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Abstract

Flint samples at different stages of the Alkali–Silica Reaction were prepared and analyzed by X-ray diffraction (XRD) and silicon K-edge

X-ray absorption near edge structure techniques (XANES). The results are compared to those of measurements performed on alpha quartz c-

SiO2 and rough flint aggregate. The molar fraction of Q3 sites is determined as a function of the time of reaction. Up to 14 h of attack, the

effect of the reaction seems of little importance. From 30 to 168 h, we showed an acceleration of the effect of the reaction on the crystal

structure of the aggregate resulting in an amorphisation of the crystal. During this period, the amorphous fraction increases linearly with the

number of Q3 sites. The results of the XANES confirm the amorphisation of the aggregate during the reaction and show the presence of

silicon in a tetrahedral environment of oxygen whatever the time of attack.
D 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The alkali–silica reaction (ASR) is one of the causes

that takes part in the degradation of the aggregate in

concrete. Several assumptions are proposed to explain

the origins and the mechanisms of the alkali silica reaction

and its role in the degradation of the concrete [1,2]. The

reactivity of an aggregate in a concrete depends on its

degree of crystallinity. Accurate information on the struc-

ture of the aggregate is needed at the different stages of the

ASR for a better knowledge of the concrete behavior [3].

Generally, we consider that the swelling phenomenon is

induced by the formation of an ASR gel at the interface

between the aggregate and the cement pastes [1,4,5] whose

chemical composition can vary. Calcium- and alkali-

enriched gels are observed [6]. In more recent papers

[7,8], the swelling is attributed to the formation of an
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internal silica gel in the aggregate. This ‘‘internal’’ product

appears like an amorphous product in optical microscopy

and in environmental scanning electron microscope [9].

In order to observe the structural behavior of the aggre-

gate during the ASR, we propose an approach using two

techniques: X-ray diffraction (XRD) and X-ray absorption

near-edge structure spectroscopy (XANES). Unlike X-ray

diffraction, XANES can be used both for crystalline and

amorphous materials and gives information on long- and

short-range order. The XANES spectra are a good finger-

print of the degree of crystallinity in the sample [10–12]. It

has been established that the various energy resonance

above the edge are a signature of the presence of four- or

sixfold environments for silicon atoms. Moreover, it has

been indicated that the hydroxyl ions are chemisorbed onto

the silica surface, increasing the coordination number of the

silicon to more than four [2,13]. Studies of the crystal

structure of materials containing SiO2 are numerous [14–

16]. Li et al. [14,15] showed the interest of the XANES

technique to follow-up the amorphisation in compounds

containing SiO2 and contributed to the interpretation of the

structures observed in the Si XANES spectra of various

silicates. In a recent study, we have shown that XRD is well
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suited to study the evolution of the crystal structure of the

flint aggregate during the reaction [3]. The aim of this study

is to follow the structural evolution of a flint aggregate

during the ASR. The methodology used consists in estab-

lishing a relationship between the structural parameters

deduced from XRD, chemical parameters such as reaction

degrees, and XANES studies.
moles of residual silica
2. Chemical mechanisms of alkali–silica reaction

2.1. Chemical mechanisms

The ASR mechanism was described using different

models [1,4,5,17,18] and can be written following two main

steps:

-Formation of Q3 sites (Step 1) due to a first breaking up

of siloxane bonds by hydroxide ions attack:

2SiO2 þ OH� ! SiO�
5=2 þ SiO5=2H ð1Þ

Here, on a structural point of view, SiO2 represents Q4

silicon tetrahedron sharing four oxygen with four neighbors

and using a simplified notation, SiO5/2
� represents the Q3

(so-called ‘‘silanol’’ sites) negatively charged in a basic

solution.

