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Abstract: In many thermal geotechnical applications, liquid nitrogen (LN2) utilization leads to
damage and cracks in the host rock. This phenomenon and associated microcracking are a hot
topic that must be thoroughly researched. A series of physical and mechanical experiments were
conducted on Egyptian granodiorite samples to investigate the effects of liquid nitrogen cooling on
the preheated rock. Before quenching in LN2, the granodiorite was gradually heated to 600 ◦C for
two hours. Microscopical evolution was linked to macroscopic properties like porosity, mass, volume,
density, P-wave velocity, uniaxial compressive strength, and elastic modulus. According to the
experiment results, the thermal damage, crack density, porosity, and density reduction ratio increased
gradually to 300 ◦C before severely degrading beyond this temperature. The uniaxial compressive
strength declined marginally to 200 ◦C, then increased to 300 ◦C before monotonically decreasing as
the temperature rose. On the other hand, at 200 ◦C, the elastic modulus and P-wave velocity started
to decline significantly. Thus, 200 and 300 ◦C were noted in this study as two mutation temperatures
in the evolution of granodiorite mechanical and physical properties, after which all parameters
deteriorated. Moreover, LN2 cooling causes more remarkable physical and mechanical modifications
at the same target temperature than air cooling. Through a deeper comprehension of how rocks
behave in high-temperature conditions, this research seeks to avoid and limit future geological risks
while promoting sustainability and understanding the processes underlying rock failure.

Keywords: Egyptian granodiorite; liquid nitrogen; physical and mechanical properties; microscopical
evolution; cooling impacts

1. Introduction

The increasing depletion of fossil fuels has led to an increased focus on the search for
alternative energy sources, such as nuclear and geothermal energy extraction. Among the
many renewable energy choices, these systems have been hailed as incredible, unexplored,
and an environmentally viable replacement for traditional fossil fuels. For instance, geother-
mal energy is mainly stored within granite and is often found between 2 and 6 km below
the surface at temperatures between 150 and 500 ◦C [1–4]. Over 255 trillion watt-hours of
vast, unexplored, safe, and sustainable sources of green energy, which is nearly 300 times
the heat of all fossil fuels combined, can be generated globally [5,6]. On the other hand,
based on the already identified uranium reserves, today’s commercial nuclear power plants
powered by uranium can supply the world with clean, affordable, and dependable energy
well into the next century [7,8]. Thus, many scholars have focused on understanding and
assessing how high temperatures affect the behavior of rocks, which often deteriorate when
the temperature exceeds the threshold [9–17].
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The reservoir rocks in these systems are subjected to extreme heat stress [18–21]. The
resulting thermal degradation can cause rock masses to become unstable and fail, ultimately
resulting in catastrophic engineering events [22]. Therefore, understanding the evolution
of thermally induced rock damage is crucial for disaster prevention in many geotechnical
and energy engineering applications [8]. Moreover, the limited porosity, poor permeability,
high density, and enormous buried depth of hot rock reservoirs make it challenging to
exploit such high-temperature sources. Thus, establishing an efficient flow route in hot rock
aquifers is one of the main issues in geothermal energy utilization [23]. Hence, hydraulic
fracturing has significantly enhanced the exploitation efficiency of geothermal energy,
oil/gas extraction, coalbed methane extraction, and nuclear energy during the last few
years [24–29]. The results showed that thermal shock increases rock intrinsic cracks and
reduces rock strength, improving HDR reservoir hydraulic fracturing performance [30–32].
Nevertheless, traditional hydraulic cracking is increasingly challenged due to formation
destruction, environmental consequences, and water usage [33,34].

As an exceptionally low-temperature fluid [35], liquid nitrogen is projected to replace
water-based cracking fluid to build fluid flow routes in low-permeability formations [36].
Enhanced permeability and increased rock-breaking effectiveness in geothermal reservoirs
can be achieved using LN2 [37]. Compared to conventional water/air cooling, applying
LN2 during the cryogenic fracturing procedure can create a significant thermal gradient
and an abrupt temperature shift in the rock’s inner and outer bodies, resulting in greater
thermal stresses and more thermal cracks in rocks [38]. Liquid nitrogen quenching involves
more intense heat transfer than air/water cooling. Therefore, the thermal cracking impact
was significantly enhanced at high temperatures when the HDR reservoirs were stimulated
by cryogenic LN2. For instance, Zhang et al. [39] demonstrated that the crack networks
produced by cryogenic fracturing improved HDR’s capacity to extract heat. According
to their findings, LN2 fracturing technology holds great promise for the advancement of
HDR. According to Yang et al. [40], cryogenic LN2 stimulus enhanced the voids in the
high temperatures of granite’s fracture network and reportedly decreased failure stress.
Moreover, when the temperature of the granite surpassed 200 ◦C, LN2 stimulation offered
outstanding benefits for HDR fracturing.

Changes in the mechanical and physical properties of heated rocks following LN2
cooling were investigated by [41–43]. The findings indicate that while LN2 cooling may
provide a rapid cooling rate, the thermal damage to treated rocks following LN2 cooling
is greater than that following water and air cooling. Furthermore, LN2 thermal shock
damages rocks more severely at higher temperatures. Once LN2 abruptly cools the hot
rock within a short time, it experiences significant thermal stress that causes a “softening
impact” [44]. Hence, major structural damage occurs during reservoir stimulation [41].
The principal contributions to rock degradation in the heating treatment are the loss of
structural water and the growth of mineral particles [45]. However, thermal stress is the
primary cause of rock damage throughout the cooling process, and the intensity of damage
is related to the rate of cooling [3]. Wu et al. [46] discovered that when the temperature of
the shale increased, LN2 cooling caused an increase in rock damage. According to Huang
et al. [47], the cryogenic impact on granite increased proportionately to the temperature
differential between granite and LN2. Using a series of studies, Wu et al. [48] looked into
how heated granite changed mechanically and physically during LN2 (cyclic) cooling. The
outcomes showed that when LN2 cooled granites at high temperatures, noticeable changes
in their mechanical characteristics were seen. Cha et al. [49] developed a lab apparatus to
conduct cryogenic LN2 fracturing studies under triaxial loading conditions. Their results
demonstrated that the thermal fissures caused by LN2 treatment could lower the rock’s
breakdown stress.

