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Numerous laboratory investigations have explored the properties of various rocks subjected to high temperatures rarely encountered in rock
engineering applications. This study investigates investigate the variation in bulk density of fine-grained granite (FGG) under mild
temperatures (20°C-200°C), relevant to rock engineering applications such as geothermal systems and radioactive waste storage. The
objectives are to quantify changes in mass, volume, and bulk density of FGG samples and identify underlying mechanisms through
microscopic analysis. Cylindrical core samples (50 mm diameter x 100 mm height) were extracted from a granite outcrop in Ado-Ekiti,
southwestern Nigeria, with a core drilling machine, following ISRM standards. Mass and volume were measured before, during, and after
heating at 20°C intervals up to 200°C in an electric oven. Bulk density was calculated using ISRM standards based on the measured mass and
volume at selected mild temperature intervals. Results show a decrease in mass and an increase in volume with rising temperature, leading to
a reduction in bulk density. The average percentage of mass loss, volume increase, and bulk density decrease was higher during heating than
after cooling. In addition, microscopic analysis indicated a progressive increase in microcrack density, with distinct trans-granular cracks
forming across feldspar grains at 200 °C. The findings reveal the potential impact of mild thermal exposure on granite’s structural integrity,
which is relevant for rock engineering applications in environments subject to moderate thermal fluctuations.
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1. Introduction

Unlike rock outcrops, rocks beneath the Earth's surface are exposed
to higher temperatures due to the geothermal gradient—a progressive
increase in temperature with depth, typically ranging from 20° to 30 °C
per kilometer. Moreover, several rock engineering applications such as
the disposal of radioactive waste [1], subsurface coal gasification [2],
tunnel restoration after a fire, and in situ combustion enhanced oil
recovery [3], expose buried or subsurface rocks to elevated
temperatures. Recent studies have focused on the behaviour of rocks at
high temperatures due to their relevance in rock engineering
applications. Elevated temperatures significantly affect rock properties
and behaviour, but the impact varies with rock type, structure, and
temperature gradients [4, 5]. Understanding these effects is essential for
predicting rock performance in subsurface environments and
engineering designs.

Research indicates that rock properties such as volume, permeability,
and porosity tend to increase with rising temperatures [1, 6—8]. In
contrast, bulk density (BD), compressive and tensile strength, fracture
roughness, and thermal conductivity generally decrease under thermal
influence [9-12]. These variations are commonly attributed to thermal
or structural damage, including the propagation of existing microcracks
and the initiation of new ones, driven by differences in thermal
expansion among mineral crystals and crystallographic axes [13-15].
Additionally, irreversible chemical reactions—such as clay mineral

decomposition and calcite transformation—also contribute to these
changes [16, 171.

Most studies suggest that significant thermal damage in rocks occurs
at temperatures above 300°C—400°C [10, 18—20]. However, current rock
engineering applications rarely expose host rocks to temperatures
exceeding 300°C [19, 21]. In practice, subsurface rocks reaching
temperatures above 400 °C are found only at depths of around 17 km—
far below the typical depth of engineering operations. According to [22],
the temperature of rocks at the Mponeng gold mine in South Africa,
located approximately 4000 m deep, is 66 °C. The temperature of most
geothermal systems is about 200 °C and can be as low as 80 °C [23]. In
radioactive waste storage, canister surface temperatures are limited to
100°C [24], and even after years of radioactivity, the temperature of
surrounding host rocks at depths of 1000 m rarely exceeds 165 °C [25].
Therefore, the effects of temperatures below 200 °C on rock properties
warrant greater attention, as they are more relevant to practical
applications.

