
Contents lists available at ScienceDirect

Cement and Concrete Research

journal homepage: www.elsevier.com/locate/cemconres

Characterization of amorphous and crystalline ASR products formed in
concrete aggregates

Andreas Leemanna,⁎, Zhenguo Shia, Jan Lindgårdb

a Empa, Swiss Federal Laboratories for Materials Science and Technology, Dübendorf, Switzerland
b SINTEF, Trondheim, Norway

A R T I C L E I N F O

Keywords:
Concrete
Alkali-silica reaction
Shlykovite
Microstructure
Composition

A B S T R A C T

Amorphous and crystalline alkali silica reaction (ASR) products formed in aggregates of two different concrete
mixtures exposed to the concrete prim test both at 38 °C and 60 °C have been analysed by scanning electron
microscope with energy dispersive X-ray spectroscopy and by Raman microscopy. Additionally, amorphous ASR
products were synthesized and analysed with Raman microscopy and 29Si nuclear magnetic resonance.
Amorphous ASR products display a higher Na/K-ratio than crystalline ones. Both types of products display a
structure dominated by Q3-sites (Si-tetrahedra with three bridging oxygen atoms typical for a layer structure)
with a secondary amount of Q2-sites (Si-tetrahedra with two bridging oxygen atoms typical for a chain struc-
ture). Temperature in the CPT alters the structure of the crystalline ASR. While the Raman spectra of the product
formed at 38 °C is identical to the one formed in concrete structures, the one of the 60 °C product corresponds to
K-shlykovite.

1. Introduction

Concrete damages due to alkali silica reaction (ASR) occur world-
wide [1]. The expansion causing the damage is the result of the reaction
between the alkaline pore solution in concrete and reactive SiO2 in
aggregates causing the subsequent formation of ASR products. In a
recent study, the use of caesium as a tracer incorporated in ASR pro-
ducts has made it possible to follow the sequence of reaction down to
the nanometre scale [2]. The first ASR products are formed in pre-ex-
isting pores of the aggregate close to the cement paste. With ongoing
reaction, ASR products advance towards the interior of the aggregates.
This ingress goes together with a simultaneous stress generation,
eventually leading to aggregate cracking. Many of these newly formed
cracks are not restricted to the aggregates and continue into the cement
paste with the concurrent extrusion of ASR products. After the initial
crack formation, the mostly empty cracks in the aggregates start to fill
with ASR products, again advancing from the periphery of the ag-
gregate towards the interior. In contrast to the initial phase of reaction,
where the ASR products are amorphous, the second stage is char-
acterized by the formation of primarily crystalline ASR products.

The chemical composition of the crystalline ASR products formed in
aggregates was analysed in various studies [3–7]. However, only few
data are available on the differences in the composition of amorphous
and crystalline ASR products formed in aggregates. There have been

several attempts to link the structure of the crystalline ASR product to
existing minerals by comparison of XRD patterns or based on chemical
composition [5,8–10]. Recently, attempts have been made to resolve
the structure of the crystalline ASR products based on micro-XRD
measurements of concrete samples performed in a synchrotron facility
[11,12] and on powder-XRD of synthetic samples [13,14]. Additionally,
Raman microscopy has been used to characterize these crystalline ASR
products [13–16]. There are some indications that there are differences
between the crystalline ASR products formed in structures and in the
concrete prism test at 38 °C compared to the ones formed in the con-
crete prism test at 60 °C [13–15]. The latter is practically identical to
synthesized K-shlykovite [13,14]. However, such observation was made
on different concretes rather than on the same concrete mix design
tested at both temperatures. Even less is known about the amorphous
ASR products in this regard. There have been attempts to characterize
the structure of amorphous ASR products using various methods
[17–19]. However, these studies have the considerable drawback that
the samples were not obtained from the interior of concrete aggregates.
They were collected on the concrete surface of a dam, where they were
in direct contact with the cement paste and additionally exposed to
carbonation, which would likely alter their properties. A few Raman
spectra of amorphous ASR products formed in aggregates of concrete
from an ASR-affected structure were presented in Ref. [16]. A wider
data set of amorphous ASR products present in aggregates and cement
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paste of mortar bars immersed in KOH and NaOH at 80 °C was pub-
lished in Ref. [20]. However, no direct connection between Raman
spectra of the amorphous ASR products and their composition was
presented, making it impossible to improve the understanding between
structure and composition and differentiate the amorphous ASR pro-
ducts from calcium-silicate-hydrates (C-S-H).

The goal of this study is to improve the knowledge on ASR products
formed in concrete aggregates by investigating:

• the differences in chemical composition between amorphous and
crystalline ASR products;

• the variation in the chemical composition of crystalline ASR pro-
ducts formed in different aggregate particles of the same concrete;

• the structure of crystalline ASR products formed at 38 and 60 °C;

• the structure of amorphous ASR products.

To reach these goals, scanning-electron microscopy (SEM) com-
bined with energy dispersive X-ray spectroscopy (EDS) and Raman
microscopy are used to analyse ASR products formed in two different
concrete mixtures both tested with the CPT at 38 and 60 °C.
Additionally, Raman spectra are obtained from amorphous ASR pro-
ducts formed in aggregates of field-exposed concrete and from syn-
thesized amorphous ASR products. Moreover, 29Si nuclear magnetic
resonance (29Si MAS NMR) is performed on two samples of synthesized
ASR products.

