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A B S T R A C T

Three types of alkali-silica reaction (ASR) products, i.e., crystalline K-shlykovite, Na-shlykovite and nano-
crystalline ASR-P1, have recently been synthesized at 80 °C. It is critical to verify the formation of these ASR
products in concrete in order to transfer the knowledge of ASR gained from the synthesized products to the ones
formed in field concrete. Therefore, ASR products formed in concrete exposed to KOH, NaOH or mixture of
KOH/NaOH solution at 60 and 80 °C are analyzed using Raman spectroscopy and scanning electron microscopy
with energy-dispersive X-ray spectroscopy. The results show that at temperature between 60 and 80 °C K-
shlykovite and ASR-P1 are formed in concrete exposed to KOH or a mixture of KOH/NaOH solution, whereas Na-
shlykovite is formed in concrete exposed to NaOH solution. Moreover, K-shlykovite and Na-shlykovite do not co-
precipitate in the same concrete, not even in the concrete exposed to the mixture of KOH/NaOH solution.

1. Introduction

Alkali-silica reaction (ASR) has caused damage to concrete struc-
tures worldwide including bridges, dams and pavements [1–3]. Despite
significant research progress over the past 80 years as reviewed in
[4–6], our knowledge on ASR such as the molecular structure of the
ASR products, the precise formation conditions of ASR and the expan-
sion mechanisms, are only recently advanced [7–13]. On one hand, this
is due to the slow kinetics of ASR in field concrete that usually takes
years or up to decades for cracks to form, making it difficult to be di-
agnosed. On the other hand, only small amounts of ASR products are
formed in veins of concrete aggregates. Their volume is in the micro-
meter-scale, which makes it impossible to be characterized with con-
ventional laboratory techniques such as solid-state 29Si magic-angle
spinning nuclear magnetic resonance (29Si MAS NMR), thermogravi-
metric analysis (TGA) or X-ray diffraction analysis (XRD).

Due to the slow kinetics of ASR in field concrete, accelerated testing
methods involving elevated temperatures, e.g. 38, 60, 80 and 150 °C
[14,15], were employed in laboratory tests and studies of ASR. Several
studies attempted to establish a link between expansion obtained in
accelerated tests and field exposed concrete [16–19]. Going one step
further, the expansion, the type of aggregates reacting and the com-
position of the ASR products formed have been analyzed in the concrete

prism test and concrete structures [20]. Still, the debate about the re-
presentativeness of the tested ASR performance at elevated temperature
is ongoing. On one hand, this is caused by some discrepancies between
the behavior of laboratory tested and field exposed concrete. On the
other hand, a more in-depth knowledge about the ASR products is
needed to bridge the gap between accelerated tests and field ASR.

In addition to the elevation of the reaction temperature, additional
amount of alkalis are also introduced to accelerate ASR by either
boosting alkalis of cement or exposing samples to alkaline solution or a
combination of both [21–23]. Although in most cases Portland cement
contains more K than Na, NaOH is often used to prepare the exposure
solution for accelerated tests at 80 °C [24,25]. NaOH is chosen because
the total alkali content of Portland cement is usually expressed as Na2O-
equivalent (wt% Na2Oeq = wt% Na2O + 0.658 × wt% K2O). Clearly,
such an approach is highly empirical as it ignores the influence of alkali
types on ASR. Only a limited number of studies have reported that
concrete boosted with different types of alkalis show significantly
varying expansion, indicating that it is necessary to consider the types
of alkalis when testing the ASR performance of concrete [26].

Recent research based on synthetic samples and comparison with
few concrete samples have demonstrated that temperature affects the
types of crystalline ASR products formed [9,27]. All of them have layer-
silicate-sheet structures and similar chemical compositions but different
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d-spacings for the diffractions with lowest 2θ values: 12.0 Å (< 40 °C),
10.8 Å (around 40 °C), and 13.1 Å (80 °C for K- and Na-shlykovite:
KCaSi4O8(OH)3·2H2O and NaCaSi4O8(OH)3·2.3H2O). The K-shlykovite
and Na-shlykovite were named after the mineral shlykovite (KCa
[Si4O9(OH)]·3H2O) first reported in [28], since they have similar layer-
silicate structure with its SiO4

