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ARTICLE INFO ABSTRACT

Keywords: The internal structure of a rock is determined by its empty spaces (pores and cracks), which can evolve over time
Aggregates by chemical, physical, or biological processes. In construction, these chemical and physical processes, and their
ROCkS, effects in the final products, known as aggregates, are well known, and controlled to estimate their quality and
Ezzzs;itl};ty durability. However, the intrinsic properties of the raw material, the rock, and the processes that can affect its
Quarry quality and durability during the production of the aggregates are poorly studied and considered in construction.

Road surfaces For this reason, the evolution of the internal structure of two different types of aggregates used in Spanish roads
Salts were analyzed. The aggregates will be also studied in their raw form, rock, by measuring their water absorption
coefficient and using mercury porosimetry and fluorescence microscopy. To estimate the influence of the internal
structure in the durability of the aggregates, both forms, rocks, and aggregates, will be subjected to the combined
effect of temperature variations and the salt used during winter maintenance operations on Spanish roads. The
results obtained show that crushing processes in the quarry increase the water absorption coefficient of both
materials and generate new micro-porosity caused by the microcracking of weak areas of the rock such as its
schistosity or the presence of previous cracks. Thus, this increasing of the porosity produced by crushing pro-
cesses in the quarry has a negative impact on the durability of the aggregates when they are subjected to winter
maintenance operations and extreme climate conditions.

Winter maintenance
Extreme climate

1. Introduction

Rocks are materials traditionally used in construction, either as
natural stone in blocks or well crushed as aggregates due to their
resistance and durability [1]. This resistance and durability depends on
the mineral components of the rock (mineralogy), their spatial distri-
bution and grain or crystal size (texture), and the presence of empty
spaces such as pores and fissures (internal structure) [1-5]. In this way,
the internal structure is directly responsible for the hydric behavior
(permeability, water absorption) as well as the durability of rocks and,
ultimately, rocky aggregates [4].

It is well known that the porous media and its saturation state are the
main cause of rocks’ frost resistance [6-10], salt crystallization
damaging [11-14] or, in lower levels, microbial deterioration [15-19]

since they contain the fluids and the solid—fluid contact where chemical
alteration reactions and microbial populations take place. Therefore, the
durability of those aggregates formed by rocks is also dependent of the
properties of their porous media (pore size and its distribution, pore
shape, and connectivity). Rocks and rocky aggregates with small pore
sizes (<5 pm), where water cannot move freely, tend to be rapidly
deteriorated by water itself, freeze-thawing processes, or de-icing salts
[4,20-22]. The shape of the pores is also an important parameter to
control the amount of water that rocks and therefore, rocky aggregates,
can absorb or store [23]. Additionally, rocks and aggregates with
smaller and more irregular pores result in a larger specific surface area
that is exposed to physical, chemical, or biological agents of deteriora-
tion. Equally, the connectivity between pores is one of the main factors
that control the permeability and water absorption in rocks and
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aggregates [4]. In this way, it is considered that rocks having <2 % of
water absorption coefficient produce high quality and durable aggre-
gates. By contrast, rocks with >4 % of water absorption coefficient
generate poor quality and low durable rocky aggregates [4,24,25].

On the other side, the different deterioration agents of the aggregates
used on roads can be organized in three different manufacturing states:
aggregate production, road construction, and road commissioning
[26,27]. In the production stage, rocks and aggregates can be physically
deteriorated by blasting and crushing processes in the quarry [27-30].
During road construction, aggregates are mainly physically deteriorated
by the heating processes necessary to produce asphalt mixtures and the
compaction of these mixtures to generate the asphalt pavements
[27,31]. Finally, it is well known that, during roads’ commissioning,
asphalt binder is rapidly degraded, exposing the aggregates to physical
and chemical deterioration processes [32,33]. These processes can be
caused by natural agents, especially related to environmental conditions
such as rainfall, ice/snow, or insolation [26,27] and anthropogenic
agents, especially related to traffic loads and the presence of pollutants
[27].

In this context, the aggregates used on Spanish road surfaces are
subjected to several specifications to control their quality and durability
[34,35]. These specifications cover the necessary properties of the ag-
gregates to fabricate good quality asphalt pavements during road con-
struction. These properties can be their morphology [36] or their affinity
with asphalt binders [37]. Equally, these specifications control the du-
rable behavior of the aggregates, considering environmental agents of
deterioration such as freeze-thawing [38] and thermal stress [39] or
anthropogenic agents of deterioration like traffic wearing [40]. How-
ever, there is still a lack of information about these properties and
especially the mechanisms of deterioration of the aggregates during
their extraction and production. Although several authors have studied
the crushing and crusher effects on the morphology and mechanical
resistance of aggregates, e. g. [41-48], not many works have been
published considering the impact of these effects on aggregates dura-
bility [28,29,49]. In this sense, the link between rock (geology origin)
and aggregates’ properties, is also still underestimated [33]. For
instance, a deep knowledge of the quality and durability of the rocks
forming aggregates may help, for instance, to develop future models to
predict aggregates quality and durability from quarry faces regarding
processing effects such as crushing.

For these reasons, in this paper, the internal structure of two types of
rocks used as crushed aggregates on Spanish road surfaces (wearing
courses) is studied. Pore size and shape of both samples are obtained
with mercury porosimetry, while pore connectivity is determined by the
samples’ water absorption capacity and fluorescence microscopy. In
addition, to estimate the evolution of the internal structure due to
crushing effects in the quarry, both types of rocky materials are
analyzed, not only in their raw state, rock, but also in their product form,
aggregates. The aim to analyze both states, rock, and aggregate, is to
determine relationships between rock type (geology), processing
method (crushing) and environmental conditions (durability).
Regarding the environmental conditions, both materials are used on
road surfaces located near Santiago de Compostela, in the NW of the
Iberian Peninsula. This area has a humid and mountainous climate [50].
However, cold and heat waves in particular are becoming more frequent
in the area in the last decades due to local deforestation and global
warming [51-54]. Thus, the effects of crushing processes in the dura-
bility of the aggregates are also evaluated, considering the adverse ac-
tions of winter (freeze-thawing) and summer (thermal stress).

Finally, it must be highlighted that the roads where these rocky ag-
gregates are provided are commonly subjected to winter maintenance
operations. As salt (NaCl) is the substance frequently used in Spanish
winter maintenance operations to reduce the freezing point of water,
this element has been included in the development of laboratory dura-
bility tests. Hence, it is well known that NaCl is directly responsible for
the deterioration of road surfaces [50,55-59]. Additionally, it was
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considered that in summer, the salt spread during winter can remain on
the pavement or be dissolved by rain and deposited in adjoining areas
[60-63]. Thus, in addition to the effect of high temperatures, NaCl can
continue with the degradation of the material in a short period of time.
Therefore, the deterioration effects of the most common deicer used in
Spain, NaCl has been included in this work.

