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Abstract: A thorough petrographic evaluation of aggregates from igneous rocks in terms of their
alkali-silica reaction (ASR) potential is crucial in ensuring the durability and long-term performance
of concrete structures, especially those where access to additional alkalis is possible, such as from de-
icing agents. The aim of the research was to assess the potential reactivity of aggregates from igneous
rocks, as only such aggregates are used for concrete airport pavements in Poland. Petrographic
analysis was conducted to identify the reactive minerals in the aggregate, and it was extended by
quantitative image analysis. The strained, microcrystalline and cryptocrystalline quartz were found
to be reactive components but significantly differed in content. It was found that aggregates from
igneous rocks were characterized by different susceptibility to ASR and that methods to mitigate the
occurrence of ASR should be considered to be used in airfield concrete. A relationship between the
content of analyzed reactive minerals and the expansion of mortar bars in AMBT, as well as of the
concrete prism in the CPT method, was revealed.

Keywords: igneous rocks; granite aggregate; mineral composition; thin sections; digital image
analysis; petrographic analysis; alkali-silica reaction; concrete durability

1. Introduction

Airfield pavements are designed to support the weight of aircraft, withstand heavy
loads and traffic distribution, and resist damage from the environment and other external
factors. Concrete is commonly used for airfield pavements because of its mechanical
characteristics, durability, and resistance to damage from chemicals and oil spills. This
type of concrete facility is an essential component of airport infrastructure, and its proper
design, construction and maintenance are critical to ensuring the safety and efficiency
of air travel [1,2]. However, concrete pavements are particularly exposed to alkali-silica
reactions (ASR) due to the penetration of alkalis from de-icing agents [3-5]. Rangaraju
et al. [3] showed that acetates used for de-icing airports cause significant destruction due to
ASR. Giebson et al. [4] proposed the possible mechanism of influence of de-icers on ASR
as an excess supply of alkalis and the release of OH™ ions due to the increased solubility
of Ca(OH),. Glinicki et al. [5] presented that concrete pavement with reactive aggregate,
exposed to sodium chloride, was destroyed due to ASR. Alkali-silica reaction is caused
by the reaction between alkalis (sodium and potassium hydroxide) in the concrete pore
solution and certain types of reactive silica constituents present in some aggregates [6].
The ASR produces a gel-like substance that can absorb water and expand over time,
leading to cracking and other types of damage in the concrete. Despite the developed
standard methods concerning the potential of aggregate to provoke alkali-silica reaction,
and concrete itself, and the methods of mitigating this harmful reaction, ASR remains one
of the main problems of the durability of concrete structures [7].

Selecting appropriate concrete components, such as aggregate that does not contain
reactive minerals, is one of the easiest methods to avoid the alkali-silica reaction in concrete.
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As suggested by Poole [8], the constituents of the rock, rather than the type of rock, should
be taken into account as the criteria for the ASR potential of the aggregate. The vast majority
of aggregates intended for concrete contain quartz, but its reactivity varies. Studying the
relationship between deformation processes and the microstructural characteristics of rocks
can provide valuable insights into the behavior of quartz-bearing aggregates in concrete [9].
Amorphous SiO; (e.g., opal) is recognized as one of the most highly reactive form of quartz,
followed by meta-stable crystals like cristobalite and tridymite, microcrystalline silica,
and other crystalline structures with abundant lattice defects, residual strain, or internal
microcracks [6,10]. Locati et al. [9] revealed that the reactivity of quartz-bearing mylonites
increased by ~30% compared to the non-mylonitized specimen due to the increment in
the strained quartz content. Bourdot et al. [11] found that the grain size of 5iO, was a
supplementary key parameter, in addition to crystallinity and strain, since it could promote
ASR development with siliceous aggregates. In a recent study, Custodio et al. [12] found
that almost all aggregates used in recently constructed Portuguese dams contain potentially
alkali-silica reactive forms of SiO, (e.g., mainly quartz precipitates in feldspars, deformed
and microcrystalline quartz grains). In addition, it was shown that the aggregates also
contained minerals that can release alkalis into the concrete pore solution (e.g., feldspar
or muscovite).

