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Abstract: Rocks’ physical, mechanical, and mineralogical properties are essential in the design
process of underground applications. To understand changes in these rocks” properties at high
temperatures, numerous studies have been conducted on several rock types, with little being known
about microschist rock. This paper presents experimental study on the physical (e.g., density and
P-wave velocity), mechanical (uniaxial compressive strength (UCS)), and microstructural behavior of
microschist rock at room temperature (22 °C) and at high temperatures, i.e., 400, 600, and 800 °C. The
results indicated that as the temperature increases, the microschist’s color changed, and dry density
decreased by 0.97% at 800 °C. Additionally, the average P-wave velocity of microschist decreased by
4.14,7.07, and 34.23%, at 400, 600, and 800 °C, respectively. Similarly, at these temperatures, the UCS
of the microschist decreased by 34.4, 56.9, and 80.1%, respectively. Further findings from microscopic
studies reveal that the observed changes in physical and mechanical properties were due to the
structural deformation of the microschist at high temperatures.

Keywords: heating; microschist; P-wave; uniaxial compressive strength; microstructure

1. Introduction

The mechanical and physical properties of rocks are the key parameters in the appli-
cations and engineering designs. Unfortunately, some of these properties are subjected
to major changes due to heating. Therefore, the investigation of rock’s behavior at high
temperature is a hot topic in the literature. Numerous studies have been devoted to
characterizing rocks at high temperatures in different areas of specializations, including
geothermal energy exploitation [1], underground coal gasification [2,3], nuclear energy
disposal [4,5], hydrothermal systems, archaeology [6,7], the construction of roads and
buildings [8,9], rock drilling and blasting, underground tunnels [10], thermal energy stor-
age (TES) [11-14], and deep mining engineering [15]. The changes in rock properties due
to heating depend on different parameters including rock’s thermal properties, maximum
applied temperature, exposure time, heating/cooling rates, in addition to rock mineral
composition and its texture [9,16,17]. If rock’s parameters were altered by increasing
temperature, the mechanical and physical properties of rock such as strength (uniaxial
compressive strength (UCS)), P-wave velocity, density, mineral phases, and color may
be affected.

As per the effect of high temperature on the strength of rocks, numerous studies have
been carried out on several rock types such as sandstones [2,17-22], granite [1,15,16,19,23,24],
limestone [17,25-27], marble [17,28], mudstone [2,3], calcarenite [27], diabase [29], and
basalt [14]. The findings show that different possible effects can take place on the strength
of rock after heating to high temperatures. For instance, the rock strength may not change
with temperature, it may continuously increase, continuously decrease, or return a mixed
behavior, i.e., increase/decrease or vice versa. These effects of high temperatures on rocks’
strength were attributed in the literature mainly to variation in the thermal expansion
of the constituent minerals, differences in thermal spallation within the rock matrix and
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crack generation [30]. Findings indicated that the compressive strength of limestone
does not change until 700 °C, where a sharp decrease in strength was observed [17]. For
granite, marble, and mudstone, it was found that their strength decreases with temperature,
especially above 400 °C [17-19,23,25]. In the same manner, calcarenite rocks showed a
decrease of up to 35% in its uniaxial compressive strength (UCS) after heating to 600 °C [27].
Conversely, results indicated that the strength of sandstone increases gradually up to 600 °C,
then, the strength dropped at higher temperatures [17]. In another study on sandstone, its
UCS decreased by about 42.9% between 100 and 400 °C, increased between 400 and 900 °C,
and drastically decreased at 1200 °C [2].

The effect of high temperature on the P-wave velocity of sandstone [18,19], marble [28],
and granite [31,32] has also been studied. It was discovered that the P-wave velocities of
these rocks decreased as the temperature increases, but remain nearly the same at a specific
temperature for sandstone and marble [18,19]. At 500 and 600 °C, the P-wave velocities
of granite decreased by 32 and 63%, respectively, suggesting that the path traveled by
the wave was irreversibly altered after the heating experiment [32,33]. However, P-wave
velocity cannot be used alone to indicate strength reduction after heating operation, because
rock strength can increase or decrease after heating to a high temperature [17].

Changes in the densities and colors of rocks have been studied [34-37]. Findings
showed that the color of rock changes as the temperature changes, especially above
400 °C [34-37]. Results also indicated that the densities of rock decreased due to in-
creased volume and loss in mass due to dehydration or mineral decomposition after
heating experiment [33]. To a certain extent, this is caused by changes in the microstructure
of rock [33]. Apart from density and color change, heating rock to a high temperature also
causes either crystal peaks in the X-ray diffraction (XRD) patterns relative to the specific
crystals disappearing, or the formation of new peaks in the XRD patterns occur due to
phase shift; indicating formation of new mineral phase due to mineral decomposition at a
specific range of temperatures [21].