2. Materials and methods

The materials selected are schist and amphibolite exploited in a
quarry from the northwest of Spain, near the city of Santiago de Com-
postela (Fig. 1). This quarry makes use of the abandoned vertical cuts of
an old ore copper sulfide deposit [30,64,65], and it is formed by four
open benches, three of them operational during the collection of the
samples. The samples of rock were taken in the operational benches after
extraction works by blasting (Fig. 1). The aggregates, produced by the
primarily rock crushing by a gyratory crusher and the secondly crushing
process by impact crushers, were taken from the production stockpiles of
the quarry (Fig. 2)Thus, the aggregates collected corresponded to the
same crushed stone sampled in the quarry face.

The density measured in the production plant of schist aggregates is
2850 kg/m°, while the density of amphibolite aggregates is 3080 kg/m?®.
In accordance, Los Angeles resistance (LA) measured in the plant for
schist aggregates is 18, while the measurement for amphibolite aggre-
gates is 9 [30]. Polished Stone Value (PSV) of amphibolite aggregate is
41 while PSV of schist aggregate is 53 [50]. Although both materials
meet Spanish physical and mechanical requirements to be used on
wearing courses [35], regarding road classification, both lithologies can
be mixed to form aggregates with two parts of amphibolite per each part
of schist to improve the polish resistance.

Rock samples collected from the quarry benches were cut in the
laboratory to obtain, in total, 20 cubic blocks with dimensions 7 x 7 x 7
cm, 10 cubic blocks per each lithology, schist, and amphibolite (Fig. 2a).
Other minor fragments of the rock were used to perform the petro-
graphic analysis of both lithologies. Aggregate samples were obtained
from different points of the stockpiles, at an intermediate height and at
least 200 mm below its surface [24] to avoid the segregation of sizes that
occurs when the aggregate falls from the conveyor belt to the gathering.
120 kg of aggregates with particle size distribution 12/18 (60 kg per
each type of rock) and 100 kg of aggregates with particle size distribu-
tion 6/12 (50 kg per each lithology) were collected. The aggregates
sampled were prepared according to EN 932-1 [66] and EN 1097-2 [67],
to obtain, in total, 30 kg of crushed aggregates with particle sizes 10/14
mm [67], 15 kg per each lithology, schist, and amphibolite, and 12 kg of
crushed aggregates with particle sizes 6/12 mm were taken, 6 kg per
each lithology (Fig. 2b). The nomenclature and subsamples of the rock
and aggregate samples are respectively shown in Tables 1 and 2.

The samples shown in Tables 1 and 2, were analyzed with the
different techniques and tests described below before and after the
durability tests also shown below. Thus, the evolution of the internal
structure of the rock and aggregates regarding the environmental con-
ditions of the road is assessed by the comparison between the properties
of the material untreated in the laboratory and the material treated with
the durability tests in the laboratory. Thereby, the influence of rock
crushing and environmental conditions is stablished.

2.1. Water absorption coefficient

The water absorption coefficient of rocky blocks (Table 1) was
measured following the EN 13755 procedure [68] and using a balance
with £0.01 g accuracy. The blocks, previously dried up to constant
weight (Wy), are placed in a container where distilled water is intro-
duced up to half the height of the specimens (t;). After 1 h, more distilled
water is added until reaching three quarters of the height of the speci-
mens, and after 2 h of testing, more water is added until the specimens
are completely submerged. The samples remain submerged for 72 h and,
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Fig. 1. Location and schematic geology of the studied quarry. Rock samples and aggregates were collected in the areas marked with white rectangles [50].

Fig. 2. Sampling working face on the left and stockpile on the right of the studied quarry.

Table 1
Distribution and nomenclature of the rocks used.
Type Sample Lithology Units Nomenclature
Rock Cubic blocks Amphibolite 10 Al A2 AFT1 AFT2 AFT3 AFT4 ATS1 ATS2 ATS3 ATS4
Schist 10 S1 S2 SFT1 SFT2 SFT3 SFT4 STS1 STS2 STS3 STS4
Table 2
Distribution and nomenclature of the aggregates used.
Type Particle Size Lithology Sample Subsample Subsample’s Nomenclature
Aggregate 10/14 mm Amphibolite 15kg 5kg AALA AAFTLA AATSLA
Schist 15 kg 5kg SALA SAFTLA SATSLA
6/12 mm Amphibolite 6 kg 2 kg AA AAFT AATS
Schist 6 kg 2kg SA SAFT SATS

after this time, the saturated weight (W) is registered, and the water
absorption coefficient (Cyps) calculated following Eq. (1):

@

(W: - Wd)
—— = x 100
W X

d

Caps =

The water absorption coefficient of the aggregates (Table 2) was
measured according to EN 1097-6 method [69] with the same balance.
Primarily, the aggregate samples are dried up to gain constant weight

(W4) and, subsequently, they are placed in trays where they are sub-
merged in distilled water for 24 h. After this time, the saturated samples
are weighed (W;), obtaining their water absorption coefficient with Eq.
.

In addition, the rock and aggregate samples were measured while
saturated and submerged in distilled water with a hydrostatic balance
(Wp) with £+ 0.01 g accuracy to estimate their relative density (d,) and
open porosity (P, [70], Egs. (2) and (3)):
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where p,, is water density at 20 °C.
2.2. Mercury porosimetry

Mercury porosimetry consists of introducing mercury under pressure
into the porous system of a material with the aim to determine the
volume of mercury that enters the different types of pores at different
pressures to represent an intrusion curve from which the pore size dis-
tribution of the tested material is obtained, according to Washburn Law
(Eq. (4), [71,72]).

_ —2ycost

P @

r
where P is the intrusion pressure; r is the radius of the cylindrical pore
intruded; y is the surface tension of the mercury; @ is the contact angle
between the mercury and the pore wall.

Mercury porosimetry was applied to fragments cut from the rock
blocks (Table 1) and some particles of the 6/12 aggregate samples
(Table 2), following the ASTM D 4404-18 test procedure [73]. The
equipment used was a porosimeter from Micromeritics, model Autopore
IV 9500, whose pore size range is 0.001-1000 pm and the mercury
pressure exerted for the intrusion reaches 60,000 psi. Finally, the pa-
rameters calculated are the apparent and relative density of the rock and
aggregate samples, their total percentage of porosity, the shape of the
pores, the distribution of the different pore sizes, and the macro-
porosity/microporosity relationship. The limit between macro and
microporosity was established at 5 um of pore diameter and the shape of
the capillary connections were defined using tortuosity parameter
[20,74,75].

