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To investigate the effects of the different conditions of water cooling at high temperature on the tensile strength and split surface
roughness characteristics of hot dry rock in the Songliao Basin, the physical characteristics, tensile strength, and split surface
roughness of granite under different conditions of water cooling at high temperature were studied. In addition, the relationship
between tensile strength and split surface roughness under different conditions of water cooling at high temperature was
established. The results showed the following: (1) as the rock temperature increased, the number of water injection cycles increased
or the water injection temperature decreased, the mechanical properties of the specimen weakened, and the roughness of the split
surface increased. The threshold for the effect of the rock temperature on the split surface roughness of granite was 300°C. At
400°C, the tensile strength greatly decreased. At 600°C, the tensile strength, height mean square error (MSE), fluctuation dif-
ference, roughness coefficient, and roughness profile index of the specimen were 0.21, 2.51, 2.57, 8.92, and 1.06 times those at
100°C, respectively. After five heating-cooling cycles, the tensile strength, height MSE, fluctuation difference, roughness coef-
ficient, and roughness profile index of the specimen were 0.57, 1.33, 1.49, 1.29, and 1.01 times those after one cycle, respectively. (2)
The roughness angle calculated using the root mean square of the first derivative of the profile was always greater than that derived
using the roughness profile index. In addition, the higher the temperature, the lower the water temperature, the more high-
temperature-water cooling cycles, the greater the difference between the above two calculations. (3) When the tensile strength
varies, the factors affecting the variation in the height MSE and surface roughness were in the following descending order: rock
temperature, number of heating-cooling cycles, and water temperature. In addition, the higher the tensile strength, the lower the
roughness coeflicient. This study is expected to provide a reference for the selection of different conditions of water cooling at high
temperature for thermal recovery in the Songliao Basin.

1. Introduction

The enhanced geothermal system (EGS) is a technology used
for the development of hot dry rock (HDR) by fracturing a
reservoir via artificial fracturing and extracting the heat for
use from the heat exchange between water and HDR (MIT
[1]). The HDR temperature is the primary factor in selecting
the location of EGS thermal recovery and determining the
production prospects and operating cost of the target area.
As water acts as a heat transmission fluid, water temperature
is an important control parameter for thermal recovery. The
number of water injection circulation cycles at high

temperatures is also closely related to the lifespan of a
reservoir. Therefore, understanding the relationships be-
tween the temperature of the target area, the water injection
temperature, and the number of water circulation cycles
performed at high temperatures with the physical and
mechanical properties of granite, which are important for
the high-quality production of the EGS, is valuable.

In recent years, many numerical simulations have
studied the relationship between the injection-production
conditions and EGS. Jing et al. [2], Vogt et al. [3], and Zhao
et al. [4] discovered that the initial temperature of a reservoir
is closely related to the EGS production capacity, and the
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higher the temperature is, the better the heat production
efficiency is. With the development of thermal recovery,
when the temperature of the reservoir decreases to a certain
level, the production capacity also decreases. Xin et al. [5]
found that the fracture number, fracture bifurcation, and
fracture connectivity of the fracturing area determine the
final temperature production, net power generation, and
thermal recovery rate. Fox et al. [6] and Kazemi et al. [7]
demonstrated that as the production capacity decreased, the
heat production efficiency was significantly reduced; pro-
duction should be stopped until the heat energy is restored;
and HDR experienced multiple cycles of water cooling at
high temperatures during this period. Bataillé et al. [8] and
Gong et al. [9] noted a certain correlation between the
temperature of the injected fluid and the production ca-
pacity. Some researchers have experimentally investigated
the physical and mechanical properties of rock in high
temperature conditions. Gautam et al. [10] conducted
uniaxial tensile and microscopic tests of granite after nat-
urally cooling from high temperatures and established the
relationship between the thermal damage and the tensile
strength. Shen et al. [11, 12] performed a cooling shock
treatment on perforated granite using a calcium chloride
solution. They found that when the temperature was above
550°C, as the fluid was injected, obvious macrofractures
appeared around the injection hole of the rock, and the lower
the refrigerant temperature, the more pronounced the
macrofractures. In addition, the higher the rock tempera-
ture, the greater the drop in the wave velocity, apparent
resistivity, and peak stress. Hu et al. [13] explored the
fracture characteristics of granite subjected to tensile failure
using different cooling methods. Isaka et al. [14] investigated
the mechanical properties of granite under natural cooling
and water cooling and found that the deterioration of the
rock under water cooling was much higher than that under
natural cooling. Zhao [15] noted that at real-time high
temperatures, the tensile strength of granite decreases with
increasing temperatures. Li and Ju [16] conducted tests on
the mechanical properties of granite after several thermal
cycles and discovered that most of the mechanical property
loss of granite after high-temperature cycles occurred within
five thermal cycles. Hosseini [17] found that as the number
of high temperature natural cooling cycles increased, the
longitudinal wave velocity and tensile strength of the rock
decreased significantly.

In addition, some researchers have investigated rock
roughness and discussed the correlations between the
roughness and the mechanical properties. Ficker [18]
evaluated the rock surface roughness using the root mean
square (RMS) height. Zeng et al. [19] determined that tensile
fracture was a main component of fractures in low-
permeability reservoirs. Grasselli and Egger [20] investigated
the relationship between the joint roughness coefficient
(JRC) and the tensile fracture propagation pattern. Zhang
et al. [21] qualitatively examined the relationship between
the tensile strength of split granite and the roughness of the
split surface. Diaz et al. [22] suggested that the fracture
roughness affects the heat production efficiency of an EGS.
Tang and Zhang [23] applied shear tests to simulate the
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internal fracture structure of a deep, high-temperature rock
body to explore the relationship between the temperature
and surface roughness of a specimen. Li et al. [24] found that
the roughness of the rock surface will affect the liquid ni-
trogen cryogenic quenching process. Tang et al. [23, 25-27]
conducted uniaxial compression tests and shear tests on
rocks after heat treatment at 20-800°C and analyzed the
effects on several key parameters. As the temperature rises,
the concerning parameters exhibit different change rules: the
basic friction angle, the uniaxial compressive strength, and
the joint roughness coefficient of granite decrease non-
linearly; the cohesion and internal friction angle exhibit a
reverse S-shape changing trend; the peak shear strength
increases linearly below 400°C and decreases nonlinearly at
400-800°C. The changing of rock mechanical properties and
joint surface roughness parameters is related to the dehy-
dration process and the uneven expansion of mineral grains.
It is also pointed out [27] that the three-point peak criterion
is the most suitable evaluation standard for rock joints.

