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Abstract

Mine fires may cause many ground collapses that threaten
the safety of the underground coal mining applications due
to the coal meassure rocks exposed to varying heat. This
research focuses on investigating the changes in thermal
damage and brittleness properties of sandstone from the
Zonguldak Coal Basin at temperatures ranging from 25 to
600°C. In the determination of rock brittleness, five
different approaches calculated depending on the strength
parameters were considered. According to the findings of
this study, statistical analysis (regression analysis) were
revealed over 0.85 between rock thermal damage (Dt) and
rock brittleness of sandstone. Moreover, new estimation
models have also been developed that can predict the
brittleness properties from the thermal damages of the
thermally exposed sandstone. On the other hand the
chemical composition of the rocks can be used to determine
the thermal damage and thus the brittleness. In this context,
a negative linear relationship was obtained between Dt and
Al,O3, while a positive linear relationship was obtained
between Na,O and SiO».

Anahtar kelimeler: Mine fires, Temperature, Brittleness,
Thermal damage, Sandstone

1 Introduction

Various engineering processes are influenced by the
evolution of thermal damage in rocks, including the safe
exploitation of geothermal resources, nuclear waste storage,
borehole drilling, post-fire reconstruction, underground coal
gasification (UCG) and spontaneous coal fires [1-3]. A wide
variety of investigations have been done to physico-
mechanical behaviour of rocks under the influence of
temperature over the years [1-25]. Furthermore, some
researchers have also investigated the changes of chemical
and petrographical properties of rocks at different
temperatures [26-28]. Consequently, heat treatment has a
significant impact on rock properties as it induces many
thermal cracks in the rock mass resulting in substantial
material degradation. Continued thermal effects cause the
microstructure to degrade. including thermal expansion and
chemical changes [29].

There have been spontaneous fires of coal resources and
coal fires that reach temperatures exceeding 800 °C [30, 31],

Oz

Maden yanginlari, degisen 1stya maruz kalan kdmiir ¢cevre
kayaclarinda birgok zemin ¢ékmesine neden olabilmekte
ve bu durum yeralt1 komiir madenciligi uygulamalarinin
giivenligini  tehdit etmektedir. Bu arastirma, oda
sicakligindan  600°C'ye kadar degisen sicakliklarda
Zonguldak Komiir Havzasi'ndan elde edilen kumtasimin
termal hasar ve kirillganlik 6zelliklerindeki degisiklikleri
incelemeye odaklanmaktadir. Kaya¢ kirillganligimin
belirlenmesinde, dayanim parametrelerine bagli olarak
hesaplanan bes farkli yaklasim dikkate alimmistir. Bu
calismanin bulgularina dayanarak, istatistiksel analiz
(regresyon analizi), kaya termal hasar1 (Dt) ile kumtasinin
kaya kirilganligi arasinda 0,85'in {izerinde bir iliski
oldugunu ortaya koymustur. Ayrica, termal olarak maruz
kalan kumtasmin termal hasarlarindan kirilganlk
ozelliklerini tahmin edebilen yeni tahmin modelleri de
gelistirilmistir.  Ote  yandan, kayaclarin  kimyasal
bilesimlerinin termal hasarin ve dolayisiyla kirilganligi
belirlenmesinde  kullanilabilecegi  belirlenmistir. Bu
baglamda, Dt ile Al,O3 arasinda negatif dogrusal bir iliski
elde edilirken, Na,O ile SiO» arasinda pozitif dogrusal bir
iligki elde edilmistir.