The degree of occurrence or rate of ASR depends mainly on the type of constituent
materials used, i.e., aggregate and cement. The composition of concrete used for airfield
pavements, described in detail in Polish technical standard NO-17-A204:2015 [13], requires
the use of granite aggregate. For airport pavement concrete, granite with a maximum
grain size of 31.5 mm and homogeneous petrographic composition is required as the coarse
aggregate. However, it is not allowed to use blended cement for airport pavements, which
could reduce the potential alkali reactivity of the aggregate in concrete [14,15]. Therefore,
the initial assessment of this aggregate takes on special importance.

Aggregates made from igneous rocks, especially granites, are generally regarded as
harmless or improbable to exhibit reactivity to alkalis in concrete [16,17] due to the possible
presence of small amounts of microcrystalline or undulatory or subgrained crystalline
quartz [18]. J6zwiak-Niedzwiedzka et al. [17] tested the reactivity of different aggregates
from igneous rocks and showed that gabbro and granite were considered to be nonreactive.
Ramos et al. [16] concluded that granite aggregates require an extension of the standard
research methods, due to their delayed reactivity. Nevertheless, the literature reports
indicate the occurrence of various damages in large-scale constructions produced with
granitic aggregates as a result of ASR [19-21]. Hence, it is essential to consider granite
as nonreactive in specific regions, while acknowledging that certain varieties of granite
in different areas exhibit reactivity [18]. Explicit determination of rocks’ reactivity based
on their geological term is impossible. The reactivity of aggregates from igneous rocks
can vary, depending on the specific mineralogy and composition of the deposit. Some
aggregates may contain higher levels of reactive minerals or may be more susceptible to
alteration due to weathering or other environmental factors [22], which can increase the
potential for ASR. In previous studies, the authors [23] primarily examined the effect of
strained quartz on the occurrence of the alkali-silica reaction in granite aggregates, which
were considered nonreactive. However, the simultaneous impact of microcrystalline quartz,
cryptocrystalline quartz, and strained quartz, as well as aggregates from igneous rocks
other than granites, on alkali-silica reactivity has not been taken into consideration.

Reactive silica quantification is a critical step in evaluating the potential for ASR in
aggregates. Image analysis techniques can be helpful in accurately determining the content
and distribution of reactive silica minerals, while advanced research techniques based on
image analysis mainly concern the estimation of the volume ratio of finer aggregates [24],
the analysis of the impact of aggregate segregation on concrete mechanical parameters [25],
investigation of the changes of aggregate shape, i.e., form, angularity, and texture during
different aggregate abrasion/degradation tests [26], or the degree and size of cracking
of the cement matrix and aggregate [27,28]. The establishment of a robust methodology
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for petrographic characterization of aggregates using image analysis, and evaluation of
the effectiveness of this approach in identifying and quantifying reactive silica minerals
associated with ASR, are not so common. Bourdot et al. [29] identified the potentially
reactive silica forms in tested aggregates; however, it was a qualitative approximation.
Castro and Wigum [30] revealed that image analysis has proven to be a precise and accurate
method for grain size and grain shape analysis of aggregates for concrete, but no correlation
was found between the average values of the grain-shape descriptors and the laboratory
tests to assess the potential reactivity of the aggregates.

This study presents the contribution of petrography and digital image analysis in
expanding the knowledge of the alkali-silica reaction applied to domestic aggregate from
igneous rocks including granite, granodiorite and gabbro. The study primarily concentrated
on the microscopic examination of reactive minerals present in igneous-origin aggregates
through thin sections and quantitative analysis. The specific image analysis algorithms to
identify and quantify the amount of reactive silica minerals in the analyzed aggregate were
proposed. The outcomes of the petrographic analysis were compared to the expansion
findings of the alkali-silica reactivity.

2. Materials and Methods
2.1. Materials

The subject of the research was aggregates from the six largest quarries of igneous
rocks in Poland, located in the Sudeten Mountains: 3 granite aggregates (G1, G2, G3),
1 granodiorite aggregate (GD) and 2 gabbro aggregates (GA1, GA2). The granite aggregates
were characterized by similar densities, of 2.63 4- 0.03 g/cm?, and chemical compositions,
Table 1. The largest differences were found in the content of SiO; (73.9 £+ 1.5%), AL,O3
(14.0 £ 0.7%), K,0 (4.2 £ 0.5%), CaO (1.4 £ 0.3%) and NapO (3.7 = 0.3%). The granodiorite
aggregate was characterized by a density of 2.69 g/cm® and the gabbro aggregates by
291 + 0.05 g/cm?. The chemical composition of the granodiorite and gabbro aggregates
differed from the granite aggregates. They contained a smaller amount of silica and a larger
amount of iron oxide, magnesium oxide and calcium oxide in comparison to the granite
aggregates.