Numerical simulations of EGS thermal recovery have
mainly been performed to study the heat production effi-
ciency, and the investigation of high-temperature granite has
focussed on the physical and mechanical properties of rock
after natural cooling or at real-time high temperatures.
However, there are few studies on the effects of water cooling
at high temperatures or cyclic water cooling at high tem-
peratures on the physical and mechanical properties of rock
using HDR as the research substrate. In addition, many
tensile fractures usually form in low-permeability strata
during the thermal recovery process. Different conditions of
water cooling at high temperature can cause large differences
in the roughness of a fracture surface, which affects the flow
path and heat transfer process and changes the heat pro-
duction efficiency.

Currently, optical and mechanical methods exist for
measuring the roughness of a structural surface. The optical
methods consist of a laser transmitter—receiver and a digital
simulation system, which can measure the three-dimensional
(3D) spatial morphology of a structural surface. Although the
optical method has a high measurement speed and accuracy,
its shortcomings include a small measurement range of the
height difference and a very high cost, which limit it to
measuring laboratory-fixed specimens within a short dis-
tance. The mechanical method consists of a contact probe,
driving device, and digital simulation system, which can only
be employed for two-dimensional measurements. The ap-
plication range of the mechanical method is also limited to
laboratory-fixed specimens. Therefore, building a low-cost,
flexible, and accurate instrument for 3D roughness mea-
surements is necessary.

Based on the above factors, to investigate the effects of
different conditions of water cooling at high temperature on
the physical and mechanical properties as well as the
roughness characteristics of the split surface of HDR, we
employed HDR production in the Songliao Basin as the
research background to conduct a Brazilian disc test on
specimens under different conditions of water cooling at
high temperature. A self-developed roughness profilometer
was used to measure the roughness of the split surface to
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study the effects of the rock temperature, water temperature,
and number of heating-cooling cycles performed on the
physical characteristics (apparent morphology and mass loss
rate), mechanical properties (tensile strength), and split
surface roughness properties (height difference parameters,
including the height mean square error (MSE) and fluctu-
ation difference, and texture parameters, including the
roughness coefficient, roughness profile index, and rough-
ness angle). We have established a relationship between the
mechanical parameters and roughness coefficient (tensile
strength-height MSE and tensile strength-roughness coef-
ficient) of different conditions of water cooling at high
temperature. This study can provide a reference for the
selection of different conditions of water cooling at high
temperature at the geothermal field in the Songliao Basin.

2. Overview of the Tests

2.1. Geological Background. The Songliao Basin spans Inner
Mongolia, Heilongjiang, Jilin, and Liaoning. Under the
influence of geological tectonic movements, faults at the
basin basement notably developed, and there is frequent
volcanic activity, as well as multiple geothermal anomalies
(Zhang et al. [28]). Three main types of heat sources exist in
the geothermal field: mantle convection, magma intrusion,
and the decay of radioactive elements inside the rock mass.
Under the combined action of the three sources, the geo-
thermal flux is in the range of 51.5-90.0 mW/m?2. The av-
erage geothermal gradient is 5.7°C/100 m. The total amount
of HDR resources is 0.62 x 10° g/cm3 EJ (Li [29]). The upper
part of the target stratum is mainly composed of epi-
metamorphic rock series and granite, and the lower part is
mainly composed of hypometamorphic rock series and
gneissic granite. The overlying mudstone caprocks can en-
sure the storage of thermal energy, and the Songhua River
system is located near a geothermal field. Based on these
factors, the geothermal field in the Songliao Basin has
reasonable prospects for geothermal development.

2.2. Specimen Preparation. The northern Songliao Basin was
selected as the target area for sampling. The specimens
appeared to be greyish white with a density between
2.71 g/cm® and 2.99 g/cm>. The main mineral compositions
include quartz, black or white mica, potash feldspar, pla-
gioclase, pyroxene, and hornblende, as shown in Table 1. A
coring machine, cutting machine, and grinding machine
were used to machine and polish the specimens. The
specimen dimensions were ¢50 mm x 25mm with height
and diameter errors of <3 mm. A total of 16 sets of tests were
performed, and each set included three specimens.

2.3. Test Design. Table 2 shows the design of the tests.

(1) Different heating temperatures: the HDR was
dense, impermeable high-temperature rock bur-
ied at a depth of 3-10 km. The rock body contained
no water or water vapour, and the temperature
was often in the range of 150-650°C (Zhao et al.

[4]). Based on current research findings (Zhang
et al. [30], Zhao et al. [31], Zhang et al. [32], and
Yang et al. [33]) and the future development of
HDR, the specimens were heated to 100°C, 200°C,
300°C, 400°C, 500°C, or 600°C. That is, the heating
temperature was 100-600°C, the water tempera-
ture was 20°C, and one water cooling cycle was
performed at a high temperature.

(2) Different water temperatures: the water temperature
of the Songhua River ranges between 1°C and 25°C.
Considering the rise in the water temperature during
injection, water temperatures of 1°C, 20°C, 40°C,
60°C, and 80°C were selected for the test. That is, the
water temperature was 1-80°C, the specimen tem-
perature was 300°C, and one water cooling cycle was
performed at a high temperature.

(3) The number of heating-cooling cycles: considering
the number of cycles of water injection and heat
recovery, the number of water cooling cycles at
high temperatures was one, two, three, four, or
five. That is, the number of heating-cooling cycles
was 1-5 (Fox et al. [6] and Li and Ju [16]), the
specimen temperature was 300°C, and the water
temperature was 20°C.

The test contents included the cyclic water cooling at a
high temperature test, the Brazilian disc test, and the
roughness test. Following the “Regulation for Testing the
Physical and Mechanical Properties of Rock” [34], adjust-
ments were made according to the test conditions. The test
process is shown in Figure 1.

(1) Measurement of specimens in the natural state: a
balance was used to measure the mass, and a Vernier
caliper was used to measure the height and diameter.