Keywords: Maden yangmlari, Sicaklik, Kirilganlik,
Termal hasar, Kumtasi

which affect the surrounding rock. Moreover, in the
gasification application of coal in situ, temperatures can
reach up to 1000-2000 °C [32, 33]. It is important to note
that sandstone is one of the most important load-bearing
constituents of coal measure rocks. Sandstone is not only
involved as a coal environmental rock but also encountered
rock type in many engineering applications such as nuclear
waste disposal, UCG, geothermal resource exploitation.
Considering this, the failure mechanism of the sandstone
after being heated at varying temperatures needs to be
investigated. Numerous researchers have conducted
investigations into the effects of varying temperatures on
sandstones. In these studies, the effect of the temperatures of
the <400 °C type is not significant. As temperatures <400°C,
the rock structure is generally compact, microcracks occur
infrequently, and mineral composition remains unaffected.
Specifically, at these temperatures, microcracks are sealed,
resulting in an increase in mechanical properties. Mineral
grains expand with an increase in temperature and fill the
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gaps [34, 35]. However, continued thermal effect causes the
microstructure to degrade. Sun et al. [36] stated that
sandstone develops more thermal damage and have less
mechanically strength after thermal treatment. The critical
value at which the effects of temperature begin to be
experienced by the sandstone is between 400 and 600 °C:[35
- 37]. Sirdesai et al. [29] stated that when heat treatment is
applied, sandstone samples lose strength, elasticity and
internal cohesion above 500 °C, indicating that increasing
heat treatment results in weakening of the specimens. They
also expressed the temperature of 500 °C as the critical
temperature (CT) or critical temperature zone (CTZ) for
sandstones. Researchers studying the effects of thermal
treatment on various rock types have reported similar results
in Liu and Xu [14], Lii et al. [38] and Tian et al [39].
Pathiranagei and Gratchev [40] emphasized that the decrease
in the strength of the rock material cannot be ignored at
temperatures exceeding 600 °C. Moreover, at 800°C,
sandstone nearly loses its bearing capacity due to its
decreasing mechanical strength [41, 42]. This is due to the
changes in the internal structure and mineralogical properties
of the rocks at high temperatures. Furthermore, Gautam et al
[7] stated that temperatures ranging from 400 to 600°C result
in brittle to semi-brittle behavior, whereas ductile behavior
is observed at temperatures above 600°C.

In engineering practices, determination of rock
brittleness, which is one of the most basic properties of rocks,
is very important. There are a number of factors that
influence rock brittleness, such as internal as well as external
factors [43]. It has been established that general approaches

and methods (Table 1) can be used to determine rock
brittleness, but no universal definition of brittleness has yet
been developed [44 -46].

Additionally, the approaches proposed to determine the
rock brittleness are valid for room temperature. However,
heat treatment influences the rock's characteristics and
causes the evolution of brittleness. Therefore, the
applicability of the proposed brittleness approaches to heat-
treated rocks under room temperature conditions remains
unclear [58]. In this context, the variations between heat-
treatment and brittleness approaches have been studied by
different researchers. It has been reported by Sha et al. [58]
that B11 and B12, depending on the strength parameters, are
useful for determining the degree of brittleness of heat-
treated sandstones and granites. Moreover, they emphasized
the decrease in tensile strength caused by high temperatures
is more important than that in compressive strength.
Additionally, an important factor in this weakening is the
transformation of quartz and feldspar minerals from brittle to
ductile behavior at high temperatures, which leads to the
reduction of the rock's brittleness. Moreover, Jarvie et al.
[59] stated that a higher quartz and lower clay content are
associated with a higher brittleness of rocks. Not only in the
work of Sha et al. [58], but also in the work of Li et al. [60]
in their study on sandstones revealed that B11 and B12
brittleness indices were more important than B4 and B5 to
assess the thermal damage of rocks. Srinivasan et al [61] in
their study on shale samples, found a strong negative
correlation between brittleness indices B11 and heat

Table 1. Rock brittleness equations (Yagiz and Gokceoglu [47], Meng vd. [48]).