It can be inferred from hitherto discussed studies that high temperature has a great
impact on the physical, mechanical, and mineralogical properties of rocks. Additionally,
the dominant rocks studied in the literature are granite, sandstone, and limestone. To the
best of our knowledge, information on the effect of high temperatures on microschist’s
mechanical, physical, and microstructural properties is scarce in the literature and thus
need to be investigated. This becomes a must when taking into consideration the dominant
spread of microschist in many Saudi mines, especially in the southwestern part of the
kingdom (Najran area). Therefore, this paper presents the characterization of microschist
selected from the Najran area, Saudi Arabia. The study will focus on the effect of high
temperature on microschist’s mechanical, physical, and microstructural properties. The
results from this study will contribute to different industrial applications where microschist
can be used as a input raw material (e.g., filler, building and construction industries) [9], or
as a surrounding environment (mining, tunnel, and geothermal) [1]. In addition, the paper
also provides a statistical analysis perspective of the obtained data which may be adopted
in sample selection for planning purposes in structural engineering system designs, for
temperature-dependent applications.

2. Materials and Methods
2.1. Sample Collection and Preparation

The diamond drill-core rock samples used in this study were supplied by Al Masane
AlKobra mining company (AMAK, Najran, Southwest, Saudi Arabia; Figure 1). The
core was drilled up to 31 m beneath the Earth’s surface, and samples were arranged in
different containers according to depth. However, intact core rock samples at the deeper
part, between 21 and 31 m (Figure 2a), were used for this study. Forty-five representative
core samples (diameter—63.55 mm) suitable for the point load strength index (PLSI) test
were prepared according to the ASTM standards [38,39]. Rock samples with a length to
diameter ratio between 1/3 and 1 were cut using a rock cutter machine (PT100, GCTS
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Testing Systems, 6103 South Maple Avenue, Tempe, AZ 85283, USA), and surface polishing
was performed by a rock surface grinder machine (KGS618, Tustin, CA 92680, USA). All
prepared samples were dried at 105 °C for 24 h (Binder dryer, Binder Inc., Bohemia, NY
11716, USA). Sampling of the drill-core is a major bottleneck due to the nonhomogeneous
nature of rocks [40]. However, its impact was mitigated by arranging the prepared samples
according to the depth. The samples were then divided into four groups by ensuring that
each group has equal specimens from the same depth and all considered depths were duly
represented, for quality assurance and control purposes. In addition, minerallogy was
also considered during sampling, as some specimens had a feasible silica content. The
specimens were then labeled using different numerations; for instance, S-0-1 represents
sample 1 at 22 °C (zero stands for room temperature), S-0-2 represents sample 2 at 22 °C,
and 5-0-10 stands for sample 10 at 22 °C. For another set of samples, S-1-1, 5-2-1, and S-3-1
represent sample 1 at 400, 600, and 800 °C, respectively. Forty of the prepared core samples
are presented in Figure 2b.
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Figure 1. Core drill location, Najran, Saudi Arabia (images were captured using open source Google Earth Pro; 1600 Am-
phitheatre Parkway, Mountain View, CA 94043, USA).

2.2. Sample Characterizations

Different analytical techniques were used for characterizations, including SEM-EDX,
petrographic (thin section), XRD, and SEM analyses. Representative samples were prepared
before and after heating. For SEM-EDX, XRD, and SEM analyses, representative as-received
unheated and heated powder samples were prepared using the same procedure, to establish
the elemental composition, mineralogy, and morphology. Specimens were obtained from
the target test samples (22, 600, and 800 °C). Obtained rock fragment specimens (at different
target temperatures) were separately crushed by a hand-held hammer and later ground
using a planetary mill until 100% of the particles passed a 100 um diameter sieve.

For each SEM-EDX characterization, a representative noncoated powder sample was
fixed on the stub using carbon tape and then put into an SEM (JSM-7600F, Tokyo, Japan)
sample chamber where the representative specimen area was selected after the electron
beam illuminated the sample. The average constituent elements were then recorded by
the EDX spectrometer (EDX, Oxford instruments, Abingdon, Oxfordshire, UK) using five
iterated values [41]. The SEM image of each sample was taken at different magnifications
to observe the specimen morphology. The XRD spectra of the representative powder
specimens were obtained in a continuous mode at a scattering angle 26 between 5° and 90°
with a increment of 0.05° using an X-ray diffractometer (Regaku, Ultima 1V, Japan; 40 mA,
40 kV, Cu ka radiation) [41,42]. The peak intensities of the XRD spectra were matched
with the standard spectra using “PowderX” software (National Lab. for Superconductivity
(NLSC), Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China) [43] and
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“Match!” Software (Version 3.12 Build 210 for Windows 64-bit, Crystal Impact GbR, Bonn,
Germany) for quantitative and qualitative analysis.

(S-0-1to (S-1-1to (S-2-1to (S-3-1to
S-0-10) S-1-10) S-2-10) S-3-10)

Figure 2. (a) Core sample trays; (b) prepared representative samples (S-0-1 to S-0-10; samples for
room temperature tests, S-1-1 to S-1-10; samples for 400 °C tests, S-2-1 to S-2-10; samples for 600 °C
tests, 5-3-1 to S-3-10; sample for 800 °C tests.