(2) Heating and water cooling processes under different test
protocols, specifically shown in Figures 2(a) and 2(b).

(a) Different heating temperatures: an electric stove
was used to heat the specimens to the set tem-
peratures (100-600°C) at a rate of 30°C/min. To
ensure even heating inside and outside the
specimen, the specimens were kept at a constant
temperature for 4h (Yan et al. [35]) and then
placed in an alkali aggregate reaction chamber
and water-cooled for 4 h (at a water temperature
of 20°C, the test showed that, after water cooling
for 4h, the temperatures of the specimens all
decreased to approximately 20°C, indicating that
no more heat transferred between the water and
the specimen, and the specimen was saturated).

(b) Different water temperatures: the specimen was
heated to 300°C, kept at 300°C for 4 h, and then
water-cooled for 4 h (the water temperature was
kept at 1-80°C).

(c) The number of heating-cooling cycles: the
specimen was kept at 300°C for 4h and then
cooled in 20°C water for 4h. This process was
repeated 1-5 times. In addition, ice was added to
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TaBLE 2: Test scheme.

Test Heating temperature ~ Water temperature The number of heating-cooling cycles Heating time Water-cooled time
specimen (°C) ) (times) (h) (h)
C1 100 20 1 4 4
C3 200 20 1 4 4
C5 300 20 1 4 4
C6 400 20 1 4 4
C7 500 20 1 4 4
C8 600 20 1 4 4
W1 300 1 1 4 4
w2 300 20 1 4 4
W3 300 40 1 4 4
W4 300 60 1 4 4
W5 300 80 1 4 4
P1 300 20 1 4 4
P2 300 20 2 4 4
P3 300 20 3 4 4
P4 300 20 4 4 4
P5 300 20 5 4 4
Test Test content

'AENWILY

F1GURE 1: Test process.

cool the water to keep the water temperature
consistent. An infrared thermometer was used to
monitor the water temperature.

(3) Measurement of the physical properties of the

specimen after cooling: the mass, height, and di-
ameter of the specimen under different conditions of
water cooling at high temperature were measured,
and changes in the appearance characteristics of the
specimen were observed.

(4) Brazilian disc test: thin steel wires were placed as

pads on the upper and lower tension surfaces of the

specimen. The specimen was then placed on a press.
Experiments revealed that when the loading rate is
0.5MPa/s, the mass loss rate is the smallest.
Therefore, the test was conducted at a loading rate of
0.5MPa/s until the specimen was damaged. The
tensile strength was recorded as specifically shown in
Figure 2(c).

(5) Roughness measurement test: a dial gauge was fixed

on a slide rail. After it was split, the specimen was
placed on the base, and the horizontal positions of
the slide rail and the specimen were adjusted. The
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Measuring points  Split surface
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FIGURE 2: Test content. (a) Heating. (b) Cooling. (c) Brazilian disc test. (d) Roughness measurement.

vertical height of the panel was adjusted with nuts.
The horizontal angles of the panel and the specimen
were measured and levelled with an infrared level.
The slide rail was pushed to perform measurements
at different measuring points (an infrared range-
finder was used to ensure the slide accuracy). The
experiment revealed particle shredding during the
splitting process. Particle shredding often occurred
at the edge of the splitting surface. To minimize the
effect of the side of the probe and particle shredding
at the edge of the splitting surface, all shredded
particles were collected and glued together. The
contour sampling method was used to determine the
spacing between measuring points, with the mea-
suring points being 2.5mm from the edge. The
specific arrangement of measuring points is shown in
Figure 2(d)

2.4. Test Equipment. The test equipment parameters are
listed in Table 3.

2.5. Verification of the Accuracy of the Roughness Tester.
To verify the accuracy of the homemade roughness tester, a
portable roughness tester was used to measure each speci-
men. The results showed that the two testers yielded similar
measurement results, indicating that the homemade tester
was reliable. The verification results are shown in Figure 3.

3. Test Results and Analysis

3.1. Variation Pattern of Appearance Characteristics in
Specimens under Different Conditions of Water Cooling at

High Temperatures. With a temperature of 300°C or three
heating-cooling cycles, the roughness of the split surface sig-
nificantly increased. When the temperature reached 500°C or
four heating-cooling cycles, the colour of the specimen changed
significantly. Adjusting the water temperature did not notably
change the appearance of the specimen.

Figures 4(a) and 4(b) show the appearance character-
istics of the specimens after splitting under different con-
ditions of water cooling at high temperature. As shown in
Figure 4(a), when the temperature was between 100°C and
200°C, the appearance of the specimen changed only slightly
from the natural state. The surface was greyish white with
localized black spots. When the temperature was between
300°C and 400°C, the colour became lighter, and there were
fewer black spots. When the temperature reached
500°C-600°C, the HDR changed from a reddish brown
colour to a black-grey colour, and white crystals were locally
generated. As the water temperature changed, the colour of
the specimen did not change significantly. When the number
of heating-cooling cycles reached four or five, the number of
black spots decreased substantially, and the appearance
turned from a grey-white colour to white.

Figures 4(a) and 4(b) show that all specimens had
penetrating fractures in the radial direction after splitting
under different conditions of water cooling at high tem-
perature. The split surface was generally parallel to the plane
defined by two thin steel wires. However, the roughness of
the split surface differed. When the temperature was be-
tween 100°C and 200°C, the penetrating fractures were
relatively close together. When the temperature was between
300°C and 600°C, the split surface was uneven, and even if it
was pieced together, a few gaps remained. As the temper-
ature rose, the split surface became rougher. Varying the



Advances in Civil Engineering

TaBLE 3: Test equipment.

