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A B S T R A C T   

The development of hot dry rocks (HDRs) is of great significance to adjusting energy structure, alleviating energy 
shortage, reducing pollution, etc. Low-permeability granite is the predominant rock type in deep HDRs, making 
fractures the primary pathways for fluid circulation and heat extraction. The production of HDRs is significantly 
influenced by variable fracture conductivity, but current conductivity characterization primarily relies on the 
elastic deformation of the matrix, neglecting the impact of damage. Accordingly, we propose an experimental 
method and a supporting apparatus, which is used to unveil the conductivity evolution characteristics resulting 
from the comprehensive effects of damage and elastic deformation. The experimental results demonstrate that 
when subjected to confining force squeezing inward, the fracture conductivity experiences varying degrees of 
decrease compared to its initial state before the experiment. By utilizing the conductivity evolution rate as the 
evaluation criterion and conducting grey correlation analysis, it has been determined that temperature exerts the 
most significant influence on the conductivity evolution, followed by injection flow, and lastly, confining 
pressure. Moreover, rock particle types and production cycles also have different degrees of effect. After 
considering the comprehensive effects of damage-elastic deformation at the field-scale, the damage has a positive 
effect on conductivity enhancement. Our study provides a new approach for the characterization of fracture 
conductivity evolution for deep geothermal projects.   

1. Introduction 

Geothermal resources are renewable, sustainable, environmentally 
friendly, and abundant natural resources. Among these resources, HDR 
geothermal reservoirs play a pivotal role, characterized by high tem
peratures and substantial reserves [1]. Granite is a common type of HDR 
which is dense [2,3], so the enhanced geothermal system (EGS) is the 
main method for the development of HDRs, and the natural fractures 
and hydraulic fracturing fractures are the main flow-heat transfer 
channels for working fluids [4–7]. 

Previously, the fracture conductivity is usually regarded as a con
stant during thermal exploitation. However, the fluid injection will 
cause the rock to shrink significantly due to the change in pore pressure 
and temperature, that is, elastic deformation [8,9]. Moreover, the 

temperature drop caused by fluid injection will also cause rock damage, 
such as fracture propagation, weak cementation failure, micro-crack 
germination particle spalling, etc [10,11]. Elastic deformation and 
damage together affect changes in conductivity [11]. Understanding the 
fracture conductivity evolution of fractured rocks is of great signifi
cance, such as designing/adjusting production scenarios of HDRs, pre
venting/reducing the generation of micro-seismic in the mining process, 
etc [12–14]. 

Compared with elastic deformation, the effect of damage on the 
conductivity evolution is currently not systematic, because the types of 
damage are diverse, and it is difficult to characterize. Uneven heating or 
cooling is the main reason for rock damage, because granites are com
plex mixtures of multiple minerals with significant differences in ther
modynamic properties [15,16]. More works have been conducted 
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concerning the variations in the properties of granite after heating and 
various subsequent cooling methods (e.g., cooled in air, liquid nitrogen, 
oven, or water) [11,17–19]. There are five major factors affecting the 
characteristics of thermal damage [20,21], namely (1) temperature 
difference, (2) heating and cooling rate, (3) thermal history, (4) degree 
of mineralogy heterogeneity, and (5) stress conditions. For the mining 
process of the HDRs, the first item mainly corresponds to the tempera
ture of the circulating fluid and the rock matrix, especially the tem
perature difference between the two [22,23]. The second term 
corresponds to the cooling rate of the rock after encountering the cold 
fluid, which is mainly related to the size of injection flow and convection 
heat transfer coefficient, etc [17,24]. The third mainly corresponds to 
the production mode, such as continuous and intermittent, the differ
ence between the two is that the latter has a process of reservoir tem
perature recovery, and the rock will undergo “fatigue damage” under 
repeated cooling [18,25]. The fourth item mainly corresponds to the 
difference in thermodynamic and mechanical properties of the mineral 
composition of the rock [26,27]. The fifth item mainly corresponds to 
the force of the rock in the formation, which will affect the rock strength 
and stress field distribution, and then affect the threshold of rock dam
age and the direction of fracture extension [11], more, it also affects the 
fracture aperture. 

