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Abstract

This study presents the contribution of petrography to the comprehension of the alkali-silica reaction mechanism applied to two siliceous
limestones. A petrography study was made on the two aggregates before reaction to define their relative proportions and types of reactive silica
and to observe their distribution in the microstructure. Then a model reactor, constituted by the reactive siliceous limestone aggregate, portlandite
and NaOH, was used to measure the swelling due to reaction of the silica with alkalis and the free expansion of the aggregates. The volume
evolution between both aggregates was very different and could be explained by the preliminary petrographic study. It appears that the swelling of
the aggregates is conditioned by the microstructure of the carbonated matrix, the quantity and the distribution of the reactive silica.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

This publication presents the contribution of petrography in
the study of two siliceous limestone aggregates submitted to
alkali-silica reaction (ASR).

A methodology to measure the degree of chemical reaction of
ASR on a reactive flint aggregate was developed several years
ago by Bulteel et al. [1]. This methodology, based on the French
normalized test AFNOR P18-589 [2], had been extended here to
a siliceous limestone aggregate [3].

Using this model concrete subsystem, Bulteel et al. [4] also
observed an increase of the porosity within the aggregates and
revealed their internal degradations. They put forward the ap-
pearance of amorphous zones by a petrographic study. They also
demonstrated that the increase in the molar fraction of silanol
sites was correlated with the penetration of cations into the
aggregates.
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In the present study, petrography allows us to identify potential
reactive silica types in two siliceous limestone aggregates and to
be identified their microstructure characterized before ASR. These
observations permit a better understanding of the ASR mechanism
for each aggregate.

Table 1

Mineralogy of the aggregates

Mineral SL1 SL2
Weight (%)

Calcite 71.4 81.7

Illite 10.3 3.8

Silica 7.8 5.6

Dolomite 6.7 8.1

K-feldspar 2.0 0.5

Clinochlore 1.5 -

Pyrite 0.3 0.3

Sum 100 100
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Fig. 1. Microstructure of the aggregates — A/B/C/D) Optical microscopy images with planed polars. Micrographs show the different microstructure of the aggregates
at different scales. The microstructure of SL1 (A/B) is more homogenous than SL2 (C/D).

Fig. 2. Types of silica in SL1. A) Si-element map from SEM equipped with EDS probe revealing the homogenous repartition of silicon in the matrix. B/C)
Optical microscopy micrographs with crossed polars treated with red alizarin shows the xenomorph silica without a well defined extinction. D) Micrograph from
SEM of a xenomorph grain after light acid attack. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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This article describes:

— the siliceous limestone aggregates and the petrographic study

of the silica types;
— the chemical mechanism and the model reactor simulating

the ASR,;
— the measurements of the expansion of the silica and of the

aggregates;
— the importance of these to the preliminary petrography.

2. Characterization of the aggregates
2.1. Origin of the siliceous limestone aggregates
The two siliceous limestone aggregates have been extracted

from two different exploitation floors of a quarry from the North
of Europe. Each floor is about 15 m height and is constituted by

A

250pm

150pm

several geological beds. Consequently, the mineralogy of each
mineral in one floor can fluctuate according to the different
beds. In this study, the samples from every bed on each floor
were treated as a single limestone type after bulk homogeni-
sation. The size distribution of the aggregate was between 4 and
20 mm.

2.2. Mineralogical composition

The composition of the first siliceous limestone (Table 1) called
“SL1” was characterized by Monnin et al. [3] for the main
mineralogical constituents (wt.%>0.1). A quantitative analysis
was carried out combining chemical measures and inorganic
phases identified by X-ray diffraction, scanning electron micro-
scope with EDS probe and optical microscopy. The same meth-
odology was applied to the second siliceous limestone called
“SL2” (Table 1).

