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Abstract

Understanding the effects of thermal treatment on the physical and mechanical properties of rocks is essential for
evaluating their behaviour under extreme conditions and optimizing engineering designs. Thermal treatment signifi-
cantly influences these properties, either enhancing or degrading them, depending on the mineralogical composition of
the rocks. This study provides a detailed investigation into the thermal impact on the physical and mechanical properties
of various rock types, including limestone, sandstone, granitic gneiss, rhyolite, quartzite, dolerite, gabbronorite, amphi-
bolite, and granulite. The rock samples were exposed to heat treatment at temperatures ranging from 150°C to 1000°C.
Subsequently, destructive (uniaxial compressive strength, point load index) and non-destructive tests (specific gravity,
ultrasonic pulse wave velocity, porosity, and water absorption) were conducted to assess the rocks’ responses to varying
temperatures. The density of thermally induced fractures is calculated for each rock type at the investigated tempera-
tures. The results indicate a reduction in uniaxial compressive strength, specific gravity, ultrasonic pulse velocity, and
point load strength as the temperature increases. Conversely, elevated temperatures increased fracture density, porosity,
and water absorption levels. A noticeable and abrupt change in all properties is observed when the temperature exceeds
300°C. These results highlight the deterioration of rocks and the alterations in their physical and mechanical properties
caused by heat exposure, which hold critical importance for industries like mining and construction. Combining the
physical and mechanical test results at different temperature levels, equations were derived for each rock type that can
be used to estimate the respective properties at the desired temperatures. This study is significant for understanding how
thermal exposure affects the integrity of rocks, providing crucial understanding for industries such as mining, construc-
tion, and geothermal energy. It enables better prediction and management of rock behaviour under high-temperature
conditions, enhancing safety and performance in engineering applications.
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physical and mechanical properties of natural rocks (Si
et al., 2024; Huang et al., 2025).

The mechanical behaviour of rocks under high-tem-
perature conditions is critically important for applica-
tions such as deep geological disposal of nuclear waste
(Wang et al., 2024; Kibikas et al., 2025), hot dry rock
(HDR) geothermal energy extraction (Yin et al., 2024;
Jiang et al., 2025), and underground coal gasification
(Li et al., 2024; Shahbazi et al., 2024). Understanding
these variations provides essential insights into defor-
mation, stability, and safety analyses for such projects.
Elevated temperatures can cause thermal expansion of
rock-forming minerals, induce thermal stresses, and

1. Introduction

Rock is often perceived as an “eternal” material
(Broténs et al., 2013). The intrinsic properties of the
natural rocks should be thoroughly investigated, espe-
cially before considering them for civil structures such
as highways, bridges, and tunnels (Sajid et al., 2016;
Asif et al., 2022, 2024). Rocks have undergone various
processes of deterioration during their geological evolu-
tion; hence it is important to understand their behaviour
against different aggressive agents (Asif et al., 2021).
Temperature is one such important factor that affects the
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trigger chemical reactions within the rock, resulting in
micro-crack formation and damage to microstructures
(Zhang et al., 2024). Generally, rock strength and defor-
mation modulus tend to decline as temperature increas-
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es, particularly beyond a critical threshold (Feng et al.,
2023; Wong et al., 2024).

High-temperature exposure modifies the microstructur-
al characteristics of rocks by generating new microcracks,
which increase the overall void volume (Hu et al., 2024;
Wau et al., 2025). The extent of these thermally induced
microcracks (inter- or intra-granular) is influenced by the
properties of the constituent minerals (Pan et al., 2024).
Studies by Gomah et al. (2024) and Long et al. (2024)
have examined micro-fractures and thermal damage in
granite subjected to temperatures up to 600°C. Heat-in-
duced strength reduction is primarily attributed to the
propagation of existing microcracks and the development
of new cracks caused by temperature variations (Ma et al.,
2024). Additionally, models such as those proposed by
Qiao et al. (2024) utilize the modulus of elasticity to cal-
culate damage parameters for rocks under heat treatment.

