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• Dynamic water vapor sorption of crystalline ASR products formed in ﬁeld exposed concrete shows a relatively low
mount of sorbed water
• No change of d-spacing of the three identiﬁed crystalline ASR products going from
50 to 100 % relative humidity
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a b s t r a c t
Crystalline ASR products were extracted from concrete exposed to natural environment and analyzed by scanning electron microscopy, energy-dispersive X-ray spectroscopy, Raman microscopy, X-ray diffraction and dynamic water vapor sorption. All extracted samples display similar compositions and Raman spectra. They sorb
a limited amount of water vapor between 70 and 97% relative humidity (RH), amounting to 13–25 mass-%.
Three different phases are identiﬁed, with d-spacings at low diffraction angles of 13.4, 12.3 and 10.8 Å. However,
none of the phases show a change in d-spacing going from dry (~50% RH) to moist (~100% RH) conditions, indicating that no extra water is sorbed in the interlayer. This clearly indicates that swelling of crystalline ASR products is not responsible for stress generation and concrete cracking.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction
Alkali silica reaction (ASR) leads to concrete expansion and deterioration worldwide [1]. The expansion is caused by the reaction between the
alkaline pore solution of the concrete with SiO2 in aggregates, followed by
the formation of ASR products. ASR products are ﬁrst formed at the periphery of aggregates close to the cement paste. With ongoing reaction,
they ingress as a front into the aggregates. The simultaneous stress generation may lead to aggregate cracking. Such cracks often proceed into the
cement paste with simultaneous extrusion of ASR products from the
⁎ Corresponding author.
E-mail address: andreas.leemann@empa.ch (A. Leemann).

aggregates. Recently, this sequence of reaction has been made easily observable in the scanning electron microscope (SEM) with a resolution
down to the nanometer scale by using caesium as a tracer [2]. After aggregate cracking, ASR products begin to ﬁll the cracks, again starting at the
periphery and progressing further into the aggregates. In this second
stage of the reaction, crystalline ASR products are formed. While their
chemical composition is well known [3–5], only few data on other characteristics are available. Their mechanical properties have been examined
by nano- and micro-indentation [5–7] and recently by high-pressure
X-ray diffraction analyses (XRD) [8]. Raman microscopy has shown that
crystalline ASR products formed in ﬁeld concrete of various mix designs
and types of aggregates seem to have the same structure [9]. This was
conﬁrmed by recent synchrotron-radiation-based X-ray absorption
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spectroscopy and diffraction investigations, where comparable crystalline ASR products were observed in concrete exposed to ambient
environment independent of the source of aggregates, type of cements and country of origin [10]. In several other studies XRD has
been used to characterize the crystalline ASR products formed in
concrete [11–16] with attempts to identify their structure in
[10,16]. In [16] it has been postulated that water can be incorporated
in the relatively large interlayers occupied by alkali ions. Structural
water incorporation leading to swelling is one of the possible mechanism of ASR-induced concrete cracking, which leads to severe damages of civil engineering structures. In a few studies, the dehydration
behavior of the crystalline ASR products and its consequences on
their structure have been investigated [11–14]. However, in these
studies the ASR products were dried in the oven at temperatures >50 °C,
with relative humidity (RH) in such conditions likely below 15%. This
makes the results meaningless for the conditions present in concrete in
general [17] and related to deleterious ASR in particular [18,19]. So far,
there are no data on the water vapor sorption behavior of crystalline ASR
products formed in concrete in the range meaningful for ASR (70–100%
RH). Recently, ASR products with likely the same structure as crystalline
ASR products (with d-spacing of 10.8 and 13.1 Å) formed in concrete at different temperatures have been successfully synthesized [20,21]. Both studies have shown that the absorption of water by the synthesized ASR
products formed at 40 and 80 °C does not change their interlayer spacing
and hence these products have no swelling potential. However, this conclusion has not yet been tested for crystalline ASR products formed in concrete and it is not clear, if crystalline ASR products formed in concrete can
swell by the uptake of water in the interlayer. In contrast to the crystalline
ASR products, the swelling potential of synthesized amorphous ASR products has been shown in various studies [22–24].
In this study, crystalline ASR products formed in concrete exposed to natural environment are studied using scanning electron
microscopy (SEM) with energy-dispersive X-ray spectroscopy
(EDS), Raman microscopy, XRD at dry and moist conditions and
dynamic vapor sorption (DVS).
2. Materials and methods
2.1. Materials
Samples were obtained from an abutment of a bridge built in 1969
(concrete C1) and exposed to the moderate climate of Switzerland. Samples from the same bridge were used to perform micro-indentation [5],
micro-XRD [16] and Raman microscopy [9] in previous studies. The aggregates of this concrete consist mainly of limestone containing detritic
quartz. A second concrete sample from an outdoor exposure site (concrete C2) was used. This concrete was produced with siliceous limestone
as aggregate. More details on the concrete (B1 (C + NRF)) exposed in the
Mediterranean climate of Valencia are provided in [25]. The studied samples and the applied methods with the corresponding pre-conditioning
and conditions during the tests are listed in Tables 1 and 2.
The small amounts of crystalline ASR products formed in concrete
make sample extraction very demanding. Samples for SEM imaging,
Table 1
Pre-conditioning of the samples before the tests and conditions during the tests excluding
XRD (see Table 2). Sample labeling: C: concrete; A: aggregate; P: pores.
Samples