2.3. Polarized light optical (OM) and fluorescence microscopy (FM)

Polarized Light Optical (OM) and Fluorescence Microscopy (FM)
were also measured in fragments cut from the rock blocks and some
particles of the aggregate samples. OM is a technique based on the
observation and recognition of minerals and their textural relationships
in rocks, including their internal structure [76]. By contrast, FM is
applied to non-fluorescent substances such as most rock lithologies and
facilitates internal structural observations, highlighting important
characteristics such as porosity, micro-cracks, and fissures, which
sometimes present certain problems to be analyzed with OM [77]. With
this purpose, a resin with a fluorescent colorant must be infiltrated in the
rock, filling its porosity.

With the aim to perform the OM and FM analyses of the rock and
aggregate samples, 12 thin sections, with dimensions of 3 x 2 cm and 30
pm thickness, were prepared in the laboratory. From these 12 thin
sections, 6 sections were prepared from rocky blocks (Table 1), 3 sec-
tions per each type of lithology; the other 6 sections were prepared from
6/12 aggregate samples (Table 2), 3 sections per each type of lithology.

Finally, the equipment used was an Olympus BX51 model polarized
light optical microscope with four magnifications (x4, x10, x20 and
x50), camera coupled Olympus DP12 model (6 V/2.5 A), and Olympus
DP-Soft Version 3.2 image download software.

2.4. Durability Tests: Freeze-thawing and thermal stress

Due to the final use of the aggregates studied on road surfaces from
mountain areas with contrasting climatology, the chosen test procedures
tried to evaluate the behavior of the material exploited in the quarry
against the action of water, extreme low temperatures in winter (freeze-
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thawing), and extreme dryness with high temperatures in summer
(thermal stress). As it has been previously introduced, NaCl is the winter
substance most frequently used in Spanish winter maintenance opera-
tions on roads, and therefore, this element was included in the devel-
opment of the durability tests in the laboratory.

In total, 8 rock blocks, 4 blocks per each type of lithology (Table 1),
and 4 kg of aggregates, 2 kg per each type of lithology (Table 2), were
subjected to freeze-thaw tests [38]. Prior to the tests, the mentioned
samples were dried to a constant weight. Afterwards, the samples were
submerged in a saturated brine of NaCl for 48 h. Once the samples were
saturated in NaCl brine, they were frozen for 16 h at —21 °C and thawed
submerged in the same NaCl brine at room temperature (20 + 3 °C) for
the remaining 8 h. This process was repeated 70 times.

Similarly, in total, 8 rock blocks, 4 blocks per each type of lithology
(Table 1), and 4 kg of aggregates, 2 kg per each type of lithology
(Table 2), were subjected to thermal stress tests [39]. The samples were
also submerged in a saturated NaCl brine for 48 h to ensure their satu-
ration before beginning the test. Afterwards, the samples were heated to
110 £ 5 °C for 6 h and submerged in the same NaCl brine at room
temperature (20 + 3 °C) for the remaining 18 h. This process was
repeated 40 times.

After the durability tests, the samples were weighed to assess their
percentage weight loss, comparing their initial (W) and final weight
(Wy). Afterwards, aged samples were cleaned in distilled water, and the
water absorption coefficient test, mercury porosimetry and OM and FM
analyses were again performed to estimate the evolution of the internal
structure of both lithologies regarding crushing processes and road
environmental conditions. With this purpose, the water absorption co-
efficient was measured directly on the aged samples. By contrast, to
measure with mercury porosimeter and prepare the thin sections for the
OM and FM analyses, small fragments of rock were cut from 0.5 cm of
the rock samples’ surface. Equally, some particles from the aged samples
of aggregates were used in the mercury porosimetry and OM and FM
analyses.

3. Results

Before the tests and analyses were performed, a visual inspection on
the rock and aggregate samples before and after the durability tests was
done. The schist has a foliated structure with a medium to coarse grain
size (Fig. 3a—c). Dark domain of schist is the finest grain size while light
domain is the coarsest grain size. Related with these light bands,
metallic minerals that could correspond to sulfides are observed. These
minerals sometimes appear oxidized, giving rise to reddish or orange
colors. Additionally, quartz veins with millimeter thicknesses usually
cross this lithology perpendicularly to the main foliation. By contrast,
amphibolite has a very fine grain size (Fig. 3d, e). In appearance, it is a
massive rock where millimeter-thick bands cross the rock with different
orientations and light minerals. Associated with these bands, there are
metallic minerals that could correspond to sulfides. Occasionally, min-
erals with reddish to orange tones are also associated with these bands,
indicating that these sulfides have oxidized, giving rise to oxides and
hydroxides.

After the freeze-thawing test in the laboratory of rock blocks (Fig. 3b
and e), schist samples showed a slight reddish coloration due to the
oxidation of sulfides, where possible oxides present in the rocks had a
greater reddish intensity in the quartz-feldspar domains. This coloration
was also noticed in the opening and enlargement of pre-existing fissures
and the formation of new ones in general, parallel to the foliation of the
rock and associated with the contact between the micaceous and quartz-
feldspathic domains (Fig. 3b). Occasionally, new fissures perpendicular
to the main foliation of the rock were also observed, possibly related to
quartz veins (Fig. 3b). Equally, in amphibolite rock samples, the opening
of pre-existing fissures and the formation of new ones (Fig. 3e) were
observed. These fissures were both parallel and perpendicular to the
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Fig. 3. Examples of a block of schist rock with dimensions 7 x 7 x 7 cm on the left and schist aggregates with particle size 6/12 mm on the right.

main banding of the rock (Fig. 3e) and were sometimes filled with salt
precipitated during the test.

After the thermal stress cycles, rock samples of schist rapidly
changed to reddish colors because of the oxidation of sulfides and
possible oxides present in the rock, which has a greater intensity in the
light domains and in prior fissured areas (Fig. 3c). The pre-existing fis-
sures of the schist were re-opened during the tests, especially those
parallel to the main foliation of the rock. Equally, these fissures are
commonly associated with mineral oxidation processes due to their
reddish color (Fig. 3c). Locally, some fissures are also filled with NaCl
crystallized during the test. The precipitated NaCl that is also located on
schist surface favors its disintegration. Contrarily, rock samples of
amphibolite locally changed their color in pre-existing fissures that re-
opened during the test where some oxidation processes occurred.
However, it was also observed that the opening of new fissures that cross
the original texture of the rock and have more irregular shapes than the
pre-existing ones. These new fissures are also associated with oxidation
processes, as well as local NaCl precipitation.

After durability tests, schist and amphibolite aggregates showed
similar deterioration processes to the described in rock specimens

(Fig. 4).

