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Influence of Granitic Aggregates from Northeast Brazil on the Alkali-aggregate Reaction
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The alkali-aggregate reaction (AAR) in concrete structures is a problem that has concerned
engineers and researchers for decades. This reaction occurs when silicates in the aggregates react with
the alkalis, forming an expanded gel that can cause cracks in the concrete and reduce its lifespan. The
aim of this study was to characterize three coarse granitic aggregates employed in concrete production
in northeastern Brazil, correlating petrographic analysis with the kinetics of silica dissolution and
the evolution of expansions in mortar bars, assisted by SEM/EDS, XRD, and EDX. The presence
of grains showing recrystallization into individual microcrystalline quartz subgrains was associated
with faster dissolution of silica and greater expansion in mortar bars. Aggregates showing substantial
deformation, such as stretched grains of quartz with strong undulatory extinction, experienced slower
dissolution, with reaction and expansion occurring over longer periods that could not be detected using

accelerated tests with mortar bars.
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1. Introduction

The alkali-aggregate reaction (AAR) is a phenomenon
that has concerned civil engineers and researchers for
decades. This reaction has been studied since the early
1940s in order to understand its causes and develop ways
to mitigate its effects. Due its complexity, it has attracted
the attention of workers in fields as diverse as chemistry,
physics, geology, and civil and materials engineering.

There are geographical differences in the options
available for mitigation of the AAR, and solutions that are
appropriate in one country may not be viable in another. In
Brazil, an extremely large country, techniques used in some
regions may not be practicable in others. The reasons for
these differences include the use of aggregates from a variety
of sources, cements with different chemical compositions,
different pozzolans and chemical additives, and different
environmental exposures.

The AAR occurs when minerals present in the aggregate
react with ions (OH, Na*, and K*) released from hydrated
cement paste, forming a hygroscopic gel that expands by
uptake of moisture. This causes cracks in concrete that
affect its dimensional stability, mechanical properties,
and durability. The reaction is initiated by dissolution of
silicates present in the aggregates, with attack of hydroxyl
ions (OH) firstly on silanol groups (Si-OH), and then, in a
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second stage, on siloxane groups (Si-O-Si), with breaking
of the bonds to form dissociated Si-O- pairs. In both stages,
water is released and the cations (Na* and K*) are attracted
to counterbalance the negative charges, forming the gel'>.
Calcium ions are also involved in the reaction®*. Based on
this mechanism, several studies have attempted to associate
the potential for dissolution of the silica with the reactivity of
different aggregates and silicates™. Reactive aggregates are
usually classified into two groups, according to the kinetics
of the reaction. In the first group, comprising vitreous or
amorphous minerals such as volcanic glasses and opal,
the reactions develop quite rapidly. In the second group,
consisting of stressed crystalline minerals such as quartz that
has been deformed by tectonic processes, the reactions and
expansion are slower'*!!. Jensen'? proposed the inclusion of
an additional category of highly reactive aggregates, whose
members include fine dolomite crystals and expansive clay
minerals. Granitic aggregates are included in the group
showing slow reactions, where structural defects can occur
10 years after completion of a construction project'?.
Granitic aggregates, composed mainly of quartz,
alkaline feldspars, plagioclases, micas, and other secondary
minerals, are extensively used in concrete structures
worldwide, and can show different responses (in terms of
the AAR) in both outdoor structures as well as in laboratory
experiments. This is due to the varied textural characteristics
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resulting from thermal and mechanical processing during
the geological formation of the minerals, and can hinder
direct identification of the principal factors responsible for
the reactivity of a given aggregate.

The features associated with the strong deformations
suffered by granitic rocks have been suggested to be
important indicators of their reactivity. The deformation of
quartz, with the development of subgrains and the presence
of cryptocrystalline and microcrystalline material, provides
important features for evaluation during petrographic
analysis'>"*. Wigum', in a study of deformed granitic rocks,
found that with the formation of subgrains of quartz, the total
grain boundary area and size of grains were the variables
that had the greatest influence on the expansion process.
Wenk et al.'” reported that increased deformation and
reduced size of the quartz grains led to increased dislocation
density, and that this was an important factor affecting
the reactivity. However, Hagelia and Fernandes'® recently
suggested that the size of the quartz grains might be less
important, and that the dissolution of feldspars and micas
contributed to the reactivity. It was shown that structures
affected by the AAR presented products of the reaction that
were associated with coarse-grained quartz (up to 1500 um
in size, and essentially free of deformation), while granitic
mylonites containing microcrystalline quartz and low
amounts of mica were found to be innocuous. Tiecher et al.?
studied the dissolution of three Brazilian aggregates (granite,
mylonite, and quartzite) that presented different degrees of
deformation. It was found that grains with more deformed
textures (quartzite and mylonite), with marked undulatory
extinction and deformation bands, dissolved more easily and
caused greater expansion in mortar bars, compared to the
granite, which had a higher content of recrystallized quartz
subgrains. The literature therefore remains inconclusive
concerning the influence of quartz subgrains and quartz with
smaller dimensions, indicating the need for further studies,
both in the field and in the laboratory.