SEM imaging
SEM/EDS
Raman
DVS
1

Pre-conditioning

Test-conditions

C1-A

C1-P

C2-A

all samples

50% RH
50 °C
50% RH
50% RH

50% RH
50 °C1
50% RH
50% RH

50% RH1
50 °C
50% RH

high vacuum
high vacuum
air
70–98% RH (C1-A)
30–98% RH (C1-P)

Data are not shown in the paper.

Raman, DVS and XRD were extracted from concrete sections using a
scalpel. The width of the exploited veins in aggregates was between
40 and 100 μm. A ﬁrst cut with an angle to the surface of about 45 degrees was made into a vein of ASR products in an aggregate. A second
cut was made along the crack at a 90 degree angle to the ﬁrst one. The
separated ASR product was carefully removed, creating a 20–40 μm
deep groove in the vein. The work was conducted using a stereomicroscope with a magniﬁcation of 40×. Such cuts were performed on several
aggregates with diameters of 20–30 mm. After exploiting a vein, the
concrete section was ground to remove the exploited area and provide
more ASR product for extraction. These steps had to be repeated several dozen times in order to supply enough material for analysis. As
visible under the polarization microscope, the collected samples
C1-A contained some impurities from the aggregates. Such impurities were roughly estimated to be in the range of few percent, usually
quartz or CaCO3, which can be embedded originally in the ASR product or derived from sample collection. As such, they were regarded
as negligible for DVS. However, these impurities are highly visible
in XRD, as they cause reﬂections with signiﬁcantly higher intensity
compared to those of crystalline ASR products, making samples C1A unsuitable for XRD. However, micro-XRD patterns have been obtained
for sample C1-A directly on the vein of aggregate without contaminations
in [16]. One sample (C2-A) was obtained from a single aggregate of concrete C2 that was nearly void of impurities, thus allowing XRD. Because
such impurities are present as inhomogenously distributed minor constituents, they may show up in one Raman or XRD measurement and not in
another.
Crystalline ASR products cannot only form in aggregates but occasionally as well in air voids adjacent to reactive aggregates. Three such
samples were collected from concrete C1. The products in the ﬁrst
pore (sample C1-P1) were dense and hard, while the products in the
second and third pores (samples C1-P2 and C1-P3) were porous and
soft. The interface between these pores and the cement paste was carefully cleaned using a scalpel and a stereomicroscope trying to eliminate
the pore ﬁlling by the cement hydrates. Between 0.5 and 4.0 mg of
material was available for analysis. Small pieces were set aside for
SEM imaging. The rest was carefully ground and used for DVS and
XRD (samples C1-P and C2-A). Samples C1-P were analyzed by
XRD before and after DVS.
The powder samples for Raman microscopy were stored at 50%
RH and 20 °C. The ones for SEM were carbon coated and stored at
the same conditions.
The samples for XRD were conditioned at ~50% RH and then ﬁlled into
glass capillaries with an outer diameter of 0.5 mm and a wall thickness of
0.01 mm. The sample ﬁlled the capillary on a length of 15–20 mm starting
from the closed tip. Samples ﬁlled in capillaries were also stored at 20 °C
and ~ 50% RH until the ﬁrst measurement. Then samples C1-P and C2-A
were conditioned at 20 °C and close to 100% RH for four weeks and measured again. For the conditioning, the capillaries were stored in a container (volume of 65 cm3) containing distilled water at the bottom.
After the second measurement, sample C2-A was conditioned at 30% RH