4− tetrahedron charge-balanced by K+

(or Na+) and Ca2+ in the main layer and by H+ in the interlayer [9]. In
addition, a nano-crystalline ASR-P1 (K0.52Ca1.16Si4 O8(OH)2.84·1.5H2O)
was also observed in a sample synthesized at 80 °C, which also has a
layered-silicate structure according to its 29Si MAS NMR data [9]. The
results also showed that the ASR products formed at 80 °C depend on
the types of alkali sources: K-shlykovite and ASR-P1 were formed in the
K-rich samples, whereas Na-shlykovite (NaCaSi4O8(OH)3·2.3H2O) was
formed when Na was used as the only alkali source [9]. It is expected
that formation of different types of ASR products may contribute to the
observed differences in the expansion of concrete boosted with different
types of alkalis. Successful syntheses of the ASR products have allowed
their characterizations with various types of aforementioned laboratory
techniques [9–11,27]. The obtained results significantly advanced our
understanding about ASR with respect to the structure of the ASR
products, ASR formation conditions predicted by thermodynamic
modelling and influence of temperature on the mineralogy of the ASR
products. Therefore, there are urgent needs to transfer such knowledge
from the synthesized products to the ones formed in field concrete. To
reach this goal, the formation of the same ASR products in concrete as
in synthetic samples first needs to be verified. Micro-Raman and XRD
data from recent studies have indicated that K-shlykovite resembled the
crystalline ASR product identified in the ASR concrete prism test at
60 °C [9,27,29]. In few cases, K-shlykovite is also observed in field
concrete as the surface temperature of concrete at some exposure sites
can reach a value of 60 °C due to solar radiation [30]. Formation of
ASR-P1 was also observed in concrete samples exposed to KOH solution
at 80 °C based on Raman spectra [31]. Such a comparison has not yet
been made for Na-shlykovite, since data is available for Na-rich ASR
products in concrete samples.

In a parallel study, ASR products formed in concrete at 38 and 60 °C
have been analyzed [32]. The crystalline product synthesized at 40 °C
was found be similar to that formed in the concrete prism test at 38 °C
[27,32]. However, the parallel study mainly focused on K-rich samples
as sole Na2O-boosting/exposure is not commonly applied for these two
temperature conditions. In the current study, ASR products formed at
60 and 80 °C are analyzed. In order to identify all types of ASR products
formed at these temperatures, namely K-shlykovite, ASR-P1 and Na-
shlykovite, the prepared concrete prisms are exposed to sole KOH,
NaOH and mixture of KOH/NaOH solutions. The ASR products are
analyzed with micro-Raman spectroscopy and scanning electron mi-
croscopy with energy-dispersive X-ray spectroscopy (SEM/EDS).

2. Experimental procedure

2.1. Materials and samples

Concrete prisms (40 × 40 × 160 mm3) were produced with
500 kg/m3 Portland cement (CEM I 42.5, see Table 1) and a water/
cement ratio of 0.50. Aggregates from Uri Switzerland were used
(1537.3 kg/m3) in three different grain size fractions (2/4 mm: 40 wt%;
4/8 mm: 25 wt%; and 8/11.5 mm: 35 wt%; see Table 2). The prisms
were demolded after 24 h, followed by immersion in 0.4 mol/L solu-
tions of KOH, NaOH and mixture of KOH/NaOH (with molar ratio of 3/

1) at 60 and 80 °C. Four prisms were placed in each container (4 L),
three for length and mass change measurements and one reserved for
SEM/EDS analysis and Raman spectroscopy. The samples used for SEM/
EDS analysis were cut to an appropriate size and dried in an oven for
three days at 50 °C, followed by epoxy impregnation, polishing and
carbon-coating. For this type of samples, the back-scattering electron
(BSE) mode was used. The samples for SEM imaging in the secondary-
electron mode (SE) and Raman spectra collection were obtained from
cut concrete sections by splitting reacted aggregate along veins filled
with ASR products using a chisel and hammer. In addition, the ASR
products precipitated in air voids adjacent to aggregates split that way
were also analyzed.

2.2. Analytical methods

The length and mass of the concrete prisms were regularly measured
up to 8 weeks and 20 weeks for the concrete stored at 60 and 80 °C,
respectively. One additional measurement was conducted after
23 weeks for concrete stored at 80 °C. The mass change (g/cm3) is re-
ported in gram per volume of the prisms. At the end of length mea-
surements after 20 and 23 weeks, Raman spectra and SEM images were
acquired from aggregates with crack width > 10 μm.