In terms of the rock samples used in the experiment, the existing 
cooling method is mainly to cool the rock sample as a whole [28–30], 
which is essentially different from the injection water in the fractures 
(local cold zone) in HDR mining [11]. Of course, many scholars have 
carried out research on the fracture morphology and the conductivity 
evolution [10,23,31–33]. Shu et al. [31,32] developed a 
custom-designed high-temperature fluid flow-through device and 
analyzed the effect of confining pressure and temperature on the hy
draulic and heat extraction characteristics of single fractures in granite 
samples (Φ 50 mm × 100.0 mm and Φ 50 mm × 300.0 mm). The metrics 
they used for evaluation were equivalent hydraulic aperture, perme
ability, and hydraulic conductivity. Li et al. [23] developed a fracture 
conductivity testing system, and they used granite samples (Φ 25.4 mm 
× 60.0 mm) containing fracture (split) to analyze the 
temperature-dependent mechanical properties of hydraulic fracture 
surfaces and their influence on conductivity. They mainly used fracture 
conductivity to evaluate the experimental results. Guo et al. [10] 
designed a hydraulic fracturing and seepage simulator, and they used 
the granite cores (Φ 25.0 mm × 50.0 mm) containing fracture (split) to 
carry out experiments on the evolution of fracture conductivity. The 
metrics they used for evaluation were injection pressure and perme
ability retention rate. Zhang et al. [33] used convective heat transfer 
simulation equipment and granite samples (Φ 50 mm × 100.0 mm) to 
study the evolution process of different morphologies of rock fractures 
under high temperature and high pressure, and their evaluation in
dicators mainly include aperture and permeability. 

Existing research provides research ideas for the experimental 
acquisition of fracture conductivity, however, there are still the 
following areas that need to be supplemented and improved: (1) 
Experimental temperature is usually below 200 ◦C, and most hot dry 
rock reservoirs exceed this value; (2) The impacts of damage on the 
evolution of fracture conductivity are not thoroughly investigated across 
multiple parameters, and the relative importance of each parameter 
remains unclear; (3) The evolution of fracture conductivity under the 
combined influences of elastic deformation and damage is not well- 
understood. 

Therefore, the current research is organized as follows: Section 2 
introduces the rock samples, experiment apparatus, and procedure; 
Section 3 discusses the effects of damage on the conductivity evolution 
under multiple parameters corresponding to the five main factors that 
cause thermal damage; Section 4 compares the affected priority of 
different parameters on damage, and the fracture damage characteristics 
are analyzed; Finally, Section 5 summarizes the main conclusions of the 
present work. In addition to the development of HDRs geothermal, the 

research also contributes to other high-temperature underground rock 
engineering projects, such as geological disposal of nuclear waste, 
geological sequestration of CO2, and shale gas development, etc. 

2. Methods and materials 

2.1. Experimental apparatus 

To precisely assess changes in conductivity, a multi-field coupling 
experimental platform for rock core injection and mining has been 
designed and developed. The apparatus utilizes natural or artificial 
fracture rock samples and conducts fluid seepage-heat transfer experi
ments within fractures. Key components of the apparatus comprise a 
clamping device, heater, constant flow pump, temperature-controlling 
device, and data acquisition system, as depicted in Fig. 1(a). The 
maximum axial and confining pressures are loadable up to 55 MPa and 
50 MPa, respectively. It can be set by the computer’s automatic loading 
function, with constant pressure, tracking, and other control modes, and 
can be loaded axial or confining pressure separately. The flow pressure 
in the device ranges from 0 to 30 MPa, and the injection flow is 
controllable within the range of 0.1–60 ml/min. Pressure and temper
ature sensors boast accuracies of 0.001 MPa and 0.01 ◦C, respectively, 
fulfilling the real-time measurement requirements of the experiment. 
The system has a maximum temperature resistance of 350 ◦C, making it 
suitable for a majority of conditions encountered in underground high- 
temperature engineering experiments. 

The most important component of the experimental apparatus is the 
clamping device, as shown in Fig. 1(b). The clamping device adopts a 
special structural design that can achieve high-temperature and high- 
pressure sealing: First, the initial sealing is achieved by applying a 
flexible graphite gasket, high-temperature resistant silicone material, 
and sealant; Then, when the axial pressure and confining pressure are 
applied, the self-tightening gasket actively compresses the graphite 
gasket, and the higher the pressure, the better the sealing performance. 
After pre-experimental testing, effective sealing can still be achieved at a 
temperature of 300 ◦C and a stress difference of 15 MPa. It fully meets 
the needs of the rock seepage test under various high-temperature 
conditions. 

The data acquisition system is also an important component of the 
apparatus. The whole apparatus is controlled and collected by computer, 
as shown in Fig. 2 (red dashed line). It can realize all-around monitoring 
and control, real-time acquisition, and data processing of system in
strument parameters. High-precision sensors are installed at the injec
tion and extraction ends of rock samples and can monitor temperature 
and pressure in real-time. In addition to the devices shown in the figure, 
the instruments used in the experiment include the muffle furnace, and 
CT (computed tomography), as shown in Fig. 3, which are used for rock 
sample heating (pretreatment), fracture shape and volume change 
comparison and analysis, respectively. The resolution of the CT device 
can reach less than 40 μm in terms of experimental rock sample size, and 
the maximum design heating temperature of the muffle furnace cham
ber can reach 1100 ◦C [11]. The above apparatus can fully meet the 
needs of the experiment. 