Table 2
Pre-conditioning of the samples before the multiple XRD analysis. RH used during XRD as
the samples were measured in a sealed capillary. Sample labeling: C: concrete; A: aggregate; P: pores.
Pre-conditioning
Samples
XRD

XRD after DVS *
1
2
3

1st
2nd
3rd
1st
2nd

C1-A
50 °C 1
–
–
–
–

Dähn et al. 2016.
Data are not shown in the paper.
Only data of C1-P3 shown in the paper.

C1-P
50% RH
100% RH3
–
50% RH
100% RH3

C2-A
50% RH
100% RH2
30% RH2
–
–
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for four weeks and measured a third time, then dried at a temperature of
40 °C and measured a fourth time. Samples C1-P1, C1-P2 and C1-P3 measured with DVS (concluded with a drying step at 0%RH and 40 °C) were
reused and measured again with XRD both in the dry state (conditioned
at ~50% RH for four weeks) and in the moist state (conditioned at close
to 100% RH for four weeks as described before).
In order to produce polished samples for EDS analysis in the SEM,
pieces of concrete C1 and C2 were cut, dried at 50 °C for 3 days, impregnated with epoxy resin, polished and coated with carbon.
2.2. Methods
SEM/EDS was performed with a FEI Quanta 650 using an acceleration voltage of 8–12 kV and a pressure of 3.5–5.0 × 10−6 Torr. EDS
was conducted with a Thermo Noran Ultra Dry 60 mm2 detector and
Pathﬁnder X-Ray Microanalysis Software. A total of about 300 EDS
point analysis were conducted in concrete C1 and C2 collecting data
from several aggregates. Images of the powder samples and broken surfaces were acquired in the secondary electron mode (SE) and images of
the polished samples in the backscattering mode (BSE). Because of the
very high speciﬁc surface area of the powder samples, there was some
charging and beam drift in spite of the coating. Therefore, some of the
SE-images were acquired using drift correction.
A VTI+ Dynamic Vapor Sorption (DVS) analyzer was used to determine the sorption isotherms. All the measurements were carried out in
N2 atmosphere at 20 ± 0.1 °C. For the pore product (C1-P samples), the
starting condition was 50% RH and the RH increased in steps to 98% RH
and next down back to lower RH (depending on the sample). The RH
was changed sequentially after reaching constant mass (when mass
change decreased below about 0.01% in 5 min). For the products obtained from the aggregates (samples C1-A), the samples were initially
conditioned at about 98% RH, hence the experiments started from 98%
RH and the RH was decreased in steps to 70% RH. At the end of all the
DVS experiments, the samples were dried at 0% RH and 40 °C. The
data are presented as relative mass change referenced to the mass at
70% RH. The data are presented in the range 70–98% RH to enable comparison between different samples and considering that this range is
relevant for the internal RH of concrete exposed to the natural environment that is high enough for ASR to develop [18,19].
A Panalytical X'Pert3 powder diffractometer operating at 40 kV
and 40 mA and equipped with Copper tube, a capillary sample holder
and a PIXcel3D detector were used for XRD. On the incident beam
side a 1/2° divergence slit, a focusing mirror, a 10 mm mask and a
1/4° anti-scatter slit, and on the diffracted beam side a 5.0 mm
anti-scatter slit and a 0.04 rad soller slit were applied. The capillary
containing the sample was rotated at four revolutions per second
and continuously scanned between 5 and 55° 2Θ for 2 h using a step
size of 0.026° 2Θ. The section of the capillary measured is about 10 mm
in length. The location where the capillary is re-measured after conditioning can vary by a few tens of μm along its length axis. First, this is caused
by variations of sample placement in the holder. Secondly, the part of the