After the freeze-thaw test, the schist aggregate (Fib. 4a) showed
some oxidation processes, changing their color to reddish tones in the
first cycles (Fig. 4b). Although no fissures are visible, some areas with
crystallized NaCl were detected in some particles of the aggregates after
the test. In the case of amphibolite aggregate (Fig. 4d), the sample
showed some oxidation processes without visible fissures (Fig. 4e).
Equal to the schist aggregate, some NaCl precipitated on the amphibolite
aggregate’s surface after the freeze-thaw test.

After the thermal stress test, the schist aggregate showed an intense
oxidation with reddish and red surfaces (Fig. 4c). It was also observed
that the particles of these aggregates disintegrated and broke up when
handled. Amphibolite aggregates were also rapidly and intensively
oxidated (Fig. 4f). However, after the tests, no visible fissures were
found, only some surface areas where NaCl crystallized.

In addition, to the visual inspection of the samples, the weight loss
due to durability tests in both types of samples, rock and aggregates, and
lithologies, schist and amphibolite, are registered in Table 3 and Fig. 5.

In Table 3, it can be observed that the weight loss by both lithologies
in rock form is minimal compared to its aggregate form, especially in

7cm cm

7cm

7cm

Fig. 4. Examples of samples of schist rock before (a) and after the freeze-thaw test (b) and thermal stress (c) and amphibolite before (d) and after the freeze-thaw
test (e) and thermal stress (f). Note the schist sample before the test (a) and the color change and opening of cracks after the cycles (b and c). In amphibolite, before
the test (d), small fissures could be observed that increased in size after the freeze-thaw cycles (e) and presented associated mineral oxidation processes in thermal

stress tests (f).
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Table 3
Average weight loss of rock and aggregate’s samples.

Weight loss (%)

Type of Test N Schist Amphibolite
sample
Rock Freeze-thaw 4 0.02 + —0.03 £ 0.02
0.02
Thermal stress 4 0.24 + —0.03 £+ 0.02
0.23
Aggregate Freeze-thaw (10/14) 12 0.48 0.23
kg)
Freeze-thaw (6/12) 12 0.83 0.41
kg)
Thermal stress (10/ 1(2 3.92 0.56
14) kg)
Thermal stress (6/12) 1(2 5.26 0.64
kg)

amphibolite, where there is a slight increase of the weight in its rock
form, probably due to NaCl crystallization inside its pores. After both
tests, the schist is the material most affected by the durability tests,
especially by thermal stress in its aggregate form.

To assess the evolution of weight loss regarding the processing of the
materials in the quarry, this parameter has been represented for both
lithologies and forms, rock and aggregate, after both durability tests,
freeze-thawing and thermal stress (Fig. 5). In addition, to evaluate the
effect of crushing processes in the durability of aggregates samples, the
weight loss from bigger size aggregates, 10/14, has been added. It can be
observed that there is a similar increasing trend in all the samples
regarding their processing, sizing, and environmental conditions
selected. However, to assess an experimental model of the effect of these
processing, sizing, and environmental conditions, more data are
required, such as more lithologies or grain size distributions. Equally, it
must be highlighted that the schist is the material most affected by the
durability tests, especially thermal stress.

Construction and Building Materials 351 (2022) 128948
3.1. Water absorption coefficient

The results of the water absorption coefficient (Cgap), relative density
(d;), and open porosity (P,) of the samples that were untreated and
treated in the laboratory with the durability tests are shown in Table 4
and Fig. 6.

In Table 4, it can be observed that the water absorption coefficient,
and then, the open porosity to water of both lithologies increase after
crushing processes in the quarry. Therefore, aggregates, which have a
greater porosity than the rock, are more affected by the durability tests.
This evolution in the water absorption coefficient regarding samples
processing, particle size distribution, and environmental conditions is
shown in Fig. 6. In this figure, it also can be observed that both lithol-
ogies follow similar trends, although schist is the material most affected
by durability tests, especially thermal stress. After the freeze-thaw test,
the water absorption coefficient of schist and amphibolite increases in a
similar manner. After this test, the water absorption coefficient of schist
and amphibolite rises to approximately 1.4-2 times its value (Table 4,
Fig. 6). Equally, after the thermal stress test, the water absorption co-
efficient similarly increases in both lithologies. After this test, the water
absorption coefficient can reach 1.5-2.6 times its value (up to 4 for the
rock, Table 4, Fig. 6).

3.2. Mercury porosimetry

Results from mercury porosimetry of rocks and aggregates are shown
in Tables 5 and 6, respectively. In addition, pore size distribution of the
samples regarding their treatment in the laboratory are shown in Fig. 7.

Untreated schist in its rocky form (Fig. 7a) has a total porosity to
mercury of 0.95 % (Table 5). Most of the pore sizes are below 5 ym in
pore diameter (74.2 %, Table 5 with the most frequent range within
0.1-1 um (>20 %, Fig. 7a). By contrast, untreated schist aggregate has a
total porosity to mercury of 1.29 % (Table 6). Most of the pore sizes are,
equally, below 5 um in pore diameter (>63 %), with the most frequent
range between 0.1 and 0.5 ym (16 %, Fig. 7a). However, compared to
schist rock, the aggregate shows a slight increase in its porosity, mainly

10cm

10cm 10em

@ v . @&

10cm 10cm

Fig. 5. Examples of schist 6/12 aggregate (a—c) and amphibolite 6/12 aggregate (d-f), before (a and d) and after the freeze-thaw (b and e) and thermal stress (c and

f) tests [50].
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Table 4
Average water absorption coefficient, relative density and open porosity measured for both lithologies.
Cabs (%) d; (g/cm®) Py, (%)
Type of sample Test N Schist Amphibolite Schist Amphibolite Schist Amphibolite
Rock Untreated 4 0.35+0.13 0.02 + 0.01 2.80 + 0.02 3.11 £+ 0.00 0.95 £+ 0.36 0.07 + 0.03
Freeze-thaw 4 0.35 + 0.04 0.04 + 0.01 2.79 +£ 0.03 3.10 + 0.00 0.96 + 0.11 0.12 + 0.04
Untreated 4 0.40 £ 0.12 0.02 £+ 0.00 2.81 £ 0.03 3.11 £ 0.00 1.10 +£ 0.33 0.07 £ 0.01
Thermal stress 4 0.49 £+ 0.20 0.08 + 0.03 2.81 £ 0.03 3.11 £+ 0.00 1.34 + 0.53 0.24 £ 0.10
Aggregate Untreated 1 (2kg) 1.01 0.62 2.83 3.08 2.79 1.87
Freeze-thaw (10/14) 1 (2kg) 1.37 1.02 2.79 3.10 3.66 3.06
Freeze-thaw (6/12) 1(2kg) 1.78 1.22 2.83 2.96 4.79 3.50
Untreated 1 (2kg) 0.93 0.43 2.89 3.09 2.57 1.31
Thermal stress (10/14) 1 (2kg) 1.90 0.91 2.95 3.10 5.32 2.73
Thermal stress (6/12) 1 (2kg) 2.55 1.61 2.84 2.95 6.87 4.52
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Fig. 6. Representation of the average weight loss of both lithologies subjected to the durability tests regarding samples processing in the quarry. Samples with
particle size distribution bigger to 6/12 (10/14) has been added to evaluate the evolution of the materials also regarding their size.