2.2. Rock samples 

Outcrop rock samples obtained from Laizhou, Shandong Province, 
China, according to the size of rock particles, can be divided into two 
types: coarse-grained granite and fine-grained granite. The mineral 
composition and physical properties of granites are shown in Table 1 
[11]. The diameter of the cylindrical fracture rock sample used for ex
periments is 100 mm, and the length is 200 mm (±5 mm). The selection 
criteria for rock samples are as follows: The fracture penetrates the rock 
and splits the rock almost symmetrically into two parts, and the two 
parts can be well combined. All rock samples are prepared from the same 
granite with natural fractures, except for coarse-grained rock samples, as 
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shown in Fig. 4(a) and Fig. 4(b). Moreover, for ease of understanding, if 
it is not specifically described later, the granite mentioned is 
fine-grained granite. 

The preparation and pretreatment of rock samples include the 
following processes: First, it is heated in the muffle furnace and then 
cooled to room temperature in the furnace chamber. The heating rate is 
1.5 ◦C/min, and after heating to the specified temperature, it is kept heat 
preserved for 1 h. The above process needs to be repeated three times, to 
minimize the effect of thermal damage during the heating and cooling 
process. Then, the fracture surface is cleaned and washed with water and 
an air gun, to remove the loose particles; Finally, the split rock sample is 

reassembled into the whole, and its outer wall is successively coated 
with high-temperature sealant, thread seal tape, and the high- 
temperature silicone sleeve (interference fit), to ensure that the fluid 
can only flow in the fracture, as shown in Fig. 4(c). 

2.3. Experimental procedure 

The experimental procedure is shown in Fig. 5. After completing the 
rock sample preparation and pretreatment (as mentioned in Section 
2.2), the rock sample is placed in the clamping device shown in Fig. 2 
(b), and the experimental apparatus is assembled. Testing the fracture’s 

Fig. 1. Multi-field coupling experimental platform for fluid injection and mining.  

Fig. 2. Schematic diagram of the experimental platform.  
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initial conductivity at room temperature, denoted k1. It should be noted 
that the experiment obtains a differential pressure, and its conversion 
relationship with the conductivity will be given later. Then, the rock 
sample is heated to the experimental temperature at the same heating 
rate as the rock sample pretreatment and kept heat preserved. After the 
rock sample is heated uniformly, cold water is injected into the fracture, 
and the production pressure is set to 2 MPa. After the temperature of the 
produced water is stable, continue to inject water for a period of time to 
simulate the actual production process of HDRs. Then, the heating and 
water injection are stopped, and the sample is cooled to room temper
ature for the same cooling time as the sample pretreatment. Finally, test 
the fracture conductivity of superimposed damage at room temperature, 
denoted k2. To be clear, the scale of the rock samples used is small, and 
the injection-mining parameters are scaled by equal proportions. 
Therefore, although the experiment time is short (tens of minutes), it can 
be considered a long-term production for this experiment. 

During the above experiments, the temperature of the rock sample 
changed significantly, as shown in Fig. 6. Start heating from point a to 
point b of the experimental temperature, and it is kept heat preserved to 
equalize the temperature of the rock sample. Cold fluid is injected at 
point c, and the temperature of the water produced at point d begins to 
drop, indicating that the thermal breakthrough occurs. As the heat 
source continues to replenish heat, the temperature of the water pro
duced at point e reaches a constant value, and the water injection con
tinues to be maintained. Finally, stop heating and water injection at 
point f, and wait for the rock to cool to room temperature (point g). It 
should be noted that the length and slope of the curve in Fig. 6 do not 
represent numerical size, but are only used to represent a certain stage. 

The experimental protocols are shown in Table 2. The parameters 
studied include rock sample temperature (temperature difference), 

injection flow (heating/cooling rate), axial and confining pressure 
(stress difference), rock particle type (mineralogy heterogeneity), and 
continuous/intermittent mining (thermal history), corresponding to the 
five main causes of thermal damage to rocks mentioned in Section 1. 
Among them, the parameters of the basic scheme are set as follows: rock 
sample temperature 280 ◦C, injection temperature 20 ◦C, injection flow 
4 ml/min, production pressure 2 MPa, axial pressure, and confining 
pressure of 20 MPa and 10 MPa, respectively. The parameter settings of 
the basic scheme are presented in parentheses in Table 2. In parameter 
studies, research parameters are modified on the basic scheme, and 
other settings are the same, as shown in Table 2. 