-Dissolution of silica (Step 2) due to continued hydroxide

ions attack on the Q3 sites to form silica ions:

SiO�
5=2 þ OH� þ 1

2
H2O ! H2SiO

2�
4 ð2Þ

These silica ions respect the Iler [19] equilibrium:

H2SiO
2�
4 þ H2OZH3SiO

�
4 þ OH� ð3Þ

Afterwards, precipitation of silica ions by the cations of the

pore solution of concrete is likely to induce C-S-H and/or C-

K-S-H phases formation:

H2SiO
2�
4 þ Ca2þ þ xH2O ! C� S� H ð4Þ

2H2SiO
2�
4 þ Ca2þ þ 2K2þ þ yH2O

! C� K � S� H ð5Þ
2.2. Determination of reaction degrees

The development of our chemical method to quantify

ASR enables the measurement of the dissolution degree a
and the molar fraction of Q3 sites n* of Eqs. (1) and (2),

which are defined as follows:

-dissolution degree: a

a ¼ moles of dissolved silica

moles of initial silica
ð6Þ

-molar fraction of Q3 sites: n*

n* ¼ moles of Q3 sites ð7Þ
3. Experimental methods

3.1. Material

The material used is a flint aggregate from the north of

France. X-ray fluorescence analysis gives a SiO2 content

close to 99%, and X-ray diffraction detects only quartz in

this aggregate [3].

The flint crystal lattice has been characterized by crossed

polarization 29Si solid NMR spectroscopy [9]. This lattice is

constituted of SiO2 Q4 tetrahedra (peak at � 108 ppm) and

Q3 SiO5/2H ‘‘silanol’’ tetrahedra (peak at � 99 ppm). The

initial active sites ratio in the aggregate measured by

thermogravimetric analysis was close to 0.08 moles of Q3

active sites by moles of initial silica.

3.2. Sample preparation

We use a model reactor method developed by Bulteel et

al. [8]. This method uses the following protocol organized in

different stages:

-Initial stage: A mix of 1 g of crushed flint and 0.5 g of

Ca(OH)2 is introduced in a closed stainless steel container.

After 30 min of preheating, 10 ml KOH solution of 0.79 mol/l

are added. The mix is then autoclaved in an oven to develop

ASR under controlled temperature and reaction time.

-Stage 1: After the reaction, the flint is constituted by Q4

tetrahedra of the remaining silica, which did not react

(sound silica) and by the Q3 sites SiO5/2
� , whose negative

charges are balanced by cations (altered silica). The reactor

also contains reaction products and reagents.

-Stage 2: The soluble reaction products K + , Ca2 + ,

H2SiO4
2, the C-S-H, C-K-S-H, and Ca(OH)2 phases are

removed by selective acid treatment and filtration. The acid

attack is done using 250 ml cold 0.5M HCl solution. The

remaining solid is composed of the remaining Q4 tetrahe-

drons and of the protonated silanol Q3 sites SiO5/2H.



Fig. 1. (a) Evolution of the molar fraction of Q3 sites n* as a function of the

duration of the alkali– silica reaction. (b) Evolution of dissolution degree a
versus the duration of the alkali– silica reaction.

Fig. 2. X-ray diffraction patterns of reference compounds showing the

evolution of the vitreous halation [k(CoKa1)c 1, 78,897 Å].
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The samples are dried by acetone and diethyl ether

treatment after the filtration, then kept inside dried atmo-

sphere and without CO2.

3.3. X-ray diffraction

XRD patterns were measured using a D8 Bruker hori-

zontal diffractometer operating at 40 kV and 40 mAwith Co

radiation (kc 1, 78,897 Å). A position-sensitive detector

(PSD) has been employed. Data were recorded in reflexion

between 17j and 100j in 2h with a step size of 0.007j and a
counting time of 10 s/step.

3.4. X-ray absorption

XANES experiments were carried out at the SA32

beam line of the SUPERACO ring at the LURE syn-

chrotron radiation facility, Orsay, France with a stored

electron energy of 800 MeV. Data at the Si K absorption

edge (1839 eV) were collected in the total electron yield

(TEY) mode from 1830 to 1910 eV, using 0.2 eV step.

