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ABSTRACT: Rock fractures are considered as favorable objects for enhanced
geothermal development. The fracture morphologies play an important role in
enhanced geothermal development. Therefore, the study of fracture morphologies
has a certain guiding significance for the geothermal reservoir. Water cooling and
water cooling cycles can change the morphology of fracture surfaces formed by the
shear failure of intact granites. To date, however, there is little work on the effect of
water cooling and water cooling cycles on the morphology of fracture surfaces
formed by direct shearing of intact granites. In this study, the direct shear tests of
intact granites treated by water cooling cycles at different temperatures were
conducted, and the variations in the laws of shear strength of intact granites and
morphologies of fracture surfaces with temperature or cycle times were analyzed.
Test results showed that the shear strength and shear stiffness of intact granites
decreased nonlinearly with the increase of temperature or cycle times, but the height
and apparent dip angle of asperities on the fracture surface increased with the increase of temperature or cycle times, and the overall
uniformity of the fracture surface was improved. The height distribution frequency of asperities on fracture surfaces can be divided
into four types: right-biased peak type, left-biased peak type, left-biased middle peak, and left-biased flat peak. The asperities on the
fracture surface formed by the shearing of intact granites have asymmetric characteristics. The maximum apparent dip angle and
average apparent dip angle in the reverse shear direction are larger than those in the shear direction, and the initial contact area ratio
between the shear direction and reverse shear direction is in the range of fluctuation between 1.4 and 2.

1. INTRODUCTION
Power transmission and heating supply are an important part of
the building construction process, so the development and
utilization of clean energy are of great significance to building
construction. An enhanced geothermal system (EGS) has the
advantages of abundant reserves, wide distribution, and
recycling, so it is considered by many countries in the world
as the most potential clean energy to replace coal, oil, and other
fossil fuels in the future.1,2 However, due to a lack of
comprehensive understanding of EGSs, there are still many
issues in the process of geothermal energy mining, such as low
heat recovery rate, serious leakage, induced earthquakes, and so
forth. Therefore, the research on the related problems of EGS is
of great significance for promoting the development of
geothermal energy and the adjustment of energy structure.

The existence of a large number of isolated fractures is a major
feature of geothermal reservoir structures. Connecting fractures
to form a highly permeable fracture network channel is a
prerequisite for the efficient exploitation of geothermal energy.
Water injection fracturing3−5 is considered to be an effective
method to connect fractures. However, in the process of water
injection fracturing, cold water injection is bound to cause a
quenching impact on the rock; in the long-term fracturing
process, the quenching impact on high-temperature rock occurs

repeatedly, which causes irrecoverable damage to the rock. To
date, scholars have carried out a large number of indoor-scale
experimental studies on the effects of water cooling and water
cooling cycles on the physical andmechanical properties of rock.
Kumari et al.6 revealed that water quenching can increase the
permeability of granites. Shen et al.7 proved that water
quenching can reduce wave velocity and apparent resistivity.
Kim et al.8 proposed that water quenching can increase thermal
damage on the surface of granites but has a negligible effect on
the interior of granite. Isaka et al.9 found that the water
quenching promoted the interconnection of granite fractures.
Fan et al.10 indicated that the spatial gradient distribution of
water quenching-induced damage increased as the preheating
temperature increased and then decreased significantly above
600 °C.Wu et al.11 compared the effects of water cooling and air
cooling on the tensile strength of granite and revealed that
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granite damage was similar regardless of the cooling methods at
temperatures less than 400 °C. Zhu et al.12 thought that uniaxial
compressive strength and tensile strength decreased obviously
with increasing water cooling cycles. Hu et al.13 found that the
increase in the number of quenching cycles reduced the heat
transfer capacity of the granite. Junique et al.14 concluded that
the porosity, water uptake, size, and volume of cracks increased,
while P wave velocity, S wave velocity, and Young’s modulus
decreased with the increase of quenching cycles. Xu and Sun15

investigated the effects of quenching cycles on the tensile
strength of granites and determined that the static tensile
strength decreased with increasing temperature and quenching
cycles.