Table 5
Mercury porosimetry parameters of the rocks used before and after durability tests.
ROCK
Untreated Freeze-thaw Thermal stress
Schist Amphibolite Schist Amphibolite Schist Amphibolite
Open porosity (%) 0.95 0.27 1.02 0.29 2.32 0.27
Micro* <5 pm (%) 74.2 15.7 55.1 5.5 74.0 17.9
Macro** >5 pm (%) 25.8 84.3 44.9 94.5 26.0 82.1
Sa"‘**(mz/g) 0.11 0.001 0.12 0.001 1.51 0.001
Mean pore size (pm) 0.12 4.37 0.12 16.30 0.17 2.90
Tortuosity (um) 5.99 5.13 2.32 2.60 4.66 2.44

*Micro = Microporosity; **Macro = Macroporosity; ***SSA = Specific surface area.

linked to the increase in its macroporosity (25.8 % rock and 36.8 %
aggregate, Tables 5 and 6). Also, pore shape in both forms, rock and
aggregate, are irregular and sinuous compared with amphibolite
(Table 5 and 6). It is also noticeable that the capillary connections are
quite regular in both forms, rock and aggregate, as their tortuosity
values are very close to 1 (straight connection fissures). Equally, these
capillary connections become slightly more irregular in the aggregate
form than the rock form (Tables 5 and 6).

Untreated amphibolite in its rocky form has a very low total porosity
to mercury (0.27 %, Table 5), with most of the porosity detected above 5
um in pore diameter (84.3 %, Table 5). Its most frequent pore diameter
range is between 100 and 500 ym (>15 %), followed by the interval
10-50 pm (Fig. 7a). On the contrary, untreated aggregate of amphibolite
has a higher total open porosity to mercury (0.42 %, Table 6). In this
aggregate, microporosity increases to 58 %, as well as macroporosity
(42 %, Table 6), being both porosities similarly relevant. The most
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Table 6
Mercury porosimetry parameters of the aggregates before and after the durability tests.
AGGREGATE
Untreated Freeze-thaw Thermal stress
Schist Amphibolite Schist Amphibolite Schist Amphibolite
Open porosity (%) 1.29 0.42 5.96 0.14 3.15 0.27
Micro* <5 pm (%) 63.2 58.0 66.7 47.1 73.3 22.9
Macro** >5 pm (%) 36.8 42.0 33.3 52.9 26.7 77.1
SSA”"“"“”‘(mZ/g) 0.17 0.004 0.34 0.001 0.25 0.002
Mean pore size (pm) 0.16 1.24 0.27 1.69 0.32 2.53
Tortuosity (pm) 9.74 4.67 4.71 8.13 5.14 5.83
*Micro = Microporosity; **Macro = Macroporosity; ***SSA = Specific surface area.
3 Freeze-thawing 3 Thermal stress
Schist Schist
- — —Amphibolite - - = Amphibolite
2 L
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Fig. 7. Representation of the average water absorption coefficient of both lithologies subjected to freeze-thaw and thermal stress tests, regarding their processing in
the quarry. Samples with particle size distribution bigger to 6/12 (10/14) have been added to evaluate the evolution of the materials also regarding their size.

frequent pore size interval is between 1 and 5 pm (20 %, Fig. 7a). In both
states, rock and aggregate, untreated amphibolite shows regular pores
with a low specific surface area, as well as high pore diameters regarding
schist samples. Equally, capillary connections are very regular and
straight (tortuosity = 1, Tables 5 and 6) as it occurred in schist samples.

After the freeze—thaw test of schist in its rocky form, the sample does
not significantly change its total porosity to mercury (from 0.95 to 1.02
%, Tables 5). Although pore diameters ranging from 0.01 to 0.1 um are
still the most frequent (>20 %, Fig. 7b), there is a significant decrease of
the microporosity with the corresponding increase of the macroporosity
(Tables 5). In addition, the shape of the pores barely varies, making the
capillary connections less sinuous and straight (tortuosity from 6 to 2
um, Table 5). By contrast, the total porosity to mercury of schist ag-
gregates significantly increased after the freeze-thaw test (from 1.29 to
5.96 %, Table 6), being still dominant the microporosity (66.7 %,
Table 6), as it occurred in the untreated aggregate. However, it is
noticeable that, after the test, pore sizes increased from 0.1 to 0.5 pm
(Fig. 7a) to 1-10 um, where 0.1-1 um was the most dominant range
(Fig. 7b). Additionally, the pores became more irregular, increasing
their specific surface area from 0.17 to 0.34 mz/g (Table 6) and their
pore diameter from 0.16 to 0.27 um (Table 6). Also, the capillary con-
nections became more regular and straight (tortuosity from 9.74 to 4.71
um, Table 6). Contrarily, after the freeze-thaw test, the internal struc-
ture of the amphibolite did not significantly change (Table 5). Macro-
porosity is still dominant, with pore sizes ranging between 100 and 500
um (>20 %, Fig. 7b). It can be noticed that the capillary connections

between the pores became more regular and straight after the test
(tortuosity from 5.13 to 2.44 um, Table 5). However, in the amphibolite
aggregate, total porosity to mercury decreased (from 0.42 to 0.14 %,
Table 6), with macroporosity still dominant regarding its untreated form
(Fig. 7b). The specific area of the pores did not significantly vary after
the test (Table 6), although the capillary connections became more
irregular and sinuous (tortuosity from 4.67 to 8.13 um, Table 6).

After the thermal stress test, the total porosity to mercury of the
schist in its rocky form increased from 0.95 to 2.32 % (Table 5),
although microporosity is still dominant as it occurred before perform-
ing the test. The most common pore diameter range was between 0.01
and 0.1 pm (>30 %, Fig. 7c). However, it can be highlighted that the
pores became more irregular (specific surface area from 0.11 to 1.51
m?/g, Table 5) while capillary connections became slightly straighter
(tortuosity from 5.99 to 4.66 um, Table 5). Equally, in its aggregate
form, the total porosity to mercury of the schist increased from 1.29 to
3.15 % (Table 6), as well as its microporosity (73.3 %, Table 6). Thus,
the most common ranges of pore diameter are the intervals of 0.1-1 pm
and 1-5 ym (>10 %, Fig. 7c). Also, the pores became more irregular
(larger specific surface area, 0.17 to 0.25 m2/g, Table 6), but their
capillary connections were more regular and straight (tortuosity from 10
to 5 um, Table 6). By contrast, after the thermal stress test, the internal
structure of amphibolite in its rock form did not significantly change
(Table 5). However, it is noticeable that the capillary connections
became more regular (tortuosity from 5.13 to 2.44 um, Table 5). On the
other hand, in the amphibolite aggregate, the microporosity was
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reduced from 58 to 22.9 % (Table 6), where the most frequent pore
diameter ranges were between 10 and 100 and 100-500 pm (Fig. 7c). In
addition, the pores were still regular after the test, although they showed
higher pore diameters and the capillary connections were slightly more
irregular than the rock form (Tables 5 and 6).

