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Alkali—silica reaction
A method to quantify the reaction degree
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Abstract

We propose a new chemical method for quantitative measurement of the reaction degrees of the alkali—silica reaction (ASR). We apply
this method to a crushed natural reactive aggregate kept in contact with an alkaline solution, lime saturated by an appropriate amount of
portlandite. This chemical system is designed to model the concrete capillary pores alkaline solution, in contact with reactive aggregates. Two
reaction steps are taken into account in the mechanism: formation of Qj; sites made by breaking up siloxane bonds of the reactive silica and
dissolution of these Q; sites. The dissolution degree is measured by a selective acid treatment, and the nature of silica into solution is
characterised by liquid NMR spectroscopy. The remaining silica is composed of Q4 tetrahedrons and Q3 protonated sites identified by solid
NMR spectroscopy. These Q; protonated sites are measured by thermogravimetry analysis. We show that the formation Qj; sites prevails on
dissolution as the reaction progresses and contributes to an internal silica gel generation. The limiting step is the siloxane breaking up.
Petrographic observations show that the reaction front penetrates in the aggregate through its porosity. © 2002 Elsevier Science Ltd. All
rights reserved.
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1. Introduction

Research on alkali—silica reaction (ASR) was often
focused on the silica-rich gels formed between reactive
siliceous aggregates, Ca(OH), and alkali salts, in relation
with concrete expansion. Many accelerated tests were
developed, and many works were done on ASR diagnosis:

¢ the ultraviolet fluorescence of gels where calcium or
alkalis have been exchanged with uranyl ions allows
to identify the ASR gel [1],

* petrographic and electron microscope examinations
allow to identify the reactive minerals, the altered
aggregates and the reaction products [2] and

* Corresponding author. Tel.: +33-3-27-71-24-21; fax: +33-3-27-71-
29-16.
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¢ the mineralogical analysis of concrete with the de-
termination of the soluble silica can give information
on the ASR occurrence [3].

However, these diagnosis methods of ASR are generally
not quantitative. Moreover, the specific identification of
ASR in structures is often difficult, because of the simultan-
eous occurrence of different causes of expansion. Therefore,
the “potential of remaining expansion™ tests on concrete
cores [4] could be biased by other swelling processes like
delayed ettringite formation (DEF).

To develop a diagnosis technique being both specific and
quantitative, we try to relate expansion to the reaction degree,
more than to the reaction products properties. First, we have
to develop a chemical method to measure the reaction degree.
We use a chemical concrete subsystem, involving the main
ASR reagents: ground aggregate, Ca(OH), and KOH. These
reagents, which are kept in contact in a closed vessel at given
temperatures and pressures, can be considered on a kinetic
point of view like a “model reactor” representative of the
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chemistry of reactive aggregates in contact with the concrete
capillary pores alkaline solution. This model reactor allows
an accurate determination of the reaction kinetics described
by the evolutions of both solid and liquid phases.

We describe thereafter:

¢ the assumptions made on the two ASR kinetics steps
taken in consideration,

¢ the definition of the reaction degrees,

* the studied aggregate type and composition,

* the model reactor technique,

¢ the liquid phase evolution and silica polymerisation
degree and

¢ the solid phase evolution in terms of structural aspects.

2. Chemical mechanisms of alkali aggregate reaction

The ASR mechanism was described using different
models [5—9] and can be written following two main steps:

2.1. Formation of Q3 sites (Step 1) due to a first siloxane
bonds breaking up by hydroxide ions attack

2Si0, + OH™ — Si03), + SiOs,H (1)

Here, on a structural point of view, SiO, represents Qg4
silicon tetrahedron sharing four oxygens with four neigh-
bours, and using a simplified notation, SiOs, represents
the Qs (so-called “silanol” sites) negatively charged in a
basic solution.