Bulk density (BD) is a fundamental physical property of rocks and
plays a crucial role in engineering calculations and design. Previous
studies have shown that BD decreases with increasing temperature,
although the rate of change varies among rock types due to differences
in mineral composition [12, 26]. Most research, however, has focused on
broad temperature ranges (up to 1200 °C) with wide testing intervals [6,
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10,12, 27-291]. Such extreme conditions do not realistically represent the
moderate thermal environments encountered in practical rock
engineering applications. Moreover, studies that investigate
temperature increments relevant to these conditions—particularly
within the mild temperature range (MTR) of 20 °C to 200 °C—remain
relatively scarce. For instance, [27] employed a 100 °C testing interval,
while [6, 10, 12] adopted intervals of 200 °C. [29] used 50 °C intervals up
to 200 °C and then switched to 100 °C intervals thereafter. Similarly, [28]
applied intervals ranging from 50 °C to 70 °C for temperatures between
80°C and 200 °C, and a much broader interval of 200 °C for the range
between 400°C and 1000 °C. These approaches make it difficult to
capture subtle variations in bulk density associated with smaller
temperature changes.

Despite the practical importance of mild temperature exposure in
rock engineering, there is still limited understanding of how such
conditions influence the bulk density of rocks. Most existing studies
have focused on the effects of higher temperatures, leaving a knowledge
gap in predicting rock behaviour under subsurface environments
characterized by low to moderate thermal conditions. This study seeks
to address this gap by examining variations in the bulk density of fine-
grained granite (FGG) samples within the mild temperature range
(20°C-200°C), using 20 °C increments. The specific objectives are: (1)
to measure changes in mass, volume, and bulk density of FGG samples
before, during, and after mild temperature treatments; (2) to identify
the mechanisms driving these changes through scanning electron
microscopy (SEM); and (3) to evaluate the engineering implications of
these changes for subsurface applications. The research questions
guiding this study are: (1) How does mild temperature affect the mass,
volume, and bulk density of FGG? (2) What microscopic changes
explain these variations in properties? (3) How can these findings be
applied to improve geotechnical design in mild-temperature
environments?

The novelty of this study lies in its focus on a narrow yet practically
relevant temperature range (20 °C to 200 °C), examined at finer intervals
of 20°C. This approach enables a more detailed analysis of subtle
changes in mass, volume, and density that are often overlooked in
studies employing broader intervals or higher temperature ranges. By
offering comprehensive insights into how fine-grained granite (FGG)
responds both physically and microstructurally to mild thermal
exposure, this study enhances predictive understanding of rock
performance in subsurface environments characterized by low to
moderate thermal conditions.

2. Materials and methods

Granite rock was collected from an outcrop in Ado-EKkiti, located in
southwestern Nigeria. This granitic rock has a fine-grained texture and
forms part of Nigeria’s Precambrian basement complex [30, 31]. The
mineralogical and physical properties of the samples were evaluated
using recognized standard testing methods. Petrographic analysis was
conducted to investigate mineralogical features, involving the
preparation of thin sections examined under a polarizing microscope.
Detailed image analysis and point counting were performed to
determine the modal mineral composition, following the specifications
of the International Society for Rock Mechanics (ISRM) [32].

For the assessment of physical properties—including water
absorption, moisture content, porosity, density, and surface hardness—
a series of tests were carried out in accordance with ISRM guidelines
[33]. Porosity and dry density were determined using the saturation
method. Samples were fully immersed in water for at least 24 hours to
ensure saturation. Excess surface water was then removed with a damp
cloth, and the saturated surface-dry mass was recorded. The samples
were oven-dried at 105 °C for 24 hours, after which the dry mass was
measured. The difference between saturated and dry masses was used to
calculate pore volume, which was then expressed as a proportion of bulk
volume to determine porosity. Dry unit weight was obtained by dividing
the dry mass by the specimen’s volume.

Schmidt hammer tests were performed using an N-type Schmidt
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hammer with an impact energy of 2.207 Nm, in accordance with ISRM
specifications [34]. Block samples were securely clamped to a rigid base
to ensure stability during testing. The hammer was positioned
perpendicular to the sample surface, and measurements were taken by
a single operator. The resulting Schmidt Hammer Rebound (SHR)
values were sorted in descending order, with the ten lowest values
excluded; the average of the ten highest values was then calculated.