3.3. Polarized light optical (OM) and fluorescence microscopy (FM)

The analysis of the schist under OM shows that this lithology has a
lepido-granoblastic texture and medium to coarse grain sizes (Fig. 8a).
The main mineralogy detected is quartz, plagioclase, biotite, muscovite,
garnet, and kyanite. Other secondary minerals observed are zircon,
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tourmaline, apatite, and some opaque minerals such as sulfides (0.2 %,
Table 7). These minerals are distributed in two well-differentiated do-
mains, a quartz-plagioclase domain, and a micaceous domain, which
constitute the foliated structure of this rock and, consequently, the ag-
gregates. It is also noticeable that plagioclases are locally degraded to
sericite and associated with apatite. In the micaceous domain, composed
mainly of biotite and muscovite, the biotite present pleochroic halos due
to the existence of zircons. Also, some scattered tourmalines have been
observed and are associated with muscovite. In addition, idiomorph to
sub-idiomorph garnets both appear in isolated and in aggregates,
following the main foliation of the rock.

Under FM, rock schist shows initial intergranular fissures related to
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Fig. 8. Pore size distribution of amphibolite and schist untreated samples (a) and exposed to freeze-thaw (b) and thermal stress (c) tests.
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Table 7
Chemical composition of the lithologies (schist and amphibolite) studied [78].

Construction and Building Materials 351 (2022) 128948

Rock type Oxide content (%)

Al Ca Fe K Mg Mn Na P S Si Ti Ba Cr Pb Sr Zn Zr Cl F
Schist 16.3 1.1 6.8 3.4 2.5 0.1 2.5 0.1 0.2 64.0 0.1 0.07 X X 0.01 0.01 0.02 X 0.3
Amphibolite 11.7 18.8 12.1 0.1 5.9 0.2 1.2 0.1 2.0 41.7 1.5 0.03 0.01 X 0.01 0.01 0.01 X 0.1

the micaceous domains of the rock (Fig. 8a). These fissures have milli-
meter lengths and micron thicknesses (~100 um). They are usually
located on the boundaries between the micaceous domain and the
quartz-plagioclase domain. In general, they are not very abundant
(<1%). Conversely, under FM, schist aggregate (Fig. 8b) shows the
cracking of the micaceous minerals at the surface edges of the aggregate
particles (0.2-0.5 mm deep), the opening of a new intragranular
porosity of a few microns related to the fracturing of the garnets and
muscovite aggregates, and the enlargement of the initial intergranular
fissures related to the contact between the micas and the quartz/

plagioclase domain detected on the rocky form, reaching millimeter
lengths (up to 2 mm).

Amphibolite under OM shows a nematoblastic texture with fine to
very fine grain sizes (Fig. 8c). The main minerals of this lithology are
plagioclase and amphiboles (actinolite/hornblende), which are respon-
sible for the oriented structure of the rock and, consequently, the ag-
gregates. Secondly, clinozoisite, epidote, calcite, and some opaque
minerals (2 % sulfides, Table 7) can be observed. Plagioclases appear in
disseminated and forming aggregates, while clinozoisite mineralize
some veins with thickness <1 mm that cross the main foliation of the
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Fig. 9. From left to right, polarized light optical microscope image, fluorescence microscope image and combined optical and fluorescence microscope image of
untreated schist in its rock (a) and aggregate (b) forms and untreated amphibolite in its rock (c) and aggregate (d) forms.
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rock in different directions. Calcite usually appears in degraded forming
aggregates in rock matrix or filling crossing and thin veins (<1 mm) as
clinozoisite. Some sulfides also have been detected scattered in rock
matrix or related to clinozoisite and calcite veins.

Under FM, amphibolite rock shows, very locally, the presence of
intragranular porosity related to the dissolution of the sulfides present in
this lithology (<0.5 %, Fig. 8c). However, in its aggregate form, the
minerals of the superficial edges of the aggregate particles of amphib-
olite are fragmented up to 0.1 mm deep, especially the amphiboles. As it
occurs in the rocky form, there is some intragranular porosity (a few pm)
related to the alteration of plagioclases and the dissolution of sulfides
(Fig. 8d).

After the freeze-thaw test, no significant variation in the mineral-
ogical composition was detected in schist rock or aggregates using OM.
However, under FM, schist showed the disintegration of the rock’s
surface, as well as the fissuring of micas and quartz and the reopening of
previous fissures present in the rock (2 % porosity, Fig. 9a). These
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fissures had a thickness of around 100 pm but were centimeters of
length. They began in areas of intergranular weakness, such as the
contact between micas and quartz, and they propagated through this
area as the freeze-thaw cycles progressed. In case of schist aggregate,
the significant fracturing of the surface edges of the particles of aggre-
gate was detected, especially in edges where micas dominated (Fig. 9b).
The deterioration of the edges was extended 0.2-0.5 mm inside the
aggregate. Related to this edge deterioration, intergranular fissures of
millimeter length were also observed toward the interior of the aggre-
gate. These fissures are parallel to the general foliation of the rock where
they occurred in the micaceous zones or they propagate through the
grain boundaries of the quartz and plagioclase, taking advantage of their
fragmentation during the crushing of the rock in the quarry. Finally,
these fissures reach the foliation of the rock and mica domain. In addi-
tion, the reopening of intragranular porosity associated with the frac-
turing of garnets and the chemical alteration of sulfides present in the
aggregate was observed. Overall, the porosity estimated with this
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Fig. 10. From left to right, polarized light optical microscope image, fluorescence microscope image and combined optical and fluorescence microscope image of
schist in its rock (a) and aggregate (b) forms and amphibolite in its rock (c) and aggregate (d) forms after the freeze-thaw test.
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technique was 8 %.