capillary ﬁxed to the holder has sometimes to be broken off in order to remove the sample, thereby shortening the capillary. This may result in
some differences in reﬂection intensity and in the presence or lack of
impurities.
The Raman spectra were acquired using a Raman Bruker Senterra
microscope. The instrument was equipped with a Peltier-cooled CCD
detector and operated with the software Opus 6.5. The laser wavelength
with a power of 20 mW was 532 nm and the chosen lens magniﬁcation
was 50×. 10–30 spectra with a resolution of 3–5 cm−1 were collected
for each sample from the pores (C1-P) and for each of the about ten aggregates measured in concrete C1 and C2. The spectra were baseline
corrected, averaged and smoothed by a running mean of 11. The assignments of the speciﬁc Raman bands were conducted according to spectra
published on alkali-silicates, historic glasses, synthetic and natural ASRproducts [9,20,21,26–29].
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3. Results
3.1. Morphology and chemical composition
The crystalline ASR products formed in aggregates of concrete C1
and C2 are moistly tightly packed and ﬁll the cracks completely
(Figs. 1 and 2). The chemical composition of the crystalline ASR product
present in such veins is given in Table 3. The crystalline ASR product in
concrete C1 contains less Na and K compared to the one in concrete C2,
but displays a nearly identical Ca/Si-ratio.
Samples C1-P2 and C1-P3 show crystalline ASR products (Fig. 3B and
C) consisting of platelets. In sample C1-P1, only a few platelets are observed (Fig. 3A) with a structure-less material representing the main
compound. The crystalline ASR products present in an aggregate of concrete C1 (Fig. 4A) are also platelets. They show similar features as the
platelets formed in the pores (C1-P, Fig. 3A-C). The morphology of
these platelets can vary within the same aggregate, from aggregate to
aggregate and from pore to pore. The corresponding vein for analysis
consists mostly of dense material with shrinkage cracks (Fig. 4B) similar
to those in Figs. 1 and 2.
EDS analyses on powder samples can only give qualitative results, as
surface roughness inﬂuences the results. However, the points analyzed
in samples C1-P indicate a very similar composition as shown in Table 3
for the crystalline ASR products formed in aggregates.
After conducting DVS, sample C1-P1 was again studied in the SEM. In
contrast to the ﬁrst analysis, elongated platelets growing as bundles
from particles of ASR products were observed (Fig. 3D). The qualitative
EDS analyses show oxygen and sodium as constituents.
3.2. Raman spectroscopy
The Raman spectra of the crystalline ASR products formed in aggregates of concrete C1 and C2 are identical (Fig. 5, Table 4). As such, both
match the results obtained on concrete C1 and another sample from a
different concrete structure published in a previous study [13] with
band designations based on [20,21,26–29]. The major band at
1109–1111 cm−1 can be assigned to Si-O-Si stretching vibrations of
Q3-sites (Si-tetrahedra with three bridging oxygen atoms typical for a
layer structure) and the weaker band at 1024–1027 cm−1 to Si-O-Si
stretching vibrations of Q2-sites (Si-tetrahedra with two bridging oxygen atoms typical for a chain structure). The band present in the pore
samples at a position of 1085–1087 cm−1 represents the main Raman
band of calcite/aragonite, indicating some initial contaminations of
these samples. The weak band at 779–784 cm−1 is not attributable.
The weak band at 686–687 cm−1 is caused by Si-O-Si bending vibration
of Q2-sites. The intense band at 601–603 cm−1 present in all samples is