Energy extraction operations are strongly associated with geological dangers resulting
from cooling high-temperature rocks after contact with the stimulator. Hence, the effects
of LN2 cooling technology on thermally treated rocks have garnered much attention in
recent years. As mentioned previously, studies have emphasized the benefits of using liquid
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nitrogen cooling as a stimulant for fracturing. However, the cold environment damages and
cracks the host rock during liquid nitrogen fracturing. This can damage rock pore systems
and change their mechanical characteristics. Thus, it is also worthwhile to investigate how
the physical and mechanical characteristics and fracturing features of high-temperature
crystalline rocks vary when they are subjected to rapid LN2 cooling shock. In addition,
the LN2 cooling technique has been applied to many rocks, such as granite, sandstone,
marble, etc. Nevertheless, the feasibility and effectiveness of LN2 cooling on many other
rocks, such as Egyptian granodiorite, a widespread igneous rock in many applications, are
still unclear. Hence, samples were subjected to various temperatures before being rapidly
cooled using liquid nitrogen to study the thermal damage to granodiorite’s physical and
mechanical qualities. Understanding how the properties of granodiorite rocks begin to
fail following heating/cooling treatment and how the microcracks spread is essential to
promoting the sustainable development of geotechnical engineering. Therefore, by better
understanding Egyptian granodiorite’s behavior in hot conditions, such possible risks can
be avoided or reduced.

2. Materials and Methods

Commonly, Neoproterozoic Egyptian granitoids are classified into the following two
distinct varieties: older granite, which is dark gray and comprises tonalite to granodiorite,
and young granite, which ranges in color from pink to red [50]. When silica-rich magma
intrusion cools down in batholiths beneath the Earth’s surface, plutonic igneous granodior-
ite is created. Granodiorite is a parasitical igneous rock that resembles granite in structure.
It primarily includes plagioclase feldspar rather than orthoclase feldspar. Over 20% of
granodiorite is quartz, and plagioclase makes up 65–90% of the feldspar, according to the
Streckeisen Chart QAPF double triangle [51] (field 4). Because of a subequal mixing of
light- and dark-colored minerals, the granodiorite under consideration has an equigranular
texture, medium-to-coarse grain size, and a grayish-white color.

Granodiorite was collected from aged granite in the Eastern Desert of Egypt (close
to Gabel Abu Marwa). The study location is situated 130 km southeast of Aswan, Egypt,
between 23◦00′ and 23◦10′ northern latitudes and 33◦17′ and 33◦28′ east longitudes, as
shown in Figure 1. For this study, granodiorite heated to high temperatures was drilled
into 55.5 mm-diameter cylinders about 130 mm long, following the guidelines in ASTM
D7012–14 [52]. Core specimens were extracted using a drilling apparatus. To prevent
microcracking, a low coring rate was used during sample preparation, and the two ends
were flattened to create flat, consistent surfaces. Finally, the specimens were kept at 105 ◦C
for about 24 h (Nabertherm drying oven, made in Germany) to remove the moisture
before testing.

At ambient temperature, the granodiorite samples had a Poisson’s ratio of 0.19, an
average uniaxial compressive strength (UCS) of 62.7 MPa, a Young’s modulus of 48.2 GPa,
a dry density of 2.7 g/cm3, and a P-wave velocity of 5752 m/s. As shown in Figure 2, X-ray
diffraction analysis indicated that the rock composition was quartz, albite, hornblende,
biotite, chlorite, etc.

Granodiorite specimens were divided into five groups, each subjected to the same
thermal treatments to guarantee measurement accuracy. The reference set was maintained
at ambient temperature without using the heating and cooling technique. Using an oven
accuracy of ±3 ◦C in the “WiseTherm electric furnace FP/FHP (Figure 3a)”, the samples
were heated to the required temperatures of 200, 300, 400, and 600 ◦C, and the heating rate
was set to 5 ◦C/min. After heating to the target temperature, the furnace was programmed
to maintain a constant temperature for two hours to ensure uniform heating after reaching
the target temperature for the whole sample. After that, LN2 was used to rapidly cool the
rock specimens after every heat treatment process (Figure 3b). After the heating and cooling
procedure was completed, the specimens were dried. The variations in granodiorite’s
physical properties, such as porosity, water absorption, mass losses, volume enlargement,
and density caused by the thermal treatments followed by the LN2 cooling approach, were
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determined. The portable ultrasonic nondestructive digital indicating tester (PUNDIT) was
used to measure the P-wave velocity (VP) of granodiorite samples before and after they
were heated and cooled. Vaseline can improve the sensors and sample surface interaction
and reduce reflection loss when the wave passes. Thus, it was frequently used as a coupler
for VP evaluation to produce suitably precise measurements. All the samples were divided
into five groups, each involving three samples. Each specimen was subjected to five
measures, and the average P-wave amount was selected as the P-wave velocity.
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The typical granodiorite sample was ground to a fineness of about 75 µm for each
group and then examined with an X-ray diffractometer, model X’ Pert Pro Phillips MPD
PW 3050/60. It has nickel-filtered Cu-kα radiation at 40 kv and 30 mA, scanning at a speed
of 2θ/min, and a proportional digital counter. The radiation is available throughout a
range of 0–50 2θ. To study the granodiorite microstructure, extra-treated, irregular samples
were used. The treated samples, which were 0.5 cm long, representative cubic pieces,
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were subjected to SEM analyses. Four thin slices of granodiorite were heated and cooled,
and then they were looked at with the TESCAN VEGA3 instrument at magnifications
from “400X to 1000X” to see their microscopic features (Figure 3c). This study used an
Olympus BX50 transmitting polarizing microscope to analyze the microstructure of the
granodiorite samples after they were heated and cooled in different ways (Figure 3d). For
each prior treatment circumstance, a thin slice measuring 2.5 mm in length and roughly
0.03 mm in thickness was prepared. The rock sample’s microstructure was looked at
with a magnification range of “4X to 40X” to see if any transgranular or grain boundary
microcracks formed.
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One of the key markers of the fundamental mechanical characteristics of rocks is
the uniaxial compressive strength test. Using Shimadzu 500 KN RMU 57-2400 testing
equipment, Japan (Figure 3e), a series of uniaxial compression tests were performed on gra-
nodiorite samples following the ASTM D7012-14 procedure. The equipment was connected
to a data collection system, and two strain gauges and a linear variable differential trans-
former (LVDT) were used to find out how much the specimens moved in both directions
while they were being loaded.

