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Evaluations of the mechanical properties and failure modes of granite at high temperatures are important issues for underground
projects such as enhanced geothermal systems and nuclear waste disposal. This paper presents the results of laboratory experiments
that investigated the physico-mechanical failure behavior of granites at high temperatures. The results allowed several important
conclusions to be drawn. Both the uniaxial compressive strength (UCS) and tangent modulus decrease with increasing
temperature. Specifically, the UCS-temperature curve can be divided into three sections: a section (20-200°C) where UCS shows
a slight decrease, a section (200-300°C) where the UCS decreases significantly, and a third section (300-500°C) where the rate of
UCS decrease stabilizes. However, in the entire temperature range from 20 to 500°C, the tangent modulus decreases
exponentially. The number of acoustic emission (AE) counts decrease and the counts occur less frequently at higher
temperatures. Individual grains are surrounded by a large number of microcracks at 200°C and the crack length increased
significantly when heating to 300°C. Specifically, the length of micro-cracks in the granite at 300 “C could be 10 times longer
okthan that at 200°C. Quenching or injecting cold water into HDRs would further weaken the rock and induce thermal damage
to the rock structure. The strength of rock would be further quench-weakened by 10%, 20% and 30% at 200°C, 300°C and
500°C, respectively. Therefore, in Enhanced/Engineered Geothermal Systems (EGS), quenching is much more destructive than

normal thermal stress.

1. Introduction

Rocks hosting Enhanced/Engineered Geothermal Systems
(EGS) are subjected to elevated temperatures (e.g., heating
during heat restoring) or reduced temperatures (e.g., quench-
ing during hydraulic fracturing), as shown in Figure 1. These
thermal treatments typically result in modifications to the
mechanical properties of the rock and the response of the
couple THMC processes [1-6]. The modifications include
rock softening, strength weakening, and degradation of the
elastic modulus. Since the 1970s, numerous studies have been
conducted to determine the effects of elevated temperatures
on the physico-mechanical properties and deformation of
granitic rocks [7-17]. However, most studies have concen-

trated on the changes to the samples after the sample had
been heated [13, 18-27] rather than to follow the changes
that take place during heating. Since heat restoring is of great
significance to the next turn of heat extraction, the thermal
crack damage process during heating should be considered.
To monitor the thermal microcracking effect of tempera-
ture on crystalline rocks, some scholars employed various
methods, such as direct wave velocity measurement, coda
wave interferometry (CWI), permeability test and acoustic
emissions (AE) to track the thermal cracking process
during heating and thus reveal the thermal cracking mech-
anism [7, 16, 28, 29]. Hence, it is necessary to understand
the failure response of granite under high temperature,
particularly under high temperature that above 200°C. At
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FiGUre 1: Heating and quenching of HDR in a typical EGS.

these temperatures, the properties of the rock are dramati-
cally different than when they are at Earth-surface temper-
atures. In addition, understanding the HDR’s performances
during straightforward heating and quenching would be
helpful to improve thermal treatment efficiency during
EGS reservoir building.

Generally, higher temperatures result in a lower UCS and
a reduced elastic modulus of brittle rock. However, the down-
ward trends varies owing to the different compositions of the
specimens tested and differences in experimental techniques.
For the straightforward heating tests, cooling methods, such
as quenching, cooling in air, or cooling in a furnace, can signif-
icantly affect the mechanical and physical properties of the
specimen [19, 30]. In addition, both thermal cracking and
the quartz a-f phase transition [31] can contribute to the
dramatic changes. The uncertainties introduced by different
cooling methods could be eliminated by conducting high-
temperature tests.

The main mechanisms that weaken the granite are phys-
ical damages caused by thermal expansion and the thermal
changes in rock minerals [32]. Specifically, spatial and tem-
poral changes in temperature can induce microcracking as
a result of differential thermal expansion between grains with
different thermoelastic moduli and thermal conductivities.
However, there are also other mechanisms involved like
resistance to crack initiation and propagation under high
temperatures (toughening mechanisms) [27]. By using com-
puted tomography (micro-CT scans), Zhao and coworkers
[16, 33] revealed that thermal cracks develop as the tempera-
ture increases. A few microfissures were observed at tempera-
tures under 200°C. With increasing temperature, more
microfissures were initiated and coalesced, leading to the
development of new microcracks and the propagation of
pre-existing cracks. To provide a link between the microstruc-
tural parameters and the mechanical behaviour of rock,
Griffiths et al. [34] provided robust measurements of micro-
crack characteristics to constrain micromechanical models

for rock strength and stiffness, which bridged the gap between
the measurements of microcrack density at the microscale and
the measurements of mechanical properties at the sample
scale. During heating, a number of physical and mineralogical
changes take place and these phenomena eventually result in
thermal damage. The a-f quartz phase transformation occurs
at 573°C and consequently, causing the volume of the quartz
crystal to increase. This causes cracks in the rock resulting in
weakened mechanical properties [20, 35-37]. These complex
mineral thermal transitions are also important factors causing
weakening and the brittle-ductile transition during deforma-
tion [38-40].