The neutralisation of these Q; sites follows the equilib-
rium (Eq. (2)):

$i0s/;H + OH™ <= SiO;, + H,0 (2)

In contact with an alkaline solution, the preponderant
form is SiOs),. The Q3 sites negatively charged are counter-
balanced by K" and Ca*" cations (Eqs. (3) and (3 bis)):

28i05), + Ca** — SiO;5,CaSiOs )5 (3 bis)

2.2. Dissolution of silica (Step 2) due to continued
hydroxide ions attack on the Qj sites to form silica ions

1

These silica ions respects the Iler equilibrium (Eq. (5)):

H,Si0; + H,0 <= H;3SiO, + OH™ (5)

Afterwards, precipitation of silica ions by the cations of
the pore solution of concrete is liable to the formation of
C-S-H and/or C-K-S-H phases (Egs. (6) and (7)):

xH, 8102 + zH3S8i0; + (x + g) Ca®* + wH,0

— CaO (x+§) SiOZ(x+z)H20(x+%z+w) (6)
-2 - z )y 2+ +
xH,Si02~ + zH3Si0; + (x +5- 5) Ca®* +)K
+wH,0 — CaO(H%%) K20§Si02(x+z)
X HZO(er%erw) (7)

The Q5 site formation and the silica dissolution are
controlled by the hydroxide diffusivity in reactive grains
and by hydroxide absorption on the solid surface. The
hydroxide diffusivity increases with the pH and the ionic
strength of the solution [10]. At a constant pH and ionic
strength, the hydroxide sorption decreases with the increas-
ing size of the hydrated cation [10]. A part of the alkali
hydroxide of the concrete pore solution cannot contribute to
ASR [11]:

¢ Alkali hydroxide could induce gypsum dissolution to
form portlandite and soluble alkali sulphate. This
reaction raises the sulphate concentration of the
solution instead of the hydroxide concentration.

* A partial drying of the concrete decreases, more than
increases, the alkali hydroxide concentration in pore
solution. At modest RH values, the solid network
fixes a part of the soluble alkalis.

The diffusion of the silica ions out of the reactive grains
is controlled by the Ca>* concentration near the solid—liquid
interface. A high concentration favours the precipitation
phenomena and limits the silica ion diffusion [10].

Helmuth and Stark [12] describe the precipitated product
as a mixture of two end-member phases of well-defined
composition: an alkali silicate hydrate and a calcium alkali
silicate hydrate. On the other hand, Lombardi et al. [13]
consider the precipitates as a continuous series defined by
its CaO/SiO, molar ratio. These gels present an optimum of
stability for a CaO/SiO, molar ratio near 0.48 [14]. Accord-
ing to Diamond [15], if the Helmuth and Stark model gives
generally meaningful results, further investigations are
needed to describe the precipitation products composition.

Generally, the alkali silicate hydrate are considered
responsible for the swelling [5—8]. Wieker et al. [16,17]
have synthesised a crystalline sodium silicate hydrate called
“kanemite” (Na(HSi,0Os5)-3H,0) thanks to a reaction be-
tween 6Na,Si,0s- and SiO,-containing minerals. The kane-
mite formation is expansive. Nevertheless, Thomas [18] and
Kawamura et al. [19,20] consider that calcium is necessary
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to form expansive ASR gels. Perruchot et al. [14] have
demonstrated that the formation of ASR gel rich in calcium
provokes a positive variation of the total volume of the
reactional system under constant pressure.

3. Determination of reaction degrees
The development of our new chemical method to quant-
ify ASR is based on the measurement of the reaction

degrees of Steps (1) and (2), which are defined as follows:

* (Q; sites content:

moles of Qj sites

= 8
moles of initial silica ®)
* dissolution degree:
_ moles of dissolved silica )
" moles of initial silica
From n and o, we can calculate n*:
a moles of Qy sites ~ »n (10)

" moles of residual silica 1 — «

4. The aggregate

The material used is a flint aggregate from north of France.
This aggregate is ground to obtain a [0.16—0.63 mm] size
distribution. The X-ray fluorescence examination gives a
composition close to 99% SiO, (Table 1).

The flint crystal lattice has been characterised by crossed
polarisation *°Si solid NMR spectroscopy (Fig. 1). This lat-
tice is comprised of SiO, Q tetrahedra (peak at —108 ppm)
and Q5 SiOs,,H “silanol” tetrahedra (peak at —99 ppm). The
Q3 mole fraction measured by thermogravimetry was close
to 0.07.