Function Device Remarks
Weighing Electronic balance Error 0.01 g

Heating §X2-14-13 experimental electric stove Room temperature to 1250°C
Cooling JKS automatic alkali aggregate reaction chamber 1-100°C
Achieving constant 101-1 electrothermal blowing dry box Room temperature to 300°C
temperature

Brazilian disc test

Roughness measurement

YAW-microcomputer controlled electrohydraulic servopressure
testing machine

Roughness profilometer

Weighing range 10t

Micrometre (accuracy 0.001 mm)

Infrared level (accuracy 0.1 mm)

Infrared range finder (accuracy
0.1 mm)

26.0 i
25.6
25.2
24.8
244

24.0

“ [~ “Height measurement:bya - -

23.6

Mean height (mm)

23.2
22.8
224 R R S T SRS S|

Measuring points

-@- Homemade roughness profilometer

-O- A portable roughness tester

FIGURE 3: Verification of the accuracy of the homemade roughness
tester.

water temperature did not noticeably change the roughness
of the fracture surface. When the number of heating-cooling
cycles went from one to two, the roughness of the fracture
surface did not change significantly. After three cycles, the
roughness significantly increased. Therefore, the factors that
influenced the appearance characteristics of the specimens,
from strongest to weakest, were the temperature of HDR, the
number of water injection circulation cycles performed at
high temperatures, and the water injection temperature. The
different conditions of water cooling at high temperature
experienced by the thermal recovery area can be deduced
from the changes in the appearance characteristics.

3.2. Variation Pattern of the Mass of the Specimen under
Different Conditions of Water Cooling at High Temperatures.
When the temperature rose, the water temperature de-
creased or the number of water injection circulation cycles
increased and the mass loss rate increased. When the
temperature was between 300°C and 500°C or at least two
water injection cycles occurred, the mass loss rate increased
substantially.

To better characterize the mass change rate of the
specimens subjected to different conditions of water cooling
at high temperature, the mass loss rate (Q) is introduced and
expressed as in the following equation.

m,—m
Q="""1%100%,
my

(1)
where Q is the mass loss rate (%), m, is the mass of the
specimen in a natural state (g), and m, is the mass of the
specimen after the test (g).

Figure 5 shows the variation pattern of the mass loss rate
for the specimens under different conditions of water
cooling at high temperature. An examination of the effect of
temperature on the mass loss rate of the specimens indicated
that the effect of a high temperature on the mass loss rate of
the specimens was not significant when the temperature was
between 100°C and 300°C. When the temperature reached
400°C, the mass showed a large decrease, with a loss rate of
0.2075%. At 600°C, the mass loss rate reached 0.2822%.
Therefore, an increase in temperature increased the mass
loss rate of the specimen.

An examination of the effect of the water temperature on
the mass loss rate of specimens revealed that at a water
temperature of 1°C, the mass loss rate of the specimens was
approximately 0.1313%. When the water temperature
reached 80°C, the mass loss rate decreased to 0.0962%.
Therefore, an increase in the water temperature can reduce
the mass loss of the specimens to some extent.

The effect of the number of heating-cooling cycles
performed on the mass loss rate of the specimens was in-
vestigated. The mass loss of the specimen occurred mainly at
the initial stage of the water injection cycle. After two
heating-cooling cycles were performed, the mass loss rate of
the specimen was approximately 0.1855%. As the number of
water injection cycles increased, the mass loss rate of the
specimen increased, but the magnitude of the loss decreased.
After five cycles, the loss rate was approximately 0.2204%.

3.3. Variation Pattern of the Tensile Strength of Specimens
under Different Conditions of Water Cooling at High
Temperatures. When the temperature rose, the water tem-
perature decreased or the number of water circulation cycles
increased and the tensile strength of the specimen decreased.
When the temperature was 400°C or at least two water
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FIGURE 4: Appearance characteristics of the specimens after splitting under different conditions of water cooling at high temperature. (a)
Front view. (b) Side view.
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injection cycles occurred, the tensile strength of the speci-
men significantly decreased.

In the thermal recovery process, many tensile fractures
usually form in low-permeability strata. Note that the tensile
strength (0,) of the specimen under different conditions of
heating-cooling cycles has a certain reference value for
studying the fracture initiation and propagation patterns in
the target area. The tensile strength is calculated by the
following equation.

— (2)

where o, is the tensile strength (MPa), P is the ultimate load
(kN), d is the specimen diameter (mm), and ¢ is the specimen
thickness (mm).

Figure 6 shows how the tensile strength of the specimens
varied under different conditions of water cooling at high
temperature. An examination of the effect of temperature on
the tensile strength of the specimens revealed that tem-
perature had a relatively small effect on the tensile strength
of the specimens between 100°C and 300°C. As the tem-
perature rose, the tensile strength decreased slightly; the
resulting pattern is similar to that found by Xi and Zhao [36].
At 400°C, the decrease was the most marked at 51.08%. As
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FIGURE 6: Tensile strength of the specimens under different conditions of water cooling at high temperatures. (a) HDR temperature. (b)

Water temperature. (c) The number of heating-cooling cycles.

the temperature continued to rise, the loss slightly decel-
erated. At 600°C, the tensile strength of the specimen was
approximately 21.27% of that at 100°C. Thus, the higher the
temperature in the target area is, the lower the tensile
strength of the rock mass during the water injection cooling
process and the higher the possibility that tensile failure will
occur.

The effect of the water temperature on the tensile
strength of the specimens was examined next. At water
temperatures of 1°C, 20°C, 40°C, 60°C, or 80°C, the tensile
strength of the specimens was 7.78 MPa, 9.30 MPa,

9.32 MPa, 9.87 MPa, or 9.76 MPa, respectively. As the water
temperature increased, the specimen tensile strength in-
creased. Therefore, low-temperature water injection can
accelerate rock fracturing.

The effect of the number of heating-cooling cycles
performed on the tensile strength of the specimen was in-
vestigated. It was found that at the initial stage of high-
temperature water circulation, the tensile strength decreased
significantly; the decrease reached approximately 29.32%
after two cycles. As the number of cycles increased, the
strength loss increased. The tensile strength after five cycles
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was approximately 57.47% of that after one cycle. Exposure
to multiple water circulation cycles therefore raised the
probability of new tensile fractures forming in the rock
strata.

3.4. Variation Pattern of the Height Difference Parameters of
the Specimens Subjected to Different Conditions of Water
Cooling at High Temperatures. The variation pattern of the
height difference parameters (the height MSE and undu-
lation difference) of the split surfaces of the specimens for
various water cooling scenarios under high temperature
conditions shows that the value of each parameter increased
as the temperature or the number of heating-cooling cycles
increased, while the values decreased as the water temper-
ature increased.