Point load strength was evaluated following Franklin’s
recommendations [35], with a minimum of three tests conducted to
obtain a reliable average. Uniaxial compressive strength (UCS) tests
were also performed on cylindrical specimens with approximate
dimensions of 100 mm in length and 50 mm in diameter.

Cylindrical rock specimens, measuring 50 mm in diameter and
100 mm in height, were obtained from the same block without macro-
cracks, in accordance with the recommendations of the [33] standard.
Granite cores were extracted using a water-cooled diamond core drill to
minimize heat generation and preserve sample integrity. The ends of the
cores were carefully trimmed with a water-lubricated diamond saw
blade to produce smooth, parallel surfaces. The specimens were then air-
dried at room temperature in a well-ventilated laboratory for two weeks.

The mass and dimensions (diameter and length) of the air-dried
specimens were measured using an electronic balance and a vernier
caliper. Samples exhibiting atypical density were excluded, and the
remaining specimens were grouped into sets of three. One group was
not subjected to heat treatment and served as a control for comparison.
The other specimens were heated to target temperatures of 40 °C, 60 °C,
80°C, 100 °C, 120 °C, 140 °C, 160 °C, 180 °C, and 200 °C using an electric
oven. The heating rate was maintained at 5 °C/min, and once the desired
temperature was reached, it was held constant for two hours to ensure
uniform heating throughout the specimens.

After two hours of exposure, the mass and dimensions (height and
diameter) of the specimens were recorded under elevated conditions.
The specimens were then returned to the oven and allowed to cool to
room temperature, after which their mass and size were re-measured.
The volume of each specimen was calculated using its height and
diameter.

3. Results and discussion

3.1 Petrographic and physical properties of the rock

Figurel illustrates the principal petrographic features of the fine-
grained granite (FGG). The mineral distribution and composition were
determined using the point-counting method, while crystal sizes were
measured macroscopically from photographs. Photomicrographs reveal
that the FGG 1is primarily composed of biotite, quartz, and feldspar
(both K-feldspar and plagioclase), with a minor presence of hornblende.
The granite is homogeneous and densely packed, exhibiting crystal sizes
ranging from 3 to 4 mm.

Biotite grains show a random arrangement, low relief, and irregular
orientation, appearing dark to brown and occupying the interstices
between surrounding minerals (Fig.1). Some biotite crystals display
acicular morphology. Microcline occurs as large, prominent grains with
distinct grid twinning. Quartz appears as fine, transparent, angular
crystals with sharp contacts. Hornblende is sparse, scattered, and varies
in color from dark to straw-green (Fig. 1).

Table1l presents the properties of fine-grained granite (FGG)
obtained in accordance with relevant ISRM standards. The average
porosity of the samples is 0.44%, which, according to the classification
of the International Association for Engineering Geology and the
Environment [36], falls within the “very low” category. This low porosity
results from the compact interlocking of mineral grains, minimal
microfractures, and uniform grain size distribution, all of which
contribute to the rock’s high strength and durability [37, 38].

The water content of the samples ranges from 0.045% to 0.092%, with
an average of 0.06%, also classified as low by the International
Association for Engineering Geology and the Environment [36]. This
low water content is attributed to the fine-grained texture and strong
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mineral bonding within the rock, which restricts moisture retention and
enhances resistance to weathering [39].
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Figure 1. Photomicrograph of FGG under transmitted light. B: Biotite, M:
Microcline; O: Orthoclase Feldspar; P: Plagioclase Feldspar; Q: Quartz. Bars 2 mm
crossed polars.

Table 1. Physico-mechanical properties of the FGG.

Property FGG

Water Content (%) 0.06
Porosity (%) 0.44
Density (g/cm?®) 259
Water Absorption (%) 0.49
Point Load Strength (MPa) 1712
Schmidt Rebound Hammer 57.8

The values reported in the table represent the mean of measurements taken from
five rock specimens. The average of the top ten values was determined after
excluding the ten lowest values to arrive at the Schmidt Rebound Hammer value.

