic reactiv-
ity [62,70,74,114]. Other important aspects of the ASR deterioration process have been
mostly neglected, such as the development of internal cracks and the impact on the modulus
of elasticity and tensile strength, which are more susceptible to AAR progress [115].

Many of these studies were also conducted using test methods and conditions that
are not applied anymore, with different sample sizes, temperatures, and durations [69,70,
101,106,116,117]. Furthermore, several studies applied only tests in mortar [83,102], such
as the AMBT [74,102,114,118,119]. Temperature is an aspect that can affect the results of
tests when using AMFs [66]. Therefore, a comprehensive study using a long-term test at a
low temperature, such as the CPT, and considering varying parameters, such as the ones
previously discussed, could provide a better understanding of the action of reactive AMFs
in concrete.

In addition to the diverse parameters and conditions adopted in the studies analyzed,
an important aspect that should be discussed is the nomenclature. Several terms have been
used to describe the AMFs produced by using an AAR-reactive rock, as observed in Table 1
(e.g., aggregate powder, alkali-reactive fillers, reactive aggregate powder). This makes it
difficult for researchers to find studies addressing the topic in current databases and may be
an explanation for the variability in the parameters adopted that were found in the literature.
An established terminology would be beneficial because it would allow researchers to easily
find studies on the topic and adopt similar parameters, enabling comparative analysis that
would contribute to actually building knowledge, contrary to what has been observed thus
far with non-comparable and disconnected results. Considering the exposed and for clarity,
the term AAR-reactive AMFs (which could be ASR- or ACR-reactive AMFs) is suggested.

Among the theories proposed for the action of AAR-reactive AMFs, it can be cited
the reduction of alkalis by the replacement of cement, the dilution of the total alkali
concentration in the mortar, a change in the alkali distribution in the mortar, the reaction of
AMFs with alkalis because of broken bonds resulting from grinding, and also the nucleation
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effect owing to the reduced size [74,83]. Moreover, the influence of temperature, alkalinity,
particle size, and structure of silica on the solubility of silica and, consequently, on the AAR
and pozzolanic reactions should be considered [66]. The relation between a high availability
of calcium and pozzolanic reactions because of the AMFs is also highlighted, resulting in
lower expansions. However, higher expansions were also observed for a slow-reactive
aggregate (mylonite), which was also observed by Diamond and Thaulow [100] for opal, a
highly reactive aggregate. These discrepancies prompt more studies to better understand
the reaction mechanism in systems with AMFs.

Considering the exposed, despite the promising results obtained, the variability in
conditions and parameters applied hinders the understanding of the action of AAR-reactive
AMFs in concrete and their practical application. Several tests have been used that differ
in many aspects such as sample size, duration, temperature, and immersion conditions.
Moreover, many parameters have been evaluated, such as the reactivity degree of the
aggregate, type of replacement, percentage, and PSD. When combined, all these differences
among studies hinder the comparison of the results, which also hinders the building of
strong knowledge regarding this topic, making the results isolated and disconnected.

There is considerable room for improvement, considering the advances in techniques
and methodologies developed throughout the years that can be applied. Advanced tech-
niques such as DRI and SDT can be employed to evaluate the progression of ASR in
concrete with AAR-reactive AMFs and corresponding effects in mechanical aspects such as
the modulus of elasticity. Moreover, a better characterization when it comes to the fineness
of the material, as well as the consideration of the mineralogy and replacement strategy,
may enable comparative analyses.

4. Conclusions
Currently, focus has been directed towards the reduction in CO2 emissions to meet the

Net Zero target. In the construction industry, studies have evaluated the use of alternative
materials to replace cement. In this regard, AMFs seem to be an interesting option. However,
among AMFs, the current knowledge of the influence of AAR-reactive AMFs in concrete
is still insipient, despite the positive impact it could generate as reactive aggregates are
available worldwide. Considering the previous results, the following conclusions can
be drawn:

• The kinetics and ultimate expansion of systems containing AAR-reactive AMFs vary
depending on the test used and the mortar/concrete system (e.g., containing reactive
coarse aggregates, reactive fine aggregates, or non-reactive aggregates). Therefore, the
evaluation of the same AMF in different types of systems and using a long-term test
would be beneficial to better understand the influence of AMFs;

• The progress of deterioration has barely been addressed in previous studies, and it has
been evaluated only at the ultimate expansion. Therefore, evaluating this at different
ages would be beneficial to understand the deterioration progress over time;

• Several aspects related to the mineralogy of the source rock need to be considered
when evaluating the use of AAR-reactive AMFs, such as the crushing process, which
influences the dispersion of mineral grains and morphology of particles, as well as
alkali release;