For the petrographic study, representative core samples were physically examined
under Leica S9i stereomicroscope (USA), and standard petrographic thin sections were
prepared (Figure 3) from representative areas for the samples at 22 °C (room temperature;
S1), 600 °C (52), and 800 °C (S3), to establish host rock lithology, mineral composition,
texture, deformation, and alteration. Each representative standard thin sample section was
observed microscopically under transmitted light using a research polarizing microscope
(Olympus BX53M, Japan), and representative photomicrographs were taken by the digital
camera Olympus SC180 attached to the microscope.

2.3. Density and P-Wave Velocity

Density is one of the physical parameters of rocks used in numerical modeling analysis
and design. To determine the dry density of the studied microschist, the mass and volume
of all sets of samples (set 1 to set 4) were determined at room temperature (22 °C). The dry
density for each sample was calculated by dividing the dry mass of the sample with the
dry volume of the sample, as earlier discribed in the literature [44], and the average dry
density of the samples was determined. The procedure was repeated for set 2, set 3, and
set 4 after heating to 400, 600, and 800 °C.
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Figure 3. To the left; hand-held specimens, to the right; thin sections from the representative area of
hand-held specimens (a) S1 (22 °C), (b) S2 (600 °C), (c) S3 (800 °C).

The P-wave velocity is one of the physical properties usually measured to assess
the effect of temperature on rock’s internal structure. To measure the P-wave velocity,
lubricant was applied on the opposite surfaces of the sample as a coupling medium
between transducers (transmission and receiving) and the sample’s surfaces, to ensure
efficient energy transfer [45-47]. The P-wave velocities of the samples were measured
before and after heating using an ultrasonic velocity measurement device (Pundit PL 200,
Switzerland). Measurement was repeated three times to ensure accurate values of the
P-wave velocities of the samples were taken. Since ten samples were considered for each
specific test condition (22, 400, 600, and 800 °C), the average P-wave velocity for each test
category (set 1: 22 °C, set 2: 400 °C, set 3: 600 °C, and set 4: 800 °C) was determined.

2.4. Heating Experiments

The previously prepared microschist rock samples were heated using a laboratory
furnace (CHM-60H, maximum temperature—1600 °C, Jim-bomb Enterprise Co., Ltd.,
Taiwan). This furnace was used to heat rock samples of set 2, set 3, and set 4 to the
target temperatures: 400, 600, and 800 °C, respectively. The minimum target temperature
of 400 °C was considered, since findings from previous studies showed that below this
temperature, little or no significant change in mechanical and physical properties may
be observed, especially for rocks with abundant rock-forming minerals (such as quartz
and feldspar), as is the case in this study [18,19,23,25]. In addition, the results of the
electrical conductivity study of a rock sample (consisting of quartz, albite, muscovite,
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and clinochlore) in the study area (Najran, Saudi Arabia) show that the rock exhibited
thermal stability up to around 370 °C [48]. Furthermore, to avoid splitting samples into
pieces (Figure 4, right-hand side; samples heated to 900 °C), 800 °C was considered as the
final target test temperature to make samples suitable for the point load strength index
and P-wave velocity experiments. In this study, ten representative samples were heated
at once from room temperature to the target temperature of 400 °C at a heating rate of
5 °C/min [44]. The samples were kept at target temperature for an hour and then cooled
to room temperature (inside the furnace) at an average cooling rate of 1.5/min to avoid
thermal shock, as is the case for rapid cooling [45,49]. This procedure was repeated using
another set of ten representative samples at maximum target temperatures of 600 and
800 °C, by keeping the heating rate and cooling rate conditions the same as those used for
samples at 400 °C, for quality assurance and quality control purposes.

Figure 4. Samples after heating experiments (from room temperature to 400, 600, 800 and 900 °C).

2.5. Estimation of UCS Using the Point Load Test

To estimate the effect of high temperature on rock strength, the point load test was
conducted as a cost-effective and easier method of estimating the UCS of rocks using
the ASTM standard [39]. Forty samples were tested for all target temperatures, with
10 representative core samples for either 22, 400, 600, and 800 °C, for quality assurance
and quality control purposes, according to the ASTM procedure [39]. The length of each
core sample, equivalent to the platen separation distance (D), and the width (W) were
measured and recorded (Figure 5a; PLT 110, GCTS, 6103 South Maple Avenue, Tempe,
AZ 85283, USA). The platens were closed to make firm axial contact with the sample, and
the load was gradually increased until failure after between 10 and 60 s, according to the
ASTM standard (Figure 5) [39]. The failure load (P) was measured and recorded [39]. The
uncorrected PLSI (I5) and the size-corrected PLSI (I;(50)) were calculated for each sample
using Equation (1) and Equation (2), respectively. Since ten samples were tested at each
target temperature (22, 400, 600, and 800 °C), the average 59y was calculated and recorded
at each target temperature [39]. The site correlation factor of the studied sample is not
available; therefore, a generalized conversion factor value of 23 was used to convert the
corrected point load strength index to UCS according to the ASTM standard [39].

_ P x 7t x 1000
o 4WD

D 045
L(50) = Ls ¥ (%) (2)

I 1)
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Figure 5. (a) Representative core samples during the point load test; (b) samples after the point load test.