In addition, the mean water absorption capacity of the FGG is 0.49%,
indicating low permeability due to the freshness of feldspathic and
ferromagnesian minerals and minimal weathering. This property
supports the inference of low porosity and high structural integrity.
According to [401, rocks with such characteristics are typically resistant
to moisture-induced degradation, thereby enhancing their long-term
durability in engineering applications.

The average density of the rock samples is 2.59 g/cm3, classified as
high by the International Association for Engineering Geology and the
Environment [36], and is consistent with the rock’s low porosity and
tightly interlocked mineral constituents. The average point load strength
index of 17.17 MPa categorizes the rock as very strong. This high strength
can be attributed to its mineralogical composition, particularly the
presence of quartz, which is well known for its resistance to
deformation. The Schmidt Rebound Hammer mean value of 57.8 further
confirms the rock’s high hardness and surface strength, making it
suitable for structural and geotechnical engineering applications where
mechanical durability is essential.

3.2. Influence of mild temperature treatment on mass of the granitic
rock samples

Table 2 shows the mass of FGG specimens prior to, during, and after
different predetermined temperatures. The percentage change in mass
(Tm) of each fine-grained granite specimen was defined as follows:

T = m;m" * 100 1)
Tona = m;’" * 100 )

0

Where Tmu and Tma are, respectively, the mass change of rock
specimens during and after thermal treatment. mo, mu, and ma. are,
respectively, the masses of the granitic rock specimens before, under and
after the mild temperature treatments. Fig. 2 shows the plot of Tmu and
Tmu against temperature for the fine-grained granite specimens. The
average percentage mass loss of the granitic rock exhibits an upward
trend with increasing temperature. The percentage mass loss increased
sharply after the temperature rose beyond 80° C (Fig. 2). When the
temperature was less than 100 °C (both during and after temperature
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treatments), the average mass loss of the granitic rock was low, and the
percentage mass loss is less than 0.04%.

The decrease in mass of the rock specimens may be attributed to the
generation of rock fragments and the evaporation or partial loss of
structural water. Different forms of water present in rocks are released
at varying temperature ranges [41]. Specifically, “evaporation of
absorbed water” occurs between 50 °C and 100 °C, “release of bonded
water” between 150 °C and 300 °C, “release of crystal water” between
250 °C and 400 °C, and “release of structural water” between 300 °C and
500°C [19]. Since fine-grained granite (FGG) is composed mainly of
quartz, biotite, and feldspar—minerals that rarely undergo
thermochemical reactions releasing water within this temperature
range—the observed percentage mass decrease remains below 0.15%.

Similarly, the average percentage mass loss of granitic rock during
exposure to the mild temperature range is higher than that recorded
after cooling. [12] reported comparable behaviour while investigating
the effects of elevated temperatures—up to 1000 °C—on the bulk density
of granitic rock. This difference may be attributed to environmental
moisture infiltrating the specimens during the oven cooling process.
Furthermore, [42] observed that the percentage mass loss of granite
specimens subjected to rapid quenching is lower than that of specimens
cooled more gradually.

When compared with previous studies on granites and other rock
types, clear differences emerge in the relationship between temperature
and the extent of mass reduction across various rocks after thermal
treatment. Granites typically exhibit mass decrease rates of less than
0.4%, even when heated to 1000 °C, since their constituent minerals
rarely undergo thermochemical reactions that release water or gas upon
heating. At temperatures below 200 °C, the mass reduction rate in
granite is generally less than 0.06% [42, 431, primarily due to the
“evaporation of absorbed water” and the “release of bound water” [19].

For carbonate rocks, mass decrease below 200 °C is generally less than
01% or negligible, attributed to the evaporation of bound and
constitution water. However, above 400 °C, a significant increase occurs
due to the breakdown of carbonate minerals [44, 45]. Sandstone and
claystone containing clay minerals show a more pronounced reduction
in mass with increasing temperature, largely due to the decomposition
and desorption of clay minerals [12, 46]. For instance, claystone exhibits
approximately 2% mass loss after treatment at 200°C [28], while
sandstone shows about 0.5% mass loss at the same temperature [46]. In
contrast, [10] reported no measurable mass loss in either coarse- or fine-
grained sandstone after treatment at 200 °C.

