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Abstract
To assess the efficacy of lime-calcined clay binder in mitigating alkali–silica
reaction (ASR) deterioration, this study identifies potential reaction product for-
mation mechanisms in 2-year-old alkaline solution-exposed mortar bars using
X-ray diffraction, micro-computed tomography, scanning electron microscopy,
and evaluates their influence on mortar performance. The bar samples exhibit
only 0.02% ASR-induced expansion, ascribed to the high alumina incorporation
from the binder matrix into the initially formed sodium silicate hydrate (N-S-
H) gel, enhancing silica polymerization and eventually forming zeolites such
as phillipsite and chabazite. These zeolites, with a (Na+K)/Si ratio of 0.2–0.5,
can uptake alkali, thus reducing their availability for further reactions. The crys-
talline ASR product Na-shlykovite is also observed, coexisting with the zeolites
and forming at their core. Additionally, pumice inclusion in the binder enhances
its ASR mitigation capability by supplying additional alumina and accom-
modating reaction products within its internal voids, thereby preventing the
propagation of shrinkage cracks into the binder matrix. Consequently, including
pumice with borosilicate in lime-calcined clay mortar increased its compressive
strength by 52% compared with using only borosilicate under prolonged alkaline
conditions.
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1 INTRODUCTION

With the increased stress on freshwater availability and
consumption, cementitious composites prepared with sea-
water are gaining popularity. One concern regarding the
use of seawater as mixing water is that the sodium (Na+)
and potassium (K+) ions it contains can react with reactive
aggregate, potentially making the resulting cementitious
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composites susceptible to alkali–silica reaction (ASR).1–3
While ordinary Portland cement (OPC) mortars show
vulnerability to ASR when mixed with seawater,4 ancient
Roman concrete, which also used seawater for mixing,
shows extremely high resistance to ASR.5 Ancient Roman
marine concrete structures, made from volcanic ash and
hydrated lime binding tuff or carbonate rock aggregates,
have lasted over 2000 years, withstanding full immersion
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in seawater or shoreline exposure.6 The pozzolanic reac-
tion between volcanic ash and hydrated lime is the prime
contributor to the durability of this concrete.5 Additionally,
including pumice—a glassy, porous volcanic mineral7,8—
helped prevent expansive ASR gel formation, which typ-
ically causes cracking and deformation in concrete.9 The
ASR prevention mechanism in Roman concrete includes
alkaline fluids reacting in piers and breakwaters to pre-
cipitate phillipsite and Al-tobermorite minerals.5 These
minerals refine pore spaces, strengthen pumice bonds,
and sequester alkali cations (Na+ and K+).5 Inspired by
Roman concrete, previous studies developed a similar
binder using calcined clay, hydrated lime [Ca(OH)2],
and seawater.10,11 In this system, lime serves as a binder
material rather than a hydration product.10,11 Calcining
clay minerals like kaolinite and montmorillonite converts
them into reactive aluminosilicates.12 Through pozzolanic
reactions with lime, the main hydration products formed
include calcium alumina silicate hydrate (C-A-S-H) gel,
geopolymer gel, and crystalline phases like ettringite
and hydrocalumite.10 Given this binder’s similarity to
Roman concrete,13 further investigation is needed into this
binder’s durability under high-alkaline conditions and
ASR mechanisms, using pumice as a reactive aggregate
for comparison with the ancient material’s durability.
Additionally, while extensive research has examined

the ASR mechanism in various binders, including OPC,
OPC with supplementary cementitious material (SCM)
substitutions, and alkali activaated material (AAM), the
understanding of such mechanisms in lime-pozzolana
binders is yet to be explored. Therefore, this study exam-
ines the long-term mechanisms in forming and propagat-
ing ASR products within lime-calcined clay-based mortar
containing pumice as fine aggregates. To evaluate the
effectiveness of alumina (Al) availability and the internal
porosity of volcanic pumice 14 in reducing ASR deteriora-
tion, borosilicate—a nonporous, silica-rich material—was
used as a pumice substitute at 50% and 100%.15 The accel-
erated mortar bar test was conducted per ASTM C1260, a
widely accepted potential ASRdetectionmethod,within 16
days.2,16,17 Progressive microstructural changes were also
monitored over time, by storing the mortar bars for up to
2 years, with periodic evaluations performed at 7 days, 14
days, 6 months, and 2 years.

2 BRIEF REVIEWON ASR
MECHANISM, CRACK DEVELOPMENT,
ANDMITIGATION BY AL
INCORPORATION

Alkali–silica reaction (ASR) in concrete occurs as hydrox-
ide ions (OH−) from the alkaline pore solution instigate

themetastable silica network dissolution in reactive aggre-
gates, converting the siloxane group (≡Si–O–Si≡) into
the silanol group (≡Si–OH).18–21 This process eventually
generates highly soluble silica (Si) species like H3SiO4

−

and H2SiO4
2−, which undergo an ion exchange process

with available K+ or Na+ ions to form alkali silicates.18,22
Subsequently, the available calcium (Ca2+) ions in pore
solution substitute for some of these alkalis, forming
alkali–calcium–silicate hydrates.21,23,24 As per Hou et al.21
and Kim et al.,22 higher Ca2+ availability influences the
dissolved silica to initially form C-S-H; as Ca(OH)2 is
depleted, C-S-H shifts to C-(Na/K)-S-H and eventually
forms alkali silicate hydrate (A–S–H).
The primary approaches for the expansion pressure by

ASR gel resulting in concrete degradation involve crys-
tallization pressure, osmosis, swelling pressure, or the
electrical double layer.25–27 Portlandite [Ca(OH)2)] or Ca2+
ion presence in the pore solution plays an important role
in imparting ASR expansion in the OPC matrix,28 though
their role is controversial. These ions function as a “buffer”
to sustain the alkaline condition29 and also participate in
alkali-recycling by releasing alkalis back to the pore solu-
tion for subsequent attack.18 Ca2+ incorporation inASR gel
can also form a dense semipermeable C-S-H rim around
the aggregates, facilitating OH− ion penetration into the
reactive silica grain while impeding the viscous alkali sil-
icate diffusion from the reactive site.30 This difference in
outward and inward diffusion generates an expansive force
on the interfacial transition zone (ITZ), which may induce
cracks.31,32
Increasing Al content is beneficial in mitigating ASR