3. Results and Discussions
3.1. Color

Color is one of the observable physical properties which can be used to identify and
categorize rocks. The physical appearance of rock can sometimes be changed due to
increasing temperature [34]. The reference microschist (unheated) rock sample (22 °C)
and the heated samples (400, 600, and 800 °C) are compared as shown in Figure 6. It
can be observed that as the temperature increases, the color of the samples changes from
black-gray for unheated to red-brown after heating. This can be clearly distinguished,
especially at 600 and 800 °C. Color changes of rocks after heating experiments have been
reported in literature [34-36]. This phenomenon may be attributed to the presence of Fe
in the sample, as observed in previous studies [34,36]. Apart from this, microcracks, the
displacement of impurities, and microvoids that may occur during the heating process have
also been reported to cause changes in the color of rocks [47]. Based on color observation of
the studied microschist samples after heating, SEM-EDX, petrographic, and XRD analyses
of heated samples at 600 and 800 °C were compared with the analyses at 22 °C.

3.2. SEM-EDX Analysis

The SEM-EDX (elemental) analysis results of the representative samples of microschist
at 22, 600, and 800 °C obtained from five iterated values under normalized conditions are
presented in Figure 7. The findings show that the samples predominantly consist of oxygen
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(O) and silicon (Si), suggesting quartz as the major mineral in the studied rock. The same
minor elements can be found in all three samples (Figure 7a—c), except for sulfur (S), which
cannot be seen in S1 (Figure 7a), which may be due to the heterogeneous nature of the
studied rock sample. It cannot be confirmed whether the effect of heat causes the observed
difference in percentage elemental composition in the samples. The weight (%) and atomic
percentage of elements present in the studied samples are presented in Figure 7d and
Table 1, respectively.

S1 (22°C)

6 8
ull Scale 7815 cts Cursor: 0.000

S3 (800°C) Spectrum 1

ull Scale 6076 cts Cursor: 0.000

Figure 7. EDX results of representative samples (a) S1 (22 °C), (b) S2 (400 °C), (c) S3 (800 °C), (d) weight (%) of elements in

the samples S1, S2, and S3.
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Table 1. Elements (atomic %) present in the samples S1 (22 °C), S2 (600 °C), and S3 (800 °C).

Elements (Atomic %)
C (0] Na Mg Al Si S K Ca Fe
51(22°QC) 858 6488 240 034 443 1691 - 037 069 139
52 (600 °C) 17.67 5869 061 027 415 1511 043 105 032 171
S3 (800 °C) 1031 6043 223 021 378 1991 029 046 086 152

Sample

3.3. Petrographic Analysis

To describe the texture, mineral composition and alteration of the studied samples,
petrographic analysis was performed on as-received (unheated) microschist samples and
heated samples which reflected color change i.e samples heated to 600 and 800 °C. Figure 8
presents the petrographic analysis results for the as-received representative sample. The
findings show that the primary rock texture has been completely over-printed by meta-
morphic recrystallization and deformation. The rock is highly fine-grained, recrystallized,
foliated, and shows laminated fabric (Figure 8a). Foliation is marked by alignment and
orientation of microcrystalline flaky phyllosilicate (chlorite) parallel to the deformation
plane (Figure 8d,f). The rock is traversed by late fractures that are dominantly healed by
quartz (Q) and later by carbonate (Figure 8f). This observation shows that metamorphic
recrystallization and propylitic alteration made it difficult to establish the primary rock
composition. The findings indicate that the rock consists of recrystallized quartz (with
traces of feldspar), phyllosilicates (chlorite and likely muscovite), epidote, opaque (likely
pyrite), and rare unidentified carbonate (Figure 8c—f). The recrystallized quartz is micro-
crystalline and xenomorphic in nature, with different grain sizes that show alignment
parallel to the foliation plane. The chlorite has extremely fine grains, and their alignment
and orientation mark the foliation plane (Figure 8c—f). Two varieties of epidote are noted:
(1) the more common variety is extremely fine-grained, xenomorphic, and occurs in micro-
crystalline, anhedral granular aggregates. Such microscopic, tiny individual aggregates
occur in scattered-to-dense dissemination and display vague orientation (Figure 8c,e). Due
to the extremely fine-grained nature of this epidote, its identity is not positively confirmed.
(2) The less common type is relatively fine-grained and is of the zoisite variety. The ob-
served opaque grains show the effect of metamorphic deformation, where opaque grains
are stretched, elongated, and oriented parallel to the deformation plane (Figure 8c,e).