The geological settings of northern Pakistan (see Fig-
ure 1) offer a diverse array of rock units. This study inves-
tigates nine texturally and geochemically diverse rock
types from different tectonic domains for thermally in-
duced cracking. Previous relevant studies have primarily
focused on granites or limestones due to their excessive
use in construction projects (Khan and Sajid, 2023). In
addition to granitic gneiss from the Hazara region and
limestone from the Nowshera Formation in northern Pa-
kistan, this study explores other rock types for the first
time to gain better control over the textural and mineral-
ogical responses to thermal cracking during heat treat-
ment. These include gabbronorite, granulite, and amphi-
bolite from the southern units of Kohistan Island Arc
(KIA), volcanics from the Upper Dir regions (Northern
KIA), dolerite from the Gadoon Amazai, quartzite from
the Tanawal Formation in the Indian plate sequence, and
sandstone from the Murree Formation (see Figure 1).

The scientific contribution of this research lies in ex-
panding the scope of thermal studies by analyzing less-
studied rock types such as gabbronorite, granulite, amphi-
bolite, dolerite, volcanics, quartzite, and sandstone. It es-
tablishes new correlations between temperature-induced
microcrack evolution and the mineralogical and textural
properties of diverse rock types. Additionally, the study
develops predictive mathematical models for rock dam-
age under thermal treatment, offering a quantitative ap-
proach for assessing rock stability in high-temperature
engineering applications, such as geothermal energy ex-
traction, nuclear waste disposal, and underground coal
gasification. Furthermore, this research provides a com-
parative analysis of rock behaviour across different tec-
tonic settings, particularly from the Eurasian Plate, the
Kohistan Island Arc, and the Indian Plate, contributing to
a better understanding of regional geological materials
under thermal stress. By integrating petrographic, me-
chanical, and statistical analyses, this study advances
knowledge on the thermal durability and degradation
mechanisms of various rock types, offering practical in-
sights for geotechnical and engineering applications.

2. Geology of northern Pakistan

Northwestern Pakistan consists of three primary tec-
tonic domains: the Indian Plate, the Kohistan Island Arc
(KIA), and the Eurasian Plate. The KIA formed through
intra-oceanic subduction within the Tethys Ocean and
subsequently collided with the Indian Plate along the
Main Mantle Thrust (MMT) (see Figure 1) (Searle and
Treloar, 2010; Burg, 2018). To the north, the KIA is
bounded by the Main Karakoram Thrust (MKT). Its com-
position reflects two major collision events: one with the
Eurasian Plate and another with the Indian Plate, leading
to intricate deformation and metamorphism (Zeitler,
1985; Treloar et al., 1989; Searle et al., 1999). The KIA
is divided into six main units from south to north, consist-
ing of sedimentary, volcanic, and plutonic rocks (Khan et
al., 1993; Arif and Jan, 2006; Sajid et al., 2018).

The deepest part of the Kohistan Paleo-Island Arc
comprises the mafic and ultramafic Jijal Complex, which
represents the transitional zone between the upper man-
tle and lower crust (Jan and Howie, 1981; Bard, 1983;
Ringuette et al., 1999; Dhuime et al., 2007). The gab-
broic and mafic-to-intermediate metavolcanics in this
region underwent metamorphism to amphibolite facies,
forming the Kamila Amphibolite Belt (Coward et al.,
1987). To the north of the Kamila Amphibolite lies the
Chilas Complex, a large magmatic body from the Late
Cretaceous primarily composed of gabbronorite, with
minor occurrences of troctolite, quartz diorite, and gab-
bro (Treloar et al., 1996).

The Kohistan Batholith contains Early Cretaceous
Chalt Volcanics, including andesitic lavas, tuffs, and ag-
glomerates, as well as calc-alkaline granitoids (Rin-
guette et al., 1999; Dhuime et al., 2007). In the north-
ern KIA, the Yasin and Chalt group rocks consist of vol-
caniclastic rocks, greywackes, and pelites (Jan and
Howie, 1981; Jan, 1988). To the south, the northern In-
dian Plate is divided into three tectonic units: the Lesser
Himalayan Sequence (LHS), the Greater Himalayan Se-
quence (GHS), and the Tethyan Himalayan Sequence
(THS). These units are separated by two major fault sys-
tems: the Main Central Thrust (MCT) and the South Ti-
betan Detachment System (STDS) (see Figure 1).

Additionally, various granitic suites have been identi-
fied within the Himalayan terrane. These include early
Cenozoic granitoids associated with the Himalayan col-
lision (King et al., 2011; Searle, 2011), late Paleozoic
granitoids linked to rift-related processes (Noble et al.,
2001), and early Paleozoic granitoids formed during ac-
cretionary orogenesis (Le Fort, 1986; Cawood et al.,
2007; Wang et al., 2013).