Amphibolite did not show any variation in its mineralogy under OM
after the freeze-thaw test. Also, the internal structure variations
observed with FM after this test in the rock and were minimal. No sig-
nificant deterioration was observed, only on the edges and at microscale.
Some small fissures related to the mineral alteration of the plagioclases
(sericite) were identified (Fig. 9c). Additionally, a slight increase of the
intragranular porosity, previously present in the rock, was observed due
to the dissolution of sulfides upon contact with the salt brine of the test.
Thus, the porosity detected after the test was <1 % using this technique.
By contrast, in its aggregate form, the surface edges of the particles of
amphibolite aggregates were fractured up to 0.2 mm inside the rock. In
addition, new intergranular fissures with millimeter lengths associated
with the surface edges of the aggregate (Fig. 9d) were noticed. These
fissures also appear to be covered by thin layers of iron oxides due to the
chemical alteration of the amphiboles and sulfides during the process. In
addition, the reopening of intragranular porosity (few um) related to

Construction and Building Materials 351 (2022) 128948

plagioclase fracturing by crushing processes was also observed. In gen-
eral, the porosity detected after the test using this technique was 4 %.
After the thermal stress test, no significant changes in the mineral-
ogical composition of schist were observed under OM. By contrast,
under FM, the disintegration of the edges of schist rock was detected,
especially in micaceous areas. The opening of new intergranular fissures
parallel to the foliation of the rock were also detected. These fissures are
thin (=100 um) but centimeter long and are associated with the mica-
ceous domain of the rock (Fig. 10a). The formation of cracks related to
quartz was also observed, as well as the presence of intragranular
porosity related to the dissolution of sulfides present in this lithology.
The porosity observed with this technique after the test was 3 %. In its
aggregate form, the schist was intensely deteriorated, especially the
edges of the particles. Also, the reopening of intergranular fissures with
thicknesses up to 0.2-0.3 mm (Fig. 10b) was detected. These fissures
practically covered the entire thickness of the aggregate (>4 mm) and
began at the particle edges, propagating toward its interior. In general,
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Fig. 11. From left to right, polarized light optical microscope image, fluorescence microscope image and combined optical and fluorescence microscope image of
schist in its rock (a) and aggregate (b) forms and amphibolite in its rock (c) and aggregate (d) forms after thermal stress test.
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these types of intergranular fissures were parallel to the main foliation of
the rock, and they were related to the contact between micaceous and
quartz/plagioclase domains (Fig. 10b). Locally, new intergranular fis-
sures were also observed parallel to the main foliation of the rock of
significant thickness (0.4 mm) and millimeter lengths related to the
quartz veins that crossed the rock. These fissures moved along the edges
of the polycrystalline quartz grains, previously fractured during the
crushing processes in the quarry. In addition, perpendicular to the main
foliation of the rock and with smaller thicknesses, another type of new
intergranular fissure was observed. These fissures appeared to be related
to the fracturing of the garnets scattered throughout the rock. They had
millimeter lengths and could cross the entire particle of aggregate.
Finally, the reopening of intragranular porosity was also detected,
related to the fracturing of plagioclases and micas by crushing processes
or due to the dissolution of sulfides present in the rock. In general, the
porosity observed with this technique after the thermal stress test was
15 %.Fig. 11..

In the case of amphibolite, after the thermal stress test, the rock and
aggregate samples did not show any variation in their mineralogy under
OM. Equally, the effects of the test observed in the rock with FM were
minimal. Only at microscale were some fissures detected, parallel to the
main orientation of the rock and associated with the sulfides present in
the rock (Fig. 10c). Also, the opening of new and short fissures related to
clinozoisite and calcite veins that cross the main foliation of the rock was
locally detected. The porosity detected after the test with this technique
was <1 %. Conversely, in amphibolite aggregate, the particles suffered
an intense deterioration at their surface edges, where new intragranular
fissures were originated due to the fragmentation of the amphiboles
(Fig. 10d). In addition, important oxidation processes related to the
alteration of the sulfides present in the rock were detected. The forma-
tion of intergranular fissures with millimeter lengths (1-2 mm) and 2-5
um thicknesses was also observed. These fissures propagate inside the
rock following its main foliation (Fig. 10d). Also, the reopening of
intragranular porosity inside the aggregate associated with the frac-
turing of plagioclases by crushing processes was detected. Finally, the
porosity generated by the test with this technique was 5 %.

4. Discussion

The visual inspection of the samples analyzed in this work shows that
both materials, schist, and amphibolite, are deteriorated by the freeze-
—thaw and thermal stress tests with NaCl performed in the laboratory.
However, the degree of the deterioration observed depends on the li-
thology, rock processing, and type of test applied. Amphibolite, with the
smallest grain size and lower foliation, is less deteriorated than schist by
the durability tests done (Table 3). However, in both lithologies, the
deterioration increases from rock to aggregate form due to rock pro-
cessing by crushing in the quarry (Fig. 5). Also, thermal stress is the most
damaging test in both schist and amphibolite (Table 3, Fig. 5). Equally,
both lithologies tend to similarly increase their deterioration regarding
the rock processing, sizing, and the durability tests selected (environ-
mental conditions, Fig. 5). These results agree with the analysis of the
evolution of water absorption coefficient, where schist was the most
affected by the durability tests (Table 4). Equally, both lithologies
similarly increased their water absorption coefficient regarding the rock
processing, sizing, and the durability tests selected (Fig. 6). Therefore,
although in this work only two lithologies and particle size distributions
(10/14 mm and 6/12 mm) have been studied, the finding of similar
patterns in weight loss and water absorption coefficient parameters
regarding rock crushing and durability tests is promising. In this way, it
is proposed for future works the analysis of the evolution of both pa-
rameters in function with the durability tests selected, freeze-thaw and
thermal stress, in more lithologies and particle size distributions such as
4/8 mm or 14/18 mm. The results from this study may conduct the
development of future experimental models that could introduce new
insights predicting the quality and durability of rocky materials when
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they are used as aggregates in construction. It must be highlighted again
that this is introductory research to the topic and other parameters such
as the increase in the specific surface area exposed to external agents of
deterioration of aggregate particles as their size decreases, must be
consider for further investigations.

It is also possible to evaluate in more detail the evolution of the in-
ternal structure and the mechanisms of deterioration of the rock
regarding its crushing in the quarry and durability tests using mercury
porosimetry, OM, and FM. After crushing processes in the quarry, the
total porosity to mercury increases in both lithologies, especially in
schist (Tables 5 and 6). In schist, rock crushing cracks the mineral grains
and reopens fissures already present in the stone material, increasing the
size of the pores and thus, the macroporosity (Tables 5 and 6). These
fissures are especially located on the edge of the aggregate’s particles
and in the contacts between the micaceous domain and the quartz/
plagioclase domain (Fig. 6b). In the case of amphibolite, a new micro-
porosity, non-existent in its rocky form, is formed (Tables 5 and 6). This
means that the mechanical cracking of the minerals occurs both on the
edges and inside the aggregate. This new microporosity generated cor-
responds to the cracking of the amphiboles and plagioclases and the
alteration of sulfides present in the rock (Fig. 6d).