2. Materials and methods

2.1. Materials

Concrete C1 and C2 were produced with a cement content of
440 kg/m3 and a w/c of 0.45. The Na2O-equivalent of the cement was
1.26 mass-%. Cement composition is given in Table 1. For concrete C1,
the aggregate used was a natural gravel with low reactivity, mainly
consisting of granite and feldspatic rocks. The aggregate employed to
produce concrete C2 was a medium reactive natural gravel, consisting
of various rock types with about 25% of potential reactive rock types
(sandstone, mylonite/cataclasite, siltstone/silt-claystone/meta-marl).
Three prisms (100 × 100 × 450 mm3) of both concrete mixtures were
produced for the Norwegian concrete prism test at 38 °C [21] and three
prisms (70 × 70 × 280 mm3) for the concrete prism test at 60 °C [22].
The expansion determined in the tests and on field-exposed cubes
(300 × 300 × 300 mm3) are shown in Table 2. The field-exposed
samples were not available for analysis, because they are still used to
measure the ongoing expansion.

Samples of all concrete mixtures were cut after the CPT and loca-
tions of interest were identified. Areas close to the surface of the sam-
ples were discarded, as they may have been affected by alkali leaching
[26] or carbonation. The samples for backscattering images SEM-ima-
ging and EDS were dried for three days at 50 °C, impregnated with
epoxy resin, polished and carbon coated.

Samples for Raman microscopy and SE-imaging in the SEM were
separated from cut concrete sections using chisel and hammer. After
isolating aggregates containing cracks with ASR products, they were
split along these cracks. Samples for Raman were stored in a dry cabinet
and samples for SEM were dried at 50 °C for a day and then carbon
coated. Due to the small amount of ASR products present in concrete
C1–38, it was not possible to perform a Raman analysis.

As concrete C1 and C2 stored outdoors (Table 2) were not available

for analysis, two concrete mixtures containing silicate aggregates (C-S1
and C-N1) comparable the ones in concrete C1 and C2 were used to
obtain Raman spectra of amorphous ASR products. The spectra were
compare to the ones obtained in the samples tested with the CPT. Cubes
produced with these concrete mixtures were stored for 13 years at an
outdoor exposure site in Valencia within the framework of the
PARTNER project [23]. Expansion data is given in Table 2.

Additionally, amorphous ASR products were synthesized by adding
Ca(OH)2 to saturated alkali silicate solution. The alkali silicate solution
was produced by adding 90 g/l of silica gel (Fluka Silica Gel 40) to a
0.75 M solution of NaOH and KOH (molar Na/K-ratio = 1). Four dif-
ferent amounts of Ca(OH)2 suspended in 5 ml of distilled water were
added to 25 ml saturated alkali silicate solution under constant stirring
at 20 °C. The stirring was stopped when gelation occurred. The samples
were stored for three weeks at 20 °C before washing them with iso-
propanol to wash out excess alkalis. The samples were dried under
vacuum 0.03 ± 0.01 mbar for 3 days. This drying technique prevents
carbonation. Raman spectra were acquired immediately after drying.
Additionally, XRD analysis showed that no crystalline phases were
present in the synthetic gels (data not shown). An influence of carbo-
nates on the Raman spectra can therefore be excluded.

In order to be able to link the Raman spectra of the amorphous
products formed in aggregates to a specific chemical composition,
analysis was performed by EDS at the location of spectra acquisition.
EDS analysis on broken surfaces is influenced by surface roughness and
inclination. Therefore, the composition of the amorphous products has
to be regarded as indicative and therefore, only the ratios are given
(Table 3). The composition of the synthetic gels was measured on im-
pregnated and polished samples by EDS showing a Ca/Si-ratio of 0.07,
0.17, 0.27 and 0.33 for the four samples (Table 3).

2.2. Methods

For the analysis of the polished concrete samples a Nova NanoSEM
230 FEI was used. It was run in the high vacuum mode
(3.0–5.0 × 10−6 Torr) with an acceleration voltage of 12 kV, a spot size
of 4.5 and a beam current of 90–100 μA. An Qxford SSD detector
(80 mm2) and INCA Energy software with ZAF correction were used for
the EDS analysis. All other samples were analysed with a FEI Quanta
650. An acceleration voltage of 8–12 kV, a spot size from 3.0–4.5 and a
pressure of 3.0–5.0 × 10−6 Torr were applied depending on the de-
tector used (back-scattering electron (BSE) or secondary electron (SE)
detector). Chemical analysis was performed by energy-dispersive X-ray
spectroscopy (EDS) with a Thermo Noran Ultra Dry 60 mm2 detector

Table 1
Cement composition in mass-%.

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

CEM I 42.5 19.6 4.9 3.3 0.1 0.3 0.2 61.9 2.5 1.2 0.45 3.6 1.6 0.4

Table 2
Expansion of the different concrete mixtures.

CPT 38 °C CPT 60 °C Natural exposure

Concrete C1 C1–38:
0.12%/110 weeks

C1–60:
0.40%/155 weeks

0.01%/9 yearsa

−0.01%/8 yearsb

Concrete C2 C2–38:
0.23%/110 weeks

C2–60:
0.29%/150 weeks

0.04%/9 yearsa

0.16%/8 yearsb

Concrete C-N1 0.32%/52 weeksc 0.20%/20 weeksc 0.68%/13 yearsd

Concrete C-S1 0.05%/52 weeksc 0.05%/20 weeksc 0.12%/13 yearsd

a Exposed at SINTEF's field exposure site in Trondheim, Norway.
b Exposed at LNEC's field exposure site in Lisbon, Portugal.
c Data from Ref. [23].
d Exposed at PARTNER field exposure site in Valencia, Spain. Data from Refs.