3. Experimental campaign
3.1. Sample preparation and heat treatment

The sample locations, mineralogy, and a brief petro-
graphic description of the studied rocks are summarized
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Figure 1. Geological Map of the Western Himalayas in Pakistan, adapted from DiPietro et al. (2008). The red stars indicate
the locations of the studied samples, with corresponding geological formations labelled: RY (Rhyolite from Utror Volcanics),
AM (Amphibolite from Kamila Amphibolite), DL (Dolerite from Panjal Dykes), LST (Limestone from Nowshera Formation),
QZ (Quartzite from the Tanawal Formation), HGN (Hazara Granitic Gneiss), SST (Sandstone from Murree Formation),
GN (Gabbronorite from Chilas Complex), GG (Granulite from Jijal Complex).

in Table 1. Bulk rock samples were collected during
fieldwork from various areas in northern Pakistan (see
Figure 1). These samples were cut into cubes measuring
5.08x5.08x5.08 cm at the National Centre of Excellence
in Geology (NCEG), University of Peshawar. The cubic
specimens were subjected to a range of temperature
treatments, starting from room temperature and pro-
gressing to higher levels: 150°C, 300°C, 600°C, 800°C,
and 1000°C. This was done to evaluate the physical and
mechanical changes induced by temperature variations.

The specimens were heated in a furnace with a con-
trolled rate of 2°C per minute until the target tempera-
ture was reached. Each sample was maintained at the
specified temperature for 24 hours before being gradu-
ally cooled to room temperature. Additionally, one sam-
ple from each rock type was preserved at room tempera-
ture as a control for comparative analyses.

3.2. Physical and mechanical testing

Following the thermal treatment, the rock cubes ex-
posed to each temperature were subjected to both de-
structive and non-destructive tests to assess changes in
their physical and mechanical properties. The testing
procedures adhered to the American Society for Testing
and Materials (ASTM) standards for physical (specific

gravity, water absorption, porosity, and ultrasonic pulse
velocity) and mechanical (unconfined compressive
strength and point load test) evaluations.

Ultrasonic pulse velocity (UPV) was measured using
a pitch-catch technique with a pair of transducers (trans-
mitter and receiver) in accordance with ASTM-
D-2845-08. The samples were weighed in various states:
air-dried, oven-dried, submerged in water, and water-
saturated after 24 hours. Bulk water absorption, bulk
saturated specific gravity (DC97/C97M-18), and bulk
porosity were then calculated using the following for-
mulas:

Water absorption = (Water saturated welght —Dry weight) (1)
Dry weight
Specific gravity = SatLTrated welght . )
(Saturated weight — Weight in water)
Porosity = (Weight in air — Dry weight) (3)

(Weight in air — Weight in water)

The unconfined compressive strength (UCS) (ASTM
D7012—-14el) and point load testing (PLT) (ASTM D
5731) were also conducted on the samples at each inves-
tigated temperature level. Formula for the both is given
below:
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Table 1. Symbols, Geological Locations, Mineralogical Composition, and Textural Descriptions of Investigated Rocks

S.No |Rock Symbol | Geological Unit | Coordinates | Mineralogy Grain Size

1 Dolerite DL Panjal Dykes ;‘2‘22 ééiggg’ ggrg; gfeliflee’ AT, Ol Medium grained

2 Rhyolite RY gglil)olcanics ﬁgég?zggg’ Quartz, K—feldspar, Biotite Fine grained

3 Gabbronorite | GN Chilas Complex 3;?%3‘;’;’ gll?rglci)(;c;fszéirthopyroxene, Coarse grained

4 Sand stone SST %/f)ﬁziion ;;g‘;gégzgg’ Quartz, Feldspar, Matrix Coarse grained

5 Limestone LST Egrvgf;?;i ;‘2‘}1‘7‘3‘7‘35335 Calcite Fine grained

A i e -

7 Grapitic HGN Hazgra Granitic | 34.29825500, Quar'tz, Orthoc;la;e, . Coarse grained .
gneiss Gneiss 72.73238000 | Plagioclase, Biotite, Muscovite | and strongly foliated

§ | Amphibotic |AM AT e 7202215000 | Quarte Epidote | Cours grained

9 Granulite GG Jijal Complex ;;gg;?g?’ g?:;)i);ecrllz;fiotite, i gf:?ri:iin o Cloms

UCS = S 4) Rock Temperature Range

Where P is the failure load, and A is the cross-section-
al area of the core sample.