Application areas

Eq. No Brittleness Equation Measurement Method (or parameters Source
A B C
_ Protodyakonov impact test Protodyakonov
: Bl =q.oc q is the percentage of fines v [49]
DE -
5 By =L BC Stfesses N
OF 2l A strain curve
@
=
rd
AreaDCE v Stresses-
3 = E [ N
AreaOABCE 1V strain curve
O  Strain Hucka and Das [50]
4 B4 = oc/ot Strength Parameters \/ V
oc— ot
5 = g Strength Parameters v \/
(oc+ot)
6 B6 = sin(¢p) Mohr’s envelope, ¢: Angle of internal friction \/
7 B7 = &;.100,% Stresses-strain curve RN George [51]
8 B8 = 520 Brittleness test N Dahl [52]
Fmax .
9 B9 = ) Penetration test N Yagiz [53]
_ P inc .
10 B10 = — Penetration test v Copur et al. [54]
dec
11 B11 = (oc.ot)/2 Stregnth Parameters v Altindag [54]
12 B12 = ,/(oc*ot)/2 Stregnth Parameters v Altindag [55]
13 B13 = (oc * ot)®7? Stregnth Parameters v Yarali and Kahraman [56]
14 B14 = (oc + ot)/2 Stregnth Parameters v Ozfirat et al. [57]
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treatment, while a weak correlation with B5 showed an
uneven trend. Wang et al [62] in their paper, an improved
brittleness model for geothermal reservoirs that incorporates
thermal effects on crack volumetric strain calculated under
different stress levels. They consider the thermal microcrack
density at the crack closure stage and crack propagation
because of external stresses. They emphasized that higher
brittleness represents more thermal microcracks and more
developed fracture networks with external loading. Another
study examining the relationship between brittleness and
heat treatment by considering the volumetric strain-stress
curve is Xiao et al. [21] made by on sandstones. They found
that quadratic function between the brittleness and
temperature, according to the test results. According to them,
400°C is the critical temperature for enhancing the
brittleness of sandstone and then subsequent temperatures
cause sudden deterioration and instability. Moreover, at
temperatures between 600-1000°C, there is a serious
reduction in the brittleness of sandstone. Xu et al [1], in their
research on granite samples, they stated that the brittleness,
which is defined depending on the energy drop coefficient,
exhibits a logistic behaviour as temperature increases.

Heat-treated rocks’ thermal damage and brittleness
evolution have been an important parameter in evaluating the
failure characteristics, as they are crucial to fractability
assessment [2]. When the temperature exceeds a critical
temperature threshold, the mechanical strength of the rocks
begins to degrade. For this reason, it is of great importance
to investigate the effect of heat treatment during
underground coal fires. Therefore, it is believed that a study
on the temperature threshold will make an important
contribution to understanding the thermal failure mechanism
of rocks. This study aims to scientifically understand the
mineralogical and mechanical processes that may occur in
coal surrounding rocks in a mine fire that may occur during
underground coal production or UCG process. In this
context, sandstone samples collected from an underground
coal mine were subjected to heat treatment at temperatures
up to 600 °C. Then, the relationships between rock
brittleness, thermal damage and changing temperatures are
discussed. Meanwhile, a new model based on the thermal
damage parameter has been proposed to characterize the
brittleness of heat-treated rocks. The study also explored the
brittleness behaviour of heat-treated sandstone, based on its
chemical properties, specifically elemental contents, to
analyze mineral transitions.

2 Materials and methods

2.1 Experimental methodology

In this study, 41 mm cylindrical cores were taken from
suitable sandstone samples from the field and prepared for
the experiment by considering the standards recommended
by the International Society of Rock Mechanics (ISRM)[63].
The samples to be subjected to the experiment were divided
into 7 groups according to the temperature values (25-600°C)
to be applied. The sandstone samples were heat treated using
a 1200 °C furnace with a temperature error of = 5 °C. The
heating rate was set at 5 °C/min and the waiting time at the

target temperature was set as 2 hours, taking into account the
studies in the literature on the subject [14,16] (Figure 1).
Considering the ISRM [63], core samples with a
length/diameter ratio of 2 and a diameter of 41 mm were
tested for wuniaxial compressive strength (UCS).
Furthermore, elastic modulus (E) was calculated from stress-
strain curves at a stress level equal to 50% of the final UCS.
Meanwhile, Brazilian tensile strength (BTS) tests were
conducted on 41 mm disc specimens with a height-to-
diameter ratio of 0.5, as recommended by ISRM [63]. In
addition, X-ray fluorescence (XRF) analysis data are
presented in the Table 2 for changing temperature
conditions. The petrographic analysis was performed using a
polarized optical microscope, with thin sections of the
sandstone shown in Fig. 2.