It is necessary to understand the real-time response of
granite to deformation at high temperatures at both macro
and micro scales. For this study, uniaxial compression tests
on Luhui granite were conducted at temperatures ranging
from 20°C to 500°C. This research focused on investigating:
(1) the influence of high temperatures on the UCS, elastic
modulus, and acoustic emissions (AE) from the Luhui gran-
ite; (2) the quenching effect and heating effect of hot dry rock.
The following sections describe the experimental methods
and then present and discuss the results. Finally, several
important findings are set forth in the conclusion part.

2. Materials and Methods

2.1. Luhui Granite Sample Preparation. Samples of Luhui
granite were collected from an open-pit quarry in Zoucheng
city, Shandong province, China. The Luhui granite blocks
were carefully selected to avoid fractures, discontinuities,
and microcracks that would influence the test results. The
granite block (Figure 2(a)) was cut into smaller blocks
(200 mm %200 mm x120 mm) for further processing in the
laboratory. These smaller blocks were cored to produce
50 mm diameter cylinders 100 mm long (Figure 2(b)). Both
ends of the cylindrical samples were ground to ensure the
ends of the cylinders were flat and parallel to each other
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F1GURE 2: Photographs showing sample preparation and the meso-images of Luhui granite structure. (a) Rock saw cutting the granite block;
(b) Core drill coring a smaller granite block; (c) Grinding the ends of a granite core; (d) Finished granite specimens 50 mm in diameter and
100 mm long; (e) Meso-image of Luhui granite structure at room temperature [7, 41].

(Figure 2(c)). Finished granite specimens are shown in
Figure 2(d).

The Luhui granite is a strongly heterogeneous brittle and
hard rock, mainly consist of feldspar, quartz, etc. Figure 2(e)
shows the meso-structure of granite in the room temperature
using high-accuracy micro-CT. Crystal grain, the boundary
of grain, binding material among grain and grain pore can
be clearly differentiated [41]. The main mineral compositions
(feldspar, quartz) have almost the same proportion. How-
ever, the mechanical properties of these minerals differ
greatly, making granites intensively heterogeneous.

2.2. Uniaxial Compression and Acoustic Emissions Test
Procedures. The uniaxial compression experiments were

carried out on a servo-controlled testing system with a max-
imum loading capacity of 300 kN and a displacement resolu-
tion of 0.001 mm. This servo-controlled system can test
samples in either load (stress) or displacement (strain)
control modes. In this test, the displacement (strain) control
mode was employed. Specifically, the displacement rate for
these tests on the Luhui granite specimens was set at
0.5 mm/min which equals to a strain rate of 8.33 x 10™/s.
To heat the samples, a temperature-controlled electric
furnace was used to heat the samples to the target tempera-
ture at a heating rate of 4°C/min. The samples were held at
the target temperature for two hours to achieve thermal
equilibration and allow thermal reactions to proceed. For this
study, the target temperatures were 20, 200, 300, 400, and



TaBLE 1: The UCS and tangent modulus of granite under high
temperatures.

Average Tangent Average

Sample Temperature UCS 8 8 tangent

. UCS  modulus
number °C) (MPa) (MPa) (GPa) modulus

(GPa)

G-20C-1 86.7 18.0
G-20C-2 148.4 18.1
G-20C-3 128.2 15.1
G-20C-4 124.9 15.3
G-20C-5 173.0 14.2

20 116.0 13.6
G-20C-6 100.1 11.3
G-20C-7 90.0 9.9
G-20C-8 99.4 10.7
G-20C-9 111.7 12.9
G-20C-10 97.7 10.4
G-200C-1 120.6 10.9
G-200C-2 111.5 11.7