3.3. Fracture demarcation

Thin sections were prepared from the samples at room
temperature and each treatment temperature, enabling a
closer examination of their internal structure and respec-
tive variations. Photomicrographs were captured from
the thin sections, providing visual records for analysis.
The ImagelJ software is employed to outline the individ-
ual fractures observed in the photomicrographs of treat-
ed samples subjected to different temperatures, which
are then compared with photomicrographs of untreated
samples (room temperature). The area and extent of each
fracture present in the photomicrographs were precisely
calculated. Additionally, the total area of the rock speci-
men mounted on a thin section was derived. The fracture
density is calculated using the following formula:

Fracture density =
=100% — (Area of thin section-Area of Fractures) /
/ Area of thin section*100 5)

Certain features were considered while examining
thin sections to identify thermal cracks. Firstly, the pres-
ence of distinct fracture patterns between the treated and
untreated samples is noted, such as irregular or straight
lines that intersect or traverse the rock matrix. These
cracks may appear as dark isotropic lines or discontinui-
ties in the thin section. Another important clue is the
presence of iron leaching near the fractures, resulting in
noticeable colour changes or staining patterns during

1000°C

Figure 2. Fracture Demarcation of the Studied Samples
After Thermal Treatment

treatment. Thermally-induced cracks display extensive
discontinuities that cut across multiple mineral grains in
the thin section, which is not the case in untreated sam-
ples. These fractures exhibit irregular and jagged pat-
terns, setting them apart from other types of discontinui-
ties or cleavages. Figure 2 represents the photomicro-

Rudarsko-geoloSko-naftni zbornik 2025, 40 (4), pp. 45-56, https://doi.org/10.17794/rgn.2025.4.4



49 Thermal degradation of diverse rock suites: Insights from fractures and physical and mechanical analysis

graphs of the all studied samples treated at different
temperatures, in which fractures are marked with red
lines.

4. Results

4.1. Thermally induced fractures

The increase in fracture density in the investigated
samples with increasing temperature is noted, as shown
in Figure 3.

6

5 —DL
g . —RY
= —GN
@
2’ / >
°
P =—1ST
g —Qz
Bl —HGN

0 — AM

150°C  300°C  600°C  800°C 1000°C ——_GG
Temperature

Figure 3. Fracture Density Variation in Investigated Rock
Samples Across Different Temperatures

At 150°C, the fracture density of dolerite is 0.54%,
rhyolite is 0.67%, gabbronorite is 0.5, sandstone is 0.75,
limestone is 0.73, quartzite is 0.58, granitic gneiss is
0.72, amphibolite is 0.34%, and granulite is 0.33%. As
temperature rises, fractures become more extensive, and
their intensity increases. The fracture density of the
aforementioned samples reached 2.01%, 2.38%, 1.77%,
3.52%, 2.51%, 2.17%, 2.46%, 1.74%, and 1.36%, re-
spectively, at 1000°C (see Figure 4). Granulite proves to
be the most resistant to thermal deterioration, while
limestone and sandstone deteriorate at 600°C and 800°C
respectively. Moreover, the rhyolite sample becomes
very fragile at 1000°C, and a thin section cannot be ex-
tracted from it as it erodes completely during the pro-
cess; hence, the fracture density for rhyolite is not calcu-
lated at this temperature.

The increase in fracture density of rock samples after
their exposure to higher temperatures is shown in Fig-
ure 4

4.2. Unconfined Compressive strength (UCS)

Figure SA shows the UCS values recorded at various
temperatures (25°C to 1000°C). Limestone exhibits a
relatively gentle decline in strength during testing; how-
ever, it completely disintegrates at 600°C. Sandstone has
lower strength than limestone at all temperatures; how-
ever, interestingly, it survives more than limestone dur-
ing treatment till 800°C, after which it completely frag-
ments. Granulite demonstrates the highest resilience
among all the studied samples and exhibits the highest

TEMPERATURE RANGE
ROCK

TYPES

150°C 300°C 600°C 800°C 1000°C

DL

RY

GN

SST

LST

Qz <,

GN

AM

GG

Figure 4. Fracture Distribution in studied rocks across
different temperatures

strength at all temperatures (see Figure 5A). Addition-
ally, the overall percentage decrease in its strength from
room temperature to 1000°C is lower than that of other
rock types. The UCS of dolerite reduced to 82% at
1000°C relative to room temperature, rhyolite to 87%,
gabbronorite to 80%, quartzite to 84%, granitic gneiss to
89%, amphibolite to 77%, granulite to 74%. As men-
tioned earlier, the limestone and sandstone deteriorated
before 1000°C. The UCS of limestone reduced to 71% at
600°C, and there was a total reduction of 89% in the
UCS of sandstone at 800°C.

