
Introduction

Stanton studied in 1940 the Parker Davis dam in
California, which showed cracking and expansion.
As a result of his study, Stanton concluded that the

damage was due to an interaction between aggre-
gates (altered andesites and rhyolites) and the alka-
lis of the concrete pore solution (Poole, 1992).

Since Stanton’s discovery the knowledge of alka-
li-aggregate reaction (AAR) has progressed but still
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ABSTRACT

The reaction between certain reactive components of aggregates (like opal and metaestable silica)
and concrete pore solution is well documented. Nevertheless, in this study it has been shown that some
aggregates, like granite, could develop a rapid or slow alkali-silica reaction (ASR) depending on the
deleterious component involved.

Mortar bars were cast with two granitic aggregates extracted from concrete cores drilled in two Span-
ish Dams affected by ASR, being classified as granitic rocks. The main difference between them is the
reactive component: microcrystalline quartz in one case and strained and microcracked quartz in the
other case.

A petrographic examination was carried out in the mortar bars. Thin sections were cut and the alkali-
silica gel was stained for an easier detection. Then, the thin sections were examinated with a stereomi-
croscope comparing the differences in the progress of the ASR for both aggregates.

It can be concluded that the main mechanism of formation and storage of gel is associated to the
microcracks instead of the subgrain boundaries.
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RESUMEN

La reacción entre los componentes de la fase intersticial del hormigón y áridos con minerales como
el ópalo o la sílice metaestable, se encuentra bien documentada. Sin embargo, en este estudio, se ha
detectado que dentro de un mismo tipo de roca, como es el granito, puede haber diferencias en el tipo
de reacción (lenta o rápida) dependiendo del componente reactivo que aparezca en la misma.

Se han fabricado barras de mortero con los áridos extraídos de dos presas españolas afectadas por la
reacción álcali-sílice. Estos áridos son rocas graníticas y la diferencia entre ambos reside en que una de
las muestras contiene cuarzo microcristalino como componente reactivo y, la otra, cuarzo deformado.

Mediante el estudio petrográfico de barras de mortero y el teñido del gel álcali-sílice se ha podido
observar la evolución y progreso de la reacción para cada uno de los componentes reactivos.

La principal conclusión que se puede extraer de este estudio es que la formación y almacenamiento
del gel se asocia a microfracturas en lugar de a límites de grano.

Palabras clave: reacción álcali-silica, morteros, granito, cuarzo, agregados de reacción rápida y de reacción
lenta.
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some aspects should be investigated, like the devel-
opment of faster and more reliable methods to eval-
uate the potential reactivity of aggregates (Poole,
1992; Wigum, 1995a).

In alcali-silica reactions (ASR) a deleterious chem-
ical reaction takes place between certain reactive
siliceous minerals in aggregates and alkali ions in the
concrete pore solution. This reaction produces a gel,
which imbibes water and expands when it is exposed
to moisture, cracking the aggregates and the cement
paste. Depending on the rate of reaction, there is a
rapid ASR due to aggregates containing metaestable
or microcrystalline quartz, and a slow/late ASR, when
aggregates contain strained or microcracked quartz.

Traditionally the potential reactivity of rocks has
been evaluated according to their geological term,
and granitic rocks are commonly classified as
innocuous. Sometimes they appear as low-reactivity
aggregates (Lorenzi et al., 2006) if there is strained
(Wigum, 1995b) or microcrystalline quartz in their
composition (Grattan-Bellew, 1992; Wigum &
French, 1996). The attack of the quartz by the con-
crete pore solution takes place mainly on the sur-
face, or through existing cracks or microstructural
alterations. Thus, a high concentration of disloca-
tions, microcracks or stress due to the crystal defor-
mation, could enhance the quartz reactivity (Grattan-
Bellew, 1992; Peng-Xiang, 2004 y Ponce & Batic,
2006). Also, polygonization of crystals to form
microcrystalline quartz could cause the reaction.

Research significance

In this investigation it has been carried out a
comparative study of the development of slow and
rapid alkali-silica reaction in granitic aggregates.
The aims of this investigation were:

— To study how alkalis in concrete pore solution
penetrate into aggregates, for both slow- and rapid-
reacting aggregates.

— To observe the evolution of the alkali-silica
gel formed in both cases.

— To analyse the influence of the feldspars in
the progress of the ASR.

The final goal was to contribute to a better under-
standing of the slow/late reaction, less studied than
the rapid one, and much more frequent in the Span-
ish dams.