3. Results
3.1. Porosity and Absorption Deterioration

The physical property known as porosity plays a crucial role in governing rock’s phys-
ical and mechanical attributes, such as strength and deformation [54]. Thermal treatment
considerably affects the porosity and, consequently, the water absorption capacity of the
rock. Although at varying rates, the porosity and absorption capacity of the granodiorite
specimens generally rose steadily with rising temperatures. Two phases of porosity and
absorption modification with temperature are shown in Figure 4, before the mutation
temperature point of 300 ◦C and after the mutation temperature point.
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Figure 4. Porosity and water absorption responses of granodiorite samples following various thermal
treatments and LN2 cooling.

Under untreated conditions, the porosity of Egyptian granodiorite is 0.11%, which
is the smallest. The porosity of granodiorite under LN2 cooling treatment techniques
rises with increasing heating temperatures. Granodiorite showed negligible variations in
porosity and absorption during Phase 1 and up to 1.29% porosity and 0.48% absorption
values at the mutation point of 300 ◦C. This indicated that very little “absorbed, interlayer,
and mineral” water emerged from granodiorite during this phase. Once the temperature
increases above 300 ◦C, the formation and propagation of thermal cracks brought on by
thermal stresses are primarily responsible for the rapid increase in porosity after 300 ◦C,
contributing to a massive growth in porosity (2.1%) and absorption (0.9%) at 400 ◦C. Some
of the minerals disintegrate and break down at temperatures over 400 ◦C. Furthermore, at
approximately 573 ◦C, α-quartz converts to β-quartz, resulting in considerable variations
in porosity (5.9%) and absorption capacity (2.17%) at 600 ◦C.

3.2. Mass, Volume, and Density Behaviors

The mass-to-volume ratio is known as rock density. As the temperature rises, mass
loss and volume expansion combine to cause a change in density. Figure 5 displays changes
in density reduction rate “ηρ” (blue curve), mass loss rate” ηm” (green curve), and volume
growth rate “ηv” (red curve), with temperature change.

The figure shows that there is an increase in the mass loss rate, volume expansion
rate, and density reduction rate when granodiorite experiences thermal heating and rapid
quenching in LN2. As illustrated in Figure 5, the granodiorite density loss rate gradually
rises to the mutation point of 300 ◦C due to reduced mass loss and a small volume gain.
After this temperature point, granodiorite mass, volume, and density changed rapidly.
Mass, volume, and density changes were negligible up to 300 ◦C, coming in at 0.14%, 1.54%,
and 1.65%, respectively. The rate of mass and density loss with volume expansion rate
became apparent between 300 and 400 ◦C, and the values started to diverge. Hence, the
values of ηm, ηv, and ηρ were 0.33%, 5.48%, and 5.51%, respectively, at 400 ◦C. Volume
growth and density drop rates were correlated when temperatures exceeded 400 ◦C and
recorded a sharp rise, while an insignificant reduction in mass appeared. The values
of volume and density were expanded at 600 ◦C, and values of 7.62% and 7.37% were
recorded, respectively, as well as 0.34% for the mass loss rate. Thus, volume expansion is
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a major factor in the decline in granodiorite density since, even at 600 ◦C, the specimens’
mass loss rate is not much different from the original ones.
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3.3. Ultrasonic Velocity

The P-wave velocity is a crucial metric that shows internal rock weaknesses. A lower
VP often denotes a higher frequency of local failures within rocks. Thus, P-wave velocity
can be employed to assess the harm caused by heating and LN2 cooling procedures. VP
decreases during heating and LN2 cooling, as Figure 6 illustrates, and the variation rate
increases as temperature rises.
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The VP moderately dropped between room temperature and 200 ◦C. For instance, the
P-wave velocity decreased from 5602 m/s at 25 ◦C to 4156 (with a 27% loss ratio). The
P-wave reduction was noted after 200 ◦C, recording 2211 (62% loss ratio) at 300. As a
result, 200 ◦C was selected as the P-wave velocity mutation point. Since sound waves move
more slowly through the air than they do through rock, the P-wave velocity drops as a
consequence. Also, the number of microcracks produced rises with the temperature and
LN2 quenching rate. Hence, a sharp decline in P-waves is observed after 200 ◦C, with the
greatest reduction rate between 400 and 600 ◦C (Figure 6), including a 72% reduction ratio
at 400 ◦C and an average P-wave reading of 813 m/s with an 86% reduction ratio at 600 ◦C.

3.4. SEM Observation

The microstructure of the investigated samples shows the development of thermal
cracking, which results from heating, followed by cooling. The thermal expansion co-
efficient for each mineral in the investigated rock is important in developing thermal
microcracks within the microstructure. Figure 7 depicts the alterations in the microstruc-
tural attributes of the granodiorite after applying heating and LN2 cooling procedures. The
granodiorite was subjected to temperatures of 200, 300, 400, and 600 ◦C during the heating
process. In the presence of LN2 cooling, observable intercrystalline thermal cracks and
inevitable transcrystalline cracks are evident. The microcracks initiate the development of
weak planes within the crystals. Some minerals can crack along preferred planar, such as
cleavages, in response to external distribution [55]. According to SEM observations, very
few cracks (boundary “bc” and transgranular “tc”) were discovered, and most cracks were
dispersed and unconnected once the temperature was 200 ◦C (Figure 7a).
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Figure 7. SEM images of granodiorite thermally treated and quickly cooled via LN2 at 200 ◦C (a), 300 ◦C
(b), 400 ◦C (c), and 600 ◦C (d). (bc) is boundary microcracks, and (tc) is transgranular microcracks.

The granodiorite that was heat-treated remained intact. Thermal cracking rose in the
rock when the heating temperature was above 200 ◦C. Thus, the frequency and width
of microcracks greatly increased once the granodiorite was thermally heated to 300 ◦C



Sustainability 2024, 16, 6396 9 of 23

(Figure 7b). The granodiorite’s crystal surface became rough, and boundary and trans-
granular fissures started to join and expand when the temperature approached 400 ◦C
(Figure 7c). Tiny detachments were observed on the particle edges. Specimen integrity
was compromised for the 600 ◦C specimens, and locally crushed zones were developed
(Figure 7d). Moreover, as illustrated in Figure 8, many heat microcracks were driven
to connect and merge, which made the macroscopic fracture density and crack length
much bigger.
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Figure 8. Crack length and width evolution of granodiorite specimens subjected to various thermal
treatments and LN2 rapid cooling.