Table 1. XRF chemical composition of aggregates from igneous rocks, % wt.

Compound SiO, TiO, ALO3; Fe,O3 MnO MgO CaO Na,O K,O P05 (SO3) (CD) (F)
G1 [%] 75.77 0.13 13.03 1.16 0.03 0.15 1.15 3.35 4.48 0.04 <0.01 0.02 <0.01
G2 [%] 74.14 0.12 14.00 1.26 0.03 0.19 0.86 3.54 5.06 0.12 <0.01 0.02 <0.01
G3 [%] 71.60 0.22 15.01 1.47 0.04 0.34 1.38 4.16 3.78 0.07 <0.01 <0.001 <0.10
GD [%] 56.87 0.89 13.65 7.86 0.14 5.72 6.76 2.5 3.58 0.96 0.10 0.04 <0.01

GA1 [%] 46.59 0.86 1349 1044 0.16 10.81  10.89 244 0.15 0.14 <0.01 0.013 <0.01
GA2 [%] 45.83 0.88 1392  11.06 0.15 11.34 11.26 2.31 0.23 0.08 <0.01 0.02 <0.01

Ordinary Portland cement, CEM I 52.5 R, with NayOcq = 0.87% was used in the
research. The detailed chemical composition of the cement is presented in [23].

2.2. Methods
2.2.1. Characteristics of the Aggregates

The chemical composition of the aggregates was determined on powdered specimens
by Wavelength Dispersive X-ray Fluorescence Spectrometer (WDXRF), Philips PW 2400
(Amsterdam, The Netherland).

Volume density was determined according to the PN-EN-1097-6:2002 standard [31].

The mineral composition of the aggregates was analyzed using thin sections (25 x 40 mm).
For each analyzed aggregate, four thin sections were prepared. Before embedding in epoxy
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resin with a fluorescent dye, the aggregate was crushed to a 2—4 mm fraction, and then
washed and dried at 100 °C for 24 h. After the resin had hardened, the specimens were
ground and polished. The grinding and initial polishing were carried out on silicon carbide
abrasive papers with a grit size of P 100-P 1200, mounted on the rotating grinder-polisher
Presi Mecatech 334 (France). The final polishing was performed using diamond pastes
with a grit size of 9, 6, 3, 1 and 0.25 um on polishing cloths. The prepared specimen was
attached to a microscope slide, and excess material was removed using a diamond saw.
The grinding and polishing process was repeated on the other side of the specimen and
continued in the same sequence until the desired thickness of 30 &= 2 pm was achieved. The
thickness of the specimen was standardized to ensure unambiguous mineral recognition
(using the quartz’s reference color).

Petrographic observations were made using an Olympus BX51 (Tokyo, Japan) polar-
izing microscope and an automatic stage Prior ES11BX/B (United Kingdom). The thin
sections were analyzed in polarized light—both crossed (XPL) and plain (PPL)—as well as
crossed with gypsum plate (G-XPL).