Moreover, the flow rate in this test is quite small, so Darcy’s law of 
fluid flow can be used to calculate the conductivity (product of perme
ability and aperture, denoted k, m2⋅m) of a single fracture [34], and it 
can be expressed as follows [23,35]: 

k=
QμL

Dsω(pin − pout)
(1) 

Rock samples are obtained from the same rock, and their specifica
tions are the same, so the change value in injection-mining pressure 
difference (Δp) can be used to compare the changes in the conductivity 
in combination with the above equation, that is, the larger the pressure 
difference, the smaller the corresponding fracture conductivity. More
over, the current research primarily focuses on analyzing the evolution 
of damage over time, whereas this study aims to analyze the effects of 
multiple parameters on damage. Recognizing the irreversibility of the 
damage process, multiple rock samples are used to experiment, and the 
analysis employs the conductivity evolution rate (ke) to mitigate the 
impact of rock heterogeneity on the results, as follows: 

Δp=Δpafter − Δpbefore (2)  

ke=

(
QμL

DsωΔpafter
−

QμL
DsωΔpbefore

)/(
QμL

DsωΔpbefore

)

× 100%

=

(
Δpbefore

Δpafter
− 1

)

× 100%
(3)  

where Q (m3/s) is the injection rate, μ (Pa⋅s) is the viscosity of water, Ds 
(m) and L (m) are the diameter and length of core samples, respectively, 
ω (m) is the fracture aperture, pin (Pa) and pout (Pa) are the injection and 
production pressures, Δ pbefore (Pa) and Δ pafter (Pa) are the pressure 
difference measured before and after the experiment, which is used to 
represent k1 and k2 in Fig. 5, respectively. 

Fig. 3. CT scanner and muffle furnace.  

Table 1 
Mineral composition and physical properties of fine-grained and coarse-grained 
granite [11].  

Items (Fine-grained granite) Value Items (Coarse-grained granite) Value 

Density, g/cm3 2.63 Density, g/cm3 2.64 
Tensile strength, MPa 8.79 Tensile strength, MPa 9.20 
Elastic modulus, GPa 58.95 Elastic modulus, GPa 54.16 
Poisson’s ratio 0.243 Poisson’s ratio 0.241 
Compressive strength, MPa 553.0 Compressive strength, MPa 425.7 
Shear strength, MPa 301.5 Shear strength, MPa 287.6 
Fine-grained granite: 

Quartz 39.0%; Plagioclase 35.2%; 
Orthoclase 12.3%; Augite 8.0%; 
Clay mineral 2.8%; Glauberite 2.7% 

Coarse-grained granite: 
Quartz 36.9%; Plagioclase 36.7%; 
Orthoclase 12.1%; Iron mica 6.3%; 
Ferrodolomite 5.1%; Glauberite 2.9%  
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3. Experimental results 

3.1. Stress difference 

Rocks are subjected to in-situ stress in the original occurrence 
environment and are in a state of equilibrium, but the stress in all di
rections is generally different. The anisotropy of in-situ stress has an 
important influence on the direction of micro-crack germination and 
damage degree, which further affects the fracture conductivity. There
fore, experiments under different confining and axial pressures are 
carried out to analyze the influence of diverse stress differences on the 
conductivity evolution. 

Axial pressure is always greater than or equal to the confining 
pressure during the experiment, and the fracture surface is almost 
perpendicular to the confining pressure direction, that is, perpendicular 
to the direction of the minimum principal stress, which is consistent with 
the actual situation. 

During the experiment, with the injection of cold fluid, the stress 
field disturbance will occur inside the rock, especially near the fractures, 
and the expression of the effective stress change is as follows [36]: 

σe =
σ1 + σ2 + σ3

3
+ αBp (4)  

where, σe (Pa) is the effective stress, Pa, σ1, σ2 and σ3 (Pa) represent the 
principal stresses, αB is the Biot-Willis coefficient, and p (Pa) is the pore 

pressure. 
Fracture penetrates and evenly divides the rock sample, as shown in 

Fig. 4, and there is always a set of confining pressures in the direction of 
the normal direction of the fracture. From Fig. 7, with the increase of 
confining pressure, the pressure difference shows a clear upward trend, 
and the law all exists before and after the experiment. For example, 
comparing the injection-mining pressure difference at 5 MPa and 20 
MPa, the value is 0.564 MPa (Δ pbefore) before the experiment and 0.765 
MPa (Δ pafter) after the experiment. The initial fracture aperture is about 
the same, and there are differences in the degree of fracture closure 
under different confining pressures, that is, a large confining pressure 
corresponds to a small fracture aperture, and a small aperture corre
sponds to large flow resistance and high-pressure difference. 

The above laws are