Moreover, Figure 9 shows a diagram for microstructure changes resulting from heat
treatment, followed by rapid cooling using LN2. At 200 ◦C, the heat treatment causes
the evaporation of free water within the microstructure, producing some tiny pores. In
addition, a few discontinuous microcracks appear to propagate from particle edges. By
increasing the temperature to 300 ◦C, the effect of thermal expansion and cooling shrinkage
is reflected on the microcracks, and the percentage, length, and width of cracks increase
within the microstructure. At 400 ◦C, roughness was observed on the surface of the grains,
as well as the detachments of tiny particles. Continuous microcracks and large fractures
penetrate the microstructure, and pores were observed when the temperature reached
600 ◦C.
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3.5. Mechanical Properties
3.5.1. UCS

Temperature-related changes to the microstructure and thermal expansion of minerals
cause most of the mechanical characteristics of rock to deteriorate. From room temperature
to 600 ◦C, the UCS of granodiorite samples that had been thermally treated and quickly
cooled with LN2 was assessed (Figure 10). UCS first slightly decreased to 200 ◦C after LN2
cooling from 62.7 MPa at room temperature to 62.2 MPa at 200 and subsequently rapidly
increased to 80 MP at 300 ◦C. As the temperature increased steadily, the granodiorite ma-
trix’s compaction and integrity deteriorated, sharply expanding the rock’s compressibility
and reducing its macroscopic strength. A notable UCS drop happens when the heating
temperature increases over 300 ◦C due to the rise of microcracks, micro-defects, and empty
spaces brought on by water evaporation. Consequently, following LN2 cooling treatments,
the granodiorite’s UCS decreased significantly from 80 to 40 MPa, which is a 50% loss at
temperatures between 300 and 400 ◦C.
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When the temperature rose beyond 400 ◦C, the combined effects of applied uniaxial
compression and thermal stress led to the extensive formation of new microcracks, which
ultimately caused the granodiorite specimen to shatter. Furthermore, the quartz alpha–
beta transition caused a further drastic decrease at roughly 573 ◦C. According to this,
the mutation temperature for granodiorite microstructural and UCS shifts is 300 ◦C. The
compressive strength of the granodiorite dropped considerably from 40 to 15 MPa at
400–600 ◦C. Therefore, LN2 cooling can significantly reduce the uniaxial compressive
strength of granodiorite.

3.5.2. E

The impact of various temperatures followed by rapid cooling by LN2 on Young’s
modulus was explored in this section since it is a vital metric in assessing mechanical
deterioration. Figure 11 displays the elastic modulus values of the heated granodiorite
samples at different temperatures under liquid nitrogen cooling conditions. For the samples
under study, variations in the elastic modulus were not significant at 200 ◦C. As seen in



Sustainability 2024, 16, 6396 11 of 23

Figure 11, the cooling strategy had no clear adverse impacts, and a slight decline in the
elastic modulus from 48 to 44.4 GPa in this temperature range was recorded.
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Figure 11. The elastic modulus (E) of granodiorite as a function of temperature and LN2 cooling
approach.

Due to the combined impacts of thermal stress and LN2 cooling, the granodiorite
degraded at a temperature above 200 ◦C, considerably boosting the production of new
microcracks. Consequently, the granodiorite’s elastic modulus dropped dramatically from
44.4 to 14.2 GPa at temperatures between 200 and 400 ◦C, indicating that 200 ◦C is the
mutation temperature point for granodiorite elastic modulus shifts. After 400 ◦C, the
cohesiveness of the mineral particles was weakened by these higher temperature ranges,
which resulted in thermal softening and microstructural deterioration throughout the rock,
which in turn, caused a significant drop in the elastic modulus. Thus, the elastic modulus
dropped enormously from 14.2 GPa to 2.6 GPa between 400 and 600 ◦C.

3.5.3. Failure Modes

The final reflection of microcracks, beginning with development, and coalescence
until the creation of macrocracks is the failure mode of rocks, which is crucial information
for understanding the damage mechanism. The failure modes of the thermally treated
granodiorite samples at different temperatures immediately quenched in LN2 following the
compression stress were compared and studied. Table 1 displays the failure mechanisms
for the preheated granodiorite specimens at 200, 300, 400, and 600 ◦C. The findings show
that samples typically fail at lower temperatures (200 ◦C) by axial splitting, whereas shear
failure develops at higher temperatures (above 200 ◦C). Hence, strong external stimuli like
LN2 thermal shock will affect the granodiorite’s micro- and macro-scale failure properties.
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Table 1. Failure modes of granodiorite specimens subjected to LN2 rapid cooling after different
thermal treatments.

Temperature 200 ◦C 300 ◦C 400 ◦C 600 ◦C

Failure Mode
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The granodiorite has fewer fractures and a failure plane that is typically parallel to the
loading axis at temperatures of 200 ◦C. In contrast, the thermal treatments and LN2 cold
shock led internal cracks to develop at heating temperatures of 300, 400, and 600 ◦C, which
resulted in thermal cracks impacting the failure plane that was not completely parallel to
the loading direction. Hence, all the rock samples’ failure modes were shears, and they
were typically present in combination with some severe failure and spreading fractures at
600 ◦C.

4. Discussion

Discussion is held over how cooling with LN2 affects the preheated granodiorite’s
physical and mechanical properties and the start and spread of fractures. Hence, this section
links the alterations in the responses of granodiorite properties with the registered mi-
crostructural changes, as concluded in Figure 12. Moreover, it examines the characteristics
and mechanisms of heat-induced damage followed by rapid quenching.
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4.1. Microstructural Evaluation

In addition to SEM investigations, the current study used an optical microscope to look
at how different temperatures, followed by a cooling shock technique using LN2, affected
the evolution of cracks in granodiorite specimens. Biotite (Bi), albite (Al), hornblende (Hb),
and quartz (Q) were the main types of grains found in granodiorite samples. These grains
were moderate to coarse (Figures 13 and 14). The mismatch in thermo-physical properties
among various mineral particles significantly impacts the occurrence of thermal shock in
rocks, which causes rock damage [36]. The application of LN2 cooling induces damage
to internal structures due to the discrepancy deformation of neighboring mineral grains,
which can be attributed to variations in their respective thermal expansion coefficients.
Consequently, this phenomenon leads to the creation of boundary fissures within the
granodiorite. The magnitude of the coefficient of thermal expansion is intimately associated
with the crystallographic orientations of the same mineral. Hence, transgranular cracks
can be readily formed because of the disparity in deformations occurring along distinct
crystallographic orientations. As seen in Figure 13a,b, optical microscopic observations
reveal that boundary and transgranular cracks primarily disperse at the edges and within
quartz minerals up to 300 ◦C.