as it alters the crystalline ASR products into zeolite.33
In high-Al mortar systems, ASR is inhibited by the
free Si consumption, and initially forms aluminosilicate,
which later transforms into a dense, impermeable zeolite-
like shell (Na2O.Al2O3.5SiO2.5.4H2O) and prevents alkali
penetration.32,34 Additionally, Al crosslinks alkali–silica
gel layers, limiting water uptake25 and preventing silica
gel swelling.35 Viable alternatives for introducing Al in
ASR mitigation include incorporating Al-rich SCMs like
metakaolin, fly ash, etc., or fine lightweight aggregates.17,36
The decrease in Ca and increase in Al and Si by alumina-
rich SCM addition result in the formation of N-A-S-H gel,
which can crystallize under normal (long-term) or aggres-
sive conditions16 and can form zeolites with an Al/Si ratio
ranging from 0.17 to 0.3.17 The formation of zeolite-type
C-A-S-H phase was also reported in limestone calcined
clay cement (LC3), effectively mitigating ASR expansion.37
Fine lightweight aggregates (FLWAs), such as expanded
slate, shale, and clay, lower alkalinity and increase alumina
in the pore solution, causing the precipitation of reaction
products in their pores that are more similar to C-A-S-H
than alkali–silica reaction products; similar results were
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TABLE 1 Chemical composition (mass%) of the raw binder materials and reactive aggregate.

Rawmaterial Al2O3 SiO2 CaO Fe2O3 Na2O MgO SO3 K2O LOI
Binder
materials

Kaolin 41.1 55.5 0.3 1 × 0.1 0.1 0.2 14.3
Montmorillonite 18.7 68.4 1.5 4.3 3.1 2.4 0.9 0.4 16.4
OPC 3.9 21.2 65.3 3.1 × 0.8 4.3 0.7 4.5

Reactive
aggregate

Borosilicate 1.6 88.1 3.8 0.1 5.3 × × ×

Pumice 12.5 76.0 1.3 1.4 2.5 0.9 × 5.0

TABLE 2 Mix design.

Mixes Aggregate type (wt%) Binder content Water Fine aggregate
RRC (BS) Borosilicate Calcined

Kaolin (56.25 g)
Calcined Mont-
morillonite
(18.75 g)

Lime (25 g) 47 g 225 g
RRC (BS+P) 50% Borosilicate

+50% Pumice
OPC (BS) Borosilicate OPC (100 g)

observed for both accelerated mortar bar test (AMBT),
concrete prism test (CPT).36,38,39

3 MATERIALS AND EXPERIMENTAL
METHODS

3.1 Materials and sample preparation

Recreated Roman cement (RRC) mimics the cementation
process of ancient Roman concrete and is produced by
combining calcined clay and hydrated lime with artificial
seawater.11 Artificial seawaterwas prepared as per the stan-
dard ASTM D 1141; its chemical composition is shown in
Table S1. Earlier researches show that RRC exhibits bet-
ter mechanical properties with a calcined clay mixture
of 75% kaolinite and 25% montmorillonite, and a 75:25
ratio of calcined clay blend to lime.10,11 In this study,
RRC binders were prepared in accordance with the find-
ings above. Pure kaolinite and montmorillonite clay, with
a chemical composition shown in Table 1, and mineral
composition shown in Figure 1A,B, were commercially
purchased from VWR to prepare the clay blends. The clay
blend calcination temperature was set at 750◦C, with a
heating rate of 4◦C/min, a dwelling time of 6 h, and a
cooling rate of 4◦C/min to ensure full amorphization of
kaolinite and partial amorphization of montmorillonite
(Figure 1A,B).11 The specific surface areas for the calcined
kaolinite and montmorillonite were determined to be 20
and 44 m2/g, respectively. The surface area was deter-
mined using dynamic vapor sorption tests (DVS) with
commercially available DVS equipment from TA Instru-
ments (Q5000). The water/binder ratio and sand/binder
ratio of the mortar mixes were 0.47 and 2.25, respectively,
according to ASTM C1260.40 Seawater was employed as

the mixing water; the mix design is depicted in Table 2.
Two types of reactive aggregates, pumice and borosili-
cate, were used, having a chemical composition shown in
Table 1. Both of the reactive aggregates were observed to
be fully amorphous in nature (Figure 1C). The chemical
composition of the raw materials was determined using
X-ray fluorescence (XRF) (Table 1). Notably, the Na2O
equivalent of the lime-calcined clay binder, calculated
according to ASTM C150, was 0.92% by mass of the binder.
The particle size of pumice and borosilicate was adjusted
according to ASTM C1260.40 Moreover, for comparison,
a set of OPC mortar bars with borosilicate was prepared
(Table 2).
Mortar bars measuring 25 mm × 25 mm × 250 mm

were prepared formortar bar expansionmeasurement for 2
years. Subsequent analysis involved extracting 25mmmor-
tar cubes from these bars to determine their compressive
strength and microstructural analysis after 2 years. Addi-
tionally, 25mmmortar cubeswere also prepared separately
and cured in NaOH to determine the compressive strength
after 28 days.

3.2 Experimental methods

The accelerated mortar bar test was conducted according
to ASTM C1260.40 After demolding, initial measurements
were recorded before immersing the specimens in water
at 80◦C for 24 h, with subsequent zero readings at room
temperature. The mortar bars were immersed in a sealed
plastic container with a 1N NaOH solution and kept in an
oven at 80 ± 1◦C for 14 days, with regular measurements
of length change during this period. Afterwards, the con-
tainers with themortar samples were taken out of the oven
and kept at room temperature, where readings were peri-
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TAHSIN et al. 4 of 23

F IGURE 1 Mineral composition of (A) kaolinite, (B) montmorillonite, and (C) raw reactive aggregate. (K = Kaolinite (PDF-96-155-0599),
M =Montmorillonite (PDF-96-901-0957)).

odically taken over 2 years tomonitor the long-termmortar
expansion. The compressive strength test followed ASTM
C109.41
X-ray diffraction (XRD) analysis was performed to

observe mineralogical changes in mortar samples over 14
days under accelerated conditions and after 2 years of
alkali exposure at room temperature. A Bruker D-8 spec-
trometer was used at 40 kV and 40 mA with Cu Kα
radiation, scanning the 2θ range of 5◦ to 60◦ at 0.03 steps
per second. Mortar samples, including aggregates and
pastes, were dried at 40◦C, pulverized into fine powder,
and sieved through a 75 µm sieve.
The evolution of silica polymerization in theRRCbinder

matrix was assessed using Fourier-transform infrared
(FTIR) spectroscopy. Ground paste samples were analyzed
in the attenuated total reflection (ATR) mode, with a
resolution of 4 cm−1, and 32 scans were conducted for
each sample. FTIR analysis was performed on samples
obtained after 7 days and 14 days of alkaline exposure to
observe silica polymerization in the early stages of the
reaction, as well as after 2 years to evaluate the final
condition.