[24,25].
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and Pathfinder X-Ray Microanalysis Software. For the polished samples,
a BSE detector was used in combination with EDS and for the broken
samples the SE detector was deployed to acquire images. About 2400
points were analysed with EDS in concrete C1 and C2. The elemental
ratios given in the paper always refer to atomic percentages.

A Raman Bruker Senterra microscope was used for spectra acqui-
sition. The laser wavelength was 532 nm, operating power 20 mW and
lens magnification 50×. The instrument was equipped with a Peltier-
cooled CCD detector and operated with Opus 6.5 software. 20–40
spectra with a resolution of 3–5 cm−1 were collected per sample. The
spectra were baseline corrected, averaged and smoothed by a running
mean of 11. The designation of the specific Raman bands is based on
spectra published on alkali-silicates, historic glasses, silicate glasses and
melts. These publications are listed in Refs. [13,16] with the most im-
portant ones being [27–32].

A Bruker AVANCE III NMR spectrometer was employed for 29Si MAS
NMR measurements using a 7 mm CP/MAS probe at 79.5 MHz. The
same parameters as in Refs. [13,14] were applied. The 29Si NMR che-
mical shifts were externally referenced to tetramethylsilane (TMS) at
0.0 ppm.

3. Results

3.1. ASR products formed in concrete

3.1.1. Allocation of amorphous and crystalline ASR products
ASR products are present as thin layers often reaching sub-micro-

metre thickness between adjacent mineral grains, as described in detail
in Ref. [2]. In spite of the small volumes present, which limit the pos-
sibilities to analyse the products, the lack of texture indicates that they
are amorphous. After crack formation, all concrete mixtures display the
typical distribution of amorphous and crystalline products. The amor-
phous ASR products in the aggregates are typically present as a plug
close to the interface and entirely fill the cracks. Additionally, they form
thin linings with a thickness of a few micrometres along the crack walls
that extend several hundred micrometres into the interior of the ag-
gregates. Here, they typically occur together with crystalline ASR pro-
ducts that start to fill the cracks advancing from the periphery of the
aggregate towards the interior (Fig. 1). Still the majority of the cracks in
the aggregates are filled only in part with ASR products. In contrast to
this situation, the cracks in the cement paste are usually completely
filled with amorphous ASR products that have extruded the aggregates
simultaneously to crack formation [2]. Some aggregates do not develop
a major crack with a width of several tens of micrometres progressing
into the cement paste, but they form multiple cracks with a width<
10 μm. As these cracks do not extend into the cement paste, the ex-
truding amorphous ASR products fills pores in the interfacial transition
zone. This situation appears to occur more frequently in the concrete
tested at 60 °C compared to the one tested at 38 °C.

3.1.2. Chemical composition of ASR products
3.1.2.1. Differences in composition between amorphous and crystalline ASR
products. A distinction has to be made between the amorphous ASR
products present in the aggregates and the ones extruding into the
cement paste. The former displays a Ca/Si-ratio of ~0.24 and a
(Na + K)/Si-ratio of ~0.28 (Table 4). Other elements like Mg, Al and
Fe are only present as traces. The ASR products in the cement paste on
the other hand take up calcium, leading to an increased Ca/Si-ratio
of> 0.4 [3–6,16]. The Ca uptake usually goes together with a decrease
of the alkali content. The zone in a crack filled with these types of
products, where such increase in Ca/Si ratio occurs, changes from
aggregate to aggregate. Sometimes, the increase starts when the
amorphous ASR product has progressed into the cement paste for
30–40 μm. Sometimes, the zone of increased Ca/Si-ratio already starts
in the aggregates. However, the maximum depth (distance from the
surface of the aggregate) of increased Ca/Si-ratio in the studied
aggregates was never> 30 μm. For the comparison with the
crystalline ASR products, only amorphous ASR products in the
aggregates with a distance to their surface> 30 μm were taken into
account.

The amorphous ASR products show a slightly larger variation in the
Ca/Si-ratio than the crystalline one, with slightly higher average values
(Table 4, Fig. 2). Additionally, their alkali content is higher compared
to the crystalline ones. However, the most prominent difference is the
Na/K-ratio, with considerably higher values for the amorphous pro-
ducts (Fig. 3).

3.1.2.2. Variations in the composition of crystalline ASR products. There is
some variation in the composition of the crystalline ASR products
formed in the different aggregate particles. These differences are easily
visible in ratio-plots (Figs. 4 and 5). In concrete C1–38, Ca/Si-ratio and
(Na + K)/Si of different aggregates vary between 0.19–0.25 and
0.18–0.27, respectively. While the variations are in an identical range
for the (Na + K)/Si-ratio in concrete C1–60, the variation of the Ca/Si-
ratio is smaller with 0.20–0.22. The same applies to the ASR products
formed in the aggregate particles of concrete C2: identical variation in
the (Na + K)-ratio and smaller variation of the Ca/Si-ratio in concrete
C2–60. In both concrete mixtures the average values for the Ca/Si-ratio
are slightly lower and the average (Na + K)/Si-ratio slightly higher at a
testing temperature of 60°compared to 38 °C.