4.3. Point load (PLT)

The experimental findings indicate a noticeable effect
of temperature on the point load strength of the rock
samples tested. At first, a slight change in point load
strength is observed as the temperature increases from
room temperature to 150°C (see Figure SB). However,
as the temperature range exceeds, a notable and signifi-
cant decrease in point load strength is noted (see Figure
5B). At the highest investigated temperature (1000°C),
there is a reduction of 75% in the point load strength of
dolerite, 86% in rhyolite, 72% in gabbronorite, 81% in
quartzite, 89% in granitic gneiss, 67% in amphibolite
and 63% in granulite. Moreover, limestone experienced
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Figure 5. Influence of Temperature on Physical and Mechanical Properties of Rocks: (A) Uniaxial Compressive Strength
(UCS); (B) Point Load; (C) Porosity; (D) Water Absorption; (E) Specific Gravity; (F) Ultrasonic Pulse Velocity (UPV).

74% reduction at 600°C and sandstone experienced 88%
at 800°C.

4.4. Porosity, Water absorption,
and Specific gravity

Figure 5C represents the result of porosity tests at the
investigated temperatures in this study. The porosity of
the samples exhibited an overall increase with increas-
ing temperature, evidently because of an increase in
fracture intensity. The porosity values of dolerite, rhyo-
lite, gabbronorite, quartzite, granitic gneiss, amphibo-
lite, and granulite increased up to 52%, 64%. 49%, 59%,
75, 41%, and 38% respectively at 1000°C. Moreover,
there is an increase of 67% in the porosity of limestone
at 600°C and 80% in sandstone at 800°C. Similar in-
creases are also noted with water absorption values (see
Figure 5D). The percentage increase in water absorption

of dolerite, rhyolite, gabbronorite, quartzite, granitic
gneiss, amphibolite, and granulite is 51%, 65%, 49%,
58%, 72%, 42%, and 35% respectively, at 1000°C. Fur-
thermore, the water absorption of limestone increases to
67% at 600°C, and sandstone increases to 81% at 800°C.

The test results demonstrate that specific gravity is in-
fluenced by temperature variations, as represented in
Figure SE. A noticeable decrease is shown with increas-
ing temperature. The percent decrease in the studied
samples of dolerite, rhyolite, gabbronorite, quartzite,
granitic gneiss, amphibolite, and granulite is 30%, 24%,
20%, 23%, 28%, 18%, and 16% respectively, at 1000°C.
The specific gravity of limestone decreased up to 8% at
600°C and sandstone upto14% at 800°C.

4.5. Ultrasonic pulse velocity (UPV)

Experimental findings demonstrate a consistent de-
crease in UPV values with increasing temperature (see
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Figure SF). A slight variation in UPV was observed ini-
tially; however, a significant decrease in UPV occurred
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Figure 6. Thermal Damage Parameters in Different Rock
Samples Across Varied Temperature Ranges:
(A) Uniaxial Compressive Strength (UCS); (B) Ultrasonic
Pulse Velocity (UPV); (C) Point Load

when the temperature exceeded 600°C. For instance, the
percent UPV values of dolerite, rhyolite, gabbronorite,
quartzite, granitic gneiss, amphibolite, and granulite re-
duced up to 77%, 82%, 68%, 79%, 85%, 56% and 55%
respectively, at 1000°C. There is also a reduction of 49%
in UPV of limestone at 600°C and 70% in sandstone at
800°C. These findings highlight the temperature-de-
pendent effects on water absorption, porosity, specific
gravity and UPV. Moreover, it emphasizes the impor-
tance of considering temperature variations when as-
sessing the mechanical properties and integrity of rocks.

The detailed quantitative results of the studied rocks,
including UCS, PLT, UPV, fracture densities, porosity,
water absorption, specific gravity, and calculated Ther-
mal Damage (DT) values are comprehensively present-
ed in Tables 1-5 in the supplementary file.