2.2 Thermal damage

In order to quantify how much damage was caused to a
specimen, measurements can be made of the mechanical and
physical properties depending on the amount of microcrack
network present, compared to the initial values of the
thermally non-treated samples [29]. Hueckel et al. [64]
presented a quantitative approach (Equation 1) to measure
how thermally affected of marble and granite are subjected
to heat treatment.

Dp=1-—" (1)
0

Where Dr is the extent of damage, Er: elastic modulus at
a certain temperature and Eo elastic modulus at room
temperature (Eo).

If the elastic modulus of any sample increases with
increasing temperature, thermal damage will be negative.
However, this increase in elastic modulus may have occurred
due to the closure of microcracks in the early stages.
Therefore, thermal damage will be positive as the rock loses
its elastic properties at high temperatures. So the Equation 1
that given above can be used to describe the induction of
plasticity in a sample. This approach has been used by
different researchers [29,61,64] in the determination of
thermal damage in rocks [29].

3 Result and discussion

3.1 Mechanical properties of rocks at varying
temperatures

The mechanical properties of sandstones were
investigated by Sakiz [25] in a previous study. Based on
these findings, Table 3 presents the brittleness values of
sandstone subjected to different temperature treatments,
indicating a clear trend of decreasing mechanical strength
and brittleness with increasing thermal damage.

3.2 Evaluation of brittleness properties

In the relevant literature, as can be seen in Table 1, there
are different ways to determine the brittleness properties of
rocks.
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Table 2. XRF analysis results.
Tem(l?,ecr;‘mre Na20  MgO  ALOs  Si02  P:0Os SOs Cl K20 CaO  TiO2 MnO  Fex0s
25 1.81 2.72 19.72 62.17 0.20 0.19 0.02 3.02 1.63 0.99 0.12 7.41
100 1.85 2.71 20.09 62.45 0.21 0.06 0.01 3.07 1.58 0.99 0.09 6.87
200 1.82 2.85 20.53 61.47 0.21 0.10 0.01 3.15 1.57 1.01 0.10 7.17
300 1.93 2.50 18.77 64.33 0.21 0.06 0.03 2.81 1.93 0.95 0.10 6.39
400 1.89 2.76 19.48 62.23 0.20 0.09 0.02 2.98 1.79 0.89 0.11 7.56
500 1.86 2.73 19.20 62.48 0.22 0.09 0.01 2.92 2.11 0.94 0.12 7.32
600 2.00 2.61 18.37 64.85 0.20 0.08 0.01 2.69 1.71 0.84 0.10 6.54

Sandstone
Samples

Sample

Preparation ,

Oven-dry /
(24 hour) 7

Temperature °C

v

Thermal Treatment
(5°C/min and 2 hour at target temperature)

v

Natural Cooling
(inside Furnace)

Ove-dry

(24 hour)

Geomechanical
Properties

600°C

Furnace

Time (min)

Figure 1. Thermal treatment procedure and experiments.

In this study, based on empirical relationships, brittleness
properties of sandstone are determined based on strength
parameters (compressive and tensile strength). In this
context, five common brittleness (B4, B5, B11, B13 and
B14) approaches proposed by the researchers are considered.
Figure 3 shows the behavior of different brittleness
approaches under varying temperature conditions. The
results reveal that the B4 and B5 brittleness indices show a
fluctuating variation and gradually increase at temperatures
above 400 °C. However, other brittleness indices (B11, B13
and B14) tend to decrease significantly at heat treatment
especially exceeds 500 °C. As the treatment temperature
increases, the rock transitions from brittle to ductile
behavior; this phenomenon has been emphasized by previous
research [8, 14, 65, 66]. As the temperature exceeds 500°C,
the increase in thermal stresses leads to the formation of
additional microcracks, along with mineral expansion and
desorption, which facilitates the transition from brittle to
ductile behavior. Sakiz [25], in his previous work, revealed