After the failure of the rock, a fracture surface with a certain
morphology will be formed. Fractures affected by high stress are
in a closed state. Therefore, it is necessary to continue injecting
high-pressure water to promote the dilatancy and sliding of
closed fractures to improve the aperture of fractures. This
process is called hydraulic shearing,16−18 which is a very key step
in the process of enhancing the permeability in EGSs. The
morphology of the fracture surface is the main factor affecting
the selection of hydraulic parameters, and it is significantly
affected by geological factors. Therefore, a large number of
scholars have studied the morphological characteristics of
fracture surfaces formed under different influencing factors.
Khosravi et al.19 found that the sample shape and loading
direction both have an important influence on the fracture
roughness induced by Brazilian testing. Seredin et al.20

investigated the influence of failure modes on morphologies

by conducting splitting, uniaxial, and triaxial compression tests.
Liu et al.21 indicated that the increase in confining pressure can
reduce the roughness of fracture surfaces developed by direct
tension, but the increase in loading rate increases the roughness
of fracture surfaces. Chen et al.22 drew a conclusion that water−
rock interaction can increase the height contour, height
discreteness, and deviation of fracture surfaces formed by the
direct shearing test. Yang et al.23 studied the effect of normal
stress on morphologies of fracture surfaces developed by direct
shearing of intact red sandstone. Water cooling and water
cooling cycles are common phenomena in the development of
EGSs, and they can change the morphology of fracture surfaces.
To date, however, there is little work on the effect of water
cooling and water cooling cycles on the morphology of fracture
surfaces formed by direct shearing of intact granites.

This study aims to quantitatively characterize the morphology
of fracture surfaces developed by direct shearing of intact
granites treated by water cooling cycles at different temper-
atures. The research work was mainly carried out in the
following parts: first, granites were treated by different water
cooling cycles at different temperatures. Second, the shear
strengths of granites treated by different water cooling cycles at
different temperatures were obtained, with asperities as the main
component of fractures, and the variations in the laws of
asperities in the fracture surfaces with different water cooling
cycles at different temperatures were described quantitatively.
Last, the influencemechanism of temperature and cycle times on
the morphology of fractures was analyzed from the mesoscopic
point of view.

Figure 1. Test equipment.
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2. SPECIMEN MATERIALS AND TEST METHODS
2.1. SpecimenMaterials. The granite in this test was taken

from Weihai, Shandong Province, China. The granite sample
had an average density of 2.69 g/cm3 and an initial porosity of
0.49%. Using the International Society for Rock Mechanics and
Rock Engineering (ISRM)’s suggested method (ref 24), the
granite was processed into a cube of 50 mm × 50 mm × 50 mm.
2.2. Test Methods. 2.2.1. Heating and Cooling Scheme of

Granites. Experts in the geothermal field believe that an EGS has
better research value only when the temperature is greater than
or equal to 300 °C.25,26 Therefore, we set three temperature
levels of 300, 400, and 500 °C as the research object in this
paper.

First, the granites were divided into three groups based on the
target temperatures (300, 400, and 500 °C). The granites
treated by different water cycles in each group were numbered;
for example, for a heating temperature of 300 °C and one water
cycle, the sample was numbered 300-1.

Second, to avoid thermal cracking during heating, each group
of granites was heated to the target temperature at a slow heating
rate of 5 °C/min.27,28 Simultaneously, to ensure uniform heating
of granites, the target temperature was held constant for 6 h in a
furnace. Subsequently, granites were quickly placed into a
prepared container containing normal-temperature water until
granites were cooled to the normal temperature, as shown in
Figure 1a; this process was denoted as a water cooling cycle. In
the process of water cooling, water can enter the granite through
the cracks formed by the heating process. Therefore, to
eliminate the influence of water in the cracks on the
experimental results, granites need to be placed into a drying
oven for 24 h before the next cycle. The above steps were
repetitively operated to complete four cycles and seven cycles of
water cooling treatment on granites.
2.2.2. Direct Shear Test. The direct shear tests were

conducted by using the MTS 816.01 equipment, as shown in
Figure 1d. The detailed test steps were as follows.
(1) An axial load was applied up to 20MPa at a loading rate of

0.2 MPa/s, and subsequently, the target value was kept
unchanged.

(2) The force-controlled loading mode was adopted in the
shear direction; the loading rate was 0.1 MPa/s until the
failure of intact granites.

2.3. 3D Laser Scanning Test and Point Cloud Data
Processing. After the shear failure of granites, a 3D-ML-130
nonpoint contact laser scanning system was used to obtain
fracture surfaces developed by direct shearing treated by
different water cooling conditions, as shown in Figure 1e. The
scanning rate was 220,000 times/s, the measurement accuracy
was 0.02 mm, and the range of a single measurement was 220
mm × 180 mm. To accurately obtain the 3D morphological
features of fracture surfaces, a 0.3 mm sampling interval was
employed in the scanning.29

Subsequently, the point cloud data were imported into
Geomagic Studio software, packaged into surfaces, and
preprocessed for noise reduction and hole filling. Subsequently,
the packaging surfaces were discretized into points and imported
intoMATLAB calculation software. Finally, the point cloud data
were discretized and constructed using the Delaunay triangu-
lation algorithm.