The beam was monochromatized by a double-crystal

monochromator, equipped with two InSb single crystals.

Crystalline silicon oxide (c-SiO2) was used as reference

compound. Experiments were performed under vacuum

(10 � 5 Torr).
4. Results

In order to follow the evolution of the structural behavior

of the aggregate and to associate it to the molar fraction of

Q3 sites n* and a, we studied by XRD and XANES the

samples named 6, 14, 30, 72, and 168 h of reaction (for

example, 14 h corresponds to the starting flint aggregate

attacked during 14 h). Fig. 1a and b show, respectively, the

evolution of n* and a versus the duration of the alkali–silica

reaction.

4.1. Evolution of n* and dissolution degree a

The molar fraction of Q3 silanol as a function of time is

given in Fig. 1a. After a short plateau, about 14 h long, n*

increases with the reaction time. The increase of Q3 silanol

fraction with the time of attack shows that the Eq. (1) of Q3

sites creation prevails on the Eq. (2) of Q3 sites dissolution.

The dissolution degree a versus time, given in Fig. 1b,

describes three steps. The first is a short plateau, about 6

h long. The second step is an increase in a between 6 and

120 h. During this step, the aggregates silica (SiO2) degra-

dation by ASR produces active sites SiO5/2
� , which are

dissolved to give H2SiO4
2� . The third step is an asymptote

where a reaches about 0.54 after 120 h. This high proportion

of finally dissolved silica shows that Eq. (2) plays an

important part in this experiment where initial hydroxide

ions concentration is high. This proportion of finally dis-

solved silica increases when hydroxide ions concentration

increases [3].

4.2. X-ray diffraction

4.2.1. Validation of the method with standards

Thanks to X-ray diffraction, we are able to determine in a

semiquantitative way the evolution of the amorphous frac-

tion during the reaction. In order to validate our procedure,

we studied the evolution of the quantity of the amorphous

fraction in standards constituted by a mixture of c-SiO2 and

amorphous silica with various contents of amorphous silica

(96%, 80%, 50%, 30%, 20%, and 7%). Fig. 2 shows the



Fig. 5. Calculated amorphous fraction by XRD versus the duration of the

alkali– silica reaction.
Fig. 3. Calculated amorphous fraction of silica by XRD versus the

amorphous silica in the standards.
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evolution of the XRD patterns in the different samples. One

can notice the appearance of a vitreous halation in the zone

located between 20j and 29j in 2h, whose intensity

increases with the content of amorphous silica (Fig. 2).

This increase corresponds a decrease in the intensity of

the X-ray diffraction. The FWHM remains the same what-

ever the weight of the amorphous fraction. The amorphous

fraction is obtained by calculating the areas of the X-ray

diffraction peaks (Fig. 3) using the ‘‘DIFFRACPLUS’’

software of the Socabim [20]. From a semiquantitative point

of view, we can consider that the agreement between the

introduced values and those calculated is satisfactory. This

correlation is much better when the amorphous percentage

of silica is high.

4.2.2. ASR Samples

We used the same procedure to determine the amorphous

fraction in the samples attacked during 6, 14, 30, 72, and

168 h of reaction as well as in rough flint. c-SiO2 is taken as

a reference to estimate the instrumental background noise

and that related to absorption. Fig. 4 shows the evolution of

the XRD patterns in the various samples compared to rough

flint. A decreasing intensity of the diffraction peaks as well

as an increase in the vitreous halation is observed. These

evolutions are a good parameter to follow the change of the

crystal structure of flint during the attack.
Fig. 4. X-ray diffraction patterns of the samples 6, 14, 30, 72, and 168 h

compared to rough flint aggregate.
Fig. 5 represents the evolution of the amorphous fraction

versus the time of attack. One can notice a decrease in the

amorphous fraction at the beginning of the reaction up to 6

h, then it increases progressively until 14 h. It keeps

increasing with the reaction time after 14 h and continues

to increase until 168 h. It is significant to note that after 168

h of attack, the amorphisation of the aggregate is not

complete. Fig. 6 represents the evolution of the amorphous

fraction during the reaction versus n*. Until 14 h of attack,

one can note that the evolution remains weak. Then, we

notice a quasi-linear increase in the amorphous fraction

versus n* especially from 30 h.