Fig. 1. Crystalline ASR product ﬁlling crack in an aggregate of concrete C1. The dotted line
indicates the vein boundaries. Horizontal ﬁeld width (HFW) = 225 μm.
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Fig. 2. Crystalline ASR product ﬁlling a crack in an aggregate of concrete C2. HFW = 166 μm.

Table 3
Composition of crystalline ASR products formed in concrete C1 and C2 with average ± standard deviation.
Elements

O
Na
[atom-%]

Al

Si

K

Ca

Ca/Si
[−]

(Na + K)/Si

Na/K

Concrete
C1
Concrete
C2

68.8
±1.2
67.3
±2.8

0.2
±0.2
0.1
±0.0

21.3
±0.8
20.9
±1.7

3.3
±0.3
4.1
±0.6

4.7
±0.3
5.0
±0.5

0.22
±0.01
0.24
±0.01

0.23
±0.02
0.31
±0.04

0.48
±0.12
0.57
±0.21

1.5
±0.3
2.3
±0.7

the measured sample (Fig. 7A). Sample C1-P3 contains aragonite as impurity. In dry conditions, the four samples show a comparable XRD pattern at values >0.2 Å−1 (< 5.0 Å). There are some minor reﬂections
between 0.14 and 0.21 Å−1 (4–8-7.1 Å) that show no correlation.
There is a reﬂection common to all four samples with sample speciﬁc intensity at 0.15 Å−1 (6.7 Å). The next reﬂection is at a slightly different
positions in all samples in the range of 0.110–0.125 Å−1 (8.0–9.1 Å).
The reﬂections below 0.10 Å−1 (10 Å) are likely representative of the
basal spacing of the crystalline ASR products and are referred to in Å
(d-spacing) according to the XRD patterns of the pure crystalline ASR
products [10–16]. Dry sample C2-A displays a d-spacing of 13.4 and
12.3 Å, C1-P1 of 12.3 and 10.8 Å, C1-P2 and C1-P3 of 10.8 Å.
In moist conditions, the reﬂection with a d-spacing of 12.3 Å in
sample C2-A disappears, while the reﬂection at 13.4 Å is still present.
In spite of re-drying at 30% RH and subsequently in the oven at 40 °C
(data not shown), the pattern remains the same. The reﬂections with
a d-spacing of 10.8 Å for the three samples C1-P do not change upon
moist conditioning. Only in sample C1-P3 a reﬂection located at 8.6 Å
shifts to 9.1 Å in moist conditions (Fig. 8). However, for the samples
reused after DVS for additional XRD measurements, the reﬂection at
10.8 Å disappears and the three samples exhibit a d-spacing of 12.3 Å
(Fig. 7B and Fig. 8). This does not change even upon moist conditioning of the samples.
4. Discussion

the result of Si-O-Si bending vibrations of Q3-sites. The current understanding of the molecular structure of Ca-containing silicates is insufﬁcient to assign the bands below 500 cm−1 caused by both complex
internal Si-O-Si vibrations and additionally by Ca-O vibrations [26–28].
Sample C1-P1 was measured again by Raman and SEM/EDS after
DVS. In some of the gained Raman spectra, a band at 1064 cm−1 appeared. This band corresponds to the position of the main band of
trona (Na2CO3‧NaHCO3‧2H2O, not shown).
3.3. Dynamic vapor sorption
The crystalline ASR products formed in aggregates of concrete C1
show a mass change from 12 to 20% upon desorption from 98% down
to 70% RH (Fig. 6A). The largest decrease occurs at RH > 90%. For sample
C1-A3, adsorption was measured as well, showing practically no hysteresis. A similar range (14% to 25%RH) applies to the adsorption between
70 and 98% RH of the crystalline ASR products formed in pores adjacent
to reacted aggregates (Fig. 6B). Also, no signiﬁcant hysteresis was found
when the pore products were tested in desorption following adsorption
(this branch is not presented here). The total water content at 70% RH
(reference point of the data presented in Fig. 6) referenced to the dry
state at 0% RH and 40 °C is between 6 and 18 mass-% for samples C1-A
and 15–21 mass-% for samples C1-P.
Note that a quite similar sorption behavior was found for all the
products studied here. The vapor sorption of the synthesized crystalline
ASR products is also in a similar range (Fig. 6B).
3.4. X-ray diffraction
The XRD results are presented in Fig. 7 as conventional 2θ CuKα
values and reciprocal d-spacing. The d-spacing of major reﬂections are
additionally indicated in Fig. 7 and given as well in the following
paragraph.
The hump at 1/d between 0.2 and 0.3 Å−1 (3.3–5.0 Å) is caused by
the capillary and its relative intensity is dependent on the intensity of