Micro-Raman spectroscopy was conducted using the Bruker
Senterra instrument equipped with a Peltier-cooled CCD detector and
operated with the software Opus 6.5. The wave-length of the used laser
was 532 nm. The measurements were operated at 20 mW. The length
magnification was 50×. The spectral acquisition time was 20 s and
spectrum resolution in the used frequency range of 110–1560 cm−1 was
3–5 cm−1. About 10–20 spectra were collected per sample. The spectra
were averaged, background corrected and normalized.

SE images of the ASR products were collected using a scanning
electron microscope (SEM) FEI Quanta 650 with a Large Field Detector
(LFD) on the fractured surface of the concrete. An acceleration voltage
of 10–12 kV and a spot size 3–4 were used for SE-imaging. A FEI Quanta
was used at an acceleration voltage of 12 kV and a spot size 4.0 to
acquire BSE-images. Chemical analysis was performed by EDS with a
Thermo Noran Ultra Dry 60 mm2 detector and Pathfinder X-Ray
Microanalysis Software.

3. Results

3.1. Length and mass change

The changes in the length of concrete prisms exposed to three dif-
ferent alkali solutions (i.e., KOH, NaOH and mixture of KOH/NaOH
solutions) at 60 and 80 °C are shown in Fig. 1. The results show that the
increase in length is faster at higher temperature within the first
8 weeks. A similar rate of the length change is observed between con-
crete samples exposed to KOH solution and mixture of KOH/NaOH

Table 1
Chemical composition (mass%) of the cement (CEM I 42.5).

SiO2 Al2O3 Fe2O3 Cr2O3 MnO TiO2 P2O5 CaO MgO K2O Na2O SO3 LOI

20.14 4.56 3.25 0.013 0.05 0.368 0.24 63.0 1.9 0.96 0.16 3.25 2.06

Table 2
The mix design of concrete used for ASR concrete prism test.

Materials Proportions (kg/m3)

Cement 500
Water 250
Sand (2/4) 615
Coarse aggregate (4/8) 384
Coarse aggregate (8/11.5) 538
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solution during the entire period of exposure for concrete stored at
80 °C (Fig. 1a), and during the first 12 weeks for concrete stored at
60 °C (Fig. 1b). Overall, significant increase in length is observed for all
samples after storage of about 20 weeks. They show cracks filled with
whitish products on the concrete surface.

In addition to the length change, the mass change of the same
concrete prisms is also obtained as shown in Fig. 2. A rapid increase in
the mass is observed within the first 6 weeks for concrete stored at 80 °C
(Fig. 2a), and within the first 12 weeks for concrete stored at 60 °C
(Fig. 2b), corresponding to their development of length. Afterwards, the
gain in mass is significantly smaller indicating a slowdown of the re-
action. A rough correlation between the length change and mass change
is shown in Fig. 3. Below the length change of 0.2%, the length in-
creases with the increase of mass, while continuous increase of length is
observed despite no further increase of mass at length change over
0.2%. The results indicate a continuous propagation of cracks at the
later stage of ASR.

3.2. Characterization of the ASR products

3.2.1. Raman spectra
Raman spectra have recently been obtained for synthesized K-

shlykovite, ASR-P1 and Na-shlykovite [9]. The assignments of the
corresponding Raman bands are also given in that paper. These data are
used as reference to identify the ASR products formed in concrete of the
current study. Fig. 4 shows the comparison of the Raman spectra be-
tween synthetic ASR products (both crystalline shlykovite and nano-
crystalline ASR-P1) and those formed in different concrete samples
exposed to sole KOH, NaOH and mixture of KOH/NaOH solutions at 60
and 80 °C. The Raman spectra of the crystalline ASR products formed in
concrete exposed to solutions of KOH (Fig. 4a) and mixture of KOH/
NaOH (Fig. 4b) at both 60 and 80 °C strongly resemble that of K-
shlykovite. In contrast, the Raman spectra of the crystalline ASR pro-
ducts formed in concrete exposed to NaOH solution at both tempera-
tures resemble to that of Na-shlykovite (Fig. 4c). Raman spectra iden-
tical to that of Na-shlykovite cannot be found in the concrete exposed to
the mixture of KOH/NaOH solution, indicating that K-shlykvoite and
Na-shlykovite do not co-exist in the same concrete. For all concrete
prisms exposed to the same alkali solution, the same crystalline ASR
products are formed in the veins of aggregates, and also in some of the
air voids close to aggregates but within cement paste.