2.2.2. Digital Image Analysis

A quantitative analysis of minerals identified in the petrographic microscope was
performed according to the proposed method. Observations were carried out in two
options: XPL and GXPL (separately). Single images with dimensions of 2.2 X 1.65 mm and
high resolution (1 px = 0.86 pm) were collected from the entire surface of the thin sections
and then combined into one image using Image Composite Editor software. The analysis
of the obtained images was carried out using Image Pro Plus software. At the start, the
separation of the aggregate grains from the background (resin) was performed. For this
purpose, images made in the presence of a gypsum plate were used. The use of a fluorescent
dye made the background orange in the crossed polarized light with the gypsum plate,
which greatly facilitated the separation of aggregate grains. The main minerals of intrusive
igneous rocks were analyzed: quartz, feldspar, olivine and biotite. Due to the simplification
of the analysis, minerals that were in small amounts were classified into one category:
other (e.g., muscovite, hornblende, amphibole, pyroxene). The analysis was focused on the
reactive minerals; therefore, the quartz was further divided into nonreactive and reactive
(strained, microcrystalline and cryptocrystalline). Based on the long-term experience of the
operator, the components were manually marked, and the selection of reactive components
was performed. The microcrystalline (10-100 um) and cryptocrystalline (<10 um) quartz
were distinguished by grain size. According to the literature data [32], strained quartz
with an angle of undulatory extinction above 15° is reactive, while other sources report an
angle of 25° [33]. To simplify the analysis and reduce the experimenter’s error, the angle
of undulatory extinction was not considered in each aggregate grain, but only in a few
doubtful cases. Due to the fact that the image of the entire thin section was subjected to
digital analysis after the assembly operation, checking the extinction angle each time on the
microscope was troublesome and time-consuming. To determine the angle of undulatory
extinction in these few cases, a microscope with a rotating stage was used. The strained
quartz was classified as reactive (highly strained) if the undulatory extinction angle was
greater than 15° [32]; if less, it was considered nonreactive (low-strained). However, this
did not have a major impact on the result, due to the predominant number of grains with
highly strained quartz, in which it was not necessary to check the angle. Based on these
manual markings, the components were automatically separated using the Image Pro
Plus software, and their total percentage surface area relative to the surface area of the
aggregate grains was calculated. The method that was proposed has some limitations,
including the dependence on the experimenter’s experience. However, such a limitation is
known and taken into account in studies on the petrographic analysis of aggregate. For
example, the ASTM C 295 [34] standard describes the required qualifications of people
performing petrographic research and recommends that the test should be carried out
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by a petrographer with at least 5 years of experience in petrography in testing concrete
materials.

Figure 1 shows an image of a thin section (granite aggregate G3) in which individual
minerals are distinguished.

[] nonreactive quartz

micro- and

B cryptocrystalline
quartz (reactive)

strained quartz
(reactive)

feldspar (alkali-

[] feldspar, plagioclase,
feldspar alteration to
sericite)

LI biotite

M amphibole

I other

Figure 1. Digital image analysis of thin section (aggregate G3) applied to quantitative analysis of
minerals: nonreactive quartz, micro- and cryptocrystalline quartz, strained quartz, feldspar (including
alkali—feldspar, plagioclase, feldspar alteration to sericite), biotite, other (muscovite, hornblende);
image size 25 x 40 mm.

2.2.3. Alkali-Silica Reactivity

In order to compare the alkali-silica reactivity and validate the results from the digital
image analysis, standard tests according to ASTM C1260 [35] and ASTM C1293 [36] were
performed. The first method, which is called the accelerated mortar bar test (AMBT),
consists of expansion measurements of mortar specimens that are exposed to 80 °C and 1 M
NaOH for 14 days (28 days for airport pavement). According to this method, the aggregate
is considered to be potentially reactive if expansion after 14 days is above 0.10%. The second
method (concrete prism test, CPT) involves expansion measurements of concrete specimens
that are exposed to 38 °C and high humidity for 365 days. According to this method, the
expansion limit for potentially reactive aggregate is above 0.04% after 365 days.

2.2.4. Scanning Electron Microscopy Analysis

A scanning electron microscope (SEM) with energy-dispersive X-ray spectroscopy
(EDS) was used for the observations of specimens cut from mortar bars after the ASTM
C1260 test. The JEOL JSM-6460LV microscope with an EDS detector was used. Polished
specimens were analyzed. The observations were focused on alkali-silica reaction products.
The observations were carried out using an acceleration voltage of 20 kV and a working
distance of 10 mm in the backscattered electron mode. The polished specimens were
additionally sputtered with carbon to make the samples conductive and avoid charging
effects, which increased the resolution.

3. Results

Petrographic analysis was carried out on the thin sections in transmitted light. The
examples illustrating the analyzed aggregates from the igneous rocks are shown in Figure 2
(in XPL) and Figure 3 (in PPL).
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Figure 2. Petrographic images of aggregates from igneous rocks in cross-polarized light: (a) G1, (b) G2,
(c) G3, (d) GD, (e) GAL, (f) GA2. Minerals: Qz—nonreactive quartz, SQz—strained quartz, MQz—
microcrystalline quartz, CQz—cryptocrystalline quartz, Ms—muscovite, Ol—olivine, Fsp—feldspar,
SFsp—feldspar alteration to sericite, Bt—biotite, Hb—hornblende, Px—pyroxene; scale bar = 0.5 mm.