The height difference parameters mainly include two
amplitude parameters (mean height and height MSE) and
the fluctuation difference. These parameters describe the
height distribution and variation characteristics of the
fracture morphology and are important factors that affect
the flow path of a fluid-working medium in the fracture. The
amplitude parameters can reflect the uniformity of the
distribution of the fluctuation pattern on the split surface,
where the average height (Z,) is expressed in equation (3),
and the height MSE (Z,) is expressed in equation (4).

1 n
Z,=-> 7, (3)
i3

where Z,, is the average height (mm), n is the number of
measuring points, and Z; is the height of the ith measuring
point (mm).

Z (Zi - Zu)z’ (4)

where Z, is the height MSE.

Figure 7 shows the variation pattern of the height MSE of
the split surface of the specimens under different conditions
of water cooling at high temperature. The effect of the HDR
temperature on the height MSE of the specimen split surface
was investigated first. When the temperature varied between
100°C and 200°C, the height MSE varied only slightly. As the
temperature increased from 200°C to 500°C, the height MSE
increased significantly. When the temperature was between
500°C and 600°C, the effect of temperature on the height
MSE was smaller. The height MSE of the specimens at a high
temperature of 600°C was approximately 2.51 times that at
100°C.

The effect of water temperature on the height MSE of the
specimen split surfaces was investigated next. The lower the
water temperature was, the larger the height MSE was. The
height MSE at a water temperature of 1°C was approximately
1.22 times that at 80°C.

The effect of the number of heating-cooling cycles
performed on the height MSE of the specimen split surface
was also investigated. The findings revealed that as the
number of heating-cooling cycles increased, the height MSE
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increased gradually, and the variation rate of the height MSE
was relatively small for the first three cycles and increased
notably, by approximately 11.39%, after four cycles. The
height MSE after five cycles was 1.33 times that after one
cycle.

The split surface of rock can be considered to be com-
posed of “large” fluctuations in various regions, with a
“small” roughness of these fluctuations, that is, the split
surface is formed by the superposition of bumps (depres-
sions) of different sizes. The fluctuation difference is the
height difference between the relatively high bumps and the
relatively low depressions. This is an important factor that
affects the roughness of a split surface. The fluctuation
difference between the highest bump and the lowest de-
pression (T%) is calculated as shown in equation (5). Because
choosing only one set of maximum and minimum value
points would generate some randomness, we selected five
high bumps and five low depression points to calculate the
fluctuation difference (T5), as detailed in equation (6).

T, =|Zy| -|Z¢), (5)

where T% is the fluctuation difference between the highest
bump and the lowest depression (mm), Z;; is the height of
the highest bump (mm), and Z, is the height of the lowest
depression (mm).

5 5
R NI ST
J J

where TY is the fluctuation difference between the five
bumps and five depressions (mm), Zy; is the height of the jth
highest bump (mm), and Z; is the height of the 7™ lowest
depression (mm).

Figure 8 shows the variation pattern of the height
fluctuation difference in the split surfaces of the specimens
under different conditions of water cooling at high tem-
perature. The effect of the rock temperature on the fluctu-
ation difference in the split surfaces of the specimens was
investigated. The height fluctuation difference approxi-
mately linearly increased with an increase in temperature.
The height fluctuation difference at 600°C was approximately
2.57 times that at 100°C.

The examination of the effect of water temperature on
the height fluctuation difference in the split surface of the
specimens indicated that as the water temperature de-
creased, the height fluctuation difference gradually in-
creased, and at 1°C, it was approximately 1.22 times that at
80°C.

The effect of the number of heating-cooling cycles per-
formed on the height fluctuation difference of the specimen split
surfaces was then investigated. As the number of cycles in-
creased, the height fluctuation difference of the specimens
gradually increased. After four cycles, the height fluctuation
difference had increased significantly by approximately 17.85%.
The height fluctuation difference after five cycles was approx-
imately 1.49 times that after one cycle.

The above results indicate that the parameters of the
height difference of the split surfaces were highly correlated
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FI1GURE 7: Height MSE of the specimen split surface under different conditions of water cooling at high temperatures. (a) HDR temperature.

(b) Water temperature. (c) The number of heating-cooling cycles.

with the different conditions of water cooling at high
temperature. The height MSE and fluctuation difference on
the split surface increased as the rock temperature or the
number of heating-cooling cycles increased, while it grad-
ually decreased as the water temperature increased. When
considering the effect of the fracture height difference pa-
rameters on thermal recovery, their effect on the flow path
should be considered first. The increase in the height dif-
ference parameters will cause the formation of a few
dominant seepage channels in the target rock mass. Fluid
injection into these dominant paths reduces the effective
heat exchange area and simultaneously causes problems,
such as fluid short-circuit and flow loss, which further affect
the heat production efficiency. Therefore, the effect of

different conditions of water cooling at high temperature on
the height difference parameters is worthy of attention.

3.5. Variation Pattern of Specimen Texture Parameters under
Different Conditions of Water Cooling at High Temperatures.
The variation pattern of the texture parameters (roughness
coefficient, roughness profile index, and roughness angle) of
the specimen split surfaces for various water cooling sce-
narios under high temperature conditions reveals that the
values of the various texture parameters increased as the
rock temperature or number of heating-cooling cycles in-
creased, while the values slightly decreased as the water
temperature increased.
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FiGure 8: Height fluctuation difference in the split surfaces of specimens under different conditions of water cooling at high temperatures.
(a) HDR temperature. (b) Water temperature. (c) The number of heating-cooling cycles.

The texture parameters mainly include the roughness
coefficient, roughness profile index, and roughness angle,
which are the statistics and statistical functions that describe
the curve characteristics of the structural surface topogra-
phy. In 1973, Barton [37] was the first researcher to propose
the use of JRC to evaluate the roughness of the structural
surface of a rock mass and successively employed the shear
test, inclination test, and Brazilian disc test to calculate the
roughness coefficient of a structural surface from the em-
pirical formula. Based on Barton’s 10 standard curves, we
investigated the variation pattern of the roughness coeffi-
cient of a split surface under different conditions of water
cooling at high temperature. The RMS of the first derivative

of the profile of the split surface (Z;) is expressed in equation
(7), and the roughness coefficient of the split surface is
shown in equation (8).