Scanning electron microscopy (SEM) and energy dis-
persive X-ray spectrometer (EDS) analysis were conducted
using a HITACHI 3000N SEM operating at 25–30 kV
acceleration voltage to track the progress of ASR product
formation at the initial phase (7 days and 14 days) and
later age (6months and 2 years). For backscattered electron
(BSE) analysis, samples containing both the peripheral
and interior regions of the mortar cross-section were cho-
sen. Point analysis, area mapping, and line scanning were
used to confirm the elemental distribution of ASR prod-
ucts. The morphology of the ASR products was explored
by secondary electron (SE) imaging.
The X-ray micro-computed tomography (microCT) test

was designed to observe the cracks and internal voids along
the cross-section of mortar samples containing reactive
aggregates, which were exposed to alkaline conditions for
two years. The experiment used a high-resolution µCT 45
(Scanco Medical, Brüttisellen, Switzerland) at a resolution
of 48 µm, indicating that the pixel size detected during the
analysis was greater than 48 µm. X-rays were emitted at
55 kVp and 145 µA. Mortar cubes of 25 × 25 × 25 mm3

were scanned, producing TIFF images with 593 to
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5 of 23 TAHSIN et al.

631 slices. These TIFF images were stacked using the
Object Research System (ORS) Dragonfly Pro software to
reconstruct 3D grayscale images.42 First, a random slice
from the XY plane of each sample was selected, and a
median filter was applied to reduce image noise. Seg-
mentation was then performed to separate the voids and
aggregates from the binder matrix. The process for the
segmentation is as follows:

- Defining a region of interest (ROI) that included both
external and internal void spaces and a second ROI that
encompassed the solid portions along with the internal
voids. The intersection of these two ROIs yielded the
final ROI for the voids within the solid object.

- Defining the ROI for aggregates by selecting the
grayscale range specific to borosilicates.

- Generating the final image by combining the smoothed
grayscale image with the ROIs for internal voids and
aggregates.

4 EXPERIMENTAL RESULTS

4.1 ASR-induced expansion

Figure 2A shows the RRC and OPC mortar bars’ expan-
sion caused by the formation of hydrophilic ASR gel
to evaluate their durability against alkaline exposure.43
Whenmeasured according to ASTMC1260, themortar bar
expansion more than 0.1% at 14 days indicate potentially
reactive aggregate.40 Considering borosilicate is highly
susceptible to ASR, the expansion of OPC mortar bars
containing borosilicate aggregate reached the 0.1% limit
within 6 days, and by 14 days, it was around 0.2%. Pre-
vious literature reported calcium as the primary reason
for this high ASR-induced expansion in OPC concrete,
as it increases gel viscosity and yield strength.18 This
high-viscosity gel causes internal swelling and eventually
cracks the matrix.44 However, after 14 days, RRC (BS+P)
and RRC (BS) reached only 0.007% and −0.002%, respec-
tively, which is significantly below the limit and nearly
negligible.
To evaluate the long-term behavior of the novel RRC

binder under alkaline exposure, the sample’s expansion
was monitored for up to 2 years. Nevertheless, even after
2 years, the maximum expansion reached by RRC mor-
tar bars was only 0.02% (Figure 2B). The slight downward
trend of length expansion observed after 2 years of expo-
sure could be attributed to chemical shrinkage resulting
from geopolymerization,45 as previous literature has con-
firmed the coexistence of both C-A-S-H and geopolymer
gel in the lime-calcined clay binder microstructure.10,11
Long-term exposure to alkali had a minimal impact on the

compressive strength of the RRC (BS+P) sample; after 2
years, the strength remained within the standard devia-
tion of the strength measured at 28 days (Figure 2C). In
contrast, the RRC (BS) sample imparted only a 3MPa com-
pressive strength reduction after 2 years. Notably, the RRC
(BS+P) sample exhibited around 52% higher compressive
strength than the RRC (BS) sample. To understand the
low expansion in these mortar bars, detailed microstruc-
tural evaluations were performed, and further discussion
is provided in the subsequent sections.

4.2 Evolution of phase formation
during long-term alkali exposure

Both RRC (BS) and RRC (BS+P) samples remained highly
amorphous after 14 days of alkaline exposure at elevated
temperatures (Figure 3A,B). Notably, the montmorillonite
dissolution was incomplete at this stage, and the primary
reaction products formed were ettringite, hydrocalumite,
gismondine, and gehlenite, with RRC (BS+P) also forming
stratlingite. Ettringite and hydrocalumite formation were
due to using seawater as the mixing water. Early studies
of this seawater-mixed lime-clay binder also revealed the
formation of these phases.10 Moreover, the presence of an
aluminosilicate phase, gismondine, was evident in both
the lime-clay mortar samples after 7 days and 14 days of
exposure (Figure 3A,B). Zeolite-like gismondine formation
was observed in a previous study during the pozzolanic
reaction betweenmetakaolinite and Ca(OH)2 at 60◦C over
extended hydration periods.46
However, after 2 years, the calcium-bearing minerals

that formed in the early stages (at 7 and 14 days), such as
ettringite, hydrocalumite, gismondine, and gehlenite, had
disappeared, with several crystalline zeolites, including
phillipsite and chabazite, emerging as dominant phases in
both RRC samples (Figure 3A,B; 2 years). Mineralogical
analysis of the reactive aggregates confirmed them to be
entirely amorphous (Figure 1C), indicating that the zeolite
phases did not originate from the raw aggregates. Instead,
these phases were stabilized by the abundant Al present in
the calcined clay and pumice (Table 1).47,48 As in Roman
concrete, high alumina content promoted Al3+ substitu-
tion for Si4+ in Q3 tetrahedral sites, supporting [Al3+ +

Na+] substitution and potential for cation exchange.5 The
FTIR spectra of the RRC binder matrix also confirm the
increased silica polymerization after 2 years (Figure 4). It
was observed that initially (7 and 14 days), distinct peaks
at 960 cm−1 (Q2) and a shoulder at 1023 cm−1 (Q3) indi-
cated the formation of C–A–S–H and geopolymer gels.49,50
After 2 years, these peaks merged into a sharper band at
980 cm−1, with reduced width, reflecting enhanced Si-O-T
polymerization.51 The Ca-bearing minerals formed ini-
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F IGURE 2 ASR-induced expansion up to (A) 16 days, (B) 2 years, and (C) compressive strength of RRC mortar.