The material has a specific area of 0.97 m*/g and a specific
porosity of 3x107> ecm?®/g characterised by BET and BJH
analysis. As the external surface calculated, thanks to size

Table 1

Composition of the aggregate obtained by X-ray fluorescence analysis
Element %

Si0, 99.1

F6203 04

CaO 0.3

Al,O4 0.2

Qs Q4

/

. . L PPM
-40 -50 -60 -70 -80 -90 -100-110-120-130-140-150-160-

Fig. 1. Crossed polarised 2°Si solid NMR spectrum of the flint aggregate.

distribution, is as low as 0.008 m?/ g, we can conclude that the
reactive sites of the studied aggregate are mainly located in
some kind of an “internal surface”.

5. Description of the model reactor

Our model reactor method is based on a part of the
AFNOR P18-589 standard [21]. It allows the determination
of reaction degrees, obtained by solid and liquid character-
isation at different reaction times, and uses the following
protocol organised in three stages (Fig. 2).

5.1. Initial stage

A mix of 1 g of crushed aggregate and 0.5 g Ca(OH),
is introduced in a closed stainless-steel container. After
30 min of preheating, 10 ml KOH solution of a 0.79-M
concentration is added. The container is then autoclaved
during a given time at 80 °C to accelerate ASR under con-
trolled temperature.

5.2. Stage 1

After the reaction, the aggregate is constituted by Q4
tetrahedrons that did not react (sound silica) and by the Q3
tetrahedrons (SiO5/2K, SiO5/2C3 Si05/2 and SiO5/2H),
which constitute the altered silica. In this stage, a large
part of the alkaline solution is extracted for ICP and *°Si
RMN analyses.

5.3. Stage 2

Thanks to an selective acid treatment using a 250-ml cold
0.5 M HCI solution the C-S-H, C-K-S-H and Ca(OH),
phases are removed. During this chemical treatment, the
Q3 tetrahedrons SiOs5,K and SiO5,CaSiOs,, are protonated
to form silanols SiOs,H with a release of K and Ca*"
cations. As recommended by the “soluble silica” method
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Stage 1

Solution : K*, Ca**, OH", H,Si0,”,

H;Si04
Ca(OH),
WV
Sound silica ' >
\
C-S-H
C-K-S-H

Altered silica
Si05,r2H, Si05/2K, Si05[2CHSi05/2

Stage 2

Sound silica

Altered silica
Si0s,H

Stage 3

Sound silica

Fig. 2. A schematic presentation of the model reactor.

developed by the LCPC to prevent the silica gel precipita-

tion during the acid attack [22]:

* we used a cold solution and a great liquid solid ratio
(250 ml of solution for 1.5 g of initial solid), and

Qq

Qs

T T T T T T T T T T T
-50 -100 -150

Fig. 3. Single-pulse *°Si solid NMR spectrum of the solid after the acid
attack (14 h of reaction at 80 °C).

* we controlled the pH, which must be inferior to one
unit during the chemical treatment.

The efficiency of the acid attack is controlled by X-ray
fluorescence: The SiO, content of the remaining solid must
be at least 99%. The remaining solid characterised by 2°Si
solid NMR spectroscopy (Fig. 3) is composed of residual
SiO, Q4 tetrahedra (peak at —108 ppm) and SiOs,H Q;
tetrahedra (peak at —101 ppm). These *’Si solid NMR
spectra confirm the absence of silica gel precipitation during
the acid treatment: We do not observe a widening of the
single sharp line of the Q4 network.

Qq

T T T v v T r r r T T
-50 -100 -150

Fig. 4. Single-pulse *°Si solid NMR spectrum of the solid after the thermal
treatment (14 h of reaction at 80 °C).
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5.4. Stage 3

After a thermal treatment of the residual solid at 1000 °C,
the silanol groups are condensed to give back silica Q4 and
release water following (Eq. (11)):

28i05,H %7€, 380, + H,0 (11)

These Qg tetrahedra have been identified by *°Si solid
NMR spectroscopy (Fig. 4). The water release measurement
by thermogravimetry allows the calculation of the quantity
of Q3 tetrahedra in the aggregate sample (variable n defined
in Eq. (8)). The weight of the residual silica allows to
determine by difference the quantity of dissolved silica
(variable o defined in Eq. (9)).