5. Discussion

Ozguven and Ozcelik (2013) studied the impact of
various temperature levels, from room temperature to
1000°C, on marble and limestone. Their research exam-
ined changes in colour, whiteness, polish quality, daily
physical properties, and pH. The results showed that
natural stone starts to degrade and develop cracks when
exposed to temperatures above 800°C. While the effects
of high temperatures on the mechanical properties of
rocks are generally agreed upon, variations in mineral
composition, textural relationships, the thermal behav-
iour of individual minerals, and the nature of fractures
and deformation contribute to the differences in mechan-
ical characteristics affected by temperature.

5.1. Thermally induced fracturing

Research has also shown that high temperatures can
alter the mineralogical properties of rocks (Kanu et al.,
2008; Yavuz et al., 2010; Vazquez et al., 2015). Nu-
merous studies have focused on how temperature affects
thermal cracking in rocks and the subsequent impact of
these micro-cracks on the rock structure. For instance,
newly formed micro-cracks have been found to signifi-

Table 2. Equations Derived for the Estimation of Uniaxial Compressive Strength (UCS), Ultrasonic Pulse Velocity (UPV),
and Point Load Values of Rocks at Specific Temperature Conditions

ROCK SAMPLE | UCS(T) PL(T) UPV(T)

DL UCS ,(1-020x T°C-0.16)  |PL, (1-0.19 x T°C - 0.16) UPV (1-0.17x T°C - 0.16)
RY UCS ,(1-021XT°C - 0.16) PL,(1-0.20x T°C - 0.15) UPV (1-0.19x T°C - 0.13)
GN UCS ,(1-0.21x T°C - 0.25) PL,(1-0.18x T°C - 0.19) UPV  (1-0.16x T°C - 0.15)
SST UCS ,,(1-0.25x T°C - 0.07) PL ,(1-0.26x T°C - 0.10) UPV  (1-0.21x T°C - 0.11)
LST UCS ,(1-0.27x T°C - 0.16) PL ,(1-0.27x T°C - 0.16) UPV (1-0.19x T°C - 0.11)
Qz UCS ,(1-0.21x T°C - 0.20) PL ,(1-0.20x T°C - 0.17) UPV  (1-0.18x T°C - 0.15)
HGN UCS ,(1-0.21x T°C - 0.13) PL ,(1-0.21x T°C - 0.13) UPV  (1-0.19x T°C - 0.13)
AM UCS ,(1-0.21x T°C - 0.26) PL ,(1-0.17x T°C - 0.18) UPV  (1-0.14x T°C - 0.13)
GG UCS ,(1-0.20x T°C - 0.28) PL ,(1-0.16x T°C - 0.18) UPV  (1-0.13x T°C - 0.15)
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cantly weaken rocks (Ferrero and Marini, 2001; Cha-
ki et al., 2008; Chen et al., 2012). These investigations
demonstrated that both increases and decreases in tem-
perature can lead to damage marked by cracking, which
in turn reduces the rocks’ strength (Huang and Xia,
2015; Ersoy et al., 2019).

Recent studies have led to the development of empiri-
cal models aimed at estimating the thermal damage to
rocks at varying temperatures (Rong et al., 2018; Sird-
esai et al., 2018). In these studies, rocks were typically
exposed to high temperatures up to 1000°C to determine
the threshold of thermal damage. In the current investi-
gation, when comparing different rock samples, it was
observed that granulite exhibited less fracture propaga-
tion during heat treatment compared to other rock types.
Conversely, granitic gneiss showed a pronounced in-
crease in fracture propagation from 150°C to 1000°C, in
comparison to other types of rock. This behaviour can be
attributed to the foliated structure present in granitic
gneiss at room temperature, which likely contributes to
the rapid propagation of fractures. Fracture initiation oc-
curred soon after the thermal treatment began and be-
came more significant at higher temperatures (see Fig-
ure 4). As the temperature increased, thermal cracking
initiated, with its density rising at elevated temperatures
(see Figure 3).

5.2 Calculation of Thermal damage

The mechanical strength of rocks decreases considera-
bly when they are exposed to higher temperatures due to
the internal thermal damage via fracturing. Using the
UCS, UPV and point load results of thermally tested rock
samples, the thermal damage of each rock type has been
calculated using following formula (Ersoy et al., 2019).

(DT) UCS = 1- UCS(T) / UCS (0) (6)
(DT) UPV = 1- UPV(T) / UPV (0) (7
(DT) PL = 1- PL(T) / PL (0) ®)

where DT is thermal damage, UCS(T) is the UCS of the
sample exposed to T°C, UCS (0) is the UCS of the sam-
ples at room temperature, UPV(T) is the UPV of the
sample exposed to T°C, UPV (0) is the UPV of samples
at room temperature, PL(T) is point load at specific tem-
perature, while PL (0) is point load at room temperature.