• The effects of the size of particles have not been completely understood, as the results
are conflicting. One hypothesis to explain such behaviour is the pessimum effect,
which has also been studied, with some models proposed to explain it. When consid-
ering the studies in which AAR-reactive AMFs were used, different parameters were
adopted as a measure of particle size, which hinders comparison;
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• Considering the percentage of cement replaced, in general, the expansions are reduced
when the percentage increases, whereas the opposite occurs when sand is replaced;

• Several tests were used to assess the effects of AAR-reactive AMFs in mortar and con-
crete. In general, accelerated results indicated a reduction in expansion with the use of
AMFs, whereas longer tests indicated the same or slightly increased expansions. More-
over, the test methods and parameters tended to vary owing to the different standards
applied. Therefore, even when using the same test, the results are not comparable, as
the standards and the specifications are different. Thus, a comprehensive evaluation of
several aspects previously analyzed while maintaining the same tests and parameters
would be essential to better understand the effects of AAR-reactive AMFs.

• An important aspect that may have hindered the development of knowledge on this
topic is the nomenclature, as the term used to refer to reactive AMFs varies across
studies. Therefore, this study proposes the term AAR-reactive AMFs (which could be
ASR- or ACR-reactive AMFs) for clarity.

Considering the exposed, future studies should thoroughly assess the use of AAR-
reactive AMFs considering aspects such as lithotype, PSD, percentage, and pessimum effect,
and long-term and field evaluation tests should be used.
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Abbreviations
The following abbreviations are used in this manuscript:

AAR Alkali–aggregate reaction
BF Basalt filler
ACPT Accelerated concrete prism test
ACR Alkali–carbonate reaction
AMBT Accelerated mortar bar test
AMF Aggregate mineral filler
ASR Alkali–silica reaction
BET Brunauer–Emmett–Teller
CCA Closed crack in the aggregate
CCP Crack in cement paste
CF Cataclasite filler
CPT Concrete prism test
DF Dacite filler
DRI Damage rating index
GF Greywacke filler
GrF Granite filler
K Kingston
MF Mylonite filler
OCA Open crack in aggregate
OF Orthogneiss filler
PSD Particle size distribution
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RF Rhyolite filler
RH Relative humidity
SCM Supplementary cementitious material
SDI Stiffness damage index
SDT Stiffness damage test
SF Sandstone filler
SH Springhill
SSA Specific surface area
TX Texas sand

Appendix A
In this appendix, some tables that summarize the data collected in this study are

provided as additional support.
Table A1 summarizes the ultimate expansion results and important conditions of the

studies evaluated.

Table A1. Summary of ultimate expansions in studies assessed.

Ultimate Expansion Reduction Test Condition

Greywacke [62]
0.11 (coarse) 77%

AMBT
25% replacing cement

Systems with coarse and fine reactive aggregates0.12 (fine) 74%

Dacite [62] 0.21 56% AMBT 25% replacing cement

Sandstone Capanda
[63]

0.17 (20%) 7%
NBRI method

modified
Replacement of cement0.11 (40%) 39%

0.05 (60%) 72%

Sandstone Formosa
[63]

0.40 (20%) 19%

NBRI method
modified

Replacement of cement
0.28 (40%) 43%

0.11 (60%) 77%

0.04 (80%) 91%

Orthogneiss [64]
0.12 (10%) 65%

AMBT Replacement of cement
0.09 (20%) 74%

Basalt [65]

0.35 (10%) 24%

NBRI method Replacement of cement0.28 (20%) 39%

0.18 (30%) 61%

Greywacke [67]

0.41
(15% sand—coarse)

−14%
(increment)

Accelerated
CPT

Replacement of sand and cement. Systems with
coarse and fine reactive aggregates

0.38 (15% cement—coarse) −6%
(increment)

0.57 (15% sand—fine) −14%
(increment)

0.47 (15% sand—fine) 6%

Dolomitic
argillaceous

limestone [67]

0.37 (coarse) −3%
(increment) Accelerated

CPT
15% replacing sand. Systems with coarse and fine

reactive aggregates
0.53 (fine) −6%

(increment)

Siliceous limestone
[69]

0.03 (15%) 49% CPT (French
standard)

50% replacing cement and 50% replacing sand
0.03 (30% 55%

Metaquartzite
[70] 0.03 89% CPT (French

standard)
20% replacing sand

Blaine fineness: 400 m2/kg

Siliceous limestone
[70] 0.128 36% CPT (French

standard)
20% replacing sand

Blaine fineness: 600 m2/kg
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Table A1. Cont.