Knowing more about this kind of reaction could
allow us to develop new and more accurate methods
for the detection of slow-reacting aggregates.

Methodology

Two granitic aggregates were selected, extracted
from the concrete of two Spanish dams affected by
ASR. One of them showed microcrystalline quartz
as reactive component and the second one had
strained and microcracked quartz without presence
of any other reactive component.

Both aggregates were tested according to the
Spanish standard (UNE 146508 EX, similar to
ASTM C 1260) to evaluate the potential reactivity.
Once the expansion of the mortar bars was mea-
sured, thin sections were made according to ASTM
C 856 04. The process to make these thin sections is
similar to rocks, but using oil as refrigerant agent
instead of water, to avoid alteration of the mortar.

The thin sections were stained (they are immersed
in a saturated solution of Copper-Ammonium Sul-
phate during 72 hours) following Ponce & Batic
(2006), Poole et al. (1988) and St John et al. (1998)
to facilitate the identification of the alkali-silica gel.

Afterwards the stained fragment is glued on a
microscope slide and is polished to have a section
around 30 µm thick. With the staining process the
gel formed by the ASR is dyed blue and is easily
detectable with a stereomicroscope. The polarized
microscope allows us to identify the reactive com-
ponents and the reaction development.

Characterization of the studied 
aggregates

Petrographic examination

Two different granitic aggregates extracted from
two dams affected by the ASR were studied.

The first one (Aggregate A) is classified as por-
fidic biotite granodiorite (Streckeisen, 1974). This
granodiorite is quartz rich and fine to medium grain
sized (Fig. 1-A and Fig. 1-B). The main minerals in
this rock are:

Quartz (41%): Anhedral shape and hard strained
with undulatory extinction, polygonised. The rock
shows microcrystalline quartz in the subgrain
boundaries formed by recrystallization (Fig. 1-C
and Fig. 1-D). Because of the detection of the micro-
crystalline quartz in this rock, it was quantified in
accordance with RILEM (2003).

Plagioclase feldspar (30%): They have subhedral
or anhedral shape crystals, some of them zoned and
others are multiple twinned.
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Fig. 1.—A) Granodiorite. PPL; B) Granodiorite. XPL; C) Anhedral Quartz crystals, strongly strained and recrystallizated. XPL;
D) Detail of the microcrystalline quartz. XPL; E) Monzogranite. PPL; F) Monzogranite. XPL.
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Potassium-rich feldspar (12%): Perthitic texture
with plagioclase feldspar, biotite and sometimes
quartz inside.

Biotite (17%): It shows tabular crystals parallel to
foliation. Some of them show deformation as the
nearby quartz (Fig. 1-C).

The second sample (Aggregate B) is a monzo-
granite Streckeisen (1974) (Fig. 1-E and Fig. 1-F).
The main minerals are:

Quartz (28%): Quartz appears as subhedral, sub-
rounded crystals with microcracking and 25° undu-
latory extinction angle (Dolar-Mantuani, 1981)
(Fig. 2-A and Fig. 2-B). Some crystals show plagio-
clase feldspar and biotite inside.

Plagioclase feldspar (39%): It shows subhedral
crystals and multiple twinned and zoned crystals.

Potassium-rich feldspar (23%): It shows Perthitic,
subhedral crystals with cross-hatched and Carlsbad
twinning.

Biotite (10%): It appears as subhedral crystals and
sometimes they form microgranular agglomerates.

Quantification of the microcrystalline Quartz
in the Aggregate A

The quantification of the microcrystalline quartz
was carried out according to the RILEM method.
An important amount (8%) of microcrystalline
quartz was found in the petrographic analysis of the
Aggregate A, which explains the ASR affecting the
dam and its deterioration (Table 1).

It has not been detected microcrystalline quartz in
Aggregate B and so, its reactivity is only caused by
the microcracked and strained quartz present in the
monzogranite.

Results from the petrographic examination
of the mortar bars

Figure 3 shows the results of the accelerated mor-
tar bars test. Aggregate A just exceeded the expan-
sion limit (0.20%) at 28 days, whereas Aggregate B
showed an expansion of 0.085% at 28 days and
exceeded the limit at 75 days.

Therefore, the Aggregate A is classified as alkali
reactive according to the method criteria and the
Aggregate B is classified as innocuous, although
indeed the dam was affected by ASR.