Fig. 3. Silica of SL2 — A) Si-element map from SEM equipped with EDS probe showing the heterogeneous distribution of silicon in the aggregate. B) Optical
microscopy micrograph with crossed polars treated with red alizarin of automorph quartz. C) Micrograph from SEM of an automorph quartz with some structural flaws.
D/E) Optical microscopy micrographs with crossed polars showing chalcedony with inclusions of dolomite. F) Optical microscopy micrograph with crossed polars
treated with red alizarin of the lamellar silica. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 2

Potential reactivity of silica types and their proportion in both aggregates
Silica types Reactivity potential ~ SL1 SL2
Automorph quartz Weak Not observed  Majority
Xenomorph silica Strong Majority Not observed
Chalcedony Strong Not observed  Frequent
Microcrystalline quartz ~ Strong Scarce Scarce
Lamellar silica Strong Not observed  Scarce

According to the classification of Dunham [5], the siliceous
limestone “SL1” is a mudstone. This is a micritic rock mainly
consisting of calcite associated with a smaller quantity of
dolomite (Fig. 1A and B). Several silicates were detected:
phyllosilicates identified as illite and clinochlore. Illite is really
more important and dispersed within the carbonated matrix.
Potassium-feldspar and framboidal pyrite were also present in
fewer quantities. The types of silica in SL1 and SL2 will be
described hereafter in a separate section on petrography.

The siliceous limestone “SL2” is classified as a packstone.
This is a sparitic rock containing many bioclasts and massive
crystallised calcite (Fig. 1C and D). In comparison, dolomite is
more important than in SL1; illite and K-feldspar are presented
in a fewer quantity than in SL1. Clinochlore was not observed.

On a smaller scale, optical microscopy revealed the relative
homogeneity of the microstructure of SL1 (Fig. 1B) and by the
contrasting, the more heterogeneous mineralogical assemblage
of SL2 (Fig. 1D).

3. Petrography study of silica types

The petrography study was done after the homogenisation of
the aggregates of each floor. Consequently, the proportion of
silica types is somewhat variable in the studied aggregates.
However, the optical characterization of a representative
population allows us to estimate the relative proportion of
each silica types in a floor.

The observations by optical microscopy have been carried
out with thin sections in transmitted light with crossed polars.
For a better visualization of the silica, calcite has been colorized
in red with alizarin. A slight relief was generated by this treat-
ment due to the acid solution. For the scanning electron
microscopy (SEM), polished sections have been prepared by
impregnation of the siliceous limestone aggregates by an epoxy
resin. SEM was associated chemical analysis by energy dis-

persive spectroscopy (EDS) in order to quantify the chemical
elements.

3.1. Silica types in SLI

The Si-element map, in Fig. 2A, reveals its homogenous
distribution in the matrix. Free silica “SiO,” is in dark; grey
represents clays and K-feldspar. The main silica type is a
xenomorph quartz (showing irregular outlines) with a grain size
lower 50 pm. It is optically active without a well defined
extinction (Fig. 2B and C). Another part of the silica is observed
in the interstices of this mudstone associated with the clayey
fraction. Light acid etching allows us to reveal this xenomorph
silica within the carbonated matrix, the aspects are irregular
(Fig. 2D). In this aggregate, the optical observation is very
difficult due to the small size of the silica. Occasionally, micro-
crystalline quartz also observed in SL2 is detected.

3.2. Silica types in SL2

The Si-element map, in Fig. 3A, reveals the heterogeneity of
the silicon distribution in the material. The free silica (in dark) is
not much so dispersed as in SL1.

The main silica we observe in Fig. 3B, is an automorph quartz
(showing crystal units with polyhedral outlines) which the limit
size is of 150 pum. In transmitted light with crossed polars, these
quartz have a well defined extinction without rolling. However, a
light acid treatment reveals the presence of some structural flaws
(Fig. 3C).

In many aggregates, fibrous chalcedony is frequently ob-
served in a variable proportion and often enclosed in a massive
calcite grains (Fig. 3D). Chalcedony generally contains many
inclusions of dolomite (Fig. 3E). The last silica types observed
occasionally are the microcrystalline quartz and a lamellar silica
(Fig. 3F).

3.3. Reactivity of silica types

The petrographic study allowed us to determine the silica
types constituting both siliceous limestone aggregates. In
Table 2, the observed silica types are summarized and their
relative proportion estimated from “majority” to “not ob-
served”. According to the ASR literature, the potential
reactivity of each silica type is classified [6,7]. Consequently,
SL1 is mainly constituted by the xenomorph silica which is
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Fig. 4. Description of the model reactor method simulating ASR.
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Fig. 5. Description of the different chemical treatments.

strongly reactive. On the other hand, SL2 is mainly constituted
by automorph quartz which are not the most deleterious type.
Only the frequently observed chalcedony seems to be the main
source of reactivity.