3.3 Influence of mild temperature treatment on volume of the
granitic rock samples

Table 2 presents the volume of the fine-grained granite specimens
before, during, and after the different predetermined temperatures. We
defined the volume change (tv) of the fine-grained granite specimens as
follows:

Ty = 725100 (3)

()

Ty = % %100 (4)

Where tvw and v are, respectively, the variation in the volume of the
rock specimens during, and after temperature treatment. Vo, Vy, and V,
are, respectively, the volumes of the granitic rock specimens before,
during, and after the mild temperature treatments. Figure 3 shows the
plot of the average Tvw and tw against temperature for the fine-grained
granite specimens.

Fig. 3 shows that the average Tw and Tw increased with a rise in
temperature. The rise in average Tw and v is, however, not more than
0.6% and 0.4%, respectively.

The volume increase in the rock specimens following exposure to the
mild temperature treatments may be attributed to the thermal
expansion and reactions of the rock constituent minerals, as well as
irrecoverable structural deformation caused by the formation of
microcracks [8, 12].
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Table 2. The density, mass, and volume of granite specimens during and after the mild temperature treatment.

Temp (°C) Mass Volume Density
m,(g) mu(g) mi(g) Vo(emd) Vy(am®) Vi(em®) po(g/em?)  py(glem®)  p,(g/em?®)
514 - - 180.98 - - 2.84 - -
20 5053 - - 184.83 - - 2.73 - -
512.6 - - 184.83 - - 2.77 - -
509.7 509.5 509.6 180.98 180.98 180.98 282 2.82 2.82
40 5263 5263 5263 188.6 188.6 188.6 279 279 279
513 512.9 513 188.6 188.6 188.6 272 272 272
5164 5163 516.4 188.6 189.21 189 2.74 273 273
60 534.6 5345 534.6 19834 198.81 198.74 2.70 2.69 2.69
5424 542.2 542.3 196.38 197.06 196.38 2.76 275 276
511.6 5114 5115 19539 196.0 195.59 2.62 261 262
80 519.1 5189 519 196.38 1971 196.77 2.64 263 2.64
518 517.8 517.9 19559 196.28 19618 2.65 2.64 2.64
511.8 511.2 5115 194.81 1955 19531 2.63 261 262
100 513.6 512.9 5134 192.47 193.31 1931 267 2.65 2.66
512.0 5115 511.8 192.47 19319 192.88 2.66 2.65 2.65
529.8 5292 529.5 196.38 197.23 1971 2.70 2.68 2.69
120 508.8 5081 508.6 192.86 193.72 1934 2.64 262 263
507 506.3 506.7 187.09 187.98 187.67 271 269 270
5279 5272 5275 197.36 19835 198.14 267 2.66 2.66
140 525.2 524.6 525 195.59 196.51 19633 2.69 267 267
500.5 499.9 500.2 19441 19538 19515 2.57 256 256
512.2 5116 5119 194.81 195.84 195.61 2.63 261 262
160 5193 518.7 519 19638 197.4 197.2 2.64 2.63 2.63
517.6 516.9 517.2 188.6 189.5 189.3 2.74 273 273
504.6 504 504.3 195.59 196.63 196.41 2.58 256 257
180 510.7 510 5103 190.54 19144 1913 2.68 2.66 267
514.5 5139 5141 192.47 19355 19331 267 2.66 2.66
508.6 508.1 508.2 186.71 187.8 18754 272 271 271
200 505.9 505.3 505.6 190.54 1915 191.45 2.66 2.64 2.64
506.1 505.5 505.7 1915 192,57 19217 2.64 262 2.63
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m, mass before heating, m, mass under heating, m, mass after heating, v, volume before heating, v, volume under heating, v, volume after heating, p, volume before

heating, p, volume under heating, p, volume after heating, FGG fine-grained granite.
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Figure 2. Mass change rate in tested granitic rock specimens against temperature.