In contrast to the crystalline ASR products, formation of the amor-
phous ASR products in the studied concrete is quite limited and it is
more difficult to identify them. The Raman spectra of the few identified

Fig. 1. Length change of the concrete after exposure to alkali solutions at 60 and 80 °C.

Fig. 2. Mass change of the concrete after exposure to alkali solutions at 60 and 80 °C.
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spots for the amorphous ASR products are very similar to that of syn-
thetic ASR-P1 as shown in Fig. 4d, although some unknown bands from
impurities (e.g. carbonate indicated by * in the figure) are present in the
measured spots. Similar to the crystalline ASR products, ASR-P1 is also
observed in both veins in aggregates and some air avoids in cement
paste adjacent to aggregates. However, their locations are very close to
the interfacial transition zone (ITZ) of concrete. A previous study based
on a synthetic system showed that ASR-P1 could only form in presence
of K [9]. In the present study, ASR-P1 is also by chance observed in
concrete exposed to sole NaOH solution, which might be attributed to
the high K content in the cement used.

3.2.2. Morphology
The morphologies of the crystalline ASR products formed in ag-

gregates as observed in the split samples are shown in Fig. 5. Similar
morphologies of the crystalline ASR products are observed in samples
exposed to KOH and mixture of KOH/NaOH solutions at both 60 and
80 °C. All of them have an elongated plate-like morphology. The aspect
ratio of the plate varies significantly, approaching a needle-like form in
a few cases. This type of morphology is typical for K-shlykovite, as
shown in synthetic samples [9]. In contrast to K-shlykovite, Na-shly-
kovite also shows a plate-like morphology, but more isometric in its
dimension [9]. This isometric plate-like feature is observed for the
crystalline ASR products formed in the aggregates of concrete exposed
to NaOH solutions at both 60 and 80 °C.

Some amorphous ASR products within the cracks of aggregates but
close to the ITZ are also observed for example in concrete exposed to
the mixture of KOH/NaOH solution at 60 °C as shown in Fig. 6. The
Raman spectrum collected on the same location as shown in Fig. 4d
indicates that this amorphous ASR product (labeled as KOH/NaOH) is
very similar to synthetic ASR-P1. The similarity between ASR-P1 and
the amorphous ASR products formed in concrete exposed to sole KOH
and mixture of KOH/NaOH solutions is confirmed by comparison of
their Raman spectra in Fig. 4d.

3.2.3. Chemical compositions
The chemical compositions of both crystalline and amorphous ASR

products were measured on a polished section of concrete samples as
shown in Fig. 7. Most of the ASR products are formed within veins
present in aggregates, where crystalline ASR products are formed in the

interior of aggregates and amorphous ASR products are formed also in
aggregates but close to the ITZ. The morphologies of the crystalline ASR
products as described in the previous paragraph apply as well for the
polished samples as far as it can be assessed in 2D (see Fig. 7a, c and e).
In contrast to the crystalline ASR products, identification of the amor-
phous ASR products is more difficult due to their extremely low
amounts. These amorphous ASR products are formed close to the ITZ in
much smaller volume (few μm, see Fig. 7b, d and f) compared to the
crystalline ones (20–30 μm). Thus, only few locations allow EDS ana-
lysis of the amorphous ASR products.

The EDS results of the crystalline and amorphous ASR products are
shown in Fig. 8 and with their average atomic ratios summarized in
Table 3. The alkali/Si ratios are expressed as K/Si and Na/Si ratio ra-
ther than (K + Na)/Si ratio to make distinction between K- and Na-ASR
products. For all crystalline ASR products (see Fig. 8a, c and e from one
of the selected locations for each sample), the results show an average
Ca/Si ratio of 0.17–0.22 with little variations for all concrete samples
independent of exposure alkalis and temperatures, whereas significant
variations of K/Si ratio or Na/Si ratios from 0.15 to 0.4 are observed for
these ASR products. For concrete exposed to both KOH and mixture of
KOH/NaOH solutions (see Fig. 8a and e), only traces of Na are identi-
fied in the crystalline ASR products in few locations. This observation
supports the observation that K-shlykovite is the only crystalline ASR
product formed in concrete exposed to KOH and mixture of KOH/NaOH
solutions, although a significant amount of Na is present in the concrete
exposed to the mixture of KOH/NaOH solution.