tially in the RRC system (Figure 3A,B; 7 days and 14 days),
being the only Ca-containing phases once portlandite was
depleted, likely decomposed to provide Ca for contributing
to this cation exchange process. In addition to the zeolite
phases, the RRC (BS+P) sample, the presence of shlykovite
(CaH7kO13Si4) was identified at 2θ values 6.65◦ and 13.1◦
in the RRC (BS+P). K-shlykovite (KCaSi4O8(OH)3⋅2H2O)
and Na-shlykovite (NaCaSi4O8(OH)3⋅2.3H2O) are two
laboratory-synthesized layered silicate sheet structures
resembling the ASR products formed in the field;52 these
minerals have a similar basal spacing of 13.1 Å (7.7◦ 2θ)
as the natural mineral shlykovite.53,54 Exposure to high
temperature (80◦C) for the first 14 days,54 or long-term
alkaline exposure, instigated the crystallization of ASR
product.
Due to the abundant presence of Al and Si, C-A-S-H and

geopolymer gel coexist within the RRC microstructure.55
Thereby, a sharp peak at∼29◦ 2θ was observed in RRC
samples related to the C-A-S-H phase formed in the
early stage (within 7 days), which remained stable over
extended exposure (2 years).56 The RRC sample miner-
alogy was also compared with that of the OPC sample
(Figure 3C). In OPC, a broad C-S-H peak was visible at

the 29◦ 2θ along with several portlandite peaks at 18◦,
34◦, and 47◦ 2θ. Previous studies have confirmed that
Ca presence is necessary to cause ASR expansion.53,57
However, none of the RRC samples exhibited portlandite
remaining, thus indicating its potential in mitigating ASR
expansion.

4.3 Morphology of the ASR products

The morphologies of the ASR products developed in dif-
ferent matrices are illustrated in Figure 5. In both RRC
(BS+P) (Figure 5A) and RRC (BS) (Figure 5D) samples,
a few plate-like structures were observed, surrounded by
minerals exhibiting prism-like morphologies. Upon expo-
sure to NaOH solution, crystalline ASR product known
as Na-shlykovite, characterized by plate-like morphol-
ogy with isometric dimensions, can form in mortar with
reactive aggregate.52,58,59 These minerals typically form
rosette-like arrangements irrespective of concretemixtures
and binder types.17,53 As observed in Figure 5C,F, both
RRC samples showed the presence of shlykovites, con-
firmed by point EDS analysis; however, the rosette-like
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7 of 23 TAHSIN et al.

F IGURE 3 Mineralogical evolution over 2 years of alkali exposure: (A) RRC (BS+P), (B) RRC (BS), and (C) OPC (BS). (S = Shlykovite-
PDF-96-901-6221, E = Ettringite-PDF-96-901-2923, H = Hydrocalumite-PDF-96-900-9354, Ph = Phillipsite-PDF-96-901-3302,
Ch = Chabazite-Ca-PDF-96-900-9307, CS = C-S-H, CA = C-A-S-H, P = Portlandite-PDF-96-100-1769, G = Gismondine-PDF-96-901-0502,
Ge = Gehlenite-PDF-96-900-4072, St = Stratlingite-PDF-96-900-5060, M =Montmorillonite-PDF-96-901-0957).

F IGURE 4 Evolution of silica polymerization over 2 years of alkali exposure: (A) RRC (BS+P), (B) RRC (BS).
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TAHSIN et al. 8 of 23

F IGURE 5 Morphology of (A) co-existing ASR crystals and zeolite, (B) zeolite, (C) Na-Shlykovite in RRC-pumice sample, and (D)
co-existing ASR crystals and zeolite, (E) chabazite, (F) Na-Shlykovite in RRC-borosilicate sample. (G, H) Morphology of the ASR product
formed in the OPC-borosilicate sample.
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F IGURE 6 Cross-section of (A) RRC (BS+P), (B) RRC (BS), (C) OPC (BS), obtained by microCT analysis. Reddish brown: voids and
cracks, yellow-brown: borosilicate, grey: binder matrix.

arrangement of these minerals differed between the RRC
mixes. In RRC (BS+P), the plate-like minerals formed a
flowery pattern, connecting to a single point at the clus-
ter’s bottom and spreading toward the top (Figure 5C).
In contrast, in the RRC (BS), the plates were densely
packed (Figure 5F). Additionally, the prism-shaped mor-
phology surrounding the crystalline ASR products was
identified as zeolites as per the EDS analysis (Figure 5A,D).
In RRC (BS+P), a prismatic Na-phillipsite cluster was
observed (Figure 5B); however, the zeolite morphology
observed in the RRC (BS) closely matched chabazite,
as also identified by the XRD analysis of this sam-
ple. A similar phenomenon was observed in pumice
vesicles within ancient Roman concrete, where zeolites
like phillipsite and chabazite were discovered filling
these voids, ultimately consolidating the ITZ of pumice
clasts.5,60 The ASR product morphology observed in the
OPC sample closely resembled nanocrystalline ASR gel
(Figure 5G,H).52

4.4 Cross-section observation using
microCT analysis

Figure 6 shows the cross-sections of the samples, where
the internal voids are represented in reddish-brown, the
borosilicates in yellow-brown, and the binder matrix in
light grey. In RRC (BS+P), the large dark grey areas rep-
resent pumice, which appears darker than the binder
matrix due to its internal pores (Figure 6A). The RRC
sample containing both pumice and borosilicate exhib-
ited a dense microstructure without any crack formation

(Figure 6A). Only a few borosilicates at the peripheral
region were partially dissolved, suggesting that pumice
incorporationmay help to prevent borosilicate dissolution.
Conversely, in the RRC (BS) sample, the reddish-brown
area (Figure 6B) showed a prominent and homogeneous
presence of completely or partially dissolved borosilicates,
indicating significant alkali impact in this region. Notably,
the core region of this sample remained dense without
any signs of aggregate dissolution. However, crack for-
mation was observed along the interface between the
peripheral region and the dense core in the RRC (BS)
sample (Figure 6B). In the OPC sample with borosilicate,
the reddish-brown zones were observed not only in the
peripheral region of the sample but also throughout its
core zone (Figure 6C). As opposed to RRC (BS), complete
leaching of borosilicate was not observed in OPC (BS), sug-
gesting these dissolved aggregates likely remain embedded
within the binder matrix. Moreover, aggregate dissolution
was observedwithin the borosilicate grains, highlighted by
the reddish-brown areas inside the irregular yellow-brown
regions (Figure 6C).