200 102.3 11.0
G-200C-3 84.3 10.1
G-200C-4 92.7 11.2
G-300C-1 72.1 9.4
G-300C-2 63.6 9.4
G-300C-3 300 82.0 84.5 10.1 10.0
G-300C-4 90.2 9.8
G-300C-5 114.4 114
G-400C-1 62.4 9.7
G-400C-2 99.9 10.8

400 80.1 9.8
G-400C-3 78.4 8.9
G-400C-4 79.7 9.8
G-500C-1 80.8 9.0
G-500C-2 79.1 10.7

500 79.7 9.8
G-500C-3 80.2 9.8
G-500C-4 78.9 9.6

500°C. Four uniaxial compression tests were run for each
target temperature. Sample numbers and experimental
conditions are listed in Table 1. To run a test, a cylindrical
sample was placed in the center of the furnace and the piston
applied compression to the ends of the sample after AE
sensors were attached. Piston displacement and load were
recorded simultaneously during the test as were the AE
signals. It should be noted that AE sensors cannot be attached
directly to the hot sample. Alternatively, these AE sensors
were attached to the piston (Figure 3).

3. Results
3.1. Uniaxial Compression Results

3.1.1. Stress-Strain Curves for Granite Samples at High
Temperatures. The uniaxial stress—strain curves for granite
samples at different temperatures ranging from 20°C to
500°C are presented in Figure 4. The stress-strain curves
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for this brittle granite can be roughly divided into three
stages, namely an original microcrack closure stage, an elastic
deformation stage, and a final stage signaled by a sudden
stress drop.

The first two stages, the microcrack closure and elastic
deformation stages, occur before the maximum stress.
During the microcrack closure (sealing) stage, the stress—
strain curve is concave downward and this shape may result
from the closure of primary pores and voids in the sample,
although as pointed out by [42], some of the test conditions
and imperfections in sample preparation can also contribute
to the shape of the downward concave stress—strain curve.
During the elastic deformation stage, axial stress increases
and elastic deformation dominates the stress—strain curve.
The stress—strain relationship remains linear despite the fact
that there are some irreversible changes at this stage, such as
crack initiation. The elastic deformation stage ends when
peak strength is attained and the stage is followed by a
sudden stress drop in stress. At the sudden stress drop stage,
the stress decreases abruptly from the peak to essentially zero
resulting in the stress—strain curve becoming a vertical line.

From Figure 4, it can be seen that the stress—strain curves
are temperature dependent. Specifically, the peak strength
and rigidity vary with the temperature. This is discussed in
the following section.

3.1.2. Uniaxial Compressive Strength and Tangent Modulus

(1) Effect of temperature on UCS. Figure 5 presents a graph
showing UCS for the granite samples versus temperature;
the corresponding UCS and tangent modulus values are listed
in Table 1. It can be seen that the average UCS value decreases
with increasing temperature. The UCS-temperature curve
can be divided into three sections by the UCS degradation
rate. From 20°C to 200°C, the average UCS decreases from
112.7MPa to 102.3MPa. Thus, in this range the UCS
decreases slightly with a UCS degradation rate of
0.058 MPa/°C. From 200°C to 300°C, the average UCS drop
is more significant. In this range, the UCS value drops from
102.3 MPa to 84.5 MPa, in other words, the UCS degradation
rate equals 0.178 MPa/°C. Above 300°C, the average UCS
continues to decrease but the degradation rate is very low
(only 0.024 MPa/°C). It appears that the thermal damage to
the granite may be initiated between 20°C and 200°C, is
enhanced between 200°C and 300°C, but little additional
damage takes place above 300°C.

As shown in Figure 5, the UCS of the granite at 200-
300°C is lower than that at room temperature. During the
loading process, the thermal stresses enhance fissure expan-
sion and stress softening. Therefore, the UCS decreases with
increasing temperature. In addition, the changes in mineral
composition and microcracking lead to degradation of the
mechanical properties. In the aspect of data scattering, the
large scattering in the UCS data at room temperature disap-
peared almost completely at 500°C. The large scattering at
room temperature may be due to sample imperfections and
the heterogeneity of rock. Granite is one of the crystalline
rocks, which is mainly composed of quartz, feldspar and
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FiGure 3: Photographs of the test systems showing the uniaxial compression test machine with the test control and data acquisition
equipment (a), the furnace surrounding a sample (b and c) and a more detailed view of the acoustic emission sensors attached to the

piston (d).

other minerals. During compression at room temperature,
cracking is rather random, thus the strength was mostly
controlled by the sample imperfections. However, the varia-
tions in UCS tend to be uniform at high temperatures,
because more and more thermally induced microcracks con-
trolled the strength of rock. That is to say, thermal cracking
in rock, to some extent, could release the imperfection and
the heterogeneity of rock.