4.3. XANES characterization

In order to probe the local environment around silicon

atoms, XANES was used at the Si K-edge. The Fig. 7a

shows the evolution of XANES spectra of c-SiO2 and rough

flint. The main peaks are noted A, B, C, and D. The origin

of these peaks is described in the literature [14,15]. One can

note that XANES spectra of both compounds have almost

the same structure with a weak decrease in the intensity of

the flint spectrum.

We can also observe that the position of peak A located

at 1847 eV is the same in both cases. The Fig. 7b represents

XANES spectra of the samples obtained after 6, 14, 30, 72,
Fig. 6. Calculated amorphous fraction by XRD as a function of the molar

fraction of Q3 sites n*.



Fig. 7. (a) Si-K XANES spectra of c-SiO2 and rough flint aggregate. (b) Si-

K XANES spectra of the samples 6, 14, 30, 72, and 168 h compared to

rough flint aggregate.

J. Verstraete et al. / Cement and Concrete Research 34 (2004) 581–586 585
and 168 h of reaction compared to rough flint aggregate. We

notice a decreasing intensity of the spectra of the samples

during the reaction especially for B, C, and D peaks. As

before, the position of A peak remains the same whatever

the time of attack.
5. Discussion

To discuss the relationship among XRD, reaction degrees,

and XANES parameters, we have to distinguish two periods

for the reaction : the first 14 h and the following period

between 30 and 168 h.

XRD patterns show the structural change that affects

the aggregate during the reaction. During the first 14 h, we

do not observe significant evolutions of the XRD and

XANES parameters. The XANES spectrum of the 14-

h sample is very close to that of rough flint aggregate.

The little variation in the content of the amorphous fraction

between rough flint aggregate and the sample after 14 h of

attack can be explained by the dissolution phenomenon at

the beginning of the reaction according to the reaction

degree curve (Fig. 1b). This period corresponds to the

formation of Q0 tetrahedra by dissolution of poorly crys-

tallized fraction present in the aggregate. After 14 h, the
formed Q3 sites remain in the aggregate and their quantity

increases with the duration of the attack inducing an

increase in the content of the amorphous fraction (Fig.

6). The increase in the amorphous fraction under the effect

of the reaction shows that this reaction yields the formation

of amorphous products inside the aggregate. This effect

could support the phenomenon of swelling of the aggre-

gate within the concrete. In the Figs. 5 and 6 at 168 h, the

curve has not reached the asymptote, the quantity of the

amorphous fraction keeps increasing, which shows that the

reaction is not finished yet.

The origin of the structures of XANES spectrum of c-

SiO2 was largely discussed by Li et al. [14,15]. The A

peak in Fig. 7a is due to the transition from the electrons 1

s of silicon towards the 3p-like state. For c-SiO2, this peak

is located at 1847 eV; it is the proof of the presence of

silicon in a tetrahedral environment of oxygen and that the

electronic structure of silicon remained unchanged. Accord-

ing to Fig. 7a, we can observe that the position of A peak

is the same in rough flint aggregate as in c-SiO2. This

shows that silicon atoms in the flint aggregate are in a

tetrahedral environment of oxygen. During the reaction,

the position of this peak remains the same compared to

that of c-SiO2 and of the flint whatever the duration of

attack (Fig. 7b). This means that the tetrahedral environ-

ment of silicon is preserved during the reaction. This result

is in agreement with the results of the crossed polarization
29Si solid NMR spectroscopy, which shows the existence

of a peak at � 107 ppm [9] that characterizes the presence

of silicon in a tetrahedral environment. The B, C, and D

peaks are attributed to multiple scattering in quartz [14,15];

their intensities depend on the evolution of the crystal

structure. A study of their evolution in alpha quartz,

cristobalite, coesite, opal, and amorphous silica showed

that their intensity is cancelled when transforming a crystal

structure to an amorphous compound. It was shown that

these peaks B, C, and D disappear in amorphous silica.