The analyzed granite aggregates were characterized by a similar mineralogical com-
position. Quartz and feldspar (including alkali-feldspar and plagioclase) were found as
the main components. Also, biotite and amphibole were identified. Conversion to sericite
was identified in the feldspar and the highest content of biotite in the G1 granite aggregate.
According to quantitative analysis, feldspar constituted the largest part of the granite
aggregates, from 52.2% to 63.4%. Due to the simplification of the image analysis, this
group included both alkali-feldspar, plagioclase and feldspar alteration to sericite. Quartz
in the granite aggregates was from 29.3% to 38.1%. Granodiorite aggregate, GD, was
characterized by a smaller amount of quartz (20.2%) and higher content of biotite (15.3%)
in comparison to granite aggregate. Both gabbro aggregates, GA1 and GA2, had similar
mineral compositions. The gabbro aggregates were characterized by a smaller content
of quartz (<5%) in comparison to the granite aggregates. The GA1 and GA2 contained
significant amounts of pyroxene (>20%) and olivine (GA1: 12.4%, GA2: 5.1%). All the
aggregates from igneous rocks were analyzed for the presence of reactive minerals, due to
the potential of an alkali-silica reaction. Microcrystalline (10-100 um) and cryptocrystalline
(<10 um) quartz were found in trace amounts (max. 0.2%) in granites, G1 and G2, and
granodiorite, GD, while strained quartz was present in greater quantities (2.0; 4.7 and
2.7%, respectively). However, the G3 granite aggregate contained much higher amounts of
microcrystalline, cryptocrystalline and strained quartz (6.1 and 7.4%, respectively). Both
gabbro aggregates contained trace amounts of reactive forms of quartz (max. 0.2%). A
detailed quantitative analysis of the minerals, especially reactive, is presented in Table 2.



Minerals 2023, 13, 1004 7 of 14

Figure 3. Petrographic images of aggregates from igneous rocks in plain polarized light: (a) G1, (b) G2,
(c) G3, (d) GD, (e) GAL, (f) GA2. Minerals: Qz—quartz, Ol—olivine, Fsp—feldspar, SFsp—feldspar
alteration to sericite, Bt—biotite, Hb—hornblende, Px—pyroxene; scale bar = 0.5 mm.

Table 2. The results of the quantitative analysis of the mineral composition of aggregates from
igneous rocks based on digital image analysis.

Quartz
Micro- and .
Aggregate  Strained Cryptocrys- Other Forms Feldspar Biotite Amphibole  Pyroxene Olivine Other
(Reactive) talline (Nonreactive)
(Reactive)
G1 [%] 20+0.1 0.1+0.1 36.0+1.4 522 +1.7 54+03 24+02 0 0 1.9+0.2
G2 [%] 47 +02 02+0.1 291+ 1.1 573+1.8 2.6 £0.1 21+02 0 0 4403
G3 [%] 74403 6.1+0.3 158 +0.5 634 +25 2.1+0.1 1.7 +0.2 0 0 35+02
GD [%] 27+02 02+0.1 173+ 05 574+ 15 15.3 £ 0.6 41+03 1.6 0.2 0 14+0.2
GA1 [%] 02+0.1 0.1+0.1 37+03 593 +£2.1 0.7+0.1 1.2+0.2 213+ 1.1 124+05 11402
GA2 [%] 0.1+0.1 0.1+0.1 42+04 60.1+2.2 05+0.1 1.5+0.2 252+17 51+04 3.0+£03

Results of the expansion of mortar bars (AMBT) are presented in Figure 4. Only one
granite aggregate (G3) showed an expansion of over 0.1% after 14 days of exposure to
1 M NaOH at 80 °C. However, extending the test to 28 days did not stop the expansion,
which proceeded at a similar rate. Three of the six aggregates (G2, G3, GD) showed an
expansion greater than 0.1% after 28 days. The results of the expansion of the concrete
prisms (CPT) are presented in Table 3. In the long-term test, concrete expansion above the
allowable limit of 0.04% was found for two aggregates (G2, G3). These aggregates were
also characterized by the highest content of strained quartz, microcrystalline quartz and
cryptocrystalline quartz.
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Figure 4. Results of expansion of mortar bars (AMBT) after 14 and 28 days.
Table 3. Results of the expansion of concrete prisms (CPT) after 365 days.
Concrete with Aggregate G1 G2 G3 GD GA1l GA2