7 = Z?_l (Zi _Zi+1)2 (7)
: J (n-1)As* ’

where Zg is the RMS of the first derivative of the profile of
the split surface, Z;,, is the height of the (i + 1)™ measuring
point (mm), and As is the spacing between two measuring
points (mm).

JRC = 32.2 +32.471gZ,, (8)
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where JRC is the roughness coefficient.

Figure 9 shows the variation pattern of the roughness
coefficient of the specimen split surfaces under different
conditions of water cooling at high temperature. The effect of
the rock temperature on the roughness coefficient of the
specimen split surfaces was investigated. Between 100°C and
200°C, the temperature had a minimal effect on the
roughness coefficient. As the temperature rose, the rough-
ness coefficient increased significantly at 300°C to 7.18 times
that at 200°C. As the temperature continued to increase, the
rate of the increase in the roughness coefficient decreased.
The roughness coefficient at a high temperature of 600°C was
approximately 8.92 times that at 100°C.

The effect of water temperature on the roughness co-
efficient of the specimen split surface was investigated next.
As the water temperature decreased, the roughness coeffi-
cient gradually increased. The roughness coefficient at a
water temperature of 1°C was approximately 1.57 times that
at 80°C.

The effect of the number of heating-cooling cycles per-
formed on the roughness parameters of the specimen split
surfaces was then investigated. With an increasing number of
cycles, the roughness coefficient of the specimen gradually
increased. The roughness coeflicient of the specimen with five
cycles was approximately 1.29 times that with one cycle.

The ratio of the profile length to the baseline length is
referred to as the roughness profile index (RP)' The
roughness profile index is a quantitative parameter that uses
a statistical method to characterize the roughness patterns of
specimens, as shown in the following equation.

i \/ASZ +(Z; - Zi+1)2) (9)
As(n—1)

Rp =

where R is the roughness profile index.

Figure 10 shows the variation pattern of the roughness
profile index of the specimen split surfaces under various
water cooling at high temperature conditions. An exami-
nation of the effect of rock temperature on the roughness
profile index of the specimen split surfaces revealed that at
temperatures between 100°C and 200°C, the roughness
profile index varied only slightly. When the temperature
reached 300°C, the roughness profile index rose significantly
by approximately 1.88%. The roughness profile index of the
specimen at a temperature of 600°C was approximately 1.06
times that at 100°C.

An examination of the effect of water temperature on the
roughness profile index of the specimen split surface
revealed that the roughness profile indices were 1.0241,
1.0254, 1.0177, 1.0138, and 1.0141 as the water temperature
varied from 1°C to 80°C. The roughness profile index de-
creased slightly with an increase in water temperature.

The effect of the number of heating-cooling cycles
performed on the roughness profile index of the specimen
split surface was examined next. The findings revealed that as
the number of water injection cycles increased, the
roughness profile index increased. The roughness profile
index obtained with five cycles was approximately 1.01 times
that with one cycle.
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The total mechanical properties of the structural surface
are mainly controlled by relatively large bumps, and the
inclination that characterizes a single bump on the structural
surface is referred to as the roughness angle (7). The
roughness angle is a commonly employed index for de-
scribing the texture characteristics of a structural surface and
is a core parameter used for studying the hydraulic prop-
erties of rough fractures. The roughness angle can be ob-
tained in terms of R, and Z, as detailed in the following
equations, respectively.

1
ip, = arccos(R—P), (10)

iy = arctan(Zy), (11)

where iy is the roughness angle obtained in terms of R;, (*),
and i, _is the roughness angle obtained in terms of Zg ().

The variation pattern of the roughness angle was the
same as the variation patterns of the roughness coefficient
and roughness profile index. Figure 11 shows the variation
pattern of the roughness angle of the specimen split surface
under different conditions of water cooling at high tem-
perature. The effect of rock temperature on the roughness
angle of the specimen split surface was investigated first. The
findings indicate that the roughness angle varied little at
temperatures between 100°C and 200°C. When the tem-
perature was 300°C, the roughness angle significantly in-
creased, and the roughness angles calculated in terms of Rp
and Zg were 12.7824° and 12.9166°, respectively, for a dif-
ference of 0.1292°. When the temperature reached 600°C, the
calculated values were 20.0512° and 20.3715°, for a difference
0f 0.3203°. As the temperature changed, the roughness angle
calculated with R, was always smaller than that calculated
with Zg; this pattern became starker as the temperature
increased.

An examination of the effect of the water temperature on
the roughness angle of the specimen split surface revealed
that at a water temperature of 1°C, the roughness angles
calculated using Rp and Zg were approximately 12.4181° and
12.5517°, respectively, for a difference of 0.1336". At a water
temperature of 80°C, the calculated values were 9.5056° and
9.5571°, for a difference of 0.0515°. The lower the water
temperature, the higher the roughness angle of the speci-
men, and the larger the roughness angle difference calculated
by R, and Z,.

The effect of the number of heating-cooling cycles
performed on the roughness angle of the specimen split
surface was examined last. As the number of water injection
cycles increased, the roughness angle increased. The
roughness angles calculated using Rp and Z after five cycles
were 15.2228" and 16.2101°, respectively, which was the
greatest difference between the two methods.

When studying the effect of fracture texture parameters
on the heat transfer efficiency, the significance of the vari-
ation in the texture parameters for the heat transfer process
should be understood. When the texture parameters become
more extreme, the effective heat exchange area increases,
and the fluid flow carries more heat to improve the thermal



Advances in Civil Engineering

Not
significant

Increased significantly

Relatively small
21

18F -
15F

2k

Roughness coefficient

100 200 300 400 500 600
Temperature (°C)

@ Measured value
—— Average value

Relatively
small
16

15F -

1BF -

Roughness coefficient

1

10

@ Measured value
—— Average value

15

Decreased

15

12 |-

Roughness coefficient
©
T

0 20 40 60 80
Water temperature (°C)

@ Measured value
—— Average value

(b)

Increased significantly

FIGURE 9: Roughness coeflicient of the split surface of specimens under different conditions of water cooling at high temperatures. (a) HDR
temperature. (b) Water temperature. (c) The number of heating-cooling cycles.

recovery performance. The different conditions of water
cooling at high temperature are important factors in the
texture parameters of the split surface. The texture pa-
rameters continuously increased as the temperature in-
creased, the cycle number increased, or the water
temperature decreased. Therefore, studying the effect of
different conditions of water cooling at high temperature on
the fracture texture parameters is valuable.