(2) Effect of temperature on tangent modulus. The param-
eter of tangent modulus (E) represents the resistance of a
sample during the stage of elastic compressing. On a stress—
strain curve, the tangent modulus is defined as the slope of
the elastic deformation portion of the curve. During the
elastic deformation stage, the compressive stress increases lin-
early with the axial strain and elastic deformation dominates a
stress—strain curve in the pre-peak region. The elastic moduli
for the granite at different temperatures can be derived from
the stress—strain curves; they are listed in Table 1 and plotted
in Figure 6. The average tangent modulus of the granite
decreases with increasing temperature. The curve in Figure 6
can be divided into two sections. In the temperature range
20-300°C, the tangent modulus decreases significantly from
13.6 GPa to 10.0 GPa, whereas at temperatures above 300°C,
only a slight decrease, from 10.0 GPa to 9.8 GPa, occurs - the
granite softens at high temperatures.

3.2. Acoustic Emission Results. Microcracking was monitored
by counting dynamic rupture events in the granite samples
using AE. Figure 7 shows typical stress—strain curves for each
test temperature plotted on AE count vs. time axes for granite
samples under the five different high-temperature test
environments.

The microcracking activity shown in each of the panels
on Figure 8 can clearly be divided into two periods, namely
a quiescent period and an active period. During the quiescent
period, there are few or no AE counts recorded. During the
active AE period, the stress—strain curve reflects two different
types of deformation, a stage of elastic deformation and a
stage of crack growth and propagation. In the elastic defor-
mation stage, there are one or more stress drops that may
represent microfracture propagation. This fracturing is not
in all cases evident in the stress—strain curves but is detected
by the AE sensors and is manifested by a sudden increase in
AE counts.

The intensity of the microcracking in the granite samples
changes with temperature. As shown in Figure 8, the number
of AE counts decreases and counts are recorded less
frequently at higher temperatures indicating that the granite
becomes much more ductile at high temperatures. This result
is consistent with the lower tangent modulus at these temper-
atures. Interestingly, the cumulative AE count versus time
curves show distinct steps at the higher temperatures indicat-
ing several failures in the samples. These failures will be
discussed in the following sections on failure modes and
grain size distributions.

4. Discussion

4.1. Thermal Micro-Cracking Effect of Granite. Zhai et al. [43]
investigated thermal effects on the strength of granite from
the aspect of energy storage and release. A higher tempera-
ture implies greater thermal energy in the granite, and this
can result in a larger energy releases when fissures coalesce
and propagate before failure. After completing a study on
thermal cracking, Zhao and coworkers [16] reported that
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FIGURE 4: Uniaxial stress versus strain curves for granite at different temperatures. (a) room temperature (~20°C); (b) 200°C; (c) 300°C;

(d) 400°C; (e) 500°C.
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thermal fracturing in the Luhui granite increased at higher
temperatures. Figure 7(a) shows the CT images of the
meso-structure of Luhui granite specimens under different
temperatures (20°C, 200°C, 300°C and 500°C). There are no
obvious micro-cracks at room temperature. A few micro-
fractures were observed at temperatures below 200°C. The
crystal particles are surrounded by a large majority of micro-
cracks in weakening lines when heated to 200°C. But a large-
closed polygon crack around granitic particles has not yet
been formed. Large cracks can be observed, and the crack
length increased significantly when heating to 300°C.
Specifically, the length of a fissure in the granite could be 10
times longer at 300°C than a fissure at 200°C, which would
significant destroy the tight and intact structure of rock and
thus weaken its strength. Importantly, when the temperature
increased to 500°C, the crystal grains in the granite were
almost surrounded by micro-fractures. More than 90% of
the micro-fractures (either boundary or cleavage cracks [17,
26, 44]) occurred on the boundaries of rock grains, although
minor transgranular cracks [45, 46] cut across mineral
grains. In addition, Yang et al. [26] indicated that mineral

grains in granites are closely arranged and linked. At 400-
600°C, the boundary cracks and transgranular cracks in the
feldspar and quartz grains would diminish the strength and
stiffness of the rock. The knowledge that thermal cracking
generates these cracks and fissures suggests that, after failure,
the grain sizes of the failure fragments would be smaller.