3. RESULTS AND DISCUSSION
3.1. Longitudinal Wave Velocity. Longitudinal wave

velocity is an important index for reflecting the integrity and
compactness of rock. As shown in Figure 2, we can find that the
longitudinal wave velocity of granite decreases significantly with
the increase of temperature or the number of cycles. These
results show that the increase of both temperature and cycle
times can aggravate the generation of new fractures in the rock
matrix and the development of primary fractures, resulting in a
significant decrease in longitudinal wave velocity.
3.2. Peak Shear Strength and Shear Stiffness. Figure 3

shows the shear stress−shear displacement curves of intact
granites treated with water cooling at different temperatures. All
curves have similar variation trends with the shear displacement,
and they mainly include the linear growth stage and nonlinear
growth stage.

Figure 4a shows the variation in the peak shear strength of
intact granites treated with water cooling at different temper-

Figure 2. Longitudinal wave velocity of granites treated with different water cooling cycles.
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atures. The peak shear strength of granites treated with water
cooling at different temperatures has a similar variation law with
the increase of cycle times, and they all showed a nonlinear
decreasing law.

The peak shear strength of granite is nonlinear with the
number of cycles, as shown in Figure 4a. When the temperature
is 300 °C, as the number of water cooling cycles increases from
one to seven, the peak shear strength decreases from 49.65 to
32.73 MPa, with a decreasing amplitude of 34.1%. When the
temperature is 400 °C, as the number of water cooling cycles
increases from one to seven, the peak shear strength decreases
from 44.84 to 25.50 MPa, decreasing by 47.8%. When the
temperature is 500 °C, as the number of water cooling cycles
increases from one to seven, the peak shear strength decreases
from 37.07 to 15.56 MPa, decreasing by 58.1%. The number of
cycles can promote the decrease of the shear strength of granites;
the higher the temperature, the greater the decrease in amplitude
of shear strength with the number of cycles.

In addition, the shear stiffness has a similar change trend with
the number of cycles: the higher the temperature, the greater the

decrease in the amplitude of shear stiffness with the number of
cycles, as shown in Figure 4b.
3.3. 3D Morphological Features. After water cooling at

different temperatures and different cycle times, granites
produce fractures with different morphological characteristics
by the direct shear test, as shown in Figure 5a. Asperity is the
main component of fracture surfaces, and its structural
characteristics determine the mechanical behavior of fracture
surfaces.

Asperity is the main component of fractures, and its structure
basically determines the morphology of fractures. The height
and apparent dip angle are two important parameters to describe
the asperity features. Therefore, in order to quantitatively
describe the morphological characteristics of the fracture surface
developed by direct shearing of granites treated with water
cooling at different temperatures, the height and apparent dip
angle distribution were analyzed.

3.3.1. Height of Asperities on the Fracture Surface. The
height of asperities on fracture surfaces can be obtained from eq
1.

H N N N N N Nmin( , , , , )i i n n1 2 3 1= ··· (1)

where Ni is the absolute height of asperities and Hi is the relative
height value of asperities.

The mean height of asperities on fracture surfaces can be
obtained from eq 2.

n
H1

i

n

i
1

=
= (2)

The variance of height distribution of asperities on the
fracture surface can be obtained by eq 3.

n
H H1

( )
n i

n

i
2 2=

= (3)

Skew (H) is the skewness of the height distribution of
asperities; it can be used to describe the asymmetric height
distribution of asperities on fracture surfaces. The skewness can
be obtained by eq 4.

Figure 3. Shear stress−shear displacement curves.

Figure 4. (a) Peak shear strength and (b) shear stiffness treated with water cooling at different temperatures.
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Figure 5. 3D morphology and height distribution of asperities on fracture surfaces.
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Kurto (H) is the kurtosis of height distribution of asperities; it

can be used to describe the uniformity of height distribution of

asperities. Kurtosis can be obtained by eq 5.
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Figure 5b displays the height frequency histogram distribu-
tions of asperities, and they all show an approximately normal
distribution. The height distribution frequency of asperities on
fracture surfaces treated under different conditions can be
divided into four types: right-biased peak type, left-biased peak
type, left-biased middle peak, and left-biased flat peak.

Figure 6. Geometrical identification of the apparent dip angle.