3.6. Relationship between the Tensile Strength and Roughness
of the Specimens. The morphological parameters of the
fracture surface are related to the injection conditions at high

temperatures and the stress environment at the time of
fracture. Therefore, it is important to establish a relationship
between the split surface height MSE, height variation, and
tensile strength of the specimen under different water cir-
culation conditions.

Figures 12(a)-12(c) and 13(a)-13(c) show the relation-
ships between the tensile strength and height MSE and be-
tween the tensile strength and roughness coefficient under
different conditions of water cooling at high temperature,
respectively. Under different temperature conditions, differ-
ent water temperature conditions, and different numbers of
water circulation cycles, there are certain correlations between
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F1GURE 10: Roughness profile index of the specimen split surface under different conditions of water cooling at high temperatures. (a) HDR
temperature. (b) Water temperature. (c) The number of heating-cooling cycles.

the tensile strength and height MSE and between the tensile
strength and roughness coefficient. Under the same water
temperature and the same number of water circulation cycles
but different temperatures, the height MSE and roughness
coeflicient significantly decreased with the increase in tensile
strength. Under same temperature but different water tem-
peratures and different numbers of water circulation cycles,
the height MSE and roughness coefficient still decreased with
the increase in tensile strength, but the decrease was obviously
weaker. The fractures inside the rock have different sizes and
states, such as open or closed. Under different fracture states,
the tensile strength had a different effect on the specimen,

resulting in a different capacity to withstand a splitting load. A
high rock body temperature, a low water temperature, and an
increasing number of water circulation cycles can all promote
the development of fractures inside the rock, aggravating the
degree of fracture. The split surface roughness coefficient is
the most intuitive index for describing the degree of fracture
inside a rock body. The higher the roughness coefficient is, the
more severe the fracture, the lower the capability to withstand
tensile strength, and vice versa. Temperature changes had the
most profound impact on the thermal fracture of the rock,
followed by the number of water circulation cycles and the
temperature of the injected water. Therefore, it is highly
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feasible to use tensile strength to evaluate the split surface
roughness of rock.

3.7. Summary of Test Rules. The rules obtained in this article
are summarized, and the conclusions are shown in Table 4.

4. Discussion

The mechanisms related to the physical, mechanical, and
split surface roughness characteristics of the granite under
different high temperature-cooling conditions are discussed
according to the patterns obtained from the tests.

The granite in the target area contains a variety of
mineral components, with variations in the content between
the components and large differences in the thermal ex-
pansion coeflicients. Therefore, the mineral components of
the rock deform differently under the influence of different
high temperature-cooling conditions. The rock as a whole
constrains its components to some extent. The part of the
rock that expands is compressed, while the part that con-
tracts is elongated. Therefore, an internal force is caused by
thermal stress under high temperature conditions. As the
temperature rises, the maximum thermal stress usually
occurs at the boundary of the rock. When this value is
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reached or exceeded, fractures occur at the interparticle
connections near the boundary and, in turn, form micro-
fractures that propagate into the interior of the rock. The
continuous increase in temperature also triggers the phe-
nomenon of thermal stress concentration in some parts of
the rock, causing the fractures to extend, intersect, become
dense, and coalesce to form a network of microfractures, a
phenomenon known as thermal cracking. This process is
reflected in the physical and mechanical properties of the
rock as the occurrence of fracture and the decay of the
mechanical strength, and it is reflected in the split surface as
an increase in the roughness.

Water cooling of a rock at high temperatures increases
the degree of thermal cracking of the rock. If the high
temperature and water cooling processes of the rock are
considered as a whole, the water cooling process significantly
increases the difference between the temperature fields in-
side the rock and those at the boundary, which is equivalent
to a secondary thermal shock effect on the rock. Thus, the
thermal stresses in the rock can be divided into those

generated by high temperatures and those formed by the
secondary thermal shock of cooling. Assuming that the rock
consists of multiple finite units, each of which has only two
mineral components, this paper modifies the formula of Zhu
et al. [38] and proposes formulas (12)-(15) for the thermal
stresses in a process that involves multiple heating-water
cooling cycles.

The thermal stresses generated by high temperatures can
be calculated as follows:

(ri - Yz)ATu]'ElEz
E, +E, '

0yij = (12)

The thermal stresses generated by the secondary thermal
shock of water cooling can be calculated as follows:
EinijATZij'

%2 = Bt = T g,

(13)

The total thermal stresses generated by a single heating-
water cooling cycle can be calculated as follows:
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0jj = 0y + 0.

g (14)

The total thermal stresses generated by multiple heating-
water cooling cycles can be calculated as follows:

n

Osum = Z (oif)k’

k=1

(15)

where 1, 2, and ij denote mineral 1, mineral 2, and the ij™
unit, respectively; y;, y,, and y;; are the volumetric thermal

}Pansion coeflicients (1/°C) of mineral 1, mineral 2, and the
ij° unit, respectively; ATy;; and AT,;; are the temperature
differences (°C) of the ij™ unit caused by high temperatures
and the secondary thermal shock of water cooling, re-
spectively; Ey, E,, and E;; are the elastic moduli (GPa) of
mineral 1, mineral 2, and the z] unit, respectively; pij is
Poisson’s ratio of the ij™ unit; # is the number of heating-
cooling cycles (taken as 5); and k denotes the k™ heating-
cooling cycle.

The above formulas indicate that the thermal cracking of
a rock is related to the temperature difference of each unit.
The larger the temperature difference, the more pronounced
the differential expansions of different mineral components
of the rock. Therefore, with a higher temperature of the rock
and a lower temperature of the water, the temperature
difference between the high-temperature rock and the water
flow becomes larger to increase the degree of thermal
cracking, the roughness of the split surface, and the loss of
the tensile strength. In addition, multiple high temperature
water cooling cycles further increase the thermal stress
generated in the rock, aggravating the degree of thermal
cracking.