6. Results and discussion
6.1. The reaction degrees

6.1.1. Evolution of o

The dissolution degree « according to time is given in
Fig. 5. After a short plateau, about 6 h long, « increases to
reach an asymptotic value about 0.54. This high proportion
of final dissolved silica shows that Eq. (4) plays an
important part in this experiment where initial hydroxide
ions concentration is high. This proportion of final dissolved
silica increases with the initial hydroxide ions concen-
tration [23].

6.1.2. Evolution of n
The evolution of # according to time is given in Fig. 6.
After a short plateau, which corresponds to ng (r9p=0.07),

—o—o —%—ol —+—a2

0.6

y ~

3 03 —
02 / /‘//:\.)4
0.1 +
0.0 T T T 1
0 50 100 150 200
t (hours)

Fig. 5. Dissolution degree « as a function of time (7= 80 °C).

0.60
0.50 .
0.40

= 0.30 ‘/./
0.20 /./

s
0.10
0.00 T’*..

T T T T 1

0 50 100 150 200
t (hours)

Fig. 6. Qs sites content n as a function of time (7= 80 °C).

the content of Qj sites increases. For the studied aggregate,
the mole fraction of Q5 sites, n* (Eq. (10)), at the end of the
reaction is close to unity. This high content in Qj sites is
characteristic of a silica gel formed by the hydroxylic
breaking up of the siloxane bonds, probably following a
topochemical mechanism.

6.1.3. Nature of the dissolved silica
The total dissolved silica corresponds to:

e free silica ions in solution and
* precipitated silica to form C-S-H and C-K-S-H.

To obtain the amount of free silica ions, we analyse the
liquid phase filtered on 0.45-um Millipore filters by ICP
spectroscopy (Table 2). These solutions correspond to a
saturated silica solution where the K cations counterbal-
ance the silica ions. We can define a specific reaction degree

oy (Eq. (12)):

moles of free silica ions

o moles of initial silica (12)
Table 2

ICP analysis of the solution (7= 80 °C)

Reaction time (h) Si (mol/l) K (mol/l) Ca (mol/l)
1 0.00 0.82 8.2e—04
6 0.00 0.81 7.6e—04
14 0.00 0.76 7.4e—04
24 0.08 0.74 2.4e—04
30 0.16 0.78 2.3e—04
42 0.25 0.78 2.0e—04
48 0.30 0.74 2.4e—04
72 0.32 0.68 1.9e—04
96 0.36 0.64 1.2e—04
120 0.35 0.60 7.6e—05
168 0.46 0.59 1.4e—04
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Table 3
Proportions of silica species released in solution at 80 °C (quantitative results
within £10% uncertainty)

Reaction time (h) Qo Qi Qac
2 0 0 0

18 1 0 0

54 0.60 0.25 0.15

The difference between total dissolved silica and free
silica in solution determines precipitated silica a, (Eq. (13))

(Fig. 5):

w=a—o (13)

Up to a=0.1, the dissolved silica precipitates into C-S-H
and/or C-K-S-H. Between 0.1 and 0.3, the dissolved silica
increases while the precipitation continues. Over 30% of
dissolution the solution is saturated in silica.

6.1.4. Characterisation of the silica ions in solution

Table 3 shows the proportion of free silica species in
solution at different reaction times characterised by quant-
itative °Si NMR high-resolution spectroscopy. At the
beginning of the reaction, the amount of silica in solution
is too weak to be detectable. Soluble silica appears first in
the Q¢ form. The Q; dimers and cyclic Q,. species are
formed next. These oligomers are probably produced by
polymerisation of the monomers described by the Iler
equilibria [24].

6.2. Relationship between n and o

The relationship between reaction degrees n and o (Fig. 7)
evidences the competition between Step 1 and Step 2. For
dissolution rates up to 0.3 approximately, the number of Q;
sites increases slowly: The Qj sites formed following Eq. (1)
are rapidly consumed by dissolution following Eq. (4).
Afterwards, n increases with a: Step 1 forms more Qj sites
than Step 2 can consume by dissolution.

0.40
0.35
0.30 o
0.25 /-/

= 0.20

0.15 //-/

0.10 gy o

0.05

0.00 \ \ |

0.00 0.20 0.40 0.60
o

Fig. 7. Q; sites content n versus dissolution degree o (7= 80 °C).