Table 3
Approximate ratios of the amorphous ASR products formed in concrete ag-
gregates and synthesized amorphous ASR products analysed with Raman mi-
croscopy. “Distance to ITZ” refers to the distance between the surface of the
aggregate to the location of Raman spectra acquisition in the aggregate.

Sample Ca/Si (Na + K)/Si Na/K Distance to ITZ [μm]

C2–38 0.29 0.40 0.62 180
C2–38 0.31 0.47 0.77 100
C-N1 0.30 0.36 0.74 150
C-S1 0.20 0.45 1.41 140
Syn-0.07 0.07 0.26 1.20 –
Syn-0.17 0.17 0.33 1.26 –
Syn-0.27 0.27 0.41 1.11 –
Syn-0.33 0.33 0.36 1.33 –

Fig. 1. Amorphous and crystalline ASR products in a cracked aggregate in
concrete C1–60. Dotted line indicates boundary between amorphous and
crystalline products. Interface to the cement paste at a distance of ~30 μm from
upper left corner of image. HFW = 186 μm.
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Table 4
Chemical composition of amorphous and crystalline ASR products formed in aggregates of the different concrete mixtures (am = amorphous, cry = crystalline).
Mean values with standard deviations.

Samples Type O Na Mg Al Si S K Ca Fe Ca/Si (Na + K)/Si Na/K

[atom-%] [−]

C1–38 am 68.6 1.4 0.0 0.4 20.9 0.0 3.2 5.3 0.1 0.26 0.22 0.46
± 2.0 ± 0.5 ± 0.1 ± 0.6 ± 1.3 ± 0.1 ± 0.8 ± 0.6 ± 0.4 ± 0.03 ± 0.06 ± 0.21

cry 69.5 0.8 0.0 0.2 21.2 0.0 3.6 4.5 0.0 0.21 0.21 0.27
± 2.3 ± 0.7 ± 0.1 ± 0.3 ± 1.8 ± 0.1 ± 0.9 ± 0.7 ± 0.3 ± 0.03 ± 0.05 ± 0.25

C1–60 am 69.0 2.8 0.0 0.0 19.4 0.0 3.7 4.5 0.5 0.23 0.34 0.76
± 1.3 ± 0.6 ± 0.1 ± 0.1 ± 0.7 ± 0.1 ± 0.4 ± 0.8 ± 0.3 ± 0.04 ± 0.04 ± 0.13

cry 69.7 0.5 0.0 0.0 20.7 0.0 4.5 4.4 0.1 0.21 0.24 0.10
± 2.4 ± 0.3 ± 0.1 ± 0.3 ± 1.6 ± 0.1 ± 0.8 ± 0.6 ± 0.3 ± 0.02 ± 0.05 ± 0.08

C2–38 am 71.2 0.8 0.0 0.0 19.9 0.0 3.6 4.5 0.0 0.25 0.26 0.61
± 2.0 ± 0.8 ± 0.1 ± 0.5 ± 1.9 ± 0.1 ± 0.6 ± 1.0 ± 0.3 ± 0.06 ± 0.07 ± 0.23

cry 71.2 0.8 0.0 0.0 19.9 0.0 3.6 4.5 0.0 0.23 0.22 0.22
± 2.7 ± 0.4 ± 0.1 ± 0.2 ± 1.8 ± 0.1 ± 0.7 ± 0.7 ± 0.3 ± 0.03 ± 0.04 ± 0.11

C2–60 am 69.8 2.0 0.0 0.1 19.9 0.0 3.4 4.3 0.3 0.22 0.28 0.71
± 1.5 ± 1.2 ± 0.2 ± 0.3 ± 1.5 ± 0.1 ± 1.0 ± 0.7 ± 0.5 ± 0.04 ± 0.05 ± 0.47

cry 69.2 0.4 0.0 0.0 21.2 0.0 4.5 4.6 0.1 0.22 0.23 0.11
± 2.3 ± 0.3 ± 0.1 ± 0.1 ± 1.7 ± 0.1 ± 0.8 ± 0.6 ± 0.3 ± 0.02 ± 0.04 ± 0.07
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3.1.3. Morphology of the crystalline ASR products
Usually, crystalline ASR products formed in aggregates are tightly

packed (Fig. 6). The small gaps between the platy mineral bundles are
the result of drying before epoxy impregnation. In some locations along
the split aggregate particles, crystals were able to grow in space without
restraint, thereby showing their idiomorphic form (Fig. 7). All the
studied samples, including the one of a bridge used as reference, show
thin platelets. The ones formed in the reference and in concrete C2–38
are isometric (Fig. 7A and C). The platelets formed in concrete C1–60
and C2–60 are more elongated (Fig. 7B and D).

3.1.4. Raman microscopy
3.1.4.1. Amorphous ASR products. No meaningful Raman spectra of
amorphous ASR products were obtainable in concrete C1–38, C1–60
and C2–60. The measured spectra were always a mixture between

signals of amorphous and crystalline ASR products, making the
identification of the distinct bands of the amorphous products
impossible. However, Raman spectra of amorphous ASR products in
several aggregates of concrete C2–38 were obtained. All spectra were
collected at a distance to the interface with the cement paste> 100 μm

Fig. 6. Tightly packed crystalline ASR product formed in an aggregate particle
of concrete C2–38. Note the thin layers of amorphous ASR products lining the
crack walls (white arrows). Distance to the surface of the aggregate ≈ 2.0 mm.
HFW = 83 μm.