Sustainability 2024, 16, x FOR PEER REVIEW 14 of 25 
 

4.1. Microstructural Evaluation 
In addition to SEM investigations, the current study used an optical microscope to 

look at how different temperatures, followed by a cooling shock technique using LN2, af-
fected the evolution of cracks in granodiorite specimens. Biotite (Bi), albite (Al), horn-
blende (Hb), and quartz (Q) were the main types of grains found in granodiorite samples. 
These grains were moderate to coarse (Figures 13 and 14). The mismatch in thermo-phys-
ical properties among various mineral particles significantly impacts the occurrence of 
thermal shock in rocks, which causes rock damage [36]. The application of LN2 cooling 
induces damage to internal structures due to the discrepancy deformation of neighboring 
mineral grains, which can be attributed to variations in their respective thermal expansion 
coefficients. Consequently, this phenomenon leads to the creation of boundary fissures 
within the granodiorite. The magnitude of the coefficient of thermal expansion is inti-
mately associated with the crystallographic orientations of the same mineral. Hence, 
transgranular cracks can be readily formed because of the disparity in deformations oc-
curring along distinct crystallographic orientations. As seen in Figure 13a,b, optical mi-
croscopic observations reveal that boundary and transgranular cracks primarily disperse 
at the edges and within quartz minerals up to 300 °C.  

 
Figure 13. Crack evolution in granodiorite specimens subjected to different thermal treatments (a) 
at 200 °C and (b) at 300 °C and rapid cooling with LN2, as seen using an optical microscope. 

The high thermal expansion coefficient of quartz minerals may be related to this phe-
nomenon. There may be significant mismatched deformations at the quartz borders and, 
consequently, high local thermal stresses because of the stark differences in the thermal 
expansion coefficient among quartz and other nearby minerals. The sharp shock from the 
LN2, combined with the increased temperature-induced thermal stresses, led to the initial 
cracks propagating and growing larger, significantly weakening the rocks’ structural in-
tegrity. As seen in Figure 14a, the crack density of granodiorite was, therefore, much more 
significant at 400 °C than at 300 °C. Extensive boundary and transgranular cracks, result-
ing from increased internal stresses from the mineral-to-mineral thermal expansion mis-
match, become visible when the temperature reaches 600 °C (Figure 14b). On the other 
hand, quartz is of the α-type at ambient temperature, and it experiences an expansion of 
roughly 0.45%, along with a shift in crystal structure to the β-type at 573 °C [56]. 

Figure 13. Crack evolution in granodiorite specimens subjected to different thermal treatments (a) at
200 ◦C and (b) at 300 ◦C and rapid cooling with LN2, as seen using an optical microscope.

Sustainability 2024, 16, x FOR PEER REVIEW 15 of 25 
 

 
Figure 14. Crack evolution in granodiorite specimens subjected to different thermal treatments (a) 
at 400 °C and (b) at 600 °C and rapid cooling with LN2, as seen using an optical microscope. 

Microstructure changes generated by the α–β-type transitions in crystal structure 
lead to a notable rise in microcrack density and the creation of microcracks [57]. Once the 
temperature increases to 600 °C, large transgranular cracks are seen in the SEM image 
(Figure 7d). Hence, the boundary and transgranular cracks produced at 600 °C are sub-
stantially greater than those formed at 400 °C. The thermally treated granodiorite exhibits 
many transgranular cracks, although boundary cracking remains the main failure route 
at 600 °C. As seen in Figure 14a,b, it is observed that most of the freshly created transgran-
ular cracks form in all granodiorite minerals. Moreover, the α–β-type transformation of 
quartz can be directly linked to the notable increase in porosity beyond 500 °C. The LN2 
cooling rate significantly impacts the formation of microcracks in granodiorite and, sub-
sequently, the porosity alteration. Hence, in the current study, porosity was increased 
from 0.11% (in the initial condition) to 5.9% (heated to 600 °C). This is higher than what 
was seen in [58], in which porosity increased from 0.54% (in the initial state) to 4.25% (600 
°C). 

4.2. Physical Property Responses 
According to this study, the physical properties of granodiorite that were thermally 

heated and rapidly cooled by LN2 can be divided into the following two stages: before the 
mutation temperature point of 300 °C and after the mutation temperature. Because of ther-
mal stress, the high-temperature treatment modifies the physical parameters of the rocks 
and causes new microcracks and microstructural deterioration within them. Hence, the 
initial rock cracks, mineral makeup, and water content will also all change following the 
LN2 thermal shock, which will alter the properties of rocks. The primary cause of gran-
odiorite porosity fluctuation when the temperature is below the threshold value is the loss 
of different kinds of water. Thus, the presence of water significantly impacts the porosity 
and absorption capacity. At temperatures between 100 and 250 °C, absorbed and inter-
layer water will evaporate, and structural water evaporates at temperatures above 300 °C 
[59]. The photomicrograph of the thermally treated granodiorite samples up to 300 °C 
(Figure 7a,b) clearly shows that a small number of microcracks began to form, which in-
dicates the porosity and absorption showed moderate values (Figure 4). Consequently, 
the causes of porosity fluctuation up to 300 °C include mineralogical water and heat-in-
duced vaporization.  

Once heat treatment increases, some granodiorite minerals break down, while clay 
minerals dehydrate and completely lose structural water, which could lead to a rise in 
porosity and fracturing. In the heating process, the internal and external parts of the sam-
ples are subjected to tension and compression stresses, respectively. As a result, granodi-
orite is weathered by alternating thermal strains during the heating and LN2 cooling pro-
cedures. As the heating temperature rises, fatigue failures induced by alternate loads 

Figure 14. Crack evolution in granodiorite specimens subjected to different thermal treatments (a) at
400 ◦C and (b) at 600 ◦C and rapid cooling with LN2, as seen using an optical microscope.