Ultimate Expansion Reduction Test Condition

Opaline aggregate
[70] 0.01 96% CPT (French

standard)

20% replacing sand
Blaine fineness: 650 m2/kg

Only 36% of the aggregate used was opal, the
remainder was non-reactive aggregate

Mylonite [66]

0.311 (10% 0–20) 46%

AMBT
(Norwegian

standard)

When not mentioned, the coarse aggregate is
mylonite

0.158 (20% 0–20) 72%

0.212 (20% 10–30) 63%

0.109 (Gran. Agg. 20% 0–125) 51%

0.286 (20% 20–125) 50%

0.166
(Cat. Agg. 20% 0–20) 68%

0.427 (10% 0–125) 26%

0.263 (20% 0–125) 54%

Cataclasite [66]

0.314 (10% 0–20) 45% AMBT
(Norwegian

standard)

Replacement of sand
The coarse aggregate is mylonite0.141 (20% 0–20) 75%

0.265 (20% 10–40) 54%

Icelandic Rhyolite
[66]

0.264 (10% 0–125) 54%

AMBT
(Norwegian

standard)

Replacement of sand
The coarse aggregate is mylonite

0.041 (20% 0–20) 93%

0.088 (20% 10–40) 85%

0.126 (20% 0–125) 78%

Mylonite [66]

0.210 (5% 0–20) −17%
(increment)

CPT
(Norwegian

standard)

Replacement of sand
The coarse aggregate is mylonite

0.193 (5% 10–30) −8%
(increment)

0.202 (5% 0–125) −13%
(increment)

0.200 (10% 0–125) −12%
(increment)

Cataclasite [66] 0.191 (5% 0–125) −7%
(increment)

CPT
(Norwegian

standard)

Replacement of sand
The coarse aggregate is mylonite

Icelandic Rhyolite
[66] 0.041 (5% 0–125) 77%

CPT
(Norwegian

standard)

Replacement of sand
The coarse aggregate is mylonite

Table A2 lists PSD values according to the different parameters provided.

Table A2. Parameters used in studies as measures of particle size.

Maximum Dimension/
Range D10 (µm) D50 (µm) D90

(µm)
Blaine

Fineness (m2/kg) BET (m2/kg)

Greywacke filler [62] - 2.44 30.50 99.21 - -

Dacite filler [62] - 2.14 41.19 96.22 - -

Orthogneiss [31,64] <150 µm 41.84 105.36 200.01 173.79 1892.4

Greywacke [67] - - 30.00 - - -

Dolomitic argillaceous
limestone [67] - - 19.00 - - -

Siliceous limestone [69] <100 µm - ~16 µm - 450 -

Metaquartzite [70] 80 µm - - - 100, 200, and 400 -

Siliceous limestone [70] 80 µm - - - 200, 400, and 600 -

Opaline aggregate [70] 80 µm - - - 200, 400, and 650 -

Sandstone [75] - - - - 210, 400, 610, and 860 -
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Table A2. Cont.

Maximum Dimension/
Range D10 (µm) D50 (µm) D90

(µm)
Blaine

Fineness (m2/kg) BET (m2/kg)

Andesite [83] - - - - 780 m2/kg -

Basalt [74] <75 µm - - - 170–200 -

Mylonite [66] 0–20, 10–30, 20–125, 0–125 µm - - - - -

Cataclasite [66] 0–20, 10–40, 0–125 µm - - - - -

Icelandic Rhyolite [66] 0–20, 10–40, 0–125 µm - - - - -

Table A3 presents the chemical composition of the AMFs used in studies.

Table A3. Chemical composition of AAR-reactive AMFs used in studies.

Oxide

Dolomitic
Argillaceous

Limestone
[67]

Siliceous
Limestone

[69]

Siliceous
Limestone

[70]
Andesite [83] Greywacke

[62]
Greywacke

[67] Dacite [62] Orthogneiss
[64]

Sandstone
[75]

Metaquartzite
[70]

Opaline
Aggregate

[70]

SiO2 9.47 16.15 15.7 66.2 66.85 60.45 68.4 58.15 63.04 87.7 92.7

Al2O3 2.66 1.71 1.7 16.1 14.24 12.17 13.3 15.89 10.65 4.0 0.0

Fe2O3 0.90 0.76 1.1 3.4 3.8 5.21 3.3 7.44 3.23 1.0 0.3

CaO 41.51 43.12 43.6 3.3 1.94 5.21 2.4 5.19 8.78 0.4 0.2

K2O 0.82 0.58 0.5 2.6 3.11 2.67 3.8 4.26 1.97 0.9 0.1

Na2O 0.17 0.05 0.5 3.5 4.25 1.41 2.4 3.16 1.54 0.1 0.2

MgO 5.48 1.29 1.5 2.0 1.58 3.50 1.3 2.47 2.56 0.2 0.1

Traces 0.41 1.18 0.2 1.00 1.94 1.13 1.00 2.72 7.33 0.1 1.1

Na2Oeq 0.71 0.43 0.83 5.21 6.30 3.17 4.9 5.96 2.84 0.69 0.23

L.O.I. 38.58 35.16 34.9 1.9 2.29 8.25 4.1 0.70 - 1.1 6.0
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