that the geotechnical properties of sandstones drop sharply
above 500 °C, which is the critical temperature of
sandstones. Sha et al. [58], studied sandstone samples, stated
that the heat treatment temperature value is 400 °C and the
brittleness values showed a fluctuating change at
temperatures below this value. However, as seen in the
results obtained from this study and Li et al [60] study, the
main downward trend for brittleness values develops after
500 °C. There is no doubt that rock brittleness is reduced by
high temperatures. Therefore, the results of this study
indicate that B4 and BS5 brittleness indices cannot accurately
describe changes of sandstone brittleness with varying heat
treatment. On the other hand, this study shows that the other
brittleness indices (B11, B13 and B14) provide better
estimates of brittleness than B4 and B5 under varying heat
treatment conditions. Similar results are seen in the study by
Srinivasan et al [61] on shale samples The results obtained
from the analyzes showed that the brittleness properties of
the sandstone decreased with increasing temperature.
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Table 3. Thermal and mehcanical properties of sandstone samples.

Temg,eé;"“re UCS (MPa) BTS (MPa) E (GPa) Dr B4 B5 B11 BI3 Bl4
25 140.2 1431 40.16 0.00 9.80 0.81 1003 145 77
100 137.18 13.59 38.62 0.04 1009 082 932 137 75
200 128.14 13.19 3821 0.05 9.71 0.81 845 128 71
300 124.62 14.13 - - 8.82 0.80 880 132 69
400 122.11 14.18 35.57 0.11 8.61 0.79 866 130 68
500 122.86 12.64 27.34 032 9.72 0.81 776 120 68
600 90.7 10.01 19.96 0.50 9.06 0.80 454 82 50

600°C

Figure 2. Thin section of sandstones at varying temperatures. Qz: Quartz, Af: Alkaline feldspar, Pl: Plajiyoklaz,

Chl: Klorit, Mu: Muscovite, Mc: Micro cracks
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Figure 3. Effect of heat treatment on the Brittleness indices on the investigated Zonguldak sandstone.

In this context, a new models based on the estimation of
thermal damage related to the brittleness indices calculated
according to the strength parameters of the sandstone sample
has been proposed. Previous studies [7, 29, 61, 64, 67] on the
estimation of thermal damage have used the modulus of
elasticity to express the damage of rock material. As seen in
Figure 3, as the temperature rises, the brittleness of the
sandstone samples exhibits a declining trend. The thermal
damage values show that higher temperatures result in more
pronounced thermal damage in the samples (Figure 4a).
Regression analysis between brittleness and thermal damage
are given in Figure 4b-d. The obtained results showed that
there are negative linear relationship between thermal

damage and brittleness indices. Moreover, statistically
significant results were obtained with a regression
coefficient of over 0.85.

The brittleness behavior of rocks is directly related to
their mineral composition. Especially, quartz and feldspar
minerals, which constitute the main mineral composition in
the sandstones, are brittle minerals. The reason for the high
brittleness is related to the high brittle mineral content of the
rock. In particular, quartz and feldspar minerals can undergo
alteration at temperatures above 500°C-[12, 19, 68]. In this
context, the effect of heat treatment on the brittleness of
minerals is very significant.
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Figure 4. Relations betweeen the thermal damage and Brittleness indices of Zonguldak sandstone samples.

Sakiz [25] revealed that the critical temperature value for
the examined sandstone is determined as 500°C. Therefore,
above this temperature, the brittleness of sandstone
decreases mainly due to mineral expansion and
decomposition. As the heat treatment temperature reaches
the critical threshold, brittle minerals begin to transition to
ductility, leading to a decrease in the brittleness of the heat-
treated rocks. In addition to mineralogical properties, the
chemical composition of the rocks can be used to determine
the thermal damage and, thus, the brittleness (Figure 5).