Other relevant characteristics of granitic rocks that
have been reported include foliations, cracks, and other
alterations of the minerals that enable alkaline solutions to
penetrate the interior of the minerals''. The presence of mica
(especially interstitially) also appears to affect the reactivity
of aggregates'>'".

The combined influences of these factors reflects the
complexity of this type of aggregate, indicating the need
for studies that take into account the origin of the material,
as well as its use at different locations. Studies of granitic
aggregates in Brazil have revealed a range of effects in
terms of the AAR. In an investigation of aggregates from 26
locations in Sdo Paulo State, Valduga'® concluded that four
out of six coarse granitic aggregates could be considered
potentially reactive. Although accelerated tests using mortar
bars did not reveal expansions exceeding established limits,
the materials presented deformed quartz and undulatory
extinction, as well as gels with varied morphologies within
the pores of the mortar. Couto et al."” studied three granitic
aggregates from Goids State, of which two had massive
structures and one had a foliated structure. In all cases, the
quartz showed substantial undulatory extinction, although
only the foliated granite caused mortar bar expansion that
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exceeded the established limit. In northeast Brazil, coarse
mylonitized aggregates from the Metropolitan Region of
Recife were studied by Silva et al.*. Reaction damage
was identified in samples from the foundations of different
buildings in this region, after the collapse of a 12-story
building. The greatest expansions in the mortar bars were
attributed to the aggregates for which petrographic analysis
revealed greater contents of microcrystalline quartz,
although altered feldspars and biotite were also detected
in the aggregates.

In Sergipe State (northeast Brazil), only one similar
study has so far been reported®'. Three different coarse
metamorphic aggregates, collected from concrete
manufacturing plants, were subjected to petrographic
analysis and mortar bar expansion measurements. Although
only two of the aggregates showed alignment of the quartz
grains, all three aggregates were found to be potentially
reactive. No information was given concerning the presence
of quartz subgrains or microcrystalline quartz, so it was not
possible to compare the aggregates with those used in the
present work.

The AAR is governed by factors common to any
heterogeneous chemical reaction with a solid-liquid
interface, where the kinetics of the reaction is not only
determined by the composition, but also by the surface area,
contact surface, form of the particles, and porosity, amongst
other factors. The aggregates can present different reaction
mechanisms that can only be satisfactorily evaluated using
experimental procedures. The investigation of complex
systems such as aggregates and alkali-aggregate reactions
therefore requires the use of a range of complementary
analytical techniques.

Given the uncertainties described above, this study
investigated the influence of quartz morphology on the
AAR, using three granitic aggregates that are widely
employed in reinforced concrete structures in Sergipe State.
The work demonstrated that use of a set of complementary
techniques is fundamental in understanding the AAR. To
this end, petrographic analysis, determination of dissolved
silica, and measurement of mortar bar expansion was used,
together with scanning electron microscopy (SEM/EDS),
energy dispersive X-ray spectroscopy (EDX), and X-ray
diffraction analysis (XRD).

2. Material and Methods

The aggregates (samples A, B, and C) were collected
directly from distributers. These materials were derived
from rocky massifs located in the municipalities of Itabaiana
(samples A and B) and Itaporanga D’ajuda (sample C), in
central-south Sergipe State.

Compositional analysis and identification of the
mineralogical phases in the aggregates was performed by
EDX and XRD. The EDX analyses employed a Model EDX
720 spectroscope (Shimadzu). The XRD measurements
used a Rigaku diffractometer, operated in scan mode with
Cu-Ko radiation (L = 1.5418 A), a scan rate of 5°/min, and
20 between 5° and 80°. These analyses were performed
on powdered aggregates that had been passed through a
n°. 200 sieve (0.075 mm). For petrographic determination
of the textural characteristics of the aggregates, thin sections
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were examined using an Opton Model TNP-09T binocular
microscope.