4.5 Evaluation of ASR product
formation mechanism by SEM analysis

MicroCT analysis (Figure 6) revealed that aggregates in
the peripheral region of the RRC samples were primarily
affected by alkali, as evidenced by the voids left from their
dissolution. Therefore, SEM-BSE analysis was performed
on samples taken from the peripheral region of the mortar
bars.
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TAHSIN et al. 10 of 23

F IGURE 7 BSE images representing the alkali–silica reaction progress in pumice within the lime-clay matrix: (A) intact pumice, (B)
hydration product in pumice void, N-A-S-H gel forming from initial aggregate dissolution after 7 days, (F–H) crystalline ASR at the core of
high-Al ASR gel in fully transformed pumice after 2 years. The Y-axis of the EDS spectrum indicates atomic%. The yellow bars in images
(A–D) and (F, G) indicate a 100 µm scale.

4.5.1 ASR effect on pumice aggregate in a
lime-calcined clay matrix

ASR product formation mechanism
BSE image analysis was conducted on the alkali-exposed
pumice aggregate embedded in the lime-calcined clay
matrix at 7 days (early age) and 2 years (long-term).
Figure 7A depicts an intact pumice with visible inter-
nal voids, some of which are filled with a C-A-S-H-like
gel precipitate—one of the binder’s hydration products
(Figure 7B). This way, lightweight aggregatesmitigate ASR
by absorbing alkalinity from the pore solution within their
internal voids.38,39 The alkaline pore solutions likely began
dissolving the aggregate internally, producing a sodium
aluminosilicate (N-A-S-H) gel phase containing silicon
(Si), aluminum (Al), and sodium (Na) as the ASR prod-
uct, which filled the voids in the partially dissolved pumice
within 7 days of alkaline exposure (Figure 7C,D,E). The
magnified image in Figure 7E reveals a gradual separation
between the two phases. Although EDS analysis shows
both asN-A-S-H gel, the inner product (Figure 7E, point_1)

exhibits a smoother morphology than the outer product
(Figure 7E, point_2). This ASR product is referred to as
“high-Al ASR gel” due to its high incorporation of Al ions.
Long-term (2 years) alkali exposure increased the gel phase
quantity gradually, disintegrating the unreacted aggre-
gate (Figure 7F). Therefore, coexisting undissolved pumice
with a relatively smooth surface (Figure 7F, point_1) and
the reaction product formed from the dissolved pumice
were observed (Figure 7F, point_2). Notably, the reaction
product remains at its formation site, indicating its stability
(Figure 7F,G). Eventually, the entire pumice was observed
to transform into an ASR product with a composition of
Si, Al, and Na (high-Al ASR gel) (Figure 7H, point_2), and
a crystalline morphology at its core (Figure 7H, point_1).
EDS analysis confirms that this phase at the core is
composed of Ca, Na, and Si, resembling the composi-
tion of ASR crystal.22 SEM images (Figure 5) and XRD
(Figure 3) confirm zeolites and crystalline ASR phase
formation in the RRC binder matrix. ASR phases were
not observed in the initial alkali exposure at elevated
temperature (Figure 7C,D,E). Therefore, their crystallinity
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11 of 23 TAHSIN et al.

F IGURE 8 (A–E) Pumice dissolution in RRC mortar, showing uniform conversion of the aggregate into ASR products throughout the
sample. The yellow bars indicate a 100 µm scale.

has originated from long-term alkaline exposure.54 Simi-
lar observations were made throughout the RRC (BS+P)
sample, confirming the representativeness of the findings
(Figures 8 and 9).

Composition of ASR products
The BSE image in Figure 10A illustrates the final products
formed in the pumice void due to their alkaline sus-
ceptibility, and Figure 10B depicts the gradual elemental
variations monitored through the EDS line scan. The BSE
image reveals three distinct phase formations arranged
from right to left: a smooth surface, a textured struc-
ture, and a product cluster exhibiting a crystalline texture.
The smooth surface represents the unreacted pumice, pri-
marily composed of Si and Al, maintaining a consistent
Si/Al∼8. However, a gradual increase in Al and Na, along
with a decrease in Si and absence of Ca, was observed
toward the phase on the right side of the pumice sur-
face. This phase exhibited an Si/Al = 5∼6. The crystalline
cluster next to this phase exhibited a rise in Ca, with
complete exclusion of Al, while the diminution of Si and
the increase of Na continued. Proceeding further, the ele-
mental composition again changed by increasing Al and
decreasing Ca.
The distinction among the reaction products was also

evident from the area mapping (Figure 10C). The map-
ping unveils a dense Ca concentration within the core
region and a substantial presence of Al in the surrounding
zone. The crystallization of both ASR products, the outer
high-Al ASR phase and the Ca-bearing ASR phase at its

core, was confirmed by the presence of the zeolitic phase,
phillipsite, surrounding the crystalline ASR product, as
observed in the ASRmorphology analysis (Figure 5A). The
shrinkage due to crystallization caused a distinct gap in
the ITZ between the unreacted pumice and zeolite, as well
as between zeolite and crystalline ASR (Figure 10A,C).
However, there was no evidence of expansion cracks caus-
ing fractures in the aggregate due to their formation or
crystallization, as the reaction products formed within the
aggregate void.

4.5.2 ASR effect on borosilicate aggregate in
a lime-calcined clay matrix

ASR product formation mechanism
As per the microCT analysis, borosilicate damage or dis-
solution was highly pronounced in the peripheral region
of the RRC (BS) sample, while the core remained largely
unaffected (Figure 6B). Therefore, BSE analysis of this
sample was performed after 7 days, 6 months, and 2 years
of alkaline exposure, focusing mostly on the peripheral
region (Figure 11). Fully or partially dissolved borosili-
cate distribution in the RRC (BS) matrix is shown in
Figure 12A. Arranging images of dissolved aggregates at
varying degrees, along with corresponding EDS, revealed
a sequence of reaction product formation. Figure 11A
shows a borosilicate particle, unaffected by alkali, embed-
ded within the lime-calcined clay matrix. Upon alkali
attack, the reaction initiated at the aggregate-binder inter-
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TAHSIN et al. 12 of 23

F IGURE 9 (A–D) Co-existence of high-Al ASR gel and crystalline ASR product formation from pumice dissolution in RRC mortar. The
yellow bars indicate a 20 µm scale.