By conducting MPV micro-photometer test, Feng et al. [7]
revealed the micro-crack quantity change with temperature in
thermally cracked Luhui granite. As shown in Figure 7(b), for
the quantity of micro-crack curve (Length>5 ym), there are
two peaks and the corresponding temperature are 100-
150°C and 250-300°C, respectively. The second peak of
micro-crack quantity occurs at around 300°C which is larger
than the first peak. The explanation of thermally induced
micro-crack occurrence is inharmonious thermal expansion,
which can result in thermal stress in granite. When the
temperature in granite increased to 100-150°C, thermal stress
among the majority of mineral grains may exceed bonding
stress and intergranular micro-cracks largely occur. The
quantity peak of Length>5um micro-cracks thus occurs.
When the temperature increased further to 250-300°C,
thermal stress may exceed inner bonding stress in mineral
crystal and transgranular microcracks largely happen, which
causes a second large increment of microcracks. The quantity
of micro-crack whose length is greater than 10um
(Length>10 ym) has the same evolution. The temperature of
quantity increasing of Length>10um micro-crack corre-
sponds to that of Length>5 ym micro-crack quantity reduc-
tion. It can illustrate that small micro-cracks propagate and
interconnect each other to form large micro-crack after small
micro-crack initiating with the temperature rising. These
results are consistent with the CT image results shown in
Figure 7(a). These findings can explain why the UCS changes
with temperature, especially the sharp UCS drop at 200-300°C.

4.2. Comparison of Rock’s Mechanical Property between
Straightforward Heating and Quenching Treatments. In
EGS system, injecting cold water into HDR occurs a lot for
thermal stimulation [47-50]. As above mentioned, the
increase of temperature may reduce the compressive strength,
tangent modulus and other mechanical parameters of HDR to
a certain degree. During quenching, both strength and elastic
properties of granite could significantly decrease due to the
intense thermal shock which creates considerable thermal
damage to the rock structure. Therefore, it is necessary to
understand how does the mechanical property changes in
straightforward heating and quenching conditions.

Xi and Zhao conducted the quenching tests of Luhui
granite from room temperature to 500°C. After heating the
Luhui granite samples [23], cold water was utilized to quench
these samples and the UCS values were obtained afterwards.
Figure 9(a) presents the variation of UCS values versus the
temperature and Figure 9(b) shows the normalized USC-
temperature curve. Black lines show our high-temperature
test results, while the dotted lines are quenched test results.
Noted that the normalized UCS is the ratio between the
UCS value at various temperatures and the UCS value that
gained at room temperature. Similarly, Figures 9(c) and
9(d) present the relationship between the actual tangent
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FiGure 7: CT images of meso-structure during thermal cracking of Luhui granite specimen (modified from Zhao et al. [16]) (a); Variation in
the quantity of micro-crack of Luhui granite (modified from Feng et al. [7]) (b).

modulus values as well as the normalized tangent modulus
and the temperature, respectively.

The UCS values of Luhui granite at room temperature
varies because of the difference of sampling locations and
weathering conditions of rock specimen, for instance, the
UCS value of Luhui granite that we obtained is 116 MPa,
which differs from Xi and Zhao’s result [23]. However, the
tendency of UCS variation with temperatures is consistent.
Three sections are observed from the UCS vs temperature
curves. Section I: UCS values decrease slightly at the temper-
ature range of 20-200°C. Section II: UCS values decreases
sharply from 200 to 300°C. Section III: The decreasing rate
of UCS stabilizes from 300 to 500°C. Specifically, the strength
of rock would be further quenching weakened by 10%, 20%
and 30% at 200°C, 300°C and 500°C, respectively. Apart from
the UCS values, the relationship between the tangent modulus
of the Luhui granite specimens and the temperature is also
obtained. It was found that the tangent modulus decreases
with the temperature for both straightforward heated and
quenched granite specimens (Figures 9(c) and 9(d)).

In addition, the normalized UCS and tangent modulus
values obtained from the quenching test are smaller than those
values that gained from the high-temperature conditions.
Furthermore, the quenched normalized curves decrease faster
than that of high-temperature curves, meaning that quenching
or injecting cold water into HDR would further weaken the
rock and creates thermal damage to the rock structure.