Expansion after 365 days

CPT [%] 0.030 0.047 0.056 0.034 0.023 0.014

After the AMBT and CPT tests, the specimens were subjected to microscopic exami-
nation to identify alkali-silica reaction products. In the mortar bars and concrete prisms
with granite and granodiorite aggregates, signs of ASR were found. The aggregate grains
as well as the cement matrix were cracked. The majority of the ASR gel was detected
specifically within cracks found within the aggregate particles. The presence of air voids
filled with ASR products was also confirmed. ASR gel was identified as amorphous rather
than crystalline. Examples of the ASR gel are presented in Figures 5-8. In the specimens
with gabbro aggregates, the presence of ASR signs was not confirmed. The ASR gel chem-
ical composition was typical, and it did not depend on the type of aggregate (granite or
granodiorite): (Na+K)/Si~0.20-0.30 Ca/Si~0.30-0.40.

938 Si 1.2 Si
750 0.9

562 0.7

KCm|

- 0.5 ~
375 Al

187 0.2 -

1.00 2.00 300 4.00 1.00 2.00 3.00 4.00

Figure 5. Crack in granite aggregate (G3) grain filled with ASR gel, with analysis of chemical
composition (EDS): (1) Si-Ca-K-Na gel, (2) potassium feldspar; after AMBT test.
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Figure 6. Cracks in granite aggregate (G2) grain filled with ASR gel, with analysis of chemical
composition (EDS): (1) ASR gel, (2) potassium feldspar, (3) sodium feldspar; after AMBT test.

6.1

46 -

KCnt

3.0 +

Ca 454 ©

8 . Z0mm IFPT PAN
f‘ 1.00 2.00 3.00 4.00 1.00 2.00 3.00 4.00

Figure 7. Cracks in granite aggregate (G1) grain filled with ASR gel, with analysis of chemical
composition (EDS): (1) ASR gel, (2) sodium feldspar; after CPT test.



Minerals 2023, 13, 1004

10 of 14

oy

or A

05 -

Lk

o

c

or A

L=

04 o

0.8

or o

LR

0.z -

813

a5

e

gl sl LI AL

100 200 300 AN 100 200 10 Al 100 200 30 4 100 200 300 480 500 600 1A

Figure 8. Crack in granodiorite aggregate (GD) grain filled with ASR gel, with analysis of chemi-
cal composition (EDS): (1) ASR gel with traces of Al, (2) potassium feldspar, (3) sodium feldspar,
(4) muscovite; after CPT test.

The petrographic results obtained on the thin sections were confirmed by the results
of the expansion of mortar bars and concrete prisms. The rate of expansion confirmed
the petrographic observations, in which reactive minerals like strained, microcrystalline
and cryptocrystalline quartz were identified. In addition, the detailed observations of
the microstructure after testing according to ASTM C1260 and ASTM C1293 confirmed
the presence of ASR reaction products in the specimens with granite and granodiorite
aggregates.

4. Discussion

Previous studies concerning granite aggregates have been conducted assigning this
type of aggregate to the group of nonreactive or slowly reacting aggregates [16,18]. In [37],
the authors made an attempt to determine the amount of reactive form of quartz, taking
into account the crystal grain size, which is detrimental to further concrete durability due to
ASR. By comparing these findings to the expansion observed after AMBT, they established a
correlation and achieved alignment, particularly when considering various forms of quartz
simultaneously. They stated that microcrystalline quartz was the most harmful mineral
component, and strained quartz showed less susceptibility to ASR. The quantitative differ-
entiation of the reactive minerals in the aggregate allows for a more accurate determination
of their reactivity potential. In studies conducted on domestic aggregates from igneous
rocks (granite, granodiorite and gabbro), strained, microcrystalline and cryptocrystalline
quartz were used for analysis. However, on the basis of the obtained quantitative results of
the content of reactive minerals, and the results of mortar and concrete expansion, it cannot
be unequivocally confirmed that microcrystalline and cryptocrystalline quartz have much
higher reactivity compared to strained quartz. The very high expansion of the mortar and
concrete with the G3 aggregate was the result of the total high content of reactive minerals,
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microcrystalline, cryptocrystalline and strained quartz. Other aggregate components, such
as feldspar or biotite, which may be a source of additional alkalis in concrete, probably had
a marginal role in accelerating ASR.