The results of petrographic analysis of the sample heated to 600 °C are micrograph-
ically presented in Figure 9. The findings indicate that the rock sample displays very
fine-grained laminated texture where segregated bands of quartz—chlorite-rich layers are
separated by quartz—rutile-rich layers (Figure 9). Microfractures were noticed with fillings
of quartz that displays displacement (micro-fault) along the foliation plane (Figure 8a).
This displacement may occur due to heating. As earlier noted for the unheated sample,
intense metamorphic recrystallization and deformation has obscured the determination of
primary rock composition. The recrystallized rock consists predominantly of quartz, chlo-
rite, opaque grains, and a pale brownish phase resembling rutile or biotite (Figure 9b,d,f).
Quartz (with feldspar) is extremely fine-grained and displays preferred orientation parallel
to foliation plane (Figure 9). Chlorites and rutile/biotite have very fine grains with an
almost similar grain morphology. The tiny grains of rutile/biotite are aligned and oriented
parallel to the foliation plane, similarly to chlorite. The epidote has extremely fine grains, is
xenomorphic in habit, and occurs in anhedral scattered granular aggregates. Opaque grains
are also observed that show the effect of metamorphic deformation, where opaque grains
are commonly aligned parallel to the deformation plane with less elongation compared
to the unheated sample. There is a possibility that the expansion of grains occurs due to
heating, which may had led to microfracturing and grain deformation (Figure 9).
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Distinct laminated

Figure 8. Results of petrographic analysis for microschist sample at room temperature (S1; 22 °C); images (a—f) were taken

at different magnifications (a,b: 1.57x; ¢,d: 6.3%; e,f: 12.6) to reveal rock texture, mineral composition, and alteration

in microschist (metasiltstone). Image (a) (PPL: plane polarized light) and image (b) (CPL: cross-polarized light) display

fine-grained laminated texture in metasiltstone (microschist). Image (c) (PPL) and (e) (PPL) show the opaque scattered

epidote. Image (d) (PPL) and (f) (CPL) display chlorite-rich bands intercalated within quartz-rich bands. Opaque (Opq)

grains (dark) that are aligned, stretched, and elongated parallel to foliation plane were noted. The rock is extremely fine-

grained, laminated and consists predominantly of (1) quartz (Q) (gray in CPL), where quartz grains are commonly aligned

parallel to foliation plane, (2) chlorite (Chl; pale green), which is platy-to-flaky in nature, and the alignment of which marks

the foliation plane, (3) epidote (Ep), which occurs in microcrystalline, anhedral granular aggregates in scattered-to-dense

disseminations, which locally show subalignment in the plane of deformation, and (4) opaque grains (Opq; dark).

For the sample heated up to 800 °C, the petrographic analysis results are shown in
Figure 10. Similar to the samples at 22 and 600 °C, the primary rock texture is completely
overprinted by metamorphic recrystallization and deformation. The rock is extremely fine-
grained and displays laminated and micro-foliated fabric. The orientation of microscopic
platy chlorite and rutile or biotite flakes defines the foliation planes. Microcrystalline
quartz (+feldspar) grains and opaque grains also display a preferred alignment parallel
to the foliation plane. Quartz—chlorite, epidote and some opaque grains form slightly
dark-grayish segregated bands that are separated by thin, pale reddish-brown bands that
are also composed of quartz, chlorite, epidote, with the reddish-brown mineral being
suggested to be rutile or biotite, and some oxidized opaque grains, which give the reddish
coloration to the bands where they are common. The rock sample also shows mild propylitic
alteration, marked by the common presence of chlorite and epidote. The deformation of
grains in this sample (Figure 10c,e) is higher than that observed for the sample heated to
600 °C (Figure 9c,e). This may be associated with the effect of higher temperature on the
microscopic structure of the sample.

3.4. SEM Analysis

For further investigation of the effect of temperature on the microstructural properties
of the microschist, SEM analyses of the unheated (22 °C) and heated (800 °C) samples
were compared, as presented in Figure 11. It can be seen that the rock samples show
microscopic xenomorphic structures with different sizes of grains, as earlier observed
using petrographic thin section analysis. Comparing images (a) and (b) (Figure 11), it
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can be observed that grains in the image (b) show a more deformed microstructure (as
indicated on the image (b)). This may be attributed to the effect of high temperature on the
microcrystalline structure of the studied rock sample. Images taken at higher magnification
show that apart from structural deformation, the splitting of grains and microcracks can be
observed after heating (comparing image (c) and image (d); Figure 11).

Figure 9. Results of petrographic analysis for microschist sample at 600 °C (S2); images (a—f) were taken at different
magnifications (a,b: 1.57%; ¢,d: 6.3x; e f: 12.6x). Images (a,c,e) were taken using PPL, while images (b,d,f) were taken
using CPL. Image (b) displays very fine-grained laminated texture with segregated light (quartz—chlorite-rich band) and
dark (quartz-rutile/biotite-rich band) layering. Tiny, elongated opaque grains (dark) aligned parallel to the foliation plane.
Image (c) (PPL) and (d) (CPL) show that rock predominantly consists of quartz (gray in CPL), together with chlorite,
rutile or biotite, minor epidote, and opaque grains (dark). Chlorite (pale greenish) occurs in an extremely fine-grained
(microscopic) form, is platy-to-flaky in nature, and chlorite grains show alignment parallel to the foliation plane. Rutile or

biotite (Brownish in color) displays a similar mode of occurrence, grain size, and morphology as displayed by chlorite. The

epidote is minor, occurs in microcrystalline granular aggregates forming scattered-to-dense disseminations, and locally
shows alignment parallel to the foliation plane. Q: quartz; Chl: chlorite; Opq: opaque; Ep: epidote.