face (Figure 11B,C) due to the inherent reactivity of
borosilicate.18 At 7 days, the peripheral region of the aggre-
gate appeared empty, indicating that the reaction product
from borosilicate dissolutionwas a low-viscosity substance
that left the reaction site (Figure 11B,C). EDS analysis
identified the residual product at the reaction site as a
sodium silicate hydrate (N-S-H) gel (Figure 11B,C). Over
the long-term exposure (up to 2 years), Al and Ca from
the binder matrix were observed to incorporate into the
initially formed N-S-H gel at the ITZ of aggregate and
cement matrix (point_1 in Figure 11D,E). Al enhanced the
crosslinking of the N-S-H gel, forming zeolite phases61
and enhancing its stability. However, the N-S-H gel with-
out binder contact lacked Al or Ca (Figure 11D, point_2);
this gel eventually leached or dispersed within the binder
matrix, indicated by the void left at the reaction site
(Figure 11E). The green-colored region illustrates the reac-
tion product extruded into the binder matrix (Figure 11F).
However, in this process, large voids are left by the
dissolved borosilicates (dark regions in Figure 11C,E,G).
Moreover, borosilicates can also undergo an entire conver-
sion into crystalline ASR products and stay at the reaction
site (Figure 11G); notably, Al uptaking takes place at the

interface region of this crystalline product, forming C-N-
A-S-H. Interestingly, in RRC (BS) sample, even though
varying degrees of borosilicate dissolution was observed in
the peripheral region, the aggregates most remained intact
in the core region of the mortar (Fig. 12

Composition of ASR products
An entire borosilicate conversion into a crystalline ASR
product was identified from the BSE image. Figure 13A
shows round-shaped borosilicate grains with 50–60 µm
diameters alongside larger, irregularly shaped borosilicates
in thematrix. The BSE image in Figure 13B presents two of
those round borosilicate aggregates; the left one was pre-
dominantly occupied with untextured gel product with a
crystalline formation emerging on its right side, whereas
the right side aggregate was entirely filled with crystalline
clusters along with the untextured gel product adhering
to the boundary region. The EDS linescan in Figure 13C
shows that the Si content in the line scan passing through
both aggregates remained constant. Nevertheless, while
the untextured zone displayed a composition resembling
geopolymer, containing Ca, Si, Na, and Al, upon enter-
ing the crystalline textured zone, there was a sudden
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13 of 23 TAHSIN et al.

F IGURE 10 (A, B) Compositional variation, and (C) area mapping of ASR products in pumice. The yellow bar indicates a 20 µm scale.

increase in the atomic percentage of Ca, accompanied by
an equivalent reduction in the atomic percentage of Al.
The observations indicate that borosilicate can fully con-
vert into the crystalline ASR product or C-N-A-S-H gel
because Al and Ca continuously intrude into the aggre-
gate, preventing dissolved silica gel from leaving the binder
matrix and promoting its combination at the reaction site.
As depicted in Figure 13D, the elemental area mapping
validates this observation by revealing a concentrated dis-
tribution of Al in the left aggregate, primarily consisting
of C-N-A-S-H gel; in contrast, the right-side aggregate
with crystalline formation exhibits a dense distribution
of Ca.

4.5.3 ASR effect on borosilicate aggregate in
OPC matrix

ASR product formation mechanism
The ASR mechanism within the OPC matrix has been
extensively analyzed in previous studies and is now firmly

established.22,29 Therefore, only a minimal discussion is
provided here for comparison purposes. The analysis was
conducted on an OPC sample with borosilicate aggregate
after 2 years of alkali exposure. ASR product forma-
tion was observed both at the aggregate–binder matrix
interface region (Figure 14A,B) and within the aggregate
itself, where dissolution initially began at the interface
(Figure 14). In the OPC system, portlandite is a hydration
product; therefore, abundant Ca ions are available to react
with the previously formed gel products at the periph-
ery, which is observed in (Figure 14B, point 1). However,
high-Ca ASR gels are highly viscous,44 which prevents
the dissolved silica from getting out but allows OH− ions
to get in. Eventually, low-Ca ASR gel forms inside the
outer ASR layer due to the absence of portlandite in the
interior of the aggregate, which exerts pressure to crack
the aggregate18 and proceeds freely through the intra-
aggregatemicrocracks. Nevertheless, the gel in the interior
region lacks Ca ions because it is distant from the cement
matrix (Figure 14B, point 2). These ASR gels eventually
swell up and put pressure on the matrix to create cracks
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TAHSIN et al. 14 of 23

F IGURE 11 BSE images representing the progression of alkali–silica reaction in borosilicate within the lime-clay matrix over time. (A,
B) Borosilicate dissolution forming N-S-H gel as the primary reaction product, (C) Al incorporation at the boundary forming C-N-A-S-H, (D)
void left by fully dissolved borosilicate, (E) ASR product extrusion into binder matrix, (F) complete borosilicate conversion into crystalline
ASR. The yellow bars indicate a 100 µm scale.

and get out. It was observed from Figure 14C that the gel
extruded in the cementmatrix has highCa intensity, which
can be attributed to the higher calcium uptake in the ASR
gel. Moreover, as depicted in Figure 14D, the ASR gel in
the interior region continued to bind Ca when the aggre-
gate dissolution increased. Eventually, it formed an ASR
gel with a homogeneous composition. The observations
drawn from the ongoing evaluation of the OPC sample are
similar to the previous studies.19

4.6 Elemental analysis of ASR products

Quantitative elemental analysis using BSE-EDS involved
selecting approximately 100 points per sample from the
alkali–silica reaction products, both amorphous and crys-
talline, and determining their Al/Si, Ca/Si, and (Na+K)/Si.
From the plots Al/Si versus Ca/Si and (Na+K)/Si versus
Ca/Si shown in Figure 15, correlations between Ca, Al, Na,
and K in different ASR products can be evaluated.
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15 of 23 TAHSIN et al.

F IGURE 1 2 (A) Varying degrees of borosilicate dissolution at the peripheral region and (B) unaffected matrix with intact borosilicates
at the mortar core. The yellow bars indicate a 500 µm scale.

F IGURE 13 (A–C) Compositional variation and (D) area mapping of ASR products in borosilicate. The yellow bar indicates a 50 µm
scale.
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TAHSIN et al. 16 of 23

F IGURE 14 BSE images representing the alkali–silica reaction from borosilicate dissolution within the OPC matrix. The yellow bars
indicate a 50 µm scale.