The quantitative petrographic analysis of reactive mineral content in the aggregates
from igneous rocks and the evaluation of alkali-silica reactivity using the ASTM C1260
method led to the establishment of a relationship between them in the form of power
function y = f(x!/2) (R? = 0.99). The results of the petrographic analysis correlate with the
results of alkali-silica reactivity (Figure 9). Observing a positive correlation, increased
expansion was noted as the content of strained, microcrystalline, and cryptocrystalline
quartz in the aggregate grew. An examination has already been conducted on the impact of
strained quartz content in granite aggregates by the authors [23]; however, the scope of the
aggregates tested was limited to granite rocks.
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Figure 9. Expansion of mortar specimens after testing according to ASTM C1260 for 14 and 28 days
versus content of reactive minerals (digital image analysis).

It turns out that expanding the base of aggregates from igneous rocks and summing
up all reactive minerals allows for a very high adjustment to the expansion dependence
on the content of reactive minerals. A similar correlation was obtained for Malaysian
granites [38] but for higher volumes of reactive forms of quartz (3%-33%). However, the
relationship was the exponential function and was not so statistically significant (R* = 0.72)
as in the conducted research. The expansion increased with the increase in total strained and
microcrystalline quartz content, while the results obtained by Ramos et al. [39] performed
on the granitic specimens led to the conclusion that the ASTM C1260 mortar bar test
demonstrated a weak association with the petrographic characterization of the aggregate.

The correlation of concrete prism expansion after 1 year of testing according to ASTM
C1293 with the content of reactive minerals was also at a good level (Figure 9). There is
visible a general tendency in the form of power function y = f(x'/2), R? = 0.93 (Figure 10).
The difference in the results of the accelerated and long-term methods may be related to
the prolonged incubation time for slow-reacting aggregates tested according to ASTM
C1293 [40] or alkali leaching [41]. Preliminary test results for alkali leaching during the
ASTM C1293 test are currently under investigation.
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Figure 10. Expansion of concrete specimens after testing according to ASTM C1293 for 365 days
versus content of reactive minerals (digital image analysis).

The use of digital image analysis for quantitative analysis to assess reactive minerals in
aggregates from igneous rocks aligns well with the expansion observed in the accelerated
mortar bar test. It has been shown that the applied quantitative image analysis can be
successfully used to identify and quantify reactive minerals in aggregates with greater
precision than traditional petrographic analysis.

While aggregates from igneous rocks are generally considered to be a low-risk aggre-
gate for ASR, it is still important to perform tests and analysis to ensure that the specific
type of aggregates, especially granites, being used in concrete airfield pavements do not
pose a significant risk for ASR, particularly in environments where additional alkali from
de-icing agents are expected. The mineral composition of aggregates from igneous rocks
can vary widely depending on their source, and some types of aggregates may contain
reactive silica minerals that could potentially lead to ASR in concrete.

5. Conclusions
From the conducted tests, the following can be concluded:

e  The study, which was based on microscopic characterization, found that feldspars
were the main components present in all aggregates from the igneous rocks that were
analyzed.

e  Strained, microcrystalline and cryptocrystalline quartz were found in significant
amounts in granite and granodiorite aggregates. In gabbro aggregates, reactive miner-
als were present in trace amounts.

e  The granite aggregates contained from 2.0 to 7.4% of strained quartz and from 0.1
to 6.1% of microcrystalline and cryptocrystalline quartz. The granodiorite aggregate
contained 2.7% of strained quartz and 0.2% of microcrystalline and cryptocrystalline
quartz; however, the gabbro aggregate contained only up to 0.2% of strained, micro-
crystalline and cryptocrystalline quartz.

e  According to the standard ASTM tests, one granite aggregate (G3) was found reactive,
according to AMBT (after 14 days), and two aggregates (G2, G3) according to CPT.

e  The most reactive granite, G3, aggregate contained the highest amount of reactive
minerals, especially microcrystalline and cryptocrystalline quartz.

e  The microscopic analysis confirmed the presence of ASR products in the specimens
after AMBT and CPT, but only with the granite and granodiorite aggregates. In the
specimens with the gabbro aggregates, ASR products were not found.
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e A power function, y = f(x1/2), between the content of reactive minerals and expansion
after 14 and 28 days of mortar bars in AMBT was found, as well as 365 days of concrete
prism in CPT.
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