Slow-reacting aggregates

In the slow-reacting aggregates the concrete
pore solution penetrates into the quartz through
two main access channels: subgrain boundaries or
previous microcracks in the crystals. The differ-
ence between both ways is observed with the
polarized microscope. There is undulatory extinc-
tion in the first case (Fig. 2-C and Fig. 2-D) and
not in the second one (Fig. 2-E and Fig. 2-F),
which instead shows small microcracks. The pro-
duction of gel is higher in the microcracked parti-
cles (Fig. 4-A) than in those with strained quartz
(Fig. 4-B) at the same treatment age (180 days).
These results can help to explain the bad correla-
tion between the potential reactivity and the UEA
(undulatory extinction angle), usually mentioned
in the bibliography.

A partial dissolution of the strained quartz can be
found in the zones where the polygonization is visi-
ble. The dissolution of the quartz appears where the
presence of dislocations and previous microcracks
is more marked (Fig. 4-C).

Alkali-silica gel is formed inside the aggregate
when the silica from the strained quartz is dis-
solved. The presence of alkali-silica gel starts to
be visible after 90 days of treatment (Fig. 2-C,
Fig. 2-D and Fig. 4-D), just when the expansion
limit is exceeded.

When the pore solution attack and the gel genera-
tion continues, it begins to fill the concrete microp-
ores cracking the cement paste and cracks spread
out (Fig. 4-E).

If the bars are stored for a longer time, more gel
can be observed in the aggregate particles, espe-
cially in those with previous cracks (Fig. 4-F, sam-
ple with 365 days and an expansion of 0.49%). The
partial dissolution of zones of the quartz (those
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Table 1.—Results of the point counting method

SAMPLE A 2-4

Point counting Points Percentage

Resin 989
Coarse grained quartz 222 13
Fine grained quartz 53 3
Microcrystalline quartz 137 8
Potassium-rich feldspar 429 25
Plagioclase feldspar 348 20
Biotite 148 9
Sericite 245 14
Chlorite 65 4
Moscovite 68 4
Effective points 1,715 100
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Fig. 2.—A) Strained and microcracked Quartz. XPL; B) Strained Quartz. XPL; C) Granitic particle. The gel is accumulated parallel to
the direction of the undulatory extinction and in the pore near the aggregate (blue colour in the image) Scale bar = 500 µm. RL.
Age = 90 days; D) Undulatory extinction in a quartz crystal. The storage of the gel coincides with the subgrain boundaries. XPL;
E) Granitic particle. The gel fills the quartz microcracks. Scale bar = 500 µm. RL. Age = 90 days; F) Quartz crystal from a granitic par-
ticle with parallel extinction. XPL.
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with defects in the crystal lattice) is much more
frequent at later stages and the pores of the paste
contain a huge amount of gel. The aggregates and
the cement paste cracking is also much more
intense (Fig. 5-A).

Rapid-reacting aggregates

The rapid-reacting granite studied in this research
shows a similar slow/late reaction than the previ-
ously described, developing in the subgrain bound-
aries and especially in the microcracks. But also a
quicker reaction can be observed, which is concen-
trated in the microcrystalline quartz.

The evolution of the reaction in the rapid-reacting
aggregates is as follows:

The concrete pore solution infiltrates into the par-
ticle and it advances from the surface of the particle
surrounding the microcrystals. The microcrystalline
quartz shows a rapid dissolution and large zones
inside the particles are dissolved (Fig. 5-B).

Afterwards, the alkali-silica gel is formed inside
the aggregate and flows to the paste pores around it
(Fig. 5-C).

The aggregates dissolution in this kind of aggre-
gates is obvious rapidly and in a short period of
time the mortar pores have a huge amount of gel
inside. The microcracking of the aggregates, as well
as the cement paste, is more intense at earlier stages
(Fig. 5-D, Fig. 5-E and Fig. 5-F, age: 41 days). This
is in agreement with the high and quick expansion
registered in the accelerated mortar bar test (0.274%
in 41 days).

Role of the feldspars

The contribution of the feldspars to the ASR was
observed in the granitic rocks studied. So, there are
particles with a large amount of gel just where the
quartz crystal is in contact with the plagioclase
feldspar (Fig. 6-A and Fig. 6-B) or potassium-rich
feldspar (Fig. 6-C and Fig. 6-D).

This effect could be more accused if the granite
contains mirmekite or perthite structures, like the
one studied.