4. Reactivity of the two siliceous limestone aggregates
4.1. Chemical mechanism of ASR

The ASR mechanism has described using different models
[8—12] and can be written following two main steps:

> Formation of Q3 tetrahedrons, due to destruction of silox-
ane bonds by hydroxyl ions attack:
Step 1:

(1)

> Dissolution of silica, due to destruction of the other
siloxane bonds of the Q; leading to Q tetrahedrons:
Step 2:

2510, + OH —SiOs),H + SiO;

1
SiO5), + OH™ + EH20—>H25103; (2)

Then the Q, tetrahedrons precipitate with alkalis in solution
forming C—S—H and/or C—-N-S—H gels.

4.2. Model reactor

The model reactor, which is a chemical sub-system
constituted by portlandite, alkali base and reactive aggregate,
has been developed. It allows the determination of the degree of
the chemical reaction, volume variations of the silica and the
aggregates at different reaction time [3]. This method is
decomposed in two stages (Fig. 4):

Initial stage: A mix of 1 g of crushed aggregate and 0.5 g of
portlandite is introduced in a closed stainless steel
container. After 30 min preheating up to 80 °C,

10 ml of 0.79 M NaOH solution is added. The
container is then autoclaved at 80 °C during
different reaction times to accelerate ASR.

After the reaction, the aggregate is constituted
with unaltered silica (Q4) and with altered silica
(Si05/2Na, [Si05/2]2Ca and SiOs/zH).

Stage 1:

4.3. Extraction of the silica and of the aggregates from state 1

The methodology, resumed Fig. 5, consists in two indepen-
dent chemical treatments from state 1.

Stage 2: Selective acid treatment with 300 ml ice cold 1 M HC1
solution allows us to dissolve ASR gels, portlandite,
calcite, dolomite and protonate the ionised tetrahe-
drons SiOs,,Na, [SiOs,,],Ca to SiOs,,H. Finally,
after filtration, drying and washing with an acetone—
ether treatment, the solid residue is constituted by
silica into Q4 and Q5 tetrahedrons and with clays, K-
feldspar, pyrite and trace minerals.

Stage 3: The extraction of the aggregates is realised from state
1 thanks to a salicylic acid treatment in a methanol
solution.

Table 3

Volume evolution of silica during ASR in both aggregates

Silica of SL2

Time Silica of SL1
(h)

V:kl)solulc (t) Vg:arous (Z) V:rarp])p (Z) Vzrarkl)solulc (t) V;)rlurous (Z) V;I)p (Z)
(mm’/g)  (mm’y) (mm¥/g) (mmYy) (mmYy) (mm’g)
0 374 38 412 380 25 405
8 373 45 418 382 29 411
13 375 46 421 385 29 414
16 374 47 422 383 32 415
20 376 47 423 383 33 416
24 376 48 425 381 34 416
37 381 49 430 388 36 424
48 383 59 442 387 35 422
72 386 60 446 390 39 429
120 393 67 460 387 44 431
168 399 69 468 399 49 447
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Table 4
Volume evolution of the aggregates during ASR

Time Aggregate SL1 Aggregate SL2

(h) V;nbsolute (t) ler:m)us (t) V:[])p (t) V:tl)solute (t) VI[::)rous (t) V:;)p (t)
(mm3 /g) (mm3 /g) (mm3 /g) (mm3 /g) (mm3 /g) (mm3 /g)

0 369 7 376 369 10 378

8 368 12 380 366 11 377

13 365 19 383 368 10 378

16 370 15 385 364 14 378

20 369 18 387 364 14 378

24 368 19 388 368 11 379

37 366 27 394 369 12 379

48 368 27 395 369 13 382

72 369 26 395 370 13 383

120 371 26 398 372 12 384

168 369 30 399 371 13 384

4.4. Expansion of the silica and of the aggregates during ASR

4.4.1. Definition
Commonly, the expansion of a material is followed by the
“apparent” mass volume and can be expressed as Eq. (3):

V;;p(t) = ;gsolute(t) + V;?)rous(t) (3)

where Vipsone (7) is the “absolute” mass volume occupied by
the material, measured from Helium pycnometer on the crushed
material.