The crystalline ASR products formed in aggregates of concrete C1
(C1-A) and C2 (C2-A) show the typical morphology and composition
reported in various studies [3–5]. Moreover, their Raman spectra are
identical to the ones measured in aggregates of a wide variety of
composition and different concrete mix designs [9,30]. As such,
they can be regarded as representative for the crystalline ASR products formed in concrete aggregates. Moreover, their morphology,
chemical composition, Raman spectra, DVS and XRD patterns are
also identical to the ASR products synthesized at different temperatures [20,21], which allow identifying these crystalline ASR products in concrete samples.
The composition of the crystalline ASR products formed in voids adjacent to reacted aggregates in concrete C1 (C1-P, data not shown)
matches the one of the crystalline ASR products formed in the aggregates (see Table 3). The same applies to the morphology of the idiomorphic platelets in samples C1-P2 and C1-P3. In addition to composition
and morphology, the Raman spectra of samples C1-P are the same as
the ones of samples C1-A and C2-A, indicating the same structure. The
only difference in samples C1-P is the presence of some impurities of
CaCO3 attributable to sample collection.
The sorption of water vapor of the crystalline ASR products (C1-A,
C1-P) is limited, with values in the range of 13–25 mass-% when the
RH changes from 70 to 97% RH. They are in the same range as the
ones of the synthesized non-swelling ASR products, which all have
lower water sorption capacity compared to some synthetic C-S-H
[24,25]. Such water sorption causes no change of the d-spacing, as
discussed below in detail. Consequently, such values are supposed to
be reached solely by surface sorption, without incorporating water in
the interlayer. C-S-H as the main product of cement shows a volume
change in the range of 1.0–1.5‰ going from 70 to 98% RH [31]. Although
C-S-H is present in much larger quantities in concrete than crystalline
ASR product, this is not sufﬁcient to cause detrimental cracking of concrete at high RH. Furthermore, the lack of hysteresis is a clear indication
that only surface adsorption occurs in the case of the crystalline ASR
product. Sorption hysteresis is often observed in mesoporous materials
and it manifests in a desorption branch higher (i.e. higher water content) than the adsorption branch for RH in the intermediate range.
The hysteresis has been commonly attributed to the capillary condensation in the pores [32,33] or uptake of water into the interlayer
[31,34,35]. Another mechanism leading to hysteresis is the presence of

A. Leemann et al. / Materials and Design 195 (2020) 109066

5

Fig. 3. Morphology of the samples C1-P1 (A), C1-P2 (B) and C1-P3 (C) before DVS and XRD analyses and a particle of C1-P1 (D) after DVS. HFW of SE-images B + C = 10.4 μm
and A + D = 6.9 μm.

Fig. 4. Morphology of the crystalline ASR product formed in an aggregate of concrete C1 with sufﬁcient space to grow delicate platelets (idiomorphic, A) and tightly packed ﬁlling up all
available space (xenomorphic, B), comparable to the crystalline ASR products shown in Figs. 1 and 2. HFW = 10.4 μm.

the-so-called ink-bottle pores, i.e. larger pores accessible only through
smaller entrances. During adsorption, the ink-bottle pores ﬁll up gradually. But during desorption, the larger reservoir pores cannot be emptied
until desorption takes place in the smaller neck-entrances ﬁrst [36].
None of the aforementioned mechanisms was apparently active for
the crystalline product studied here.
As described above, d-spacings of 13.4, 12.3 and 10.8 Å are observed
in the four different samples, indicating the presence of three different
phases. Sample C2-A in the moist state and re-dried at 30% RH displays
identical basal spacing to K-shlykovite [20]. As observed there as well,
the basal spacing of K-shlykovite does not change with RH, indicating
no water absorption in the interlayer. The ﬁrst measurement of C2-A additionally shows the presence of the 12.3 Å phase. Its absence in the

other measurements can be attributed to a difference in the location analyzed along the length axis of the capillary (see chapter 2.1). Another
part of the same sample that was extracted from a single aggregate of
concrete C2 was analyzed in [10]. There, a small hump at about 13.4 Å
indicates the presence of a minor amount of shlykovite [20]. Distinct reﬂections at 12.2 and 10.6 Å show the occurrence of the two other phases
with a basal spacing of 12.3 and 10.8 Å. All three phases were likely
present in the same aggregate and due to sample inhomogeneity, they
were distributed very unevenly in the two separate samples. The occurrence of shlykovite in concrete C2 seems to be a rarity, as it was not
identiﬁed by Raman microscopy performed on the crystalline ASR products of ten different aggregates. However, its presence in concrete C2 as
the high temperature form of crystalline ASR products [20] conﬁrms
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Fig. 5. Raman spectra of crystalline ASR product formed in aggregates (C1-A and C2-A) and
pores adjacent to reactive aggregates (C1-P).