Figure 7. Apparent dip angle and asperities’ structure in the shear direction and reverse shear direction.
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After one water cooling cycle treatment, as the temperature
increases from 300 to 500 °C, the distribution of asperities’
height changes from the right-biased peak type to the left-biased
peak type and then to the left-biased middle peak; the skewness
value changes from positive to negative. This phenomenon
indicates that the number of asperities above the average height
value is more than the number of asperities below the average
height value (the lower height of asperities was lower than the
average height of asperities, and the higher height of asperities
was higher than the average height of asperities). The maximum
height of asperities increased from 2.57 to 3.51 mm, that is, an
increase of 36.6%, and the mean height of asperities increased
from 1.04 to 2.33 mm, that is, an increase of 124.0%. In addition,
we found that kurtosis decreases with the increase in
temperature, which indicates that the increase in temperature
can not only increase the height of asperities but also can
improve the overall uniformity of asperities’ height distribution
on fracture surfaces. The height distribution of asperities on
fracture surfaces was affected obviously by the temperature.

The number of cycles is also an important factor affecting the
morphology of fracture surfaces. At 300 °C, with the increase of
cycles, the distribution of asperities’ height changes from the
right-biased peak type to the left-biased middle peak and then to
the left-biased flat peak. When the temperature is 400 °C, the
distribution of asperities’ height changes from the left-biased
peak type to the left-biased flat peak. Under the conditions of
500 °C, the variation of height distribution of asperities changes
from the left-biased middle peak to the left-biased flat peak. The
number of cycles increased the overall height of asperities and
uniformity of fracture surfaces.
3.3.2. Apparent Dip Angle of Asperities on the Fracture

Surface. The apparent dip angle is an important parameter for
describing the 3D roughness of fracture surfaces. Figure 6 shows
the 3D spatial position of the apparent dip angle; the apparent
dip can be obtained by using eqs 6−8.

i
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jjjjj

y
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zzzzz

n n
n n

cos 1 2

2
= ·

| |·| | (6)

i
k
jjjjj
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{
zzzzz
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1
= ·

| |·| | (7)

tan ( tan( ) cos( ))1* = · (8)

where α is the angle between n1 and s, θ is the angle between the
triangle and the sliding plane, θ* is the apparent dip angle of the
triangular element, s is the sliding vector of the failure surface, n2
is the outer normal vector of the sliding plane, n is the outer
normal vector of the triangle, and n1 is the projection vector of n
on the sliding plane.

Figure 7a shows the variation of the maximum apparent dip
angle and average apparent dip angle of the shear direction and
reverse shear direction treated at different temperatures and
different cycle times. The maximum apparent dip angle and
average apparent dip angle of the shear direction and reverse
shear direction increase as a whole with temperature and cycle
times.

After being treated at different temperatures and cycle times,
the maximum apparent dip angle of asperities on the fracture
surface along the shear direction is in the range of 30−49°; the
average apparent dip angle is in the range of 5−15°, the
maximum apparent dip angle of asperities along the reverse
shear direction is in the range of 32−62°, and the average
apparent dip angle is in the range of 8−26°; these results show
that the asperity structures developed by direct shearing treated
at different temperatures and cycle times have typical
asymmetric characteristics. In addition, it is worth noting that
the maximum apparent dip angle and average apparent dip angle
of the reverse shear direction are generally larger than those in
the shear direction, and the result is different from previous
studies: previous studies commonly indicated that the asperities’
structure is symmetrical, and the asperity structure is shown in
Figure 7b-1; however, the asperity structure developed by direct
shearing treated by water cooling at different temperatures has
obvious asymmetry, and the asperities tend to exist in the form
of Figure 7b-2 (θ1 < θ2).

Figure 8. Initial area ratio of the shear direction to reverse shear direction.
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In order to confirm that the conceptual model of the asperity
structure proposed by us is suitable for describing the fracture
surface developed and treated at different temperatures and
cycle times, the initial area ratio of the shear direction to reverse
the shear direction of asperities was further analyzed, as shown in
eq 9.

A A/S R S= (9)

whereAS is the initial contact area in the shear direction and AR‑S
is the initial contact area in the reverse shear direction.

By analyzing the data of previous studies,30−32 we found that
the initial contact area ratio between the shear direction and
reverse shear direction fluctuated around 0.6, as shown in Figure
8. However, the initial contact area ratio between the shear
direction and reverse shear direction obtained in this paper is
generally greater than 1.4, and the maximum value is close to 2.
The test results proved that the asperity structure of the fracture
surface in this paper is indeed different from that in the previous
research; the conceptual model of the asperity structure
proposed by us is correct, and it is suitable for characterizing
the asperity structure on the fracture surface treated with water
cooling cycles at different temperatures.
3.4. 3D Roughness of Fracture Surfaces. Liu et al.33−35

confirmed that A0θmax*/(C + 1) can well describe the 3D
roughness of fracture surfaces. It can be found from Figure 9 that