Conclusions

Some international recommendations about ASR
classify the reactivity of rocks according to their geo-
logical term, but the same kind of rock could be
slow- or rapid-reacting aggregate depending on its
components and/or its microstructural characteristics.

At the moment, there are no methods reliable
enough to evaluate the reactivity of slow-reacting
aggregates, which are the most frequent in Spain.

In this study a comparative study of two granitic
rocks extracted from two ASR affected dams has
been carried out. One of them is a slow-reacting
aggregate, with strained and microcracked quartz as
reactive component, and the other one is a rapid-
reacting aggregate, with microcrystalline quartz as
reactive component.

In rapid-reacting aggregates, the attack by the
concrete pore solution begins to dissolve the zones
of microcrystalline quartz just in contact with the
cement paste. This generates a huge amount of gel,
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Fig. 3.—Results from the accelerated mortar bar test.
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Fig. 4.—A) Quartz particle with alkali-silica gel inside it. The presence of this gel in the microcracked particle is clearer than in next
particle with strained quartz (photo on the right). Scale bar = 500 µm. RL. Age = 180 days; B) Quartz particle with a little amount of
alkali-silica gel. Scale bar = 500 µm. RL. Age = 180 days; C) Granitic particle. The dissolution zones and the alkali-silica gel deposits
are clearly visible (Qtz = quartz; Bio = biotite; G = alkali-silica gel y D = dissolution zone). PPL; D) Quartz particle. Particle size:
1.5 mm. Scale bar = 500 µm. RL. Age = 90 days; F) Microcracks (F) begin to appear in the cement paste (P). The gel fills the microc-
racks (blue colour in the image). PPL; F) Quartz particle with a huge amount of alkali-silica gel inside it. Scale bar = 500 µm. RL.
Age = 365 days.
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Fig. 5.—A) Microcrack filled of alkali-silica gel (blue colour in the image). The microcrack is perpendicular to the particle surface and
affects the cement paste and a second aggregate near the first one. PPL; B) Granitic particle. An accumulation of quartz crystals can
be distinguished in the image. Crystal size = 50 µm (red ellipses in the image). The dissolution appears in the zones with microcrys-
talline quartz. Plg = plagioclase feldspar; Qtz = quartz y D = Dissolution zone; C) Granitic fragment. The alkali-silica gel (blue colour in
the image) fills the surrounding cement paste and partly a pore near the particle. The quartz crystal is partially dissolved (D) by the
mortar bar test solution. Scale bar = 500 µm. RL. Age = 41 days; D) Granitic particle. The quartz crystal is partially dissolved (D) by
the mortar bar test solution. The red arrow shows a microcrack which begins in the particle and goes through the cement paste and
two other particles to a near pore, partly filled by the alkali-silica gel; E) Granitic particle. The alkali-silica gel (blue colour in the image)
appears in the surrounding cement paste, also inside the particle and fills partly a pore near the particle. Scale bar = 500 µm. RL.
Age = 180 days; F) Granitic particle. The alkali-silica gel (blue colour in the image) fills some microcracks inside the particle and the
surrounding cement paste. Scale bar = 500 µm. RL. Age = 41 days.
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which is accumulated mainly in the surrounding
paste in a short period of time. Additionally, there is
also a slow/late reaction, originated by the strained
or microcracked quartz.

In slow-reacting aggregates the concrete pore
solution enters slowly inside the aggregate mainly
through the microcracks and to a less extent through
the subgrain boundaries. The cracking system is
filled by the expansive gel and in the junction of dif-
ferent microcracks may appear silica dissolution.

The described mechanism explains why the cor-
relations between UEA and the aggregate reactivity
does not give good results in these kind of aggre-
gates, because the main mechanism of formation

and storage of gel is associated to the microcracks
instead of the subgrain boundaries.
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Fig. 6.—A) Granitic fragment. The plagioclase feldspar remains unaltered but on its surface could see an important amount of alkali-
silica gel. Scale bar = 500 µm. RL. Age = 180 days; B) The same fragment of the previous image. The alkali-silica gel is concentrated
in the intercrystalline surface (Plg = plagioclase feldspar; Qtz = quartz y G = gel). PPL; C) Granitic fragment. The quartz is strongly
strained and microcracked. It has alkali-silica inside (blue colour in the image). Scale bar = 500. RL. Age = 365 days; D) The alkali-sil-
ica gel is accumulated on the intercrystalline surface, between quartz and potassium-rich feldspar (Fto K = potassium-rich feldspar;
Qtz = quartz y D = dissolution zones).
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