3.5. XRD Analysis

Having identified elements in the studied samples and confirmed some minerals
therein using SEM-EDX and petrographic (thin section) analysis, respectively, there is a
need to characterize the samples further to identify other suspected minerals as suggested
using the thin section method. XRD is a suitable method in this regard. The unheated
(22 °C) and heated samples (600 and 800 °C) were characterized to identify the mineral
phases and their changes due to high temperatures. The obtained XRD peaks were matched
with built-in standard mineral phases XRD-patterns in “PowderX” and “Match!” softwares,
and also compared with published work [41,48,50,51]. The findings show that the studied
microschist consists of quartz, albite, clinochlore, biotite, muscovite, epidote, pyrite, zoisite,
rutile, and magnesite (Figure 12 and Table 2). The unknown types of feldspar, carbonate,
and opaque grain suggested using petrographic analysis are confirmed to be albite, magne-
site, and pyrite, respectively. The XRD analysis also confirmed that the chlorite observed
in photomicrographs of thin sections is chlinochlore, and another phyllosilicate mineral,
muscovite, is present in the studied microschist, as indexed in XRD peaks (Figure 12).



Energies 2021, 14, 7612

12 of 20

Furthermore, reddish-brown, very-fine grains, suggested to be rutile or biotite using pet-
rographic analysis, were confirmed to be both rutile and biotite, using the XRD method.

Overall, the XRD results agree with those obtained using both SEM-EDX and petrographic
analyses. Due to heating, the intensities of quartz increased, while that of albite decreased
and nearly disappeared at 800 °C (Figure 12). This can be attributed to the change in quartz
(the primary mineral in the studied microschist rock) from the o to § phase at around
573 °C and mineral decomposition after 600 °C [45].

Figure 10. Results of petrographic analysis for microschist sample at 800 °C (S3), images (a,b) display fine-grain laminated
texture of microschist, and images (c,e) (PPL) show epidote (EP), opaque grains (Opq), and grain deformation. It is
predominantly composed of microcrystalline quartz (Q), together with pale-green chlorite (Chl), epidote (Ep), and a platy,
dark opaque-like mineral (rutile or biotite) plus opaque grains (iron sulfide). Images (e, f), having an analogous texture
with images (a-d), were taken from the slightly reddish zone of the thin section. Images (d,f) display the presence of a few
brownish to reddish platy grains (rutile or biotite) that locally give the reddish-brown coloration to the rock assemblage.

Table 2. Mineral phases, crystallite sizes, weight percentage, and registration numbers of minerals in the studied microschist
at room temperature.

Mineral Phase Chemical Formula Crystallite Size (A) Weight (%) Registration Number
Quartz (low) SiO; 413.8 57.3 96-101-1160
Muscovite HyK5 (Al, Fe)g SigOpy 382.9 114 96-901-6413
Rutile TiO, 527.4 7.5 96-900-4145
Albite Na (AlSizOg) 670.7 6.9 96-900-0587
Clinochlore MgsAl (SizAl) O19(OH)g 332.6 59 96-900-8043
Zoisite Cay Alj (Si04) (SipO7) O(OH) 336.7 4.8 96-901-4730
Biotite Al Fe k Mg, Oq; Sis 320.3 3.6 96-900-1267
Epidote Cay (Al Fe) (Si0y4) (SipO7) O(OH) 311.2 1.0 96-900-0039
Magnesite MgCO3 316.2 0.9 96-900-2816
Pyrite FeS, 4024 0.7 96-901-5843
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Figure 11. SEM micrographs of the microschist samples: (a) sample at 22 °C (1500x), (b) sample at 800 °C (1500x),
(c) sample at 22 °C (14,000x), (d) sample at 800 °C (14,000 x).

9 Quartz

¥ Albite

¢ Clinochlore

| Biotite

t Muscovite

e Epidote

* Pyrite
Zoisite

0 Magnesite

T Rutile

800°C

600°C

22°C

20 (degree)

Figure 12. Results of XRD analysis of the studied microschist samples at 22, 600, and 800 °C.
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3.6. Dry Density