The evolution of the position and the intensity of these

peaks can in our case be a good parameter to study the

amorphisation of the crystal structure of the aggregate. In

our samples (Fig. 7a and b), we notice that the intensity of

these peaks decreases with the duration of the reaction

especially from 30 to 168 h. This means that until 14 h,

the reaction does not affect much the crystal structure of

the aggregate. After 30 h, the effect of the reaction is much

more appreciable and continuous with the time of attack to

an amorphisation of the aggregate. This result is in

agreement with the evolution of n*.
6. Conclusion

The structural evolution of a flint aggregate attacked by

alkali–silica reaction has been studied. X-ray diffraction

enabled us to determine the percentage of the amorphous

fraction and to correlate it to the molar fraction of Q3 sites
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n*. We showed that between 30 and 168 h, the amorphous

fraction increases linearly with the number of Q3 sites. After

168 h, the mechanism of amorphisation is not finished yet.

Thanks to Si-K XANES results, we highlighted the amorph-

isation of this aggregate during the reaction and confirmed

the fact that silicon is always present in a tetrahedral

environment of oxygen. We also showed that the amorph-

isation of the aggregate during the reaction is not as simple

as the transformation of c-SiO2 into amorphous silica. The

increase in the amorphous fraction under the effect of the

reaction shows that the alkali–silica reaction causes the

formation of amorphous products inside the aggregate. This

effect could support the phenomenon of swelling of the

aggregate within the concrete.

The relationship between the evolution of the XANES

spectra and n* is planned in a later study by modeling

XANES spectra. A study is in hand by EXAFS to quantify

the local environment of silicon (type and number of

neighbors, interatomic distances) in the aggregate during

the reaction. These results are likely to give us information

about the role of the modifications on an atomic scale of the

aggregate in the phenomenon of swelling.
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quartz: application to the structure of densified silica, Jpn. J. Appl.

Phys. 32 (1993) 613–615.

[12] L. Beck, M. Gehlen, A.M. Flank, A.J. Van Bennekom, J.E.E. Van

Beusekom, The relationship between Al and Si in biogenic silica as

determined by PIXE and XAS, Beam Interactions with Materials and

Atoms (2002).

[13] K.E. Kurtis, F.A. Rodrigues, P.J.M. Monteiro, J.T. Brown, The alkali-

silica reaction: (I) surface charge measurements and (II) in-situ obser-

vations by X-ray microscopy, Proceedings of the Second International

Conference on Concrete Under Severe Conditions: Environment and

Loading, CONSEC, Tromsø, Norway, June (1998) 317–326.

[14] D. Li, et al., High-resolution Si K and L2,3 edge XANES of a-quartz

and sishtovite, Solid State Commun. 87 (1993) 613–617.

[15] D. Li, et al., X-ray absorption of silicon dioxide (SiO2) polymorphs:

the structural characterization of opal, Am. Mineral. 79 (1994)

622–632.

[16] C. Levelut, D. Cabaret, M. Benoit, P. Jund, A.-M. Flanck, Multiple

scattering calculations of the XANES Si K-edge in amorphous silica,

J. Non-Cryst. Solids 293–295 (2001) 100–104.

[17] L.S. Dent Glasser, N. Kataoka, The chemistry of alkali-aggregate

reaction, Proceedings of the 5th International Conference on

Alkali –Aggregate Reaction, National Building Research Institute of

the CSIR, Cape Town, South Africa, 1981, p. 7 (Paper S252/23).

[18] S. Chatterji, N. Thaulow, Some fundamental aspects of alkali silica
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