Figure 6 presents the thermal damage corresponding
to UCS, UPV and PL derived from the above equation
for each rock type at the investigated temperature which
has been subsequently plotted against respective tem-
perature in Figures 6A, 6B and 6C respectively. These
corresponding linear equations for each rock have been
combined with eq. 1, 2 and 3, and subsequently, new
equations have been acquired for the prediction of UCS,
UPV, and PL values at any designated temperature (see
Table 2). We recommend the use of these equations for

the estimation of mechanical parameters of rocks at cer-
tain temperatures.

5.3. Effects of temperature on physical
and mechanical strength of rocks

This study examined the thermal effects on various
rock types by observing changes in their physical and
mechanical properties and conducting petrographic
analyses after thermal treatment at temperatures ranging
from room temperature to 1000°C. The development of
new micro-cracks has been shown to substantially re-
duce rock strength (Chen et al., 2012; Ferrero and
Marini, 2001; Lion et al., 2005). It has been observed
that rocks can lose about 50% of their initial strength
when exposed to temperatures above 500-600°C, with
the extent of loss influenced by their texture and mineral
composition (Chaki et al., 2008; Zhang et al., 2009).
Similarly, the samples in this study exhibited thermally
induced cracking and an increase in fracture density as
the temperature rose (see Figure 3). An increase in tem-
perature also significantly impacts the point load strength
of studied rocks. The granulite displays evident resist-
ance to thermal deterioration, while limestone and sand-
stone show indications of deterioration even at lower
temperature thresholds, as shown in Figure 5.

All rock types show a slight decrease in the compres-
sive strength from room temperature up to 300°C. How-
ever, the curve shows a steep declining drift from 300°C
to 600°C and subsequently to 800°C (see Figure 5A).
Further, up to 1000°C, it is not as sharp as noted from
300°C to 800°C. This UCS curve analysis evidently
shows the unstable response of the mineralogical com-
position and textural relation of the minerals to the heat
treatment between 300°C to 800°C. Another important
observation is that this behaviour is uniformly noted in
all the rock types, irrespective of the rock composition
and textural relations. The study samples exhibit a broad
range of compositional (igneous, metamorphic and sedi-
mentary) and textural relations ranging from fine-grained
(rhyolites and limestone) to coarse grained (gab-
bronorite, amphibolite) rocks and massive (dolerite) to
foliated (granitic gneiss) rock types. This shows that
heat treatment reduces the strength of rocks, irrespective
of their composition and textural characteristics.

Comparing the individual rock types, the granulite
exhibits greater strength than all at room temperature,
while sandstone yielded the lowest (see Figure 5A). Al-
though the investigated limestone proved to be stronger
(56 MPa) than the studied sandstone (47 MPa) at room
temperature, its strength collapses with heat at 600°C,
while the sandstone shows more steadiness till 800°C.

The sedimentary rocks examined in the current study
include sandstone and limestone, both of which yield the
lowest strength at room temperature and subsequent
higher temperatures. Sedimentary rocks are formed at
relatively lower temperature conditions (< 300°C) in
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comparison to igneous (gabbronorite, dolerite) and met-
amorphic (quartzite, gneiss, amphibolite, granulite)
rocks. The failure of limestones and sandstones can be
explained by their low-temperature petrogenetic pro-
cess, where all the other rock types are exposed to high-
er temperatures during the process of their formation
and thus respond in a relatively stable manner to higher
temperature. The point load strength varies among the
studied rocks mostly in a similar pattern as UCS (see
Figure 5B).

The temperature has significant impacts on the poros-
ity of rocks, with an overall increase observed as the
temperature rises (see Figure 5C). Similarly, the water
absorption of rock samples shows a direct positive cor-
relation with temperature, increasing gradually as the
temperature rises (see Figure 5D). The trend of porosity
and water absorption versus temperature is minimal till
300°C, most probably due to the sintering effect. How-
ever, an abrupt significant increase is noted during treat-
ment at > 300°C (see Figures 5C and 5D). This shows a
widening of thermal cracks beyond this temperature,
which has also been supported by the fracture density
calculated at each investigated temperature (see Figure
4). The specific gravity and UPV decreases as tempera-
ture rises (see Figures SE and 5F). As noted in other
investigated properties, sharp change in both SG and
UPV is noted at 300°C. All these analyses demonstrate a
significant alteration in the behaviour of minerals and
textural relations beyond 300°C during the heat treat-
ment process.