Table 4
Band positions and relative intensities in percentage of the samples studied with Raman
microscopy. Bands with relative intensities below 5% are not listed.
C1-A
[cm

C2-A

−1

1111
1087
1026
783
686
603
483
427
384
288

]

−1

[%]

[cm

100
–
20
9
11
99
33
20
6
17

1109
1089
1026
779
684
603
483
427
383
283

]

C1-P1

C1-P2

−1

−1

[%]

[cm

77
29
15
5
16
100
21
15
13
19

1109
1086
1024
782
686
602
483
427
380
289

]

[%]

[cm

97
22
23
8
11
100
34
23
7
16

1110
1085
1024
782
686
601
483
427
383
284

C1-P3
]

[%]

[cm−1]

[%]

93
47
23
10
11
100
35
23
8
17

1109
1086
1024
781
687
601
482
426
382
290

100
31
22
9
11
98
34
24
8
17

that at the exposure site in Valencia its formation is possible in naturally
exposed concrete, as already shown by Raman microscopy in [30]. In
fact, the temperature of the concrete can likely reach a value of 60 °C
or more at this exposure site due to solar radiation. Recent studies of

concrete samples exposed in the laboratory to 60 and 80 °C conﬁrm
that only shlykovite as crystalline ASR products was present at these
temperatures [37,38], supporting the conclusion that formation temperature determined the crystal structure of ASR products [20,21].
The d-values of the 10.8 Å phase match the ones of the crystalline ASR
product synthesized at 40 °C with additional major reﬂections at 9.0 and
3.0 Å, reﬂections with moderate intensity at 6.7, 3.1 and 2.9 Å and reﬂections with weak intensity at 5.1, 4.2, 3.5, 3.4 and 2.9 Å. This agreement
strongly suggests that both the natural and the synthesized phase are
identical. Additionally, crystalline ASR product formed in an aggregate
of concrete C1 was composed of the 10.8 Å phase as determined by
synchrotron-based micro-XRD in [16]. The 10.8 Å phase has been reported as well in ASR-affected concrete of two other structures [11,15].
Apart from the differences in basal spacing, some reﬂections
distinguishing the samples are likely caused by impurities like aragonite. Both 10.8 and 12.3 Å phases share the reﬂections with moderate
intensities at 8.6, 6.7, 3.6, 3.1 and 2.9 Å and weak ones at 5.0, 3.5 and
3.4 Å. Moreover, the Raman spectra obtained in concrete C1 and the
samples C1-P containing both phases are identical. The differences between the two phases seem to be restricted to the stacking manner of
their silicate-sheets, as discussed in [10]. Here, a peculiarity has to be
discussed. Samples C1-P1 and C1-P2 show only the presence of the
10.8 Å phase and sample C1-P3 additionally shows the 12.3 Å phase before DVS. After DVS, the re-measured samples show only the 12.3 Å
phase in the three samples C1-P, both at dry (50% RH) and moist
(100% RH) state. As described in chapter 2.1, the DVS measured samples
are reused for XRD. Consequently, the samples before and after DVS
were not identical, although they were taken from the same ground
bulk sample. Either, the randomly chosen sub-samples after DVS really
did not contain the 10.8 Å phase or the characteristics of the sample
were altered either during DVS or in the storage after DVS before the
second XRD analysis. The analysis of the samples C1-P after DVS by
Raman microscopy and SEM/EDS showed the occurrence of trona as
the only change. An exudation of Na is common for crystalline ASR
products formed in ﬁeld concrete and was described in [39]. There,
the presence of alkalis on the surface of polished thin sections of
epoxy impregnated concrete was observed. Comparable observation
are regularly made in our studies. Impregnated, polished and carbon
coated samples for SEM are moved from a dry cabinet to a storage
room after ﬁnishing projects. There, they are exposed to certain ﬂuctuations in RH and temperature. If such samples are re-evaluated later, exudations of Na salts are commonly observed on the polished surface
above crystalline ASR products (Fig. 9) requiring new polishing. Obviously, the epoxy can only ﬁll capillary pores during impregnation and
Na can move to the sample surface likely due to ﬂuctuation in RH. On
the sample surface, the hydrated Na ions carbonate due to exposure to

Fig. 6. Water vapor sorption of crystalline ASR products formed in aggregates (A), air voids and synthesized ASR products (B) as a function of relative humidity. For sample C1-A3
adsorption and desorption are presented. Data of crystalline ASR products synthesized at 40 (“40 °C phase) from [21] and 80 °C (shlykovite) from [20].
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Fig. 7. Powder XRD patterns of crystalline ASR products obtained from concrete C1 and C2 pre-conditioned at ~50% RH before (left) and after (right) DVS. The black triangles point out
reﬂections caused by impurities of aragonite.