According to [47], variations in the thermal expansion properties of
different mineral constituents within a rock may lead to structural
damage along mineral boundaries. Similarly, differences in thermal
behaviour and expansion across various crystallographic axes of the

same mineral can induce thermal stresses [48]. When the thermal stress
exceeds the tensile or shear strength of the rock, new micro-cracks are
initiated [27]. At 100 °C, quartz exhibits a thermal expansion of 0.14
normal to the C-axis and 0.08 along the C-axis, as reported by [49].
Plagioclase feldspar shows thermal expansion values of 0.09 along the
A-axis and 0.03 normal to the 010-axis.

Similarly, the average volume increase of fine-grained granite (FGG)
during mild temperature treatment is greater than that observed after
cooling (Fig. 3). [12] reported similar behaviour while examining the
effects of elevated temperatures up to 1000 °C on the bulk density of
granitic rock. Within the mild temperature range, the increase in rock
volume can be attributed to the dilation of constituent minerals and the
initiation of micro-cracks. After thermal treatment and subsequent
cooling, the expanded minerals contract; however, the structural
damage caused by newly formed micro-cracks is irreversible.
Consequently, the average size of the rock during heating is higher than
the average volume increase measured after exposure.

At temperatures below 200 °C, certain rocks such as sandstone [29],
claystone [28], marble [6], limestone [50], and granite [43, 51] exhibit
a negative rate of volume change, indicating contraction. In contrast,
rocks such as sandstone [46] and granite [12, 52] show positive but
small volume increases—less than 1%—suggesting slight expansion
below 200 °C. According to [53], this contraction may result from the
evolution of initial micropores and microcracks within the rocks, which
create space for mineral expansion at temperatures below 200 °C.
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Figure 3. Rate of volume change in tested granitic rock specimens with
temperature.

34 Influence of the mild temperature on the bulk density of the
granitic rock samples

The density of the fine-grained specimens before, under, and after
different predetermined temperatures is presented in Table 2. The
percentage change in density (t,) of the FGG specimens is as follows:

Ty = P24 4100 5)
Tpa = 2525100 (©)

Where . and T. are, respectively, the change in the density of the
rock specimens under and after temperature treatment. po, pu and pa are
the densities of the granitic rock specimens before, under, and after the
mild temperature treatment. Fig. 4 displays the plot of the average Tou
and Tp. against temperature for the rock specimens. The reduction in
mass coupled with the expansion in volume of the rock samples are
responsible for the variation observed in the density of the rock during
and after temperature treatment. Although the average percentage
change in mass is lower compared to the percentage change in volume,
the relationship between the average tou and Tp. and temperature is like
that of the percentage increase in volume and temperature (Fig. 4). The
average values of Tou and Tpa increased slowly with a rise in temperature.
The final increase in average Tou and Tpa is, however, not more than
0.65% and 0.5%, respectively. Similarly, the average values of 1, during
mild temperature treatment are higher than those after exposure to mild
temperature treatment. Compared to earlier investigations on granites
and other rock types, the density variations in rocks are minimal,
typically less than 1%, at temperatures below 200°C [6,12, 28]. However,
above this temperature range, the rock densities experience a rapid
increase.
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Figure 4: Rate of change in density of fine-grained granite against temperature.
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3.5. Microscopic observation

According to [54], microcracks in rocks can be classified as intra-
granular (within a single grain), inter-granular (along grain boundaries),
or trans-granular (cutting across multiple grains). Figure5 presents
SEM images showing the effects of various predetermined mild
temperatures on the granitic rock samples. At room temperature, few or
no microcracks are visible, and most mineral grains in the fine-grained
granite (FGG) appear closely packed. The limited microcracks observed
at ambient conditions are intra-granular, occurring more frequently in
feldspar and quartz than in biotite (Fig. 5a).

In specimens exposed to temperatures between 40°C and 80 °C,
intra-granular microcracks were also identified (Fig. 5b—d), particularly
in quartz, plagioclase feldspar, and K-feldspar, while biotite grains
occasionally exhibited such cracks. At 60-80°C (Fig 5c—d), inter-
granular microcracks appeared along boundaries between biotite and
quartz, or between quartz and feldspar grains.