Vabsolute (#) is the “porous” mass volume occupied by the
material, measured without crushing on an accelerated surface
area and porosimetry analyser based on the physical sorption of
nitrogen following the B.J.H. method [13].

4.4.2. Expansions of the silica and of the aggregates

As described by Bulteel et al. [4] and Garcia-Diaz et al. [12],
the competition between Step 1 and Step 2 of the mechanism
inducing an expansion of the silica due to the accumulation of Q3
tetrahedrons. The volume occupied by all reactive silica types in
our siliceous limestone aggregates can be measured in Stage 2
(after HCI attack). In this study, the apparent mass volume
variation after Stage 2 is considered as corresponding to the
apparent mass volume variation of the silica types observed by
petrography. Also, Table 3 gives the evolution of the different
mass volumes of silica as a function of time.

The previous measurement methodology is applied on state 3
to follow the different volumes of the siliceous limestone aggre-
gates during ASR (Table 4).

5. Results and discussion

Fig. 6 represents the swelling of both aggregates as a
function of the expansion of the corresponding silica. The
expansion of the aggregate SL1 is more important than the
aggregate SL2 for an equivalent expansion of silica. After 7
days of reaction, in SL1 the swelling of the aggregate is about
20 mm?/g for an expansion of the silica about 55 mm?/g. The
ratio of aggregate to silica expansion is less consequent in SL2
since the volume of the aggregates increases about 6 mm?/g for
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Fig. 6. Expansion of the aggregates as a function of the silica expansion.

an expansion about 42 mm®/g of the silica. To explain these
different evolutions, it is necessary to focus our attention on the
reactive silica and on the microstructure of each aggregate.

The initial amount of silica introduced in the reactor is a little
more important in SL1 than in SL2 due to the mineralogy of
each aggregate. SL1 contains 7.8% of silica and SL2 only 5.6%.
However, this explication seems to be too simplistic because it
supposes the same silica reactivity in both aggregates. Thanks to
the petrography study presented in paragraph 1, it has been
observed that the potential reactivity is quite different between
the two aggregates. SL1 is mainly constituted by a xenomorph
silica very sensible to ASR. In the opposite, the major part of
silica in SL2 is identified as automorph quartz fort which the
potential reactivity is weak. Consequently, it seems to be logical
that more expansion is measured in the case of the silica in SL1.

Nevertheless for a same expansion of silica, the response of
the carbonated matrix is quite different. In SL1, an homogenous
repartition of the reactive xenomorph silica (Fig. 2A, B and C)
and a uniform carbonated matrix (Fig. 1A and B) lead to a
higher expansion of the aggregate. In the opposite, SL2 which is
constituted by a disordered matrix (Fig. 1C and D) containing
variable proportions of massive chalcedony (Fig. 3D and E) is
less expansive.

Consequently, the mineralogical arrangement of SL1 allows
a higher expansion of the aggregates than in SL2. The
heterogeneity of the matrix, the random repartition and the
lower proportion of the reactive silica leads to chaotic and lower
swelling in SL2.

6. Concluding remark

The petrographic study in the case of two siliceous limestone
aggregates submitted to ASR is dual and summarized in Table 5.

Table 5
The main conclusions of the petrography
SL1 SL2

Homogenous repartition of reactive Heterogeneous repartition of reactive
silica silica

Higher proportion of reactive silica ~ Smaller proportion of reactive silica

Homogeneity of the microstructure ~ Heterogeneity of the microstructure
High expansion of the aggregate Weak expansion of the aggregate
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It allows the identification of reactive types of silica for both
aggregates and also permits to the microstructure of each ag-
gregate and the distribution of the reactive silica within the
carbonated matrix to be characterized.

In the model reactor, the free expansion of the silica and the
swelling of the aggregates have been measured at different
reaction times. The siliceous limestone aggregate SL1 appears
to be more expansive than SL2. Thanks to the conclusions of the
petrography (Table 5), these comportments of both aggregates
can be explained by their microstructure, the distribution and
the reactivity of their silica contents, thanks to the petrographic
study (Table 5).

This methodology based on the volume variations and on the
petrography study seems to be a pertinent method to measure
and determine the potential reactivity of a rock.
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