Fig. 7. Crystalline ASR product formed in aggregate particles: concrete of a bridge (A), concrete C1–60 (B), C2–38 (C) and C2–60 (D). HFW = 15.9 μm (A) and
20.7 μm (B, C, D).
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to avoid the impact of calcium uptake from the cement paste on the
ASR products in the post-cracking state, which can reach a depth of up
to 30 μm.

The Raman spectra of the amorphous products display always the
same pattern. In the range of the bending vibrations there are two
distinct bands at ~600 cm−1 and another stronger one at ~650 cm−1

(Fig. 8). The first band is clearly attributable to Q3-sites and the second
one to Q2-sites. The exact band positions and intensities of the spectra
shown in Fig. 8 are given in Table 5. There is a weak band at
~790 cm−1 that is not attributable. The weak band at ~900 cm−1 is
likely caused by Q1-sites. The major band in the stretching vibration
range is located at ~1080 cm−1 and is typical for Q3-sites. The hump in
the incline of this band at 1020–1030 cm−1 must be caused by Q2-sites,
but its intensity is too low to create a distinct band. The Raman spectra
collected from concrete C-S1 and C-N1 display exactly the same char-
acteristics (Fig. 8). The various bands below 550 cm−1 present in all
samples are caused by the presence of different silicates on which the
amorphous ASR products were deposited in the studied aggregates.

In order to provide a link between Raman spectra and chemical
composition, EDS analysis was performed on the same locations from
which the spectra in Fig. 8 were collected. However, as surface in-
clination and roughness may influence the EDS analysis, the de-
termined compositions have to be regarded as indicative and are
therefore only given as ratios (Table 3). However, these determined
values match the ones measured on polished samples very well (Tables
3 and 4). Only in the case of concrete C-S1, an unusually high Na/K-
ratio is observed.

3.1.4.2. Crystalline ASR products. The Raman spectra obtained from the
crystalline ASR products in aggregates of concrete C1–60 are identical
to the ones in concrete C2–60 (Fig. 9, Table 6) and both resemble the
Raman spectra of K-shlykovite [13]. However, they are different from
the spectra obtained in concrete C2–38. While the intense band of Si-O-
Si bending vibrations attributable to Q3-sites at about 600 cm−1 (Si-
tetrahedra with three bridging oxygen atoms corresponding to sheets/
layers) is nearly at the same position in the studied concrete mixtures
tested at 38 and 60 °C, the band of Q3-sites in the Si-O-Si stretching
vibration range differs substantially. In concrete C2–60 it is located at
1087 cm−1 with a relative intensity of 32%, while it is located at
1110 cm−1 with a relative intensity of 100% in concrete C2–38. The
band located between 1021 and 1026 cm−1 is attributable to Si-O-Si
stretching vibration of Q2-sites (Si-tetrahedra with two bridging oxygen
atoms corresponding to a chain structure) and is very similar in all
concrete mixtures. The Raman spectra of the crystalline ASR products
in concrete C2–38 are identical to the ones obtained in concrete from
civil engineering structures [15,16] and to ASR product synthesized at
40 °C [14].

3.2. Synthesized amorphous ASR products

3.2.1. Raman microscopy
The Raman spectra of the synthesized amorphous ASR products

show a characteristic trend with increasing Ca/Si-ratio. In the bending

Table 5
Position and relative intensity of the Raman bands of the amorphous ASR products formed in concrete aggregates and of synthetic ASR products with different Ca/Si-
ratios.

C2–38 C2–38 C-N1 C-S1 Syn-0.07 Syn-0.17 Syn-0.27 Syn-0.33

[cm−1]

1080 (60) 1078 (100) 1077 (56) 1076 (100) 1079 (92) 1080 (97) 1080 (88) 1079 (75)
– – – – 910 (19) 911 (15) 924 (20) 930 (34)
– – – – 779 (9) 779 (8) 778 (5) 778 (5)
658 (100) 658 (79) 657 (100) 656 (64) 652 (64) 652 (100) 651 (100) 650 (100)
604 (56) 606 (37) 607 (61) 606 (38) 571 (100) 597 (98) 606 (74) 606 (59)
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Fig. 9. Raman spectra of crystalline ASR products formed in aggregate particles
concrete C1 and C2 tested at 38 and 60 °C. Spectrum of K-shlykovite from Ref.
[13], see Section 3.1.4.2.

Table 6
Position and relative intensity of the Raman bands obtained from the two dif-
ferent types of crystalline ASR products formed in the CPT at 38 and 60 °C.
Spectrum “Ref” obtained in a concrete from a bridge [16]. Spectrum “40 °C
product” from crystalline product synthesized at 40 °C [14] and spectrum “K-
shlykovite” from product synthesized at 80 °C [13].