The high thermal expansion coefficient of quartz minerals may be related to this
phenomenon. There may be significant mismatched deformations at the quartz borders
and, consequently, high local thermal stresses because of the stark differences in the thermal
expansion coefficient among quartz and other nearby minerals. The sharp shock from
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the LN2, combined with the increased temperature-induced thermal stresses, led to the
initial cracks propagating and growing larger, significantly weakening the rocks’ structural
integrity. As seen in Figure 14a, the crack density of granodiorite was, therefore, much
more significant at 400 ◦C than at 300 ◦C. Extensive boundary and transgranular cracks,
resulting from increased internal stresses from the mineral-to-mineral thermal expansion
mismatch, become visible when the temperature reaches 600 ◦C (Figure 14b). On the other
hand, quartz is of the α-type at ambient temperature, and it experiences an expansion of
roughly 0.45%, along with a shift in crystal structure to the β-type at 573 ◦C [56].

Microstructure changes generated by the α–β-type transitions in crystal structure
lead to a notable rise in microcrack density and the creation of microcracks [57]. Once
the temperature increases to 600 ◦C, large transgranular cracks are seen in the SEM image
(Figure 7d). Hence, the boundary and transgranular cracks produced at 600 ◦C are sub-
stantially greater than those formed at 400 ◦C. The thermally treated granodiorite exhibits
many transgranular cracks, although boundary cracking remains the main failure route at
600 ◦C. As seen in Figure 14a,b, it is observed that most of the freshly created transgranular
cracks form in all granodiorite minerals. Moreover, the α–β-type transformation of quartz
can be directly linked to the notable increase in porosity beyond 500 ◦C. The LN2 cooling
rate significantly impacts the formation of microcracks in granodiorite and, subsequently,
the porosity alteration. Hence, in the current study, porosity was increased from 0.11% (in
the initial condition) to 5.9% (heated to 600 ◦C). This is higher than what was seen in [58],
in which porosity increased from 0.54% (in the initial state) to 4.25% (600 ◦C).

4.2. Physical Property Responses

According to this study, the physical properties of granodiorite that were thermally
heated and rapidly cooled by LN2 can be divided into the following two stages: before
the mutation temperature point of 300 ◦C and after the mutation temperature. Because
of thermal stress, the high-temperature treatment modifies the physical parameters of the
rocks and causes new microcracks and microstructural deterioration within them. Hence,
the initial rock cracks, mineral makeup, and water content will also all change following
the LN2 thermal shock, which will alter the properties of rocks. The primary cause of
granodiorite porosity fluctuation when the temperature is below the threshold value is
the loss of different kinds of water. Thus, the presence of water significantly impacts the
porosity and absorption capacity. At temperatures between 100 and 250 ◦C, absorbed
and interlayer water will evaporate, and structural water evaporates at temperatures
above 300 ◦C [59]. The photomicrograph of the thermally treated granodiorite samples
up to 300 ◦C (Figure 7a,b) clearly shows that a small number of microcracks began to
form, which indicates the porosity and absorption showed moderate values (Figure 4).
Consequently, the causes of porosity fluctuation up to 300 ◦C include mineralogical water
and heat-induced vaporization.

Once heat treatment increases, some granodiorite minerals break down, while clay
minerals dehydrate and completely lose structural water, which could lead to a rise in
porosity and fracturing. In the heating process, the internal and external parts of the samples
are subjected to tension and compression stresses, respectively. As a result, granodiorite is
weathered by alternating thermal strains during the heating and LN2 cooling procedures.
As the heating temperature rises, fatigue failures induced by alternate loads develop,
resulting in more local microcracks in rocks [46]. This clarifies how granodiorite’s porosity
increases with temperature. Therefore, the region between 300 and 400 ◦C, on the other
hand, is distinguished by a rapid rise in porosity and absorption. Thermal stresses are the
main reason for the sharp increase in this zone as thermal cracks develop and expand. After
400 ◦C, minerals like biotite, feldspar, and quartz experience varied internal stresses when
heated due to their varying thermal expansion coefficients [60]. The growth of microcracks
gradually raises the microcrack density due to these recently formed stresses. Additionally,
significant alterations in porosity and absorption are caused by the breakdown of minerals
and the α–β quartz phase transition.
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On the other hand, the thermal treatment of rock results in several changes, including
changes to the sample mass, size, and form, which affect the specimen’s bulk density and
volume. Granodiorite sample mass, volume, and hence, density were assessed before
and after thermal treatment (heating and LN2 quick cooling). Granodiorite mass falls
following thermal loading, as Figure 5 illustrates. The main reason that granodiorite loses
weight is because various kinds of water evaporate [45]. The rate at which granodiorite
mass drops with temperature is sluggish because of the small amount of water content
before 300 ◦C. In contrast, thermal stresses induce minerals and microcracks to expand
thermally at high temperatures, which in turn, causes rocks to lose density due to volume
expansion. Therefore, volume growth significantly decreases granodiorite density even
300 ◦C since the masses of the specimens differ little from the ones that were not treated.
However, structural water quantities dropped due to dehydroxylation, and crystalline
water amounts dramatically decreased due to mineral dehydration above 300 ◦C. The result
was a sharp increase in the mass loss rate, which suggested that the internal minerals of the
granodiorite samples had undergone substantial chemical and physical changes. Moreover,
thermal treatment and rapid cooling cause alternating thermal stresses in rock, which break
down the cementation between minerals and cause numerous microcracks in granodiorite
samples because of the mismatch in thermal deformation among nearby mineral particles.
Hence, the microcracks were expanded, increasing the granodiorite samples’ total volume
expansion rate. The physical characteristics changed from a stable to an unstable condition
between 300 and 400 ◦C after the mutation point, and high values for the volume rise
ratios produced a remarkable effect on the density reduction ratio. The difference in the
thermal expansion of the minerals approaches its maximum after 400 ◦C. Thus, at 600 ◦C,
granodiorite undergoes significant thermal degradation, which causes a massive increase
in density loss and volume expansion rates. In line with earlier studies utilizing different
cooling approaches [61,62], the reduction rate of density for the LN2 cooling technique is
identical to the detected modification in volume growth rate. Hence, at 600 ◦C, significant
associated variations in density are because of volume expansion and are mainly caused by
the quartz shift at 573 ◦C.