6. Conclusions

This research examined how temperature affects the
physical and mechanical properties of rocks, such as wa-
ter absorption, specific gravity, porosity, and UPV. Dif-
ferent samples of igneous, sedimentary, and metamor-
phic rocks were exposed to a broad temperature range
from 25°C to 1000°C, and their properties were evalu-
ated following heat treatment and subsequent cooling.
The results revealed temperature-dependent variations
in the mechanical behaviour of rocks which highlight
the importance of considering temperature effects prior
to recommendations for geological and engineering pur-
poses. The major outcomes can be summarized as:

* During the heat treatment of rock types, a significant
shift in the physical and mechanical properties is ob-
served when the temperature exceeds 300°C proper-
ties. This temperature can be considered a critical
threshold for rocks during thermal exposure.

* The critical temperature investigated is not depend-
ent on any compositional and textural characteris-
tics of rocks, as it is uniformly applicable in all
cases.

* The equation derived from the physical and me-
chanical results of the investigation can be applied
to estimate the respective property at any anticipat-

ed temperature. However, variations may occur due
to changes in the alteration grade of rock.
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SAZETAK

Utjecaj razlic¢itih temperatura na ostecenje stijena:
razvoj pukotina i odredivanje fizickih i mehanickih svojstava

Razumijevanje u¢inaka visokih temperatura na fizi¢ka i mehanicka svojstva stijena bitno je za procjenu njihova ponasa-
nja u ekstremnim uvjetima i optimizaciju inZenjerskih zahvata. Temperatura znatno utjece na svojstva, bilo da ih pobolj-
$ava ili degradira, a ovisno o mineraloskome sastavu stijena. Ovim radom prikazano je detaljno istraZivanje utjecaja
visokih temperatura na fizi¢ka i mehanicka svojstva razli¢itih vrsta stijena, uklju¢ujuci vapnenac, pjes¢enjak, gnajs, rio-
lit, kvarcit, dolerit, gabronorit, amfibolit i granulit. Uzorci stijena bili su izloZeni temperaturama od 150 °C do 1000 °C.
Potom su provedena destruktivna (jednoosna tla¢na ¢vrstoda, indeks opterecenja u toc¢ki) i nedestruktivna ispitivanja
(specifi¢na teZina, brzina prolaza ultrazvuénih valova, poroznost i upijanje vode) kako bi se procijenilo ponasanje stijena
u ovisnosti o razli¢itim temperaturama. Za svaku vrstu stijene pri ispitivanim temperaturama izra¢unana je gustoca in-
duciranih pukotina uslijed temperaturnoga $oka. Rezultati su pokazali smanjenje jednoosne tla¢ne ¢vrstoce, specifi¢ne
tezine, ultrazvuc¢ne brzine i ¢vrstode opterecenja u tocki s porastom temperature. Suprotno tome, s poviSenjem tempe-
rature povecala se gustoca pukotina, poroznost i koli¢ina upijene vode. Primjetna i nagla promjena svih svojstava uo¢ena
je kada temperatura prijede 300 °C. Ti rezultati naglasavaju propadanje stijena i promjene u njihovim fizi¢kim i meha-
nickim svojstvima uzrokovanim izlaganju toplini, $§to ima klju¢nu vaznost u industriji poput rudarstva i gradevinarstva.
Kombinirajud¢i dobivene rezultate fizi¢kih i mehanickih svojstava na razli¢itim temperaturama, izvedene su jednadzbe
za svaku vrstu stijene. Jednadzbe se mogu koristiti prilikom procjene odgovarajuéih svojstava na Zeljenim temperatura-
ma. Ovaj je rad vaZzan za razumijevanje kako izlozenost toplini utjeCe na cjelovitost stijena, pruzajuéi klju¢an uvid za
industrije kao $to su rudarstvo, gradevinarstvo i geotermalna energija. Omogucuje bolje predvidanje i upravljanje pona-
$anjem stijene u uvjetima visokih temperatura povecavajudi sigurnost i izvedbu u inZenjerskim primjenama.

Klju¢ne rijedi:
termicka obrada, toplinski utjecaj, fizi¢ka i mehanicka svojstva, stijene, termic¢ka degradacija, jednadzbe
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