0.6 9 a(t) = 182*107t + 0.04
R2 =0.96
0.5 - - *
0.4 1
a(t) = 50*10-4t T =60°C
& 034 mT = 80°C
A T=100°C
0.2 4
ol a(t) = 9*107t - 0.02
R2 =0.99

0.0

0 100 200 300 400 500 600 700
t (hours)

Fig. 8. Dissolution degree curves for three temperatures.

6.3. Temperature influence on reaction degrees

Figs. 8 and 9 represent the evolution of the dissolution
degree o and the Qs sites content n for three temperatures:
60, 80 and 100 °C. In these experiments, the size distri-
bution was [0—0.315 mm] and was not exactly the same as
above [0.16—0.63 mm]. The other parameters are the same:
1 g of crushed aggregate, 0.5 g of Ca(OH),, 10 ml of a
0.79-M KOH solution. The [0—0.315 mm)] size distribution
contains 11% of fine particles, which, like a pozzolana,
are immediately dissolved. Therefore, for the o and n
calculations, we considered that initial aggregate quantity
is not 1 g but 0.89 g. This does not affect the activation
energy calculation.

6.3.1. The dissolution degree
The 60 and 80 °C curves (Fig. 8) present the same
asymptotic value close to 0.5, and for the 100 °C curve, the

0.5 1 — e T=60°C
—=—T=80°C
04 1 —a—T=100°C

0.3 1

-

= _
0.2 ‘\/
0.1 o
O-O v L] L] L] L] L] L] L} 1
0 100 200 300 400 500 600 700 800

t (hours)

Fig. 9. Q3 sites content curves for three temperatures.
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0.0026 0.0027 0.0028 0.0029 0.0030 0.0031

-3 T T T T 1
1/T en °K
= -4 4
=
§ -5
T 6 -
S
T 7 =-9360/T + 21
R2 =0,997
-8 4

Fig. 10. In(do/d?) versus 1/T.

maximum dissolved ratio would be the same. The temper-
ature has only a kinetic influence on the dissolution rate: the
average rate Aa/At decreases with temperature. Using the
Arrhenius law, we find an activation energy of 78 kJ mol '
(Fig. 10). This value is close to the siloxane breaking up
activation energy: The siloxane breaking up would be the
limiting step of the dissolution process.

6.3.2. The Qj; sites content

The asymptotic values for n at 60, 80 and 100 °C are not
the same (Fig. 9): The maximum Qj3 site content decreases
with temperature. This behaviour is probably related to the
variations in solubility with temperature of the different
silica species and also portlandite. It needs a further study.

6.4. Petrographic observations

Petrographic observations were carried out by H. Hor-
nain and N. Rafai of LERM. Polished and thin sections were
analysed using optical microscopy. Fig. 11 shows the initial
particles. They show geometric shapes and uniform aspects,
coming from the sizing of the aggregate. Fig. 12 presents
altered aggregates for 14 h at pH 13.9 and 80 °C.

The sample is treated only by acid and is in the silanol
form (State 2 in Fig. 4). The grains keep their geometric

Fig. 11. Polished section of unreacted aggregates.

Fig. 12. Polished section of altered aggregates (14 h of reaction, 7= 80 °C).

shape, but we can observe in some of them a growth of dark
parts, which do not allow light transmission in thin section.

These petrographic investigations reveal the formation of
an internal amorphous products formed by siloxane bonds
breaking up. This chemical attack is due to KOH diffusion
through the porosity of the aggregate.

7. Conclusion

This work develops a new chemical method for quant-
itative characterisation of ASR. The model reactor approach
allows to quantify two reaction degrees, specific of ASR:

* 5 moles number of active Q3 sites created by siloxane
bond breaking up inside the aggregate and

* « moles number of monomers and small polymers
obtained from Q; sites dissolution.

As ASR progresses, the formation of active sites prevails
on dissolution and contributes to an internal silica gel
formation. The limiting step is the siloxane breaking up.

Petrographic observations show that the reaction front
penetrates deeply in the aggregate trough its connec-
ted porosity.

Using the same approach, the following topics will be
discussed in further papers:

¢ the origin of the swelling, thanks to relationships
between reaction degrees, aggregate porosity evolu-
tion and the dimensional change of mortars and

¢ the pessimum effect, thanks to relationships between
reaction degrees and the hydroxide consumption for a
high alkali and a low alkali medium.
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