Compared to the crystalline ASR products, both Ca/Si ratio and
alkali/Si ratios exhibit significant variations in the amorphous ASR
products as shown in Fig. 8b, d and f. Moreover, both K and Na are
present in this type of products. Overall, higher K/Si ratio than Na/Si is
observed for the amorphous ASR products formed in concrete exposed
to KOH and mixture of KOH/NaOH solutions, and higher Na/Si ratio in
the case of sole NaOH exposure. The Na/Si ratio of the amorphous ASR
products is also higher for KOH/NaOH exposed concrete than for the
sole KOH exposed concrete.

4. Discussion

4.1. Types and formation of ASR products in concrete

The Raman spectra and SEM/EDS for the crystalline ASR products
show consistent results. The Raman spectra show that K-shlykovite is
formed in concrete exposed to sole KOH (in Fig. 4a) and mixture of
KOH/NaOH (in Fig. 4b) solutions at 60 and 80 °C. Na-shlykovite is only
formed in concrete exposed to sole NaOH solution (Fig. 4c). Further-
more, SEM images in Figs. 5 and 7 show an elongated plate-like mor-
phology for K-shlykovite and isometric plate-like forms for Na-shlyko-
vite, similar to the ones reported for the synthetic ASR products [9].
Again these observations are consistent with their chemical composi-
tions, where Na is almost absent in the crystalline ASR products formed
in the concrete exposed to KOH (Fig. 8a) and mixture of KOH/NaOH
(Fig. 8c) solution, and K is almost absent in that exposed to NaOH so-
lution (Fig. 8b). These results also confirm that K-shlykovite and Na-
shlykovite do not co-precipitate within the same concrete, which is also
in line with the observation from synthetic systems [9].

Due to the small amounts of amorphous ASR products present in
aggregates, it is challenging to analyze identical locations by Raman
spectroscopy and SEM/EDS. Moreover, their chemical compositions
vary in the same concrete and the morphology does not show distinct
features. It is unclear whether the analyzed amorphous ASR product is a
single phase containing both K and Na, or they are mixture of K-ASR
product and Na-ASR product. Consequently, it is difficult to make a
direct link between the Raman spectra in Fig. 4 and the SEM/EDS re-
sults in Figs. 7 and 8. Only one spot of the amorphous ASR products is
captured which allows the Raman spectra of this amorphous ASR pro-
duct (labeled as “KOH/NaOH 60 °C_crack” in Fig. 4d) to be linked with

Fig. 3. Relationship between length change and mass change.
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its morphology (see Fig. 6). The Raman spectrum of this amorphous
ASR product indicates that it is similar to the synthetic ASReP1.
However, different relative intensities of the two Raman peaks at lower
wavenumber range between 600 and 700 cm−1 are observed for this
amorphous ASR product compared to the synthetic ASReP1. For the
other two amorphous ASR products formed in concrete air voids, their
Raman spectra are almost identical to that of synthetic ASR-P1 as
shown in Fig. 4d, except for the presence of some unknown impurities,
which are most likely related to calcium carbonate [9].

Based on the coherent observations between the synthetic systems
and concrete samples, recent advanced knowledge derived from syn-
thetic systems about the structure of ASR products and their formation

conditions predicted by thermodynamic modelling make it possible to
get a better understanding of ASR in concrete structures. Synthetic
systems showed that it was unlikely that K-shlykovite and Na-shlyko-
vite co-precipitate in samples with mixture of KOH/NaOH as alkali
source [9]. This is also the case in concrete immersed in the mixture of
KOH/NaOH solution at temperature of 60 and 80 °C as confirmed in the
current study. The morphological differences of ASR products formed in
concrete exposed to KOH and NaOH solutions at 80 °C were also ob-
served by others, where K-crystalline ASR product showed an elongated
plate-like morphology whereas Na-crystalline ASR product was more
isometric [33]. However, in most of published studies the alkali/Si ratio
of ASR products was expressed as (K + Na)/Si, which did not consider