Duan et al.44 state that a Ca/Si ratio below 0.1 signifies
the intermediate stage of silica dissolution, later leading to
the ASR product formation having a Ca/Si ratio exceed-
ing 0.1. A Ca/Si ratio of 0.1 was established as a dividing
point for categorizing EDS points. In the RRC (BS+P) sam-
ple (Figure 15A), EDS points with Ca/Si ratios below 0.1
displayed an Al/Si range of 0.2–0.3. Higher Al/Si suggests
increased polymerization of free silica from the dissolved
aggregate, leading to the alkaline aluminosilicate forma-
tion, which later can transform into a zeolite phase.32
Therefore, this point cluster was identified as the high-Al
ASR gel. However, in the RRC (BS) sample (Figure 15B),
alongside the high-Al ASR gel cluster, a silica gel cluster
was observed, possibly due to lower Al availability than in
the pumice-containing sample; this silica gel may trans-
form into ASR gel by absorbing Ca or into polymerized
aluminosilicate gel by absorbing Al. Notably, both amor-
phous and crystalline ASR products depicted a decline
in the Al/Si ratio with increasing Ca/Si ratio. Being a
low calcium binder, the Ca/Si of ASR products formed in
RRC ranged between 0.1 and 0.4, where the Ca/Si ratio

in crystallized ASR products surpassed that in amorphous
products (Figure 16A). In contrast, the ASR product in
the OPC matrix showed a wide Ca/Si range of 0.1–0.9
due to the presence of Ca(OH)2 as a hydration product
(Figure 15C); moreover, the Al/Si of these points was neg-
ligible. As shown in Figure 14, in OPC, ASR products
extruded to the binder matrix had higher Ca/Si relative to
the gel formed within the aggregate, as they could uptake
Ca ions from the matrix. This phenomenon justifies the
wide Ca/Si ratio variation range of ASR products in the
OPC (Figure 15C); near the aggregate, this value can be
around 0.24, whereas in the cement matrix, the value
increases to more than 0.4.62
In RRC (Figure 15D,E), the (Na+K)/Si ratio of ASR

products rose as the Ca/Si ratio increased, spanning 0.2–
0.5. The reason can be the greater alkali binding capacity
of ASR products with a low Ca/Si ratio, as C-S-H gel
with a lower Ca/Si ratio binds alkali more effectively than
that with a higher Ca/Si ratio.8 Moreover, alkalis serve
as charge balancers during the process of aluminosilicate
polymerization; therefore, the high-Al ASR gel cluster also
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F IGURE 15 (Na+K)/Si versus Ca/Si in different ASR products in (A) RRC (BS+P), (B) RRC (BS), (C) OPC (BS), and Al/Ca versus Ca/Si
in different ASR products in (D) RRC (BS+P), (E) RRC (BS), (F) OPC (BS).

showed alkali binding capability. Whereas, the (Na+K)/Si
ratio of the ASR products in OPC decreased with the
increase in the Ca/Si ratio (Figure 15F), indicating alkali
recycling into the pore solution by Ca2+.18,63

5 DISCUSSION

Based on the findings of this study, a plausible mechanism
for alkali–silica reaction in a lime-calcined clay binder
(RRC) system is proposed and summarized in Figure 17.

Calcined clay is an amorphous aluminosilicate,12 where
the Al dissolution ismore favorable than that of Si.64 These
Al3+ ions can effectively facilitate silicate species conden-
sation in alkali silicate solutions.65 Additionally, nearly all
the portlandite in the lime-clay binder is consumed within
7 days of hydration (Figure 3),10 rendering it a low-calcium
binder.
The schematic in Figure 17A illustrates that when

RRC mortar containing amorphous, porous pumice
(Figure 17A-i) is exposed to alkaline conditions, aggregate
dissolution begins within the voids as the pore solution
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TAHSIN et al. 18 of 23

F IGURE 16 (A) Ca/Si, (B) Al/Ca, and (C) (Na+K)/Si ratio in different ASR products in different samples.

penetrates, introducing ions like Ca, Na, Si, and Al
(Figure 17A-ii). This process promotes hydration products
like C-A-S-H precipitation within the voids (Figure 17A-ii).
As pumice dissolution progresses under the OH− ion
influence, Si and Al are released and hydrolyzed, leading
to gelation and the N-A-S-H gel formation (Figure 17A-iii).
During long-term alkaline exposure, the continuous
Al and Si incorporation from pumice leads to two dis-
tinct phase formations: a high-Al ASR gel or zeolite
phase near the vicinity of undissolved pumice, where
Al and Si are abundant, and an ASR product in its
core (Figure 17A-iv,v). Portlandite, used as the binder
component to produce RRC, was observed to be con-
sumed in forming Ca-bearing hydration products such
as hydrocalumite, ettringite, gismondine, and stratlingite
within 7 days (Figure 3A). Over the long term, these
products release Ca2+, which contributes to the formation
of ASR gel. This ASR gel may have crystallized due
to prolonged alkaline exposure. Moreover, the highly
polymerized aluminosilicates or zeolites are not expensive
and prevent further ASR gel formation by absorbing free
silica.66

In RRC mortar with borosilicate aggregate, ASR reac-
tion starts from the aggregate-binder matrix interface due
to the absence of internal voids (Figure 17B-i). The reac-
tion mechanism differs for precipitating ASR products
outside or inside the aggregate. As OH- ions initially dis-
solve the aggregate, released Si4+ ions bind with Na+ to
form sodium silicate (N-S-H) gel (Figure 17B-ii). At the ITZ
between the aggregate and binder matrix, Al3+ and Ca2+
from the bindermatrix interactwith the initially formedN-
S-H gel, stabilizing it into an N-A-S-H gel (Figure 17B-iii).
N-S-Hgelwithminimal or noAl3+ andCa2+ incorporation
has low viscosity, which may cause it to leach out of the
matrix or migrate into the binder matrix (Figure 17B-iii).
Subsequently, it can either convert into high-Al ASR gel
(N-A-S-H) by incorporating Al or form low-viscosity ASR
gel by incorporating Ca (Figure 17B-iv). Ca incorporation
into the ASR gel from borosilicate dissolution was higher
than that observed in pumice due to the gel infiltrating the
binder matrix and absorbing calcium (Figure 11E). Con-
versely, simultaneous Al and Ca intrusion, along with the
silica dissolution, may promote the entire aggregate ini-
tially converting into a Ca-contained geopolymer-like gel
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F IGURE 17 ASR product formation mechanism in (A) RRC-pumice sample, (B) RRC-borosilicate sample, and (C) OPC-borosilicate
sample.