C2–38 Ref “40 °C
product”

C1–60 C2–60 K-shlykovite

[cm−1] [cm−1]

1110 (100) 1110
(100)

1110 (80) – – –

– – 1087 (17) 1087 (30) 1087 (32) 1088 (26)
1025 (26) 1025

(23)
1021 (13) 1020 (15) 1020 (14) 1020 (11)

783 (7) 783 (6) 782 (7)
687 (8) 688 (7) 677 (12) 676 (15) 676 (12) 676 (21)
602 (93) 602 (90) 603 (100) 596 (100) 596 (100) –
– – – 596 (100) 596 (100) 595 (100)
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vibration range, the dominant band at 571 cm−1 and the less intense
band at 652 cm−1 change their relative intensities with increasing Ca/
Si-ratio from 0.07 to 0.33 (Fig. 10). At a Ca/Si-ratio of 0.17, their in-
tensity is about equal, while at higher Ca/Si-ratio the band at 650 cm−1

becomes dominant. Moreover, there is an increase in Raman shift of the
lower band from 570 to 600 cm−1: The band with the lower value can
be assigned to Q3-sites and the band at 650 cm−1 to Q2-sites. A non-
attributable band with low intensity is present at 790 cm−1. The weak
band in the stretching vibration range at 900 cm−1 present in samples
Syn-0.07 and Syn-0.17 displays an increasing intensity and a shift to
higher values going to sample Syn-0.33. It is in the typical range of Q1-
sites. The dominant band in the stretching vibration range is located at
1080 cm−1 with a hump in the incline at 1020–1040 cm−1. The first is
assignable to Q3-sites and the hump to Q2-sites.

3.2.2. NMR
The 29Si MAS NMR spectra of two selected synthetic amorphous

ASR products are shown in Fig. 11. The spectrum of a crystalline ASR
product synthesized at 40 °C (same to that formed in C2–38) from the
previous study is used as reference for identification of different types
of Si-tetrahedra in ASR products [14]. In contrast to the 29Si NMR
spectrum of the crystalline ASR product, which is dominated by Q3-site
of different Si-tetrahedra around −92.5 ppm and −96.5 ppm, the
spectra of the amorphous ASR products are dominated by both Q3 and
Q2-sites. Their relative intensity differs depending on the Ca/Si ratio of
the reaction products, where the higher Ca/Si ratio for the sample Syn-
0.27 leads to higher intensity of Q2-sites. In addition to Q2 and Q3-sites,
a trace of Q1-site is also observed for the Syn-0.27, which is in line with
the Raman spectra of the Ca-rich samples as shown in Fig. 10. Some
more polymerized Q3 site (around−105 ppm) and traces of Q4-sites are
observed for the Syn-0.07 sample, which indicate that the reaction of
amorphous silica is incomplete due to the extremely low amount of
calcium.

4. Discussion

4.1. Chemical composition

The main difference between the amorphous and the crystalline
ASR products is their Na/K-ratio with higher values for the amorphous
product. The ratio in the amorphous products varies between 0.46
(C1–38) to 0.76 (C1–60) with an average for the four concrete mixtures
of 0.64. This is slightly above the Na/K-ratio of the cement, which is
0.57. The Na/K-ratio in the pore solution of mortars containing reactive
aggregates changes during the first weeks of hydration: it increases with
increasing hydration time [33–35]. After 12 weeks it reaches a value
that roughly corresponds to the Na/K-ratio of the cement and stays
approximately stable at least until 20 weeks. As the amorphous pro-
ducts form first and already cause expansion in the concrete prism test
after a few weeks, there seems to be a preference for binding sodium
over potassium. A possible explanation for this preference is the sol-gel
process. The alkali and hydroxide ions cause the dissolution of SiO2 in
the aggregate. The tendency of the sol to precipitate depends on whe-
ther the solution is oversaturated with respect to the solid. The sa-
turation index of alkali-silicates strongly depends on the concentration
of calcium [36–38]. Calcium diffuses into the aggregate leading to su-
persaturation and the formation of ASR products. The gelation time of a
sodium-silicate sol in the presence of calcium is faster than the one of a
potassium-silicate sol [39]. Consequently, a preference for the binding
of sodium can result. This is confirmed by the Na/K-ratio of the syn-
thesized gels (Table 3). Although, Na/K-ratio of the solution was 1.0,
sodium concentration in the gels is higher compared to potassium.

The Na/K-ratio of the crystalline ASR products on the other hand
displays a lower value than the one of the cement, indicating a pre-
ference for potassium binding. Here, the experience of synthesizing
crystalline ASR products is helpful. In the synthesis at 80 °C only the use
of NaOH, KOH and a mixture of NaOH/KOH with a molar ratio of 0.16
resulted in the formation of pure Na- or K-shlykovite after a storage of
80 days [13]. Using different NaOH/KOH-ratio lead to the formation of
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Fig. 10. Raman spectra of the synthesized amorphous ASR products and a
spectrum of concrete C-N1 for comparison.

Fig. 11. 29Si MAS NMR spectra of synthetic amorphous ASR products. The data
for Syn-40 °C (crystalline ASR product synthesized at 40 °C) is reproduced from
a previous study [14].

A. Leemann, et al. Cement and Concrete Research 137 (2020) 106190

7



amorphous products only. In a parallel study to this one, the immersion
of concrete sample into 1 M solutions of NaOH, KOH and KOH/NaOH
(molar ratio of 1.0) at 80 °C resulted in the formation of either Na- or K-
shlykovite but no intermediate composition [40]. In the synthesis at
40 °C, only the pure potassium system resulted in the formation of
crystalline ASR products after a storage time between 160 and 210 days
[14]. This indicates that the formation kinetics of crystalline ASR pro-
ducts are faster in either pure Na- or K-systems and crystalline ASR
products are formed faster in the K-system at least at 40 °C. This could
be a possible explanation for a higher potassium content in the crys-
talline ASR products than would be expected from cement composition.