Fig. 4. Comparison of the Raman spectra between synthetic ASR products and those formed in cracks of aggregates and some air voids adjacent to the ITZ of concrete
samples. The asterisk (*) indicates an unknown impurity, which is most likely related to calcium carbonate. The Raman spectra of synthetic ASR products (K-
shlykovite, ASR-P1 and Na-shlykvoite) are reproduced from the previous study [9]. Q2 refers to a central silicon atom connected to two silicon species, e.g. silicate
chains in C-S-H; Q3 refers to a central silica atom connected to three silicon species, e.g. layered silicate sheet in clay minerals.
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the difference between K- and Na-ASR products.
Typical locations of ASR products in concrete are shown in Fig. 7,

where crystalline ASR product is formed within the interior of ag-
gregates and amorphous ASR products are formed within aggregates
but adjacent to cement paste. Such distribution is commonly observed
for most of the ASR-affected concrete [7,32]. The occurrence of crys-
talline ASR products in the interior of aggregates is likely attributed to
the restricted availability of calcium from cement paste, whereas more
calcium is available for the formation of amorphous ASR products and
C-S-H close to the ITZ. Such observations match very well with the
optimum conditions for ASR formation as predicted by thermodynamic
modelling for synthetic systems [10]. Thermodynamic modelling also
predicted that C-S-H rather than ASR products is preferably formed at
very high pH due to the common ion effect [11]. This explains very well
the reported lower expansion of concrete immersed in highly con-
centrated alkali hydroxide solution than that of concrete immersed in
the corresponding alkali salt solution [5,21]. Despite that the knowl-
edge obtained from synthetic system can explain most of the observa-
tions of ASR in concrete structures, it is important to notice that K-
shlykovite, ASR-P1and Na-shlykovite are formed at 60 and 80 °C. At
lower temperatures such as ≤40 °C, two other crystalline products with
d-spacing of 12.0 and 10.8 Å form according to the observations from
synthetic samples and field concrete [27]. The amorphous products

Fig. 5. Morphology of ASR products formed in the aggregates of concrete exposed to different alkaline solutions at 60 °C (left) and 80 °C (right). The image horizontal
field width (HFW) is 41.4 μm for all images.

Fig. 6. Morphology of ASR-P1 within an aggregate adjacent to ITZ of concrete
exposed to the mixture of KOH/NaOH solution at 60 °C.
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formed at lower temperature are also different from ASR-P1 as shown
in other studies, which are more similar to calcium-silicate-hydrate (C-
S-H) [7,12,34]. Comparison and characterization of low temperature
ASR products (both crystalline and amorphous) with different types of
concrete are addressed in detail in another study [32].

4.2. Influence of alkali types on ASR expansion of concrete

Although limiting the total alkali content, which is expressed as
Na2Oeq, is practiced to reduce the ASR potential [35–37], Na2Oeq may
not always accurately define the susceptibility of cement to ASR [26]. A
previous study has shown that concrete produced with cements con-
taining a similar Na2Oeq but different K/Na ratios had similar hydroxide
concentration, however showed different ASR expansions [26]. The
present study also shows that the types of alkalis affect the expansion of
concrete as shown in Fig. 1. Similar expansion is observed between
concrete prisms exposed to KOH and mixture of KOH/NaOH solutions
during the entire testing period at 80 °C (Fig. 1a), and during the first
12 weeks at 60 °C (Fig. 1b). For these types of concrete, the same
crystalline ASR product (K-shlykovite) is formed. Higher expansion is
observed for concrete exposed to sole NaOH solution, where Na-shly-
kovite is formed. The results highlight the importance to distinguish the
impact of different alkalis on ASR performance of concrete. Moreover, it
should also be kept in mind that the role of amorphous ASR products on

the expansion of concrete remains unclear. Different chemical compo-
sitions are observed for the amorphous ASR products formed in con-
crete exposed to KOH and mixture of KOH/NaOH solutions, with more
Na-rich amorphous ASR product formed in concrete exposed to KOH/
NaOH solution. However, such difference is not reflected in their ASR
performance, probably due to their extremely low amounts or the Ca-
containing amorphous ASR products may not contribute directly on the
expansion of concrete. The impact of amorphous ASR products on ASR
performance needs more investigations in future.