Granite is one of the crystalline rocks. In the heteroge-
neous rock, thermal cracking is rather random. The main
reason for thermally induced micro-crack occurrence is
inharmonious thermal expansion of mineral grains, which
can result in thermal stress in granite. Temperature change
(i.e. thermal gradient) is the main factor that induces thermal
stress. Specifically, a larger temperature change always implies
a higher thermal stress. Once local thermal stress exceeds the
binding stress among the same/different constituted particles,
thermal cracking would occur and thus result in micro-crack
initiation, propagation and interconnection. Therefore, quench-

ing (with a sharp temperature change) induced rock damage is
much more destructive than normal temperature rising.

5. Implications of Geothermal Mining in
HDR by EGS

The temperature variation may induce the change of
mechanical parameters and may result in the thermal shock
to the granite specimens [23, 51, 52]. The temperature has a
great influence on the mechanical parameters of granite,
which is mainly reflected in the tangent modulus, compres-
sive strength, etc..

As shown in Figure 1, the concept of EGS is to exploit
geothermal resources from the earth by drilling wells into
HDR. A well is drilled first to inject cold water at high
pressure to stimulate or hydraulically fracturing the natural
rock joints, thereby creating a geothermal reservoir. Injected
cold water picks up heat and returns to the surface via the
production well. In the process injecting cold water to
HDR, the rock would rapidly be cooled at a high rate,
inevitably leading to the thermal shock within the reservoir
rock. Because of the rapid cooling, a relatively higher thermal
gradient will be generated compared to that from the steady
heat flow. This higher thermal gradient will certainly gener-
ate a greater thermal stress component.

This study investigated the failure response of granite
specimen, and discussed the difference of rock mechanical
properties between straightforward heating and quenching
treatments. Macroscopic failure rock is always caused by
micro-crack initiation, propagation, interconnection etc.
Fracture in rocks under compressive boundary loads is a
result of the coalescence of many microcracks, not the
growth of a single crack [17]. As compression stress increases
and rock failure is approached, the microcrack population
changes spatially from random to locally intense zones of
cracking. High thermal treatment on an impermeable rock,
such as quenching, is likely to create new thermal cracks.
The implication of HDR is that when wells are drilled into
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high-temperature rocks, but with poor flow circulation
because of lacking flow path, thermal cracking processes
could be a worthwhile pursuit to enhance the permeability.
Therefore, in the process of geothermal reservoir stimulation
and enhancement, rock failure response under heating and
quenching treatments cannot be ignored. During drilling,
injecting, hydraulic fracturing and hydroshearing [53, 54],
rock failure response and the mechanisms due to the temper-
ature variation should be fully utilized to improve well
drilling and reservoir building efficiency.

6. Conclusions

Understanding the influence of temperature on granite failure
is of great interest to engineers involved with enhanced geo-
thermal energy systems and nuclear waste disposal projects.
In this study, the mechanical behavior and deformation of
granite at high temperatures ranging from 20°C to 500°C were

systematically studied at both macro to micro scales. Several
conclusions can be drawn.

(1) Both the uniaxial compressive strength (UCS) and
tangent modulus decrease with increasing tempera-
ture. The UCS-temperature curve can be divided into
three sections: the UCS decreases slightly between
20°C and 200°C, significantly between 200°C and
300°C, and then the rate of decrease slows drastically
in the interval 300°C to 500°C. However, as the tem-
perature increases from 20°C to 500°C, the tangent
modulus decreases exponentially.

(2) The number of acoustic emission (AE) counts recorded
also changes with temperature. At higher tempera-
tures, the number of AE counts decreases and counts
are recorded less frequently. This indicates that the
granite becomes much more ductile at high
temperatures.
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FIGURE 9: UCS and elastic modules of granite under different thermal treatments. (a) UCS versus temperature curves; (b) Normalized UCS
versus temperature curves; (c) Tangent modulus versus temperature curves; (d) Normalized tangent modulus versus temperature curves.

(3) Quenching or injecting cold water into HDR would
further weaken the rock and create thermal damage
to the rock structure. The strength of rock would be
further quench-weakened by 10%, 20% and 30% at
200°C, 300°C and 500°C, respectively. Therefore, in
EGS systems, quenching is much more destructive
than the application of normal thermal stresses,
which could be fully utilized to improve well drilling
and reservoir stimulation.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.

Additional Points

Highlights. (1) Both the uniaxial compression strength (UCS)
and tangent modulus of granite decrease with increasing
temperature. (2) The UCS-temperature curve follows a
three-stage strain-dependent evolution. (3) Quenching is
much more destructive than normal thermal stress.
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