Two experimental procedures were used to correlate
the results of the composition and texture analyses with
the potential reactivity of the aggregates. Measurements
of expansion in mortar bars were performed according to
the accelerated method described in NBR 15577-5%, and
measurements of dissolved silica were as described in
ASTM C 289%.

Using the accelerated procedure?, mortar bars
(25 x 25 x 285 mm) produced using the aggregates and
CP II Z-32 Portland cement were placed in a solution of
NaOH (1 mol/L) at 80 °C for 30 days, and the expansions
were subsequently measured using a digital dial gauge.
An aggregate is considered reactive when bar expansion
exceeds a limit value of 0.19% after 30 days, and when
petrographic analysis identifies the presence of reactive
mineral phases. The measurements were performed in
triplicate. The elemental composition of the Portland cement
used in the mortar bars was determined by EDX (Table 1).
SEM and energy dispersive spectroscopy (EDS) were used
for qualitative morphological and elemental analysis of the
reaction products in fragments obtained from the mortar bars
after the expansion tests. The coupled SEM/EDS analyses
were performed with a JEOL JCM-5700 CarryScope
instrument operated using a filament voltage of 10 kV. The
samples were coated with gold prior to the analyses.

In accordance with the procedure recommended by
ASTM C 289 for the determination of dissolved silica®, 25
g of samples A, B, and C were placed (in triplicate) in PTFE
flasks containing 25 ml of NaOH (1 mol/L) and heated at
80 °C in a water bath. The measurement of dissolved silica
was performed using a UV-Vis spectrometer (Libra S12,
Biochrom) after reaction of the solutions with hydrochloric
acid, oxalic acid, and ammonium molybdate. In addition
to the usual 24 hours, dissolution was also measured after
96 and 192 hours. For the purposes of the present study, it
was not necessary to use the alkalinity reduction parameter
described in the standard procedure. Prior to the dissolved
silica assays, the aggregate samples were pulverized and
then sieved. The particles selected were those that passed
through a n°. 50 (0.3 mm) sieve and those that were retained
on an®. 100 (0.15 mm) sieve.

3. Results

The elemental and compositional analyses (Table 1)
showed that the three aggregates contained around 70% Si,
17% Al, and smaller amounts of Na, K, Ca, Fe, and Mg. The
XRD results (Figure 1) were similar for the three samples,
with main peaks corresponding to quartz (SiO, JCPDS 46-
1045), microcline (potassium feldspar, KAISi,O,, JCPDS
2-0513), and plagioclase (NaAlSi,O,, JCPDS 20-0554, and
CaAlLSi O,, JCPDS 20-0528). However, although these
results indicated that the aggregates had similar chemical
compositions, textural evaluation using optical microscopy
revealed significant differences, especially in the case of
sample C.

Optical microscopy images were acquired for thin
sections, using crossed nicols and plane-polarized light.
The main characteristics are provided in Table 2. Figure 2
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Table 1. Elemental and compositional analyses of the samples and
cement using EDX analysis.

Oxides Sample A Sample B Sample C  Cement
Sio, 67.13 70.34 66.53 22.69
ALO, 17.29 17.24 17.28 5.27
K,0 3.85 3.89 4.27 1.32
Na,O 3.21 3.51 2.12 -
Fe O, 3.05 1.87 3.72 3.1
CaO 2.63 1.77 3.05 61.64
MgO 1.69 0.68 1.82 1.15
SO, 0.55 0.24 0.3 4.36
TiO, 0.31 0.21 0.59 0.25

Q
Q = Quartz (JCPDS 46-1045)
A = Albite/Plagioclase (JCPDS 20-0554)
An = Anorthite/Plagioclase (JCPDS 20-0528)
Mi = Microcline (JCPDS 2-0513;
Sample A i
Q
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Q
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Figure 1. Results of XRD analyses of samples A, B, and C.