In any case, most of the ASR products are formed within the crack of
aggregates, although some ASR products are also observed within few
air voids adjacent to aggregates. This observation indicates that the ASR
expansion of concrete is originated from the expansion of reactive ag-
gregates as proposed in [13]. However, the cracks also extend into
cement paste causing formation of additional C-S-H along the cracks as
shown in Fig. 9. The SEM image of the post-formed C-S-H in the crack
also shows several layers parallel to the crack direction as seen in Fig. 9.
The EDS results show that the Ca/Si ratio of the C-S-H decreases from
1.24 to 0.93 (see Table 4) as it moves away from the cement paste (see
Fig. 9), indicating that that C-S-H is accumulated perpendicular to the
cracks. The formation of additional C-S-H reveals the fact that alkali–-
silicate solution or alkali-silicate-hydrate with low viscosity is extruded
into cement paste upon initial cracking, followed by uptake of Ca from
the cement paste.

Fig. 7. SEM images on polished section containing mainly the crystalline (left) and amorphous (right) ASR products in aggregate veins of concrete exposed to sole
KOH, NaOH and mixture of KOH/NaOH solution at 60 °C. The images for concrete exposed at 80 °C are similar and thus not shown here. The image horizontal field
width (HFW) is 104 μm for all images.
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4.3. Sources of ASR expansion

Several studies have shown that crystalline ASR products (Ca/
Si ~ 0.25) formed at ≤80 °C and amorphous ASR product formed at
60–80 °C (e.g. ASR-P1: Ca/Si ~ 0.29) absorb only a limited amount of
water, similar or even less than C-S-H [9,27,30]. A high water-uptake
capacity is also not expected for Ca-rich amorphous ASR products (Ca/
Si = 0.2–0.3) formed in field concrete, as they are found to be struc-
turally similar to C-S-H [7,12]. Therefore, swelling of the Ca-rich
crystalline and amorphous ASR products (Ca/Si = 0.2–0.3) is unlikely
to be the main mechanism that causes expansion of concrete.

With limited availability of calcium due to spatial restrictions within

aggregates, low-Ca (Ca/Si < 0.02) ASR gels are expected to form in
field concrete [13,38,39]. Such ASR gels exhibit low viscosity [40,41],
which leads to their extrusion into the cement paste at the point of
cracking as indirectly evidenced in Fig. 9. This may partially explain the
observed empty pore space left behind as shown in Fig. 9 and Fig. 6.
However, cracks in field concrete are often filled with ASR products [7].
On one hand, the viscosity of the ASR gels is higher at the low tem-
perature predominating in field concrete [42,43], such that the uptake
of calcium and thus solidification of these ASR gels take place without
significant extrusion. On the other hand, dissolution of silica is en-
hanced at higher temperature under accelerated conditions, while Ca
availability remains limited, resulting in more extrusions of the low-Ca

Fig. 8. Chemical compositions (atomic ratio) of ASR products formed in concrete exposed to sole KOH, NaOH and mixture of KOH/NaOH solution at 60 and 80 °C.
The rectangles in the figures for the crystalline ASR products indicate the average range of chemical compositions of the crystalline ASR products formed in concrete
exposed at 60 °C based the parallel study [32]. The stars indicate the chemical compositions of K-shlykovite, Na-shlykovite and ASR-P1 from the previous study [10].
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ASR gels [42].
Based on Fig. 9, it can be deduced that there was an accumulation of

low-Ca ASR gels with high flowability within the aggregate. These gels
were restricted within the aggregate due to the formation of Ca-rich
ASR products at aggregate/paste interface, which seems to act as a plug
physically restraining an extrusion [41]. This semi-permeable plug does
not restrict diffusion of concrete pore solution into the aggregate en-
abling further reaction [13]. As the reaction proceeds, stress is gener-
ated within the aggregate, which subsequently causes openings of the
cracks and extrusion of the low-Ca ASR gels.

The formation of low-Ca ASR gels and the occurrence of their ex-
trusion indicate their importance for the initial cracking/expansion of
concrete. At later ages, the propagation of the cracks and expansion can
be more complicated as crystallization of ASR products may also

contribute to the crack development. Overall, the reaction kinetics, the
types of alkalis, the availability of Ca, the types of ASR products and
their physical and mechanical properties contribute to the damage of
concrete caused by ASR.