There is a certain variation in the composition of crystalline ASR
products formed in different aggregate particles of concrete C1–38 and
C2–38, but the compositions are very close. Possible causes of the ob-
served differences may be attributable to alkali leaching from feldspars
present in the aggregate particles. ASR products formed in concrete
C1–60 and C2–60 display a slightly higher average alkali content than
their counterparts tested at 38 °C ((Na + K)/Si-ratio of 0.24 to 0.21 in
both concrete mixtures). This seems to be reasonable, as K and Na
concentration in the pore solution increase with increasing tempera-
ture, both in pure PC systems and systems blended with fly ash [41,42]
and the composition of the pore solution affects the composition of ASR
products [33,35]. As Ca concentration in the pore solution decreases
with increasing alkali concentration, the lower Ca/Si-ratio of the ASR
products formed at the 60 °C could be attributable to this effect.
However, both the differences in composition from aggregate to ag-
gregate and the difference between the composition at 38 and 60 °C are
well within the variability of single point measurements, as indicated
by the bars in Figs. 4 and 5.

The composition of the ASR products as determined is in line with
other studies where a comparable approach of analysis was chosen
[3–7,11,16,35]. This applies to ASR products formed in aggregates of
both concrete structures and laboratory concrete tested with the CPT.

4.2. Raman microscopy and NMR

The analysed amorphous ASR products in the concrete mixtures are
located at a distance to the ITZ ≥ 100 μm (Table 3). Moreover, their
chemical composition is in line with the one of the amorphous ASR
products formed further in the interior of aggregates (Table 3, Figs. 2
and 3). As such, the Raman spectra of the amorphous ASR products and
the deduction in regard to their structure can be regarded as re-
presentative for the initial products formed, which lead to the cracking
of aggregates and the initiation of concrete damage.

The amorphous ASR products result in broader Raman bands com-
pared to the crystalline ASR products, indicating a less well-defined
structure. In spite of this, the Raman spectra clearly indicate a similarity
between these two types of products. Spectra from both are dominated
by bands attributable to Q2- and Q3-sites. However, the relative in-
tensities in the bending vibration range differ significantly. At a similar
Ca/Si-ratio the amorphous ASR products show an intense band of Q2-
sites (656–658 cm−1) and a slightly weaker band of Q3-sites
(604–607 cm−1). In the crystalline product, the relative intensities are
inverse with the band of Q3-sites one order of magnitude more intense
than band of Q2-sites. However, the relative intensities of the bands
attributable to Q2- and Q3-sites in the stretching vibration range seem to
be similar in both types of products, although the band of the Q2-sites in
the case of the amorphous product is present as hump only (Fig. 10).

The location of the bands in the amorphous ASR products and their
assignments are in agreement with the data of synthesized ASR pro-
ducts with comparable Ca/Si-ratio published in Ref. [32]. Although the
Raman spectra are very similar to some published in Ref. [20], no direct
relation can be made to the specific chemical composition at the loca-
tion of spectra acquisition, as these data are not provided.

The analysis of the synthesized amorphous ASR products with 29Si
MAS NMR (Fig. 11) confirms the designation of the Raman bands to Q2-

and Q3-sites (Fig. 10). Both Raman spectra and 29Si NMR spectra show
reduced intensity of Q3-site and increased intensity of Q2-site with in-
creasing the calcium content of the samples. Moreover, the results in
Fig. 10 show that the Raman spectra of the amorphous ASR product
formed in concrete C-N1 is more similar to the spectrum of the Syn-
0.27. At the same time, 29Si NMR spectra indicate that Syn-0.27 is most
likely not a pure phase, instead it is mixture of Q3-dominated ASR
product and Q2-dominated C-S-H phase. Comparison of the 29Si NMR
spectra between Syn-0.07 and Syn-0.27 helps to reveal the reaction
sequence of ASR: amorphous silica is first dissolved by the alkaline
solution and subsequently depolymerized from Q4 (−110 ppm) to Q3

(−105 ppm)-sites of Si-tetrahedra. In presence of calcium, this pre-
liminary Q3-site is further depolymerized to form amorphous ASR
product, which is dominated by Q3-site with less chemical shielding
(−93.5 ppm). Such depolymerization occurs further in presence of
excess amount of Ca followed by formation of C-S-H. This explains very
well the observation that the Ca/Si ratio of the amorphous ASR pro-
ducts is more scattered than that of crystalline ASR product formed in
concrete samples as shown in Figs. 2 and 3. The conversion of amor-
phous silica to ASR products and further to C-S-H with increasing Ca
content was also confirmed by thermodynamic modelling in a recent
study [38].

Amorphous ASR products are clearly different to C-S-H as a com-
parison with published Raman spectra of C-S-H shows [13,28]. C-S-H
contains no band attributable to Q3-sites in the bending vibration range
and only a minor such band in the stretching vibration range. The bands
attributable to Q2-sites dominate the Raman spectra. Still, the in-
creasing relative intensity of the band attributable to Q2-sites (bending
vibration range) with increasing Ca/Si-ratio of the synthesized ASR
products and its shift to higher wave numbers indicates a certain si-
milarity of the amorphous ASR product to C-S-H. Such a shift can be
seen as well in the amorphous ASR product extruded into the cement
paste [16]. This is also observable in synthetic systems where ASR
products were transformed to C-S-H at high Ca/Si ratio [33]. Moreover,
micro X-ray absorption spectroscopy indicates a comparable chemical
environment of calcium and potassium in both amorphous ASR pro-
ducts and C-S-H with a Ca/Si between 0.35 and 0.60 [12].