After freeze-thaw cycles with NaCl, there is an increase of the total
porosity to mercury in both lithologies, especially in their aggregate
form (Tables 5 and 6). Thus, the deterioration is higher in aggregates
due in part to the previous effects of the crushing processes in the quarry
and the increase of the specific surface area of the particles exposed to
the test, as it has been mentioned above. It must be also highlighted that
after the freeze-thaw test, there is a slight increase in the microporosity
of the schist aggregate, while the macroporosity increases in the
amphibolite aggregate (Fig. 7). Thus, the freeze-thaw deterioration is
most superficial in amphibolite, even in its aggregate form. This result is
in accordance with the OM and FM analyses. In both lithologies, the
surface edges of the aggregate’s particles appeared highly deteriorated
due to the prior crushing processes in the quarry and, subsequently, to
the freeze-thaw test with NaCl carried out in the laboratory. Equally, in
both lithologies, new intergranular cracks were produced at the edges of
the aggregate that propagated toward its interior since the brine takes
advantage of the existing cracked minerals at the edges or preexisting
fissures caused by the crushing process (Fig. 8). During the freeze-thaw
cycles, this brine penetrates more and more into the aggregate, freezing
inside and increasing pore pressure, opening the preexistent porosity
and fissures, transforming the internal macro and microporosity
[50,59,79]. This process was especially intense on schist aggregate in
areas with high proportion of mica minerals and in the contacts between
the micaceous domain and the quartz/plagioclase domain, where the
fissures produced by the test were >2.5 mm in length (Fig. 9b). By
contrast, in the amphibolite aggregate, the deterioration is focused on its
particle’s edges, where the fissures had lengths <1.5 mm (Fig. 9d).

After the thermal stress cycles with NaCl, there is also an increase of
the total porosity to mercury in both lithologies and, again, it is more
visible in their aggregate form, especially in schist. Equally, the evolu-
tion of porosity was similar in both lithologies observed after the
freeze-thaw test. While microporosity increased in the schist aggregate,
macroporosity increased in the amphibolite aggregate (Fig. 7). Thus, the
effects of the thermal stress test are deeper in the schist aggregate than in
the amphibolite aggregate, where the deterioration is more superficial.
These results are also in accordance with the OM and FM analyses. Both
lithologies were deteriorated by the thermal stress tests with NaCl,
especially the schist aggregate (Fig. 10). Equally, the surface edges of
both types of aggregates are highly deteriorated due to the previous
processes of crushing in the quarry and, subsequently, to the durability
test done in the laboratory. In both aggregates, the edges are cracked
and new fissures related to the breakage of the edge minerals are formed
as a result of the evaporation of the brine and the precipitation of the salt
inside the aggregate during the hottest days in summer, causing a
greater breakage of the superficial minerals [50,55,59]. In new rainy
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periods, the crystallized salt dissolves again and a more concentrated
brine is generated, which is introduced through the areas of weakness of
the aggregate, deteriorating it even more. The cyclical repetition of this
process causes the propagation of the fissures inside the material.
Therefore, in the schist aggregate, where mica domains are intensely
cracked and fissured due to the crushing processes in the quarry, brine
infiltration is deeper than in the amphibolite aggregate (Fig. 10). The
schist aggregate shows fissures with lengths longer than 4 mm related
with mica domains and their contact with quartz/plagioclase domain
while the fissures detected on the amphibolite aggregate do not exceed
1.5 mm in length.

Therefore, according to mercury porosimetry and especially the OM
and FM results, the internal structure of both lithologies is affected by
crushing processes. The aggregate’s edges are cracked. generating new
porosity and fissures. Although this mineral cracking is beneficial to
some properties of the aggregates, such as their surface roughness and
thus, their skid resistance [50], some lithologies such as schist analyzed
in this work can be negatively affected by crushing processes in deter-
mined environmental conditions [59] in the long-term. Thus, a more in-
depth research about crushing processes on aggregates is proposed here
for future investigations.

Finally, it must be highlighted that both lithologies were more
deteriorated by thermal stress cycles. Specifically, after the thermal
stress cycles, the weight loss of the 6/12 mm schist aggregate was 5.3 %
(Table 3). Current Spanish regulations of aggregates used on road sur-
faces do not establish any limit to this test and conditions. Thus, using
the limit value assessed for the freeze-thaw test in roads subjected to
Atlantic-type climates such as the one supported by the studied mate-
rials, 2 % [34], this aggregate would not be resistant to the effects of
high temperatures, precipitation, and salt (NaCl). Equally, after the
thermal stress cycles, the water absorption coefficient of schist aggregate
was 2.55 % (Table 4). Thus, if the limit value of the absorption coeffi-
cient established to measure frost resistance of the aggregate were used
(maximum limit of 2 %, [34], this aggregate would not be completely
resistant to the combined action of salt (NaCl), precipitation and high
temperatures. Therefore, it is recommended to consider this test and
establish limits to thermal stress deterioration in the aggregates used on
roads, especially in the unfortunate present context where heat waves
are more frequent due to deforestation and global warming in Spain
[52,54,80].

5. Conclusions

The analysis of the evolution of the internal structure of two types of
rocks, schist and amphibolite, regarding crushing and sizing processes in
a quarry and the effects of freeze-thaw and thermal stress durability
tests with NaCl, can be summarized as follows:

- The increase of the weight loss and water absorption coefficient in
both lithologies, schist and amphibolite, shows similar tendencies
respectively regarding their crushing processing, particle size dis-
tribution, and durability tests carried out in the laboratory.

- Both lithologies are more deteriorated by the durability tests per-
formed in the laboratory in their aggregate form than in their rock
form. This is mainly due to the fact that crushing processes in the
quarry deteriorate the edges of the particles of the aggregates,
facilitating the infiltration of the NaCl brine inside the rocky mate-
rial. Additionally, it must be considered in future research and
models that the smaller the particle size, the greater the surface
exposed to external agents of deterioration.

The schist aggregate is the material most affected by crushing pro-

cesses in the quarry and the durability tests done in the laboratory

because of its foliation. Micaceous domains and the contact between
this domain and the quartz/plagioclase domain are weakness areas
where this material is cracked and fissured during crushing
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processes, facilitating the deterioration caused by the freeze-thaw
and thermal stress cycles.

Thermal stress with NaCl is the most deteriorating test in both li-
thologies, especially in schist aggregates. Thus, new recommenda-
tions and deterioration limits should be addressed in current
standard codes in construction, especially in countries like Spain,
where deforestation and global warming are increasing heat waves
in the summer months.

Finally, although the results obtained in this work are promising, the
authors suggest analyzing more lithologies and particle size distribu-
tions of rocky aggregates to assess experimental models to simulate the
deterioration of a rock from the quarry to its final use in construction
and delve into the mechanisms of deterioration of rocks used as aggre-
gates in construction.
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