5. Conclusions

In the current study, ASR products formed in concrete exposed to
sole KOH, NaOH and mixture of KOH/NaOH solutions at high tem-
perature (60 and 80 °C) have been characterized and compared with the
ASR products synthesized at 80 °C, i.e., crystalline K- and Na-shlykovite
and amorphous ASR-P1. Based on the results and discussion, the fol-
lowing conclusions can be drawn:

(1) The majority of ASR products are formed in the vein of aggregates,
and some ASR products are formed in few air voids adjacent to the
aggregates. Raman spectra and SEM/EDS results show that K-
shlykovite and ASR-P1 are formed in concrete exposed to sole KOH
and mixture of KOH/NaOH solutions, whereas Na-shlykovite is
observed in concrete exposed to sole NaOH solution. K-shlykovite
and Na-shlykovite do not co-precipitate within the same concrete,
not even in those exposed to the mixture of KOH/NaOH solution.

(2) EDS results show an average Ca/Si ratio of 0.17–0.22 with little
variations for all crystalline ASR products independent of exposing
alkaline solutions and temperatures. In contrast, the K/Si and Na/Si
ratios vary from 0.15 to 0.40. For the amorphous ASR products,
both Ca/Si and alkalis/Si ratios show large variations. Both K and
Na are present in the amorphous ASR products. Furthermore, a
higher amount of Na is observed for the amorphous ASR products
formed in concrete exposed to Na-rich alkali solution.

(3) The types of alkalis affect the expansion of concrete, where higher
expansion is observed for concrete exposed to sole NaOH solution.
Similar expansion is observed for concrete exposed to KOH solution
and mixture of KOH/NaOH solution at the same temperature. For
these two immersion conditions, the same crystalline ASR product
(i.e. K-shlykovite) is formed in the concrete.

(4) The coherent observation between synthetic system and concrete
prisms suggest that the information obtained for the synthetic ASR
products, such as molecular structure of ASR products and the re-
action conditions, can significantly improve our understandings of
ASR in field concrete.
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Table 3
Average atomic ratios of the crystalline and amorphous ASR products formed in
concrete exposed to sole KOH, NaOH and mixture of KOH/NaOH solutions at
60 and 80 °C. Each reported data is an average of about 50 measurements from
4 to 6 locations and about 10 measurements for each location.

Ca/Si K/Si Na/Si Ca/Si K/Si Na/Si

Crystalline Amorphous

KOH_60 °C 0.21 0.27 – 0.32 0.30 0.03
±0.02 ± 0.06 – ± 0.03 ±0.05 ± 0.01

KOH_80 °C 0.17 0.18 – 0.29 0.19 0.03
±0.01 ± 0.02 – ± 0.11 ±0.03 ± 0.02

NaOH_60 °C 0.19 0.02 0.35 0.18 0.05 0.31
±0.02 ± 0.01 ±0.08 ± 0.06 ±0.02 ± 0.10

NaOH_80 °C 0.21 0.03 0.32 – – –
±0.02 ± 0.01 ±0.11 – – –

KOH/NaOH_60 °C 0.20 0.24 0.01 0.27 0.19 0.08
±0.01 ± 0.03 0.00 ± 0.02 ±0.03 ± 0.02

KOH/NaOH_80 °C 0.20 0.22 0.01 0.32 0.23 0.09
±0.02 ± 0.04 0.00 ± 0.07 ±0.02 ± 0.03

Fig. 9. C-S-H along the cracks extended into cement paste of concrete exposed
to KOH solution at 60 °C. See Table 4 for the EDS analysis from location 1 to 5.

Table 4
Atomic ratios of the C-S-H present in the cracks (see Fig. 9) extended into ce-
ment paste of concrete exposed to KOH solution at 60 °C.

Ca/Si K/Si Al/Si S/Si

#1 0.93 0.14 0.06 0.00
#2 0.93 0.07 0.05 0.01
#3 0.91 0.06 0.06 0.01
#4 1.00 0.09 0.05 0.02
#5 1.24 0.08 0.08 0.02
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impregnation of the concrete samples for SEM/EDS and for some
length/mass change measurements.
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The raw/processed data that support the findings of this study are
available from the corresponding author upon reasonable request.
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