Figure 13 presents the results of dry densities of the studied microschist at different
testing temperatures using a set of samples for each temperature. Whether considering
the whole samples together (i.e., set 1 to set 4) or individually, set-by-set (i.e., set 1, set
2, set 3 and set 4) tested at room temperature (22 °C), results show that the average dry
density of the studied microschist is approximately the same, i.e., 2.723 g/cm3. This reflects
a successful strategy of sample selection to be used for the different intended tests. The
same is confirmed again where few outliers (only three) can be noticed for the whole forty
samples tested at room temperature (Figure 13). Fortunately, only one outlier is within the
samples subjected to heating (one of the ten samples named set 4 that are heated to 800 °C).
Figure 13 also confirms that dry densities of the studied microschist samples fall within
1.5-times the interquartile range (IQR); which indicates low variability. Both statistics
emphasize that the technique of sample categorization used in this study mitigated the
effect of anisotropic property of the microschist [40]. Considering set 2, set 3, and set 4
which were tested at room temperature and at high temperatures (Figure 13), it can be
observed that no noticeable change in dry density occurs for set 2, meanwhile, dry density
changes can be noticed for set 3 and set 4 (Figure 13). At 800 °C (set 4), the dry density of
the studied microschist decreased by about 0.97%. This decrease in density after heating
can be explained in the light of already-published data, where slight mass loss and a small
increase in volume due to change in quartz from « to 3 at a temperature around 573 °C
and thermal mineral decomposition above 600 °C [45]. A similar decrease in density has
been reported for granodiorite [45] and granite [44] at the same heating rate, as employed
in this study (5 °C/min). The results show that density of granodiorite (600 °C) and granite
(800 °C) decreased by 2.46 and 2.80%, respectively [44,45].

2.85 |Set 1 Set 2 Set 3 Set 4

—~ 2.80422°C 22°C 400°C  22°C 600°C  22°C
'E . 800°C
2 2.75—‘
=z 2 70.
27
2 2654 .
§ . I 25%~75%
2.60 - T Range within 1.5I1QR
b 1 — Median Line .
R 255- * Mean .
250' + Outliers

Figure 13. Results of the statistical analysis of dry density of the studied microschist samples (Set 1:
S-0-1 to S-0-10, Set 2: S-1-1 to S-1-10, Set 3: 5-2-1 to 5-2-10, and Set 4: S-3-1 to S-3-10).

3.7. P-Wave Velocity

Figure 14 shows four different sets of P-wave velocity testings. In each testing, ten
samples were used at different temperatures, as earlier described. Figure 14 also presents
the P-wave velocities within 1.5IQR, median, mean, and outliers (P-wave velocities below
or above 1.5IQR) as a statistical comparison among the different studied samples. The mean
P-wave velocity of the forty representative as-received (unheated) studied rock samples
(22 °C) is 5814.5 m/s, with a standard deviation of 35.9 m/s. It can be observed that at
room temperature, only two outliers are noted out of forty tested samples (Figure 14). The
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few noticed outliers explicitly reflect that sample selection and categorization mitigated the
effect of nonhomogeneous and anisotropic nature of the studied rock. On the other hand,
among the thirty heated samples, only one outlier is observed which is the P-wave velocity
result for one of the ten samples heated to 400 °C. The few samples with outliers in their
P-wave velocities for either heated or unheated samples reflect a reproduceable results. It
can be seen that as with dry density, the average (mean) P-wave velocity of the studied
samples decreases as the temperature increases, indicating changes in the rock’s internal
structure which may be microcracks due to thermal expansion of grains [47,52]. At 400,
600, and 800 °C, the mean P-wave velocity decreased by 4.14, 7.07, and 34.23%, respectively.
The rate decreases in density and rate decreases in P-wave velocity have a similar trend.
The correlation between the two parameters is established, as presented in Figure 15. It
can be seen that the correlation between the two parameters is linear, with a coefficient of
determination (COD; r?) 0.9897. Interestingly, Sun et al. (2017) obtained almost the same
12 value of 0.989 between the mass-loss rate and the rate decrease in P-wave velocity of
sandstone after their heating experiment [53]. It can be inferred that as the temperature
increases, the mass slightly decreases, and the volume of rock increases (starting from
around 600 °C; after x-f quartz-inversion), leading to a decrease in the rock’s density and
P-wave velocity [53].

22°C 22°C400°C  22°C 2°C
~ 1 *
& *
£ 6000- é é é
=2 600°C
g 5
1%
S 5000qset1 Set 2 Set 3 Set 4
v * o

800°C
- [ 125%~75%
= 4000+ 1 Range within 1.51QR
z — Median Line
A 3000 - o Mea.n
= Qutliers

Figure 14. Results of the statistical analysis of P-wave velocities of the studied microschist samples.

Rate decrease in P-wave

Equation y =a + b*x
Plot B

Weight No Weighting
Intercept 0.33591 + 1.2504
Slope 3463634 + 2499
Residual Sum of Squar 7.44705
Pearson'sr 0.99483
R-Square (COD) 0.98969

Adj. R-Square 0.98454

0.0
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Figure 15. Correlation between rate decrease in dry density and rate decrease in P-wave velocity of the studied microschist

at high temperature.
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3.8. UCS

Figure 16a shows the microcracks generated due to heating at 800 °C, while Figure 16b
presents the mean UCS (with a 95% convidence interval (CI)) of the studied samples at
800 °C. It can be observed that the mean UCS of the studied samples decreases almost
linearly as the temperature increases (Figure 16b), indicating that increasing temperature
leads to the weakening (reduction in strength) of the studied rock sample. A similar, nearly
linear decreasing trend of UCS after a heating experiment within the studied temperatures
was reported for granite [23]. At 400, 600, and 800 °C, the UCS of the studied microschist
decreased by 34.4, 56.9, and 80.1%, respectively. A drastic reduction of up to 78.9% in the
UCS of granite has been reported for the sample heated to 800 °C [23]. The higher reduction
in UCS of the studied microschist at 800 °C can be attributed to the deformation of grains
and microfractures observed using petrographic thin section and SEM analyses. In fact,
at this temperature, some cracks can be observed on the samples, as presented in Figure
16a. It can be inferred that as the temperature increases, the grain deformation increases
with microfracture. This causes the strength reduction of the studied rock sample. This
behavior confirmed that the studied rock sample has exceeded its thermal stability due to
recrystallization of grains above 400 °C and «-3 quartz-inversion at around 573 °C [45,54].
As with sandstone and limestone, the studied rock sample may not be suitable for thermal
energy storage, especially above 600 °C [54].