Granodiorite ultrasonic velocity significantly drops as the temperature rises (Figure 6).
This resulted from thermal cracking, which also caused the separation of cleavage planes
within the grains and the growth and propagation of internal cracks and voids, which
often occur along the boundaries of grains. Furthermore, as temperature increases, the
P-wave velocity falls; with LN2 cooling, this decreasing trend accelerates compared with
the other cooling methods studied by [62]. This proposes that as the temperature grows,
the granodiorite treated with LN2 cooling has more macropores and microfractures, which
increase the porosity and the absorption of P-wave velocity (Figure 15). As a result,
the internal microcrack surface experiences increased friction and slippage, significantly
increasing the energy percentage loss.

SEM and OM observations show that as temperatures rise, the number of microcracks
inside granodiorite increases, which causes a significant decrease in P-wave velocity. Before
200 ◦C and beyond 200 ◦C are the two stages of the speed vs. temperature curve. Between
RT and 200 ◦C, wave velocity steadily decreased. The number of voids caused by the
evaporation of different kinds of water (absorbed, interlayer, and mineral) was the primary
cause of the Vp drop. Several microcracks appeared as the temperature rose above 200 ◦C,
and the average P-wave rate severely declined as the temperature increased. The primary
cause of this is the difference in the thermal expansion coefficients of granodiorite minerals,
which leads to the formation of new fractures and the propagation of existing ones. In
addition, variations in the mineral’s thermal expansion along various crystallographic
axes after 400 ◦C led to structural damage when heated, compromising the structural
integrity of the rock. Hence, the measured VP loss ratio peaked at 600 ◦C because of the
high temperature and quick quenching by LN2, significantly damaging the microstructure.
Moreover, the P-wave demonstrated that the granodiorite structure was affected by the
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LN2 cooling method following thermal treatments, compared with other cooling processes
in the aforementioned studies [63].
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Figure 15. Relation between P-wave velocity and porosity of thermally heated granodiorite, followed
by the LN2 cooling method.

4.3. Mechanical Properties Responses

Granodiorite is a heterogeneous rock that includes various minerals with different
thermal expansions of its minerals. Consequently, the mechanical characteristics of gran-
odiorite will be affected mainly by temperature, and unpredictable thermal fractures will
occur once thermal stress between or inside minerals exceeds their maximum strength [64].
Microcracks play both roles in the mechanical properties of the studied rocks, causing
thermal degradation and hardening, according to UCS data [65]. Since thermal degradation
has happened below 200 ◦C, the looseness of the mixture with rock minerals and the
scaping of the interlayer water in the small holes and the connected water cause a modest
decline in both the UCS and the elastic modulus of granodiorite [45].

On the other hand, thermal treatment can increase rock strength by inducing plastic
expansions in minerals and increasing friction between minerals at a specific temperature
limit. As a result, at 300 ◦C, the temperature enhanced the strength of the rock by causing
the minerals to expand plastically and increasing friction between the particles (Figure 12).
So, the granodiorite peak stress increased gradually, going from 62 MPa at 200 ◦C to 80 MPa
at 300 ◦C. However, the elastic modulus still moderately declines in this temperature range.
There was a significant 50% reduction in the granodiorite’s UCS, from 80 to 40 MPa, at
temperatures between 300 and 400 ◦C. The elastic modulus, too, dropped dramatically
from 30 to 14 GPa. The granodiorite matrix became softer and lost integrity, significantly
increasing the rock’s compressibility and decreasing its macroscopic strength. This is
brought on by the diffusion of tiny fractures, flaws, and empty spaces left behind by
evaporating water. Hence, the unconfined compressive strength and elastic modulus values
decreased throughout the uniaxial compressive strength experiments. The granodiorite
samples began to degrade severely at temperatures above 400 ◦C, significantly accelerating
the creation of new microcracks due to the combined impacts of rapid quenching by LN2
and thermal stress. In addition, the transition between quartz’s alpha and beta phases
resulted in a significant decrease in this temperature limit, at roughly 573 ◦C. Thus, the
granodiorite’s elastic modulus drastically dropped from 14 to 2.6 GPa, and its compressive
strength sharply fell from 40 to 15 MPa at 400 to 600 ◦C.



Sustainability 2024, 16, 6396 17 of 23

4.4. Thermal Damage Evolution of Vp and E

In geotechnical engineering, thermal damage mechanics has recently become a cutting-
edge method for researching rock thermodynamics. The differences in thermal damage
reflect changes created in the rock’s microstructure by the cooling technique. The degree
of thermal damage characteristic of rock can be predicted using many factors. This study
used the P-wave velocity and the elastic modulus to figure out the thermal damage factor
of granodiorite and to find out how that factor affected the rock’s internal structure [66].
Equations (1) and (2) show that the ratio of the factor at the selected temperature to the
value at room temperature is known as the thermal damage factor D and can be described
as follows:

D(E) = 1 − ET

Eo
(1)

D
(
vp

)
= 1 − (Vp T/Vpo

)2 (2)

where (D) is the thermal damage factor, and the variables in the formula with the subscripts
0 and T are data obtained from granodiorite samples at room and target temperatures,
respectively. The relationship between the granodiorite’s thermal damage factor for P-wave
velocity and elastic modulus with applied temperatures and the LN2 cooling method is
depicted in Figure 16.
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Figure 16. Thermal damage evolution of P-wave velocity and elastic modulus of thermally heated
granodiorite, followed by the LN2 cooling approach.

As demonstrated in Figure 16, there is a direct relationship between the degree of
thermal damage and the heating/LN2 cooling technique. Thermally treated granodiorite’s
thermal damage factor with LN2 cooling increased with the various heating temperatures
and showed a similar pattern for D (VP) and D (E). The rock’s deformation zone under
external loads is reduced when pores and fissures close. Thus, even in heat damage, the
elastic modulus varies minimally, and the resistance to deformation does not significantly
deteriorate. Hence, there was a slight variation in the thermal damage factor, with 8% for the
elastic modulus. In comparison, a moderate rise of 27% in P-wave velocity occurred when
the granodiorite heating temperature was below 200 ◦C. However, the thermal damage
in the studied parameters increased sharply when the heating temperature surpassed
200 ◦C. Moreover, the P-wave velocities became more temperature-sensitive than the elastic
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modulus up to 300 ◦C. Consequently, the D (VP) of the granodiorite samples was higher
than the D (E), even though E was more vulnerable to thermal degradation below this
point. Therefore, these findings suggest that the P-wave velocity and elastic modulus
are sensitive and appropriate parameters for characterizing the thermal shock damage to
granodiorite. Raising the heating temperature alters some minerals’ framework structures
and intensifies the thermal stresses induced by deformation temperatures and rapid cooling
with LN2. Thus, at 600 ◦C, the thermal damage factors for (VP) and (E) peaked by 85% and
95%, respectively, matching the significant heat damage in the granodiorite microstructure
(Figures 7d and 14b) resulting from the elevated temperature and the quick shock and LN2.