Fig. 9. Exudation of Na salts (white arrows) on the surface of an impregnated, polished and
carbon coated sample of concrete C1 after exposure to air und changes in RH for 6 months.

Fig. 8. d-spacing of sample C1-P3 in dry (50% RH) and moist (100% RH) condition before
and after DVS (samples designated with “DVS”). d-spacing with reversed scale to match
pattern in Fig. 7.

CO2 forming trona. The absence of K salts on top of the crystalline ASR
products shows that it is bound stably in the crystal structure, while
Na is likely present in the interlayer, making its exudation possible.
Such a removal of hydrated Na from the interlayer may affect basal
spacing. In the case of montmorillonite, basal spacing is increased
with decreasing alkali content in the interlayer [40,41]. However, this
is entirely hypothetical for the case of crystalline ASR product and it cannot be determined at this stage, whether the 10.8 and 12.3 Å phases are
different phases or initially the same phase, with the latter altered by
exposure to RH ﬂuctuations and CO2.

Neither the 10.8 nor the 12.3 Å phase show a change in basal spacing
going from 50 to 100% RH. This was found to be the case as well for the
synthesized 10.8 Å phase [21]. Consequently, swelling due to water uptake in the interlayer of crystalline ASR products can be excluded as a
mechanism leading to concrete expansion.
Studying the dehydration behavior of crystalline ASR products by oven
drying at temperatures >50 °C and very low RH (likely <15% RH) as performed in [11–14] seems irrelevant for drawing conclusions on swelling in
the RH range present in a concrete. Still, such a treatment can result in a
change of d-spacing. The most detailed results were presented in
[10] with XRD patterns of the 12.3 Å phase dried at 50 and 110 °C
complemented by a thermogravimetric analysis. The latter showed
a distinct water loss at 83, 94 and 164 °C. The synthesized 10.8 Å
phase showed such a water loss at 110 and 210 °C [21], where its structural
change caused by drying at 110 °C or vacuum drying 0.03 ± 0.01 mbar was
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found to be reversible upon drying and wetting cycles. However, during
this process no 12.3 Å phase was formed.
5. Conclusions
Several samples obtained from ASR-affected concrete exposed to
natural environment have been collected from aggregates and voids adjacent to aggregates. They have been studied by SEM/EDS, Raman microscopy, DVS and XRD. The results allow drawing the following
conclusions:
• The similarity of composition, Raman spectra and XRD patterns of the
studied samples to the ones reported in other studies conﬁrms their
representativeness.
• Sorption of water vapor by crystalline ASR products is lower than the
one of non-swelling synthesized crystalline ASR products and synthetic C-S-H.
• The analyzed samples show the presence of three different phases
with basal spacing of 13.4, 12.3 and 10.8 Å:
- The 13.4 Å phase is identiﬁed as K-shlykovite by Raman and XRD and
clearly corresponds to the synthesized phase. As the high temperature form of crystalline ASR product, it is formed in a concrete
reaching temperatures higher than 60 °C due to solar radiation.
- The 10.8 and 12.3 Å phases have been reported before to be present
in concrete exposed to the natural environment. The 10.8 Å phase is
identical to the synthesized one, as shown here by Raman and XRD.
• There is no change in basal spacing of the 13.4, 12.3 and 10.8 Å phases
between 50 and 100% RH. This clearly indicates that they are not able
to swell by the sorption of water in the interlayer.
• Surface sorption of water vapor and water uptake in the interlayer of
the identiﬁed crystalline ASR products can be excluded as mechanisms for ASR-induced cracking of concrete.
Further research is needed on the 10.8 and 12.3 Å phases to better
understand their possible alterations due to ﬂuctuations of RH and the
simultaneous exposure to CO2.
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