Zhang et al. [43] emphasized that mineral composition
plays a crucial role in determining the brittleness of rocks.
The mineral composition of rocks is also related to their
chemical composition and thus directly affects the brittleness
of the rocks. Bilen [69] proposed a new approach to estimate
the brittleness properties of basaltic rocks using major oxide
element components. Therefore, in this study, the effect of
chemical properties changing with increasing temperature on
thermal damage of rocks has been considered. As shown in
Figure 5, chemical properties have significant relations with
calculated thermal damage. In this context, a negative linear
relationship was obtained between Dt and Al,O3, while a

positive linear relationship was obtained between Na,O and
SiOs.

In this study, physical and chemical changes developed
in sandstone samples exposed to varying temperatures. Wu
et al. [70] stated that when the temperature is < 300 °C, the
bound and attached water evaporates and this is one of the
physical reasons. The authors also emphasized that the phase
transition of minerals and changes in mineral composition
occur at T > 300 °C conditions. According to them,
especially at temperatures between 300 and 500 °C, cracks
form in the rock, where the mineral structure deteriorates as
a result of the crystalline water escaping and the breakdown
of H+ and OH-. Sirdesai et al. [19] stated that when the
temperature exceeds 500°C, the phase transition of quartz,
along with the decomposition of feldspar and clay minerals,
may take place, potentially leading to the formation of
numerous cracks. In this study, no significant changes such
as any visible cracks were observed for the Sandstone sample
studied up to 400 °C. After 400°C, changes began to occur
in the color, mechanical and brittleness properties of
sandstone. Significant changes in rock properties such as
mechanical properties and brittleness of the sandstone were
observed, especially when the temperature exceeded 500 °C.

1525



NOHU Miih. Bilim. Derg. / NOHU J. Eng. Sci. 2025; 14(4), 1519-1529

U. Sakiz
0.6 1D = 2.4584Na,0 - 4.4298 0.6 1 D= '0'%{325_6‘3%(9)13: 47799
0.5 - R2=10.7807 0.5 1 A —
0.4 0.4 4
£0.3 1 £0.3 1 .
0.2 1 0.2 4
0.1 - 0.1 - .
A
0 r r r r r s 0 . . . . ' )
175 1.8 185 1.9 195 2 2.05 18 185 19 195 20 205 21
Na,O (%) ALO; (%)
(a) (b)

0.6 1 Dt = 0.146Si0, - 9.0117

0.5 4 R2= 0.7285

0.4

203 -
0.2 4
0.1
0 . . . . )
61 62 63 64 65 66
Si0, (%)
(¢

Figure 5. Relations betweeen the thermal damage and chemical composition of samples.

4 Conclusion
This study aims to examine the impact of heat treatment

on the brittleness characteristics of sandstone within the

temperature range of 25 to 600 °C. The obtained results are
summarized below:

1- In sandstone samples, mineral expansion and chemical
reactions take place at high temperatures. Especially
when 500°C is exceeded, the physical and chemical
reactions occurring in the minerals of the sandstone cause
a decrease in brittleness.

2- Although five brittleness indices (B4, B5, B11, B13 and
B14) are calculated from rock strength (compressive and
tensile) properties in this study, only B11, B13 and B14
indices are determined to more effectively characterize
brittleness of sandstone at varying temperatures.
Especially B4 and B5 show an uneven trend, while the
B11, B13 and B14 indices tend to decrease with
increasing temperature.

3- Beyond 400 °C, thermal damage increases exponentially.
On the other hand, there is a negative relationship
between Dt values and rock brittleness. With a significant
decrease in rock brittleness as Dt values increase.
Additionally, statistically significant (R?> >0.85) results
were obtained.

4- Chemical properties have significant relations with
calculated thermal damage. In this context, a negative
linear relationship was obtained between D¢ and Al,Os,

while a positive linear relationship was obtained between
Na;O and SiO;.

The findings of this study could be valuable for the
thermal identification of rock properties relevant to future
applications, such as mine fires and potentially UCG in coal
basins.
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