More thermally induced microcracks were observed in samples
heated to 100140 °C (Fig. 5e~g), occurring both within mineral grains
and along inter-crystalline boundaries. Inter-granular cracks were found
between feldspar grains (K-feldspar boundaries), between feldspar and
quartz (quartz—plagioclase/K-feldspar boundaries), and between biotite
and feldspar (K-feldspar—biotite boundaries). Intra-granular cracks
became larger at this temperature range and were also noted in biotite
grains. Above 140 °C, intra-granular cracks became common in biotite.

At 160-180 °C (Fig. 5h—i), both intra- and inter-granular microcracks
were evident. At 200 °C (Fig. 5j), thermally induced microcracks of all
three types—intra-granular, inter-granular, and trans-granular—were
observed within, between, and across mineral grains. Trans-granular
cracks, though few, were found across feldspar grains (plagioclase and
K-feldspar). The size of inter-granular cracks increased with rising
temperature, and some intra-granular cracks propagated and coalesced
with inter-granular cracks above 80 °C.

One of the primary reasons for microcrack development in rocks
containing different minerals, according to [55], is the discrepancy in
thermal expansion coefficients among these minerals. Compared with
quartz and feldspar, biotite has lower heat capacity and thermal
conductivity, which explains why intra-granular microcracks appeared
earlier in quartz and feldspar than in biotite.

4. Conclusions

This study investigated the effects of mild thermal exposure (20 °C—
200°C) on the bulk density of fine-grained granite (FGG), aiming to
address the limited understanding of rock behaviour under low-
temperature conditions relevant to rock engineering applications such
as geothermal systems, radioactive waste repositories, and post-fire
infrastructure rehabilitation. The specific objectives were: (1) to
measure changes in mass, volume, and bulk density of FGG before,
during, and after mild thermal treatments; (2) to identify the
mechanisms driving these changes using scanning electron microscopy
(SEM); and (3) to assess the engineering implications for subsurface and
thermally influenced environments.

The results confirm that bulk density decreases due to mass loss and
volume increase during and after mild thermal treatments. Although
both mass loss and volume expansion increase with temperature, the
percentage increase in volume consistently exceeds that of mass loss,
leading to a net reduction in bulk density. These effects were more
pronounced during heating than after cooling. Notably, the maximum
average mass loss (0.04%), volume increase (02%), and density
reduction (0.25%) observed at temperatures above 100°C remain
relatively small compared with changes reported under high-
temperature regimes (>300°C). Mass loss is primarily attributed to
moisture evaporation and mineral dehydration, while volume
expansion results from thermal expansion and the formation of
microcracks. SEM analysis confirmed a progressive increase in
microcrack density with temperature, with transgranular cracking
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Figure 5. Microscopic examinations of the granite specimens following mild-temperature treatments. a) 20°C b) 40°C c¢) 60°C d) 80°C e) 100°C f) 120°C g) 140°C h)
160°C i) 180°C j) 200°C 1: K-feldspar; 2: Biotite; 3: Quartz; 4: Plagioclase; ia: intra-granular microcracks, ib: inter-granular microcracks; ic: trans-granular microcracks

observed across feldspar grains at 200 °C.

From an engineering perspective, these findings provide valuable
input for the design and assessment of geotechnical systems in mild
thermal environments. The relatively modest decrease in bulk density
suggests that fine-grained granite retains its structural integrity under
low-temperature exposure, which is advantageous for long-term
performance in applications such as radioactive waste isolation,
geothermal reservoir development, and fire-affected tunnel
maintenance. However, while the changes are small, they are not
negligible and may accumulate or interact with other stressors over
time. Therefore, the study underscores the importance of considering
even mild thermal effects in design calculations, particularly for long-
term or safety-critical subsurface projects. Future research should
extend this work by examining complementary mechanical properties
(e.g, strength, permeability) under similar thermal conditions to

provide a more comprehensive understanding of granite performance
in these settings.
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