Although the composition of ASR products formed at 38 and 60 °C is
very similar, Raman microscopy proves that the crystalline ASR pro-
ducts formed at 60 °C have a different crystal structure than the ASR
products formed at 38 °C. The latter are identical to the ones formed in
concrete structures [16] and similar to the ones of ASR products syn-
thesized at 40 °C [14]. The ASR products formed in the concrete prism
test at 60 °C on the other hand are nearly identical to the K-shlykovite
synthesized at 80 °C [13]. This dependence of the type of crystalline
ASR products on temperature has already been described for concrete
produced with different aggregates [15] and for ASR products synthe-
sized at different temperatures [13,14]. However, here the same con-
crete mix designs have been used at 38 °C and 60 °C, indicating that the
aggregate type has no influence and confirming recent findings [15,24].
Therefore, the type of product formed is clearly an effect of tempera-
ture. In general, the temperature of concrete in structures is not ex-
pected to exceed 60 °C. However, when exposed to intense solar ra-
diation in warm climates, concrete temperature close to the surface can
reach up to 60 °C [43–45]. As a result, shlykovite may form in concrete
exposed to such conditions. This is confirmed in concrete cubes exposed
to natural conditions in Valencia on a roof top, where K-shlykovite has
been identified [24]. However, it is present in minor quantities only and
the majority of the crystalline product formed corresponds to the one
formed in concrete structures and the concrete prism test at 38 °C.

Raman spectra, 29Si NMR and powder X-ray diffraction reveals that
crystalline ASR products formed in aggregates of concrete structures
and shlykovite show a strong similarity between the basic structural
units, but differ in the stacking behavior of these units [12,13].
Nevertheless, The 29Si MAS NMR of crystalline ASR products synthe-
sized at 40 and 80 °C show that the crystalline ASR product is a layer
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silicate dominated by Si-tetrahedra with three bridging oxygen atoms
(Q3-sites) and some additional SiO2-tetrahedra with two bridging
oxygen (Q2-sites) [13,14]. As such, these data confirm the designation
of the Raman bands shown in Fig. 9.

It is often proposed that crystalline ASR products are the result of an
aging process leading to the transformation of amorphous ASR products
into crystalline ones [3,5,10,46]. This is obviously the case in the
synthesis of bulk samples that start with the immediate formation of
amorphous ASR products and their transformation into crystalline
products at a later stage [13,14]. In concrete aggregates, the chronology
is the same with amorphous ASR products forming prior to crystalline
ones. However, there is a clear indication that crystalline ASR products
can form directly without an amorphous precursor at a later stage of
ASR. At the front line of the crystalline ASR products advancing to-
wards the interior of aggregates, amorphous products are absent. This
observation suggest that formation of the crystalline ASR products is
related to age or stage of ASR, but it is not necessarily a result of the
transformation from the amorphous ones.

5. Conclusions

The allocation of amorphous and crystalline ASR products formed in
two concrete mixtures both tested with the concrete prism test at 38
and 60 °C was studied. Their chemical composition was measured and
Raman spectra were acquired. Additionally, Raman and 29Si MAS NMR
spectra of synthesized amorphous ASR products were analysed by
Raman microscopy and NMR. Based on the results, the following con-
clusions can be drawn:

• The microstructural evidence shows that the amorphous ASR pro-
ducts are the type of product formed first, which leads to the
cracking of aggregates. After cracking, the crystalline ASR products
start to form and fill the open cracks in the aggregates.

• The average Ca/Si-ratio of amorphous and crystalline ASR products
is very similar, with values of 0.21–0.23 and 0.22–0.26, respec-
tively. The (Na + K)/Si-ratio varies more, with values for both types
of products of 0.21–0.24 and 0.22–0.34, respectively. The main
difference in chemical composition concerns the Na/K-ratio, with
higher values for the amorphous (0.46–0.76) compared to the
crystalline ones (0.10–0.27).

• The composition of the crystalline ASR products shows little varia-
tion from aggregate to aggregate of the same concrete.

• The structure of amorphous ASR products consists mainly of Q3-sites
(Si-tetrahedra with three bridging oxygen atoms typical for a layer
structure) with a secondary amount of Q2-sites (Si-tetrahedra with
two bridging oxygen atoms typical for a chain structure) as shown
by Raman microscopy and 29Si MAS NMR. The amount of Q2-sites
increases with increasing Ca/Si-ratio.

• Similar to the amorphous ASR product, the crystalline one is
dominated by Q3-sites with a smaller share of Q2-sites as shown by
the distinct Raman bands.

• The Raman spectra of crystalline ASR product formed in the con-
crete tested at 38 °C agrees with the of crystalline ASR product
formed in concrete of civil engineering structures.

• The structure of the crystalline ASR product formed in the concrete
tested at 60 °C is different to the one formed at 38 °C. The Raman
spectrum corresponds to the one of synthesized K-shlykovite.
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