Our investigation of the specific cooling conditions, with
consideration of the above principles and the experimental
phenomena, resulted in the following findings. When the
temperature was 100-200°C, the thermal cracking stress of
the rock was not reached; so, there was no obvious thermal
cracking phenomenon, and none of the characteristics of the
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specimen changed significantly. Multiple indices of the
100°C specimen were slightly lower than those of the 200°C
specimen, which is speculated to be attributed to the dif-
ference of the natural rock itself. The loss of mass of the
specimen between 100°C and 200°C was mainly due to the
loss of free water. When the rock was heated to 300-400°C,
the internal water in the bound form (crystalline water and
bound water) underwent a bursting phenomenon (Deng
et al. [39]) and was converted to free water, which was then
consumed by evaporation, contributing to the loss of mass in
the rock and leading to the creation of a large number of
microfractures. The influx of external free water into the
interior of the rock accelerated the propagation of micro-
fractures. When the rock temperature continued to increase
to 500°C, the heating-cooling process significantly increased
the temperature difference between the interior and exterior
of the rock, leading to an increase in the total thermal stress,
which promoted further extension and propagation of the
thermal cracking in the rock. As a result, its mechanical
properties continued to decrease, the roughness of the split
surface continued to increase, and at this point, there was a
loss of structural water in the rock. When the temperature
reached 600°C, the amplitude of variation in the mechanical
indices and the roughness index of the split surface of the
specimen decreased because high temperatures also increase
the size of pores in rock, and large pores can absorb the
energy generated by thermal stress, inhibit the deformation
of particles, and thus prevent the formation of cracks to
some extent. However, an increase in porosity also leads to a
decrease in the ability of a rock to resist thermal cracking.
Therefore, the influence of the pore structure on the
properties of a rock after high temperature heating is two-
sided. Based on observations of the surface of the specimen,
when the temperature was between 500°C and 600°C, the
edge particles fell off, leading to further loss of the rock mass.
In addition, a higher temperature and a larger number of
heating-cooling cycles led to a more pronounced degree of
thermal cracking of the rock. Meanwhile, microparticles
flowed out of the rock with water from the fractures, which is
another important factor causing a loss of the specimen
mass. The use of high-temperature water injection can in-
hibit the generation of thermal cracking of the rock and
reduce the outflow of microparticles from the pores, thus
preventing particles from clogging the fractures and af-
fecting the efficiency of the water-rock heat exchange
process.

The heat transfer mode is another important factor that
cannot be ignored in HDR development. When the tem-
perature is low, the granite has a dense structure, and the
internal heat transfer is dominated by intermatrix heat
transfer. As the temperature increases, a large number of
fractures appeared in the rock, and consequently, the heat
transfer process of the rock is affected by both intermatrix
heat transfer and matrix-water thermal convection. The test
results show that when the water temperature was close to
1°C, there was an abnormal phenomenon that the roughness
index of the split surface of each group of specimens was
lower than that at a water temperature of 20°C. This is
because during the cooling process, ice cubes were
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continuously added to the water to ensure that the water
temperature was close to 1°C. This practice increased the
dynamic viscosity of the water, leading to a significant de-
crease in the flow rate of water in the fractures, inhibiting the
flow path of water in the rock, reducing the area of heat
exchange between the rock and the water, and eventually
resulting in a decrease in the degree of cracking of the rock
and a relatively small roughness index of the split surface.

The variation in mineral parameters in the rock under
high temperature water cooling was also a factor to be
considered. At room temperature, the interior of the rock is
mainly composed of quartz, mica, potash feldspar, plagio-
clase, pyroxene, and hornblende, with the contents of quartz,
mica, and feldspar accounting for approximately 96%.
Therefore, the granite in its natural state is greyish white,
with black spots, i.e., biotite. When the temperature in-
creased to 300-400°C, the quartz crystal burst and the crystal
state changed; the colour changed from transparent to white,
so the rock also changed from greyish white to white, while
the biotite lost crystalline water under high temperature
conditions, so the number of black spots of the specimen was
greatly reduced. When the rock was heated to 500°C, the
ferrous ions in the ferrous oxides contained in plagioclase
were converted to ferric ions, causing some areas of the
specimen to appear reddish brown. When the temperature
continued to rise to 600°C, the specimen surface turned
blackish grey because the surface changed from smooth to
rough, and the presence of white crystals was due to the
repetitive phase change of the quartz at 573°C (Shen et al.
[40]). The multiple high temperature water cooling cycles
reduced the temperature of quartz crystal bursting. There-
fore, the variation pattern of mineral parameters in the rock
can be determined by the change in the appearance char-
acteristics of the specimen.

In summary, the high temperature-cooling conditions
affect the HDR development to some extent by notably
changing the physicomechanical properties, thermal
cracking morphology, and fracture surface roughness
characteristics of the rock. How to fracture rock and use the
rough surface of fractures for water flow and heat transfer
will be the focus of future research.

5. Conclusions

This was an experimental study of the physical and me-
chanical properties and the split surface roughness char-
acteristics of granite after water cooling at high temperatures
under different conditions of water cooling at high tem-
perature. The following conclusions can be drawn.

(1) When the rock temperature rose, the water tem-
perature dropped or the number of heating-cooling
cycles increased and the mass loss rate of the
specimen increased. The rise in the temperature and
the increase in the number of water cooling cycles
changed the appearance (colour) of the specimen.
Therefore, different conditions of water cooling at
high temperature experienced by the thermal
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recovery area can be deduced from changes in the
appearance characteristics.

(2) By increasing the rock temperature, increasing the
number of heating-cooling cycles, or decreasing
water injection temperature, the mechanical prop-
erties of the specimen became weaker, and the values
of the roughness gradually increased. The different
conditions of water cooling at high temperature that
influenced the physical and mechanical properties
and the roughness characteristics of the rock in the
thermal recovery area, from most to least important,
were the temperature of the target area, the number
of water injection cycles, and the water injection
temperature. By selecting high-temperature reser-
voirs as the target areas for drilling and adopting
low-temperature water injection and multiple cold-
water circulation cycles, rock strata can be fractured
to improve the permeability of reservoirs.

(3) Under different water cooling conditions, the tensile
strength was negatively correlated with the rough-
ness index. When the tensile strength changes, the
impact on the roughness was in the descending order
of the target area temperature, the number of water
circulation cycles, and the water temperature. Thus,
tensile strength can be used as an indicator for
evaluating the surface roughness under different
conditions of water cooling at high temperature.
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