(Figure 17B-vi), later transforming into a crystalline ASR
product (Figure 17B-vii).
Overall, the ASR expansion mitigation mechanism in

the RRC matrix primarily depended on alumina polymer-
izing the dissolved silica from the aggregate, leading to
zeolite formation rather than reducing silica dissolution.
Under alkaline conditions, both pumice and borosilicate
were fully dissolved: pumice transformed into sodium alu-
mino silicate or zeolites at the reaction site (Figure 7E),
while the less viscous alkali–silica gel from dissolved

borosilicate either left the matrix or was polymerized
by the Al in the RRC binder (Figure 11D,E). Krivenko
et al.32 also reported that the formation of a zeolite-like
shell around aggregate particles due to reactions between
alkali-susceptible aggregates and active alumina from
metakaolin and fly ash in alkali-activated cements could
inhibit the further progression of harmful ASR reactions.
Additionally, the zeolite phase’s alkali uptake capacity and
the binder’s low Ca content contributed to the mitigation,
as evidenced by the low expansion (Figure 2) observed in
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RRC-basedmortars. Incorporating pumice as an aggregate
was also observed to assist in mitigating ASR expansion
due to having internal voids and active alumina availabil-
ity. Lightweight aggregates, whether alkali-reactive or non-
reactive, can reduce ASR damage by accommodating gel
products in their voids.38,39 Consequently, any crack for-
mation caused byASRproduct formation or crystallization
of zeolites and ASR was prevented by accommodating
these products within the voids of pumice, ultimately
yielding a dense microstructure (Figure 6A). Pumice and
other lightweight aggregates also decrease ASR expansion
by providing alumina and consuming portlandite.23,36,67
The ASR product formationmechanism in the OPC sys-

tem differs from that of RRC due to its high Ca and low
Al content. According to the observations in Figure 14,
the schematic for ASR in OPC is illustrated in Figure 17C.
As silica dissolution from borosilicate initiates under alka-
line conditions, Ca incorporation occurs, forming ASR gel
at the boundary. Continuous Ca inclusion increases the
gel viscosity (Figure 17C-ii), making it act like a semiper-
meable membrane that allows OH− ions to penetrate but
prevents Si diffusion from the reaction site.57 Therefore,
the low-viscosity ASR gel formed inside creates pressure
on the aggregate, forms cracks, and propagates into it
(Figure 17C-iii). This low-viscosity ASR gel lacks Ca, swells
up, eventually creates cracks in the binder matrix, and
extrudes into it (Figure 17C-iv). Subsequently, Ca gets
incorporated into this low-viscosity ASR gel, transform-
ing it into a homogeneous, high-viscosity ASR gel product
(Figure 17C-v).
Lastly, in the RRC matrix with borosilicate aggregate

(Figure 6B), microcracks likely formed due to shrinkage
associated with the transformation of Al-rich ASR gel into
zeolites, such as phillipsite and chabazite, as confirmed
by XRD analysis. This process begins with the dissolu-
tion of silica from borosilicate at the outer regions of the
sample under alkali exposure. The released silica reacts
with alumina from the calcined clay, forming a polymer-
ized network that, over time, converts into zeolites. This
transformation can lead to localized shrinkage through a
syneresis mechanism, resulting in visible microcracking.
Such shrinkage cracks were absent in the RRC sample
with pumice (Figure 6A), likely because zeolite forma-
tion occurred within the pumice’s internal voids, reducing
stress on the matrix due to zeolitic conversion and result-
ing in a denser structure. Despite the visible shrinkage
cracks in the borosilicate-containing sample, expansion
was limited. This is because theASR gel formed in the RRC
(BS) matrix did not incorporate significant amounts of cal-
cium (Figure 15A,B), leading to a low-viscosity gel that
could migrate away from the reaction site without caus-
ing expansion. In contrast, in the OPC matrix (Figure 6C),
higher ASR expansion was observed due to the formation

of ASR gel with a wide Ca/Si ratio (0.1–0.9) (Figure 15C).
Consequently, high Ca availability forms a semiperme-
able C-S-H rim around the aggregate, allowing OH- in but
restricting the viscous and expansive low-Ca ASR gel from
escaping, thereby creating internal pressure at the ITZ and
causing noticeable cracking in the borosilicate grains.31,32
Thus, while RRC (BS) shows more visible microcracks
due to shrinkage during zeolite conversion, the actual
expansion was lower compared with OPC, where expan-
sive ASR gel formation is the dominant mechanism.
Moreover, the ASR product formed in the RRC matrix
exhibited higher alkali binding than that in theOPCmatrix
(Figure 15D–F), which also contributed to the reducedASR
expansion.68

6 CONCLUSION

Based on the experimental results and discussions, the
findings are summarized as follows:

(i) After 2 years of exposure to alkaline conditions, the
ASR-induced expansion of the lime-calcined clay
(RRC) samples was 0.02%, while OPC reached its
maximum expansion limit of 0.1% within 7 days,
resulting in a total expansion of 0.3% after 2 years.

(ii) The primary reaction products formed at this early
stage included ettringite, hydrocalumite, gismon-
dine, and gehlenite. However, during long-term
alkali exposure, these calcium-bearing minerals dis-
appeared, leaving primarily crystalline zeolites, with
phillipsite and chabazite as the dominant phases in
both RRC samples, along with the crystallized ASR
product Na-shlykovite.

(iii) RRC sample containing pumice exhibited high resis-
tance to alkaline attack, with a uniformly dense
cross-section and minimal dissolution of borosili-
cates, whereas the RRC sample with borosilicate
experienced complete dissolution only in the periph-
eral zone, leaving the core intact.

(iv) In RRC mortar, under alkaline exposure, pumice
dissolution initiates within its internal voids, while
borosilicate dissolution begins at the aggregate-
binder matrix interface. Al availability in the pumice
assists in the continuous incorporation of Al with N-
S-H gel, forming zeolite inside the aggregate, whereas
low-viscosity N-S-H gel from borosilicate dissolution
canmigrate and form zeolite inside the bindermatrix.

(v) The high Al/Si ratio (∼0.2–0.3) of the ASR products
in RRC indicates the probable silica polymeriza-
tion and zeolite formation. Moreover, these zeolites
depicted ahigh-alkali-uptaking capacity by exhibiting
a (Na+K)/Si ratio ranging from 0.2 to 0.5.
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Future studies should consider adjusting aggregate pro-
portions based on bulk density, as specified in ASTM
C1260, to ensure consistent aggregate volume fractions
across different systems. This will allow a more accurate
assessment of aggregate reactivity by isolating the effect
of mineralogy from volumetric differences. Moreover, the
calcined clay used in this study was a blend of kaolinite
andmontmorillonite, with a kaolinite content of 75%, clas-
sifying it as high-grade clay. Also, the Al2O3 content in
the kaolinite used here was 41% which is also high. It is
expected that the low-quality clay will have a lesser avail-
ability of Al2O3, which played a crucial role in the ASR
performance of the mortar batches. Therefore, the con-
clusions are not directly applicable to low-grade clay, and
further investigation is needed to determine whether the
conclusions hold when using low-grade clays.
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