the roughness of fracture surfaces increases with the increase of
temperature under the conditions of cycle times being constant.
When the number of cycles is 1, 4, and 7, respectively, as the
temperature increases from 300 to 500 °C, the roughness of the
fracture surface increases by 1.14, 1.78, and 2.32, respectively,
with an increase of 40.7, 47.6, and 62.2%, respectively. When the
temperature is kept constant at 300, 400, and 500 °C,
respectively, the roughness of the fracture surface increases by
2.05, 2.29, and 3.22, respectively, with the increase of cycle times
from 1 to 7. The temperature and cycle times both increase the
3D roughness of the fracture surface.
3.5. Influence Mechanism of Temperature and

Number of Cycles on Fracture Morphology. Based on
the above research, it is known that not only the shear strength of
intact granites treated at high temperatures and water cooling
cycles is reduced but also the morphology of the fracture surface
formed by direct shearing changes greatly. In fact, the

macroscopic fracturing features of granites are caused by
numerous small fractures and defect development and
connection on the mesoscale. In order to further reveal the
main cause of the decrease of shear strength and the change of
the morphology of fracture surfaces, the thin sections of
fractures treated with water cooling at different temperatures
were analyzed.

Figure 10 shows some representative thin sections. At the
conditions of 300 °C and one water cooling cycle, due to the

thermal stress developed by the difference of thermal expansion
between different crystals, a large number of intergranular cracks
are produced between the adjacent crystal particles, and some of
the crystal structures with weak strength also have intragranular
fractures. When subjected to the combined action of external
shear load and normal load, the input kinetic energy is
transformed into elastic strain energy and stored in the
microcracks. When the stored elastic strain energy is greater
than the bearing limit of granites, the microcracks expand and
connect with the surrounding microcracks, finally forming the
macroscopic fracture surface.

Compared with the treatment condition of 300 °C, when the
treatment temperature increased to 500 °C, the intragranular
cracks and transgranular cracks dominated. There are two main
reasons for this phenomenon: on the one hand, due to the
massive loss of crystal water and structural water, the crystal
skeleton is readjusted and the crystal strength is weakened,

Figure 9. 3D roughness value of fracture surface. Figure 10. Thin section of granites.
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which leads to the development of intragranular cracks and the
occurrence of the transgranular phenomenon; on the other
hand, the increased thermal stress and enhanced quenching
impact further promote the development of intragranular and
intergranular cracks. Under the combined action of external
shear load and normal load, the connection between intra-
granular crack and intergranular crack is easy to occur, resulting
in larger transgranular cracks. It is confirmed by previous studies
that the roughness of transgranular cracks is larger than that of
intragranular cracks and intergranular cracks. Therefore, the
height value, apparent dip angle, and roughness of the
macroscopic fracture surface increase with the increase of
temperature, but the shear strength decreases.

Under the condition that the temperature remains constant at
500 °C, with the cycle times increasing to 7, the superimposed
damage of thermal stress and quenching impact aggravates the
propagation and interconnection between intragranular cracks
and intergranular cracks, the length and width of cracks overall
increase, and the transgranular phenomenon begins to become
more common. The height value, apparent dip angle, and
roughness of the fracture surface increase with the increase of
cycle times.

4. CONCLUSIONS
In this study, the effects of temperature and cycle times on the
shear behavior of intact granites and the morphological
characteristics of fracture surfaces formed by shearing of intact
granite were studied. The main conclusions were obtained as
follows.
(1) The shear strength and shear stiffness of intact granites

decrease nonlinearly with the increase of temperature or
cycle times, but the height and apparent dip angle of
asperities on the fracture surface increase with the
increase of temperature or cycle times.

(2) The height distribution frequency of asperities on fracture
surfaces treated with water cooling cycles at different
temperatures can be divided into four types: right-biased
peak type, left-biased peak type, left-biased middle peak,
and left-biased flat peak. With the temperature and cycle
times increasing, the height distribution frequency of
asperities changes from right-biased peak type to left-
biased flat peak, and the temperature and cycle times both
increase the height and distribution uniformity of
asperities.

(3) The asperity structure on the fracture surface formed by
direct shearing of intact granites has asymmetric
characteristics. The apparent dip angle in the reverse
shear direction is larger than that in the shear direction,
and the initial contact area ratio between the shear
direction and reverse shear direction obtained fluctuates
between 1.4 and 2.

(4) Both temperature and cycle times can change the
fracturing mode of the granite crystal structure, which is
also the fundamental reason why the morphology of
fracture surfaces changes with temperature and cycle
times.
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