4.5. Liquid Nitrogen Cooling Impact Analysis

By comparing the pertinent characteristics of samples cooled rapidly by liquid nitrogen
and those cooled slowly by Gomah et al. [15], it is possible to assess the cracking impact
of liquid nitrogen and better analyze the effect of cooling techniques on high-temperature
granodiorite. Hence, this part explored the additional cracking effects of liquid nitrogen
cooling on high-temperature granodiorite’s physical and mechanical properties. The P-
wave velocity, porosity, UCS, and elastic modulus of liquid nitrogen-cooled samples were
compared with those cooled by air, as shown in Figures 17 and 18.
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Figure 17. Cooling impact analysis on the physical properties of thermally heated granodiorite at
various temperatures is followed by air cooling (A-C) and liquid nitrogen (LN2).

As the heating temperature increased, the ultrasonic velocity of the specimens that
were cooled naturally and those that were cooled using liquid nitrogen had a substantial
declining tendency, as seen in Figure 17.

However, the specimen cooled with liquid nitrogen had a lower P-wave velocity
than the sample cooled with air at the same temperature. This suggests that the damage
from LN2 cooling to the high-temperature granodiorite was higher. On the other hand,
the porosity of the liquid nitrogen-cooled samples was lower than that of the air-cooled
samples at 200 ◦C. However, the relationship swiftly shifted, demonstrating the effect of
the LN2 quench.
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various temperatures is followed by air cooling (A-C) and liquid nitrogen cooling (LN2).

The samples cooled with liquid nitrogen showed a higher elastic modulus at 200 ◦C
than those cooled with air, suggesting that the LN2 quench had less effect at lower tem-
peratures. However, the relationship abruptly changed beyond this temperature up to
600 ◦C, demonstrating the impact of quick quenching with LN2. In contrast, the UCS of the
liquid nitrogen-cooled specimen at the same temperature point was lower than that of the
air-cooled sample, as illustrated in Figure 18.

Moreover, when the heating temperature was raised, the difference between the two
samples rose and dropped afterward. The liquid nitrogen-cooled specimens had a higher
cooling effect coefficient than the naturally cooled specimens, illustrating how the cooling
impact of liquid nitrogen on granodiorite’s properties starts to diminish as the temperature
rises. LN2 cooling causes more microcracks than A-C and significantly damages granodi-
orite samples. Therefore, compared to slow-cooling samples, the mechanical properties
of samples that cool down quickly are exacerbated and diminished with temperature rise
(Figure 18).

In summary, since liquid nitrogen can artificially create fractures in high-temperature
rock, as demonstrated in Figure 17, it is possible to improve the stimulation efficiency of
reservoirs in the extraction of nuclear and geothermal energy. Nevertheless, as Figure 18
shows, the propagation of initial fractures caused by hydraulic pressure and numerous
subsequent fractures caused by LN2 cooling can promote cooling-affected area expansion,
which degrades the mechanical properties of granodiorite. Thus, to avoid or limit potential
geological hazards, it is imperative to consider the possibility of a large-scale fracture net
appearing inside the reservoir, which could decrease the mechanical characteristics of rocks
while applying LN2.

5. Conclusions

The behaviors of Egyptian granodiorite that underwent thermal treatment and LN2
cooling were observed in this study using laboratory tests. Physical and mechanical pa-
rameters such as porosity, mass, volume, density, P-wave velocity, uniaxial compressive
strength, and elastic modulus were investigated. X-ray diffraction, scanning electron mi-
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croscopy, and optical microscopy also helped to observe the evolution of the microstructure.
The principal conclusions are listed as follows:

(1) Up to 300 ◦C, the porosity, crack density, thermal damage, and density reduction
ratio progressively rose before drastically increasing beyond this point. Similarly,
the uniaxial compressive strength climbed to 300 ◦C, and then it drastically dropped
linearly as the temperature rose. In contrast, there was a gradual reduction in the
elastic modulus and P-wave velocity as the temperature reached 200 ◦C, followed
by a significant decline. Hence, this study revealed the following two mutation
temperatures in the evolution of granodiorite mechanical and physical properties: 200
and 300 ◦C. After that, all metrics massively deteriorated;

(2) Microcrack initiation and propagation can be associated with two primary granodior-
ite failure types. At 200 ◦C, tiny boundary and transgranular microcracks were visible,
which led to the axial splitting modes. On the other hand, the shear failure mode was
produced by developing boundary and transgranular cracks at 300, 400, and 600 ◦C;

(3) Microscopically, the granodiorite exhibits boundary and transgranular cracks; how-
ever, boundary cracking is the main form of failure under thermal loading. Also,
the impact of quartz on granodiorite thermal degradation is significant. Thus, most
boundary cracks disperse at the quartz’s borders. After being heated and cooled,
granodiorite experiences many transgranular cracks at 600 ◦C; most occur in quartz;

(4) Compared to air cooling, LN2 cooling produces more notable changes in mechanical
and physical characteristics, illustrating the cooling influence of liquid nitrogen on
granodiorite’s properties. Nevertheless, raising the desired heating temperature for
both cooling methods causes more severe damage.

(5) To avoid or reduce possible geological hazards, it is crucial to consider the adverse
effects of using LN2 for hydraulic fracturing stimulation, such as the weakening of
host rocks’ mechanical properties.

Subsequent research should concentrate on analyzing the environmental effects of
various cooling techniques, specifically regarding water and energy consumption, to fulfill
the urgent requirement for sustainable infrastructure development that places social welfare
and environmental preservation at the forefront.

6. Recommendation

Future research may incorporate developing predictive models for estimating the
extent of thermal damage in rocks based on heating and cooling parameters. Moreover, it
will assess the effectiveness of various cooling rates in minimizing thermal cracking and
preserving the rock’s integrity, considering the environmental implications of different
cooling strategies, particularly water usage and energy consumption.
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