(b) T Mean £95% CI
150 ® Mean
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Figure 16. (a) Crack observation for the samples heated at 800 °C, (b) UCS of the studied samples at
different temperature.



Energies 2021, 14, 7612

17 of 20

4. Practical Applications

In engineering applications, material properties are the main parameters for design [44,55].
Any change in these properties due to weathering, heating, chemical reactions, etc., will
affect the engineering system [55]. The results presented in this paper show that the
density, P-wave velocity, and UCS of microschist are temperature-dependent. Therefore,
attention should be paid to the exposure of microschist to high temperatures in engineering
applications. For example, microschist can be considered as a suitable sub-base aggregate
at room temperature. However, if it is heated due to any reason and its density decreases, it
may no longer suitable for that application [56]. On the other hand, in underground mining,
the decision to support mine opening in microschist environments should take the exposure
of the rock mass to heating into consideration. For instance, the microschist used in this
study has a UCS value of 127.2 MPa at room temperature, whereas this value reduced to
25.3 MPa at 800 °C, equivalent to an 80.1% strength reduction; thus, more support will be
needed. Additionally, this result suggests that there will be a huge structural failure if a fire
occurs in rock engineering structures such as in buildings, tunnels and underground mine
channels that contain microshcist rock, especially when temperatures reach above 600 °C.
Similarly, the P-wave velocity of the studied microschist changed from 5775.5 m/s at room
temperature to 5873.2 m/s at 800 °C. This can be considered a main guide in designing
a blasting pattern in a microschist environment, where the heating of microschist may
improve blasting operations [57]. However, this may affect the engineering structure closer
to the blasting site.

In underground mines, most reported fire occurrences were caused by diesel-powered
equipment and haulage vehicles, mostly with diesel engines [58-60]. Therefore, there is a
need for the mining industry to shift to electric vehicles to reduce fire disasters and for a
sustainable, cleaner environment. This will not only be of benefit to the mining community
(for decent work), but will also reduce global warming (climate action), as part of the Saudi
Arabia vision 2030 and the United Nations” (UN) Sustainable Development Goals [61].
Furthermore, incorporating the rock heating test as part of the standard geotechnical
campaign in tunnels and underground mine structures will help in mitigating the effect of
high temperatures on rock mass [62]. Additionally, economical loss may be avoided
in addition to environment protection when risks associated with strength failure of
microschist at high temperatures are mitigated through necessary structural underground
supports [63]. The results obtained in this study may also be used for modelling the
heating behavior of microschists and the consequent effects of high temperature on the
microstructural, physical, and mechanical properties of the rock.

5. Conclusions

A metamorphic rock type (microschist) from the Najran area of Saudi Arabia has
been characterized to investigate the effect of high temperature on its surface appearance,
density, P-wave velocity, UCS, and microstructural properties, which may affect the design
and stability of underground, deep, geotechnical applications. To achive these, the authors
provide a systematic means of sample selection which mitigate the effect of nonhomoge-
neous properties that are known to microschist and other metamorphic rocks. Different
heating experiments were performed from room temperature to 400, 600, and 800 °C,
using a total of forty prepared representative intact rock samples at these temperatures.
The observations showed that the color of the studied rock changes as the temperature
increases, turning from black-gray to red—brown, which was pronounced from 600 °C
and above. A slight change in dry density was observed, with a maximum of a 0.97%
reduction at 800 °C. The P-wave velocity of the studied microschist significantly decreased
by up to 34.23% for samples heated to 800 °C. The studied microschist’s strength (UCS)
drastically decreased by 34.4, 56.9, and 80.1% at 400, 600, and 800 °C, respectively. Min-
eralogical characterization using the XRD method indicated that the peak intensities of
quartz increased as the temperature increased and that of albite decreased, indicating
a change in the mineral phases and the decomposition of some component minerals at
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high temperatures, leading to the expansion of grains that led to microcracks observed on
the studied samples. Petrographic (thin section) and SEM analyses agree with the XRD
results, with structural damage observed on the photomicrographs of the studied rock
samples. Despite the ultrafine nature of mineral grains in the studied rock, temperature
has a significant effect on its physical, mechanical, and microscopic structural properties.
The results from this study may be used in the analysis and design process regarding the
stability of underground mining, including mitigation of the effects of fires in tunnels and
underground mining structures where microschist or other rock types have ultrafine quartz
as the dominant mineral.
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