shows an overview of the section of sample A. The observed
alignment was caused by tectonic anisotropism (mylonitic
foliation). The inequigranular structure resulted from the
presence of feldspar phenoclasts and a matrix that occupied
38% of the volume of the sample. The minerals were of
fine granulation, with grains that varied between 0.01 and
4.5 mm in size. Most grains were within the 0.8-1.4 mm
size range. Quartz, which accounted for 31% of the sample,
was present as stretched anhedral grains (ribbon quartz, as
shown in Figure 3), with strong undulatory extinction and
sutured boundaries, and dimensions of between 0.05 and
1.6 mm (although fewer than 10% of the grains were smaller
than 150 um). The process of mylonitization resulted in
recrystallization of the quartz grains, with some subgrains
already formed and others in the process of formation
(Figure 3). The most abundant phenoclasts consisted of
microcline (30.6%), sometimes with sigmoidal and fractured
features. These grains were anhedral, with dimensions of
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Table 2. Characteristics of the aggregates.
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Characteristics Sample A Sample B Sample C
Nature Meta-igneous Meta-igneous Metamorphic
Name Mylonitized hornblende granodiorite ~ Granodiorite/ mylonitized granite Granoblastite
Color Greenish-gray Gray Reddish
Structure Anisotropic and inequigranular Anisotropic and inequigranular Isotropic and equigranular
Grain Fine-grained Fine-grained Fine-grained

Figure 2. Overview of the section of sample A using crossed nicols,
showing alignment of the grains, the tectonic matrix, inequigranular
structure, and fractured microcline (qtz = quartz; hb = green
hornblende; mcl = microcline; opc = opaque minerals).

Figure 3. Stretched grains of quartz (ribbon quartz) with formation
of subgrains, surrounded by a fine-grained matrix.

between 0.01 and 4.5 mm, and there was considerable
evidence of white mica. The plagioclase grains (34.4%)
were also anhedral, with dimensions between 0.01 and
0.8 mm, and in some cases, there was evidence of alteration
resulting in formation of a mixture of epidote, white mica,
and carbonate. Less abundant components included green
hornblende (3.1%) and opaque minerals (0.9%). Carbonate
represented less than 0.1% of the sample.

An overview of the section of sample B is provided in
Figure 4. This sample also showed alignment caused by
tectonic anisotropism (mylonitic foliation), albeit to a lesser
extent than observed for sample A, and was inequigranular,

Figure 4. Overview of the section of sample B, showing low
intensity mylonitic foliation, reduced tectonic matrix, inequigranular
structure, and reduced formation of quartz subgrains. (qtz = quartz)

Figure 5. Overview of the section of sample C, showing the
equigranular structure, absence of a tectonic matrix, and no grain
alignment.

with fine granulation and a tectonic matrix that occupied
25-30% of the total volume. The quartz (28.8%) consisted
of anhedral grains with sutured boundaries and dimensions
varying between 0.01 and 0.3 mm. Fewer than 10% of the
grains were smaller than 150 um, and undulatory extinction
intensity was moderate to strong. In contrast to sample A,
the formation of stretched recrystallized phenoclasts was
rare. The microcline (35.8%) was anhedral, with dimensions
between 0.08 and 0.4 mm, and many of the grains were
altered to white mica. The plagioclases (30.4%) consisted of
grains that were anhedral, subhedral, and (rarely) euhedral,
with dimensions between 0.01 and 1.8 mm. These grains
showed a high degree of saussuritic alteration. Brown
biotite (2.8%) was a minor component, with grain sizes
between 0.01 and 0.2 mm, and with some of the grains
showing alteration to chlorite. Other minor components
were hornblende (1.4%) and opaque minerals (0.6%), while
carbonate accounted for less than 0.1% of the sample.
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(b)

Figure 6. View of microcrystalline quartz subgrains formed by recrystallization, (a) observed using crossed nicols, (b) observed using
plane-polarized light. (qtz = quartz, plg = plagioclase, mcl = microcline, car = carbonate, ser = sericite, cl = chlorite, opc = opaque

minerals, ep = epidote).

The textural characteristics of sample C were distinct
from those of the other samples. In this case, there was no
alignment of the grains, and the tectonic matrix was absent
(Figure 5). The quartz (20.5%) was present as anhedral
grains with dimensions varying between 0.02 and 0.3 mm
(around 20% of the grains were smaller than 150 um), and
undulatory extinction was mild. There were no typical
signs of deformation (in contrast to sample A), although
many of the grains showed recrystallization into individual
microcrystalline subgrains (smaller than 20 pum), probably
due to thermal metamorphism (Figure 6). The microcline
(35.4%) consisted of anhedral grains sized between 0.01 and
2 mm, with grains of around 0.8 mm predominating, many
of which were altered to white mica. The plagioclases were
present as anhedral and subhedral grains sized between 0.01
and 0.8 mm. There was substantial saussuritic alteration,
and epidote grains of up to 0.5 mm in size. The micas were
present in the form of interstitial brown biotite (1.8%), with
grain sizes smaller than 0.1 mm and strong alteration to
chlorite (Figure 7), as well as white mica (less than 0.1%)
in the form of flakes sized between 0.03 and 0.2 mm, which
is generally associated with microcline. Opaque minerals
and carbonate accounted for less than 0.1% of the sample.

Investigation of the correlation between the texture of
the aggregates and the AAR involved the determination of
dissolved silica and measurements of expansion in mortar
bars. Identification of the reaction products was performed
using SEM/EDS.

The results of the determination of dissolved silica
after heating in a solution of NaOH (Figure 8) revealed
that sample C showed fastest dissolution up to 96 hours of
exposure (2.5 times greater than for the other samples), with
attainment of equilibrium within 192 hours of treatment.
Dissolution of samples A and B only reached levels similar
to that of sample C after 192 hours, indicating that the
reaction kinetics of sample C was different, compared to the
other samples. This behavior was coherent with the mortar

Figure 7. Interstitial chlorite observed using plane-polarized light
(cl = chlorite, mcl* = altered microcline, ep = epidote, qtz = quartz,
plg = plagioclase).
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Figure 8. Concentrations of dissolved silica after different times.
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bar expansion results (Figure 9). Bars made with sample C
showed expansions of around 0.27% after 30 days, while
bars made with samples A and B showed average expansions
of 0.18 and 0.10%, respectively.

These results were confirmed by morphological analysis
of the reaction products formed in the bars after expansion.
The SEM images and semi-quantitative chemical analysis by
EDS (Figure 10) revealed the formation of AAR products in
the pores of a bar fragment produced with sample C, with
morphology and composition (in terms of Si, Na, K, and

0.30 | —s— Sample A
—e— Sample C

—— Sample B

025 |

0.19 %

0.20 ]

Expansions (%)

Time (days)

Figure 9. Mortar bar expansions.
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Ca) in accordance with previous work®?!. Images of the
interior of the mortar bars produced with samples A and B
mainly showed pores that were empty (Figure 11), or that
were filled with products of the hydration of cement, such
as hexagonal crystals of portlandite (Ca(OH),) (Figure 12).

4. Discussion

The results of the mortar bar expansion measurements
were in agreement with the analyses of dissolved silica and
indicated the greater propensity of sample C to develop
the AAR. In the case of the other samples, dissolution of
sample B was slightly greater than that of sample A in the
first 96 hours, although this was reversed after 192 hours
of treatment. The SEM/EDS analyses revealed that the
interior of the bars containing sample C contained fissured
pores filled with products of the reaction, further supporting
the hypothesis that expansion in these bars was related to
the AAR.

The XRD and EDX analyses showed that the differences
in expansion behavior and silica dissolution could not be
attributed to the chemical and mineralogical characteristics
of the aggregates. However, the petrographic analyses
indicated that the differences could be explained by the
different textural properties. In sample C, the presence
of subgrains of microcrystalline quartz smaller than
20 um (Figure 6), which have been described as being
reactive to highly reactive'®, resulting from the process

Full scale counts: 12150 C12(7)_ptt Cursor:  4.500 keV
219 Counts
< oun
12000
10000
8000 l \
6000 1
Ca
o I
2000 A a
15[ oA ey Y
4 10
kim -43 -Te keV

(c)

Figure 10. SEM image of (a) a pore filled with AAR products in a fragment of a bar made with sample C, (b) a detail of AAR products,

and (c) EDS analysis of the AAR products.
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e

X300 50pum
Figure 11. Empty pore in the interior of a mortar bar made using
sample A.

of recrystallization of larger grains, could explain the fast
dissolution of silica and greater expansion in the mortar
bars. The smaller size of the quartz subgrains in sample C
implies that this material had a greater surface area and
an increased number of grain boundaries, compared to
samples A and B, favoring faster reaction at the solid-liquid
interface, in agreement with the kinetics of a heterogeneous
chemical reaction.

In addition, the interstitial brown biotite (altered to
chlorite) in sample C could have contributed to rapid silica
dissolution, despite only accounting for 1.8% of the sample
volume. The presence of interstitial mica has recently been
reported in the aggregate of a structure severely affected
by the AAR".

The kinetic behavior observed for samples A and B
was similar. The reactive components dissolved more
slowly, which meant that the expansion reactions were
delayed and no pronounced effects were observed during
the 30 days of the mortar bar assays. This was in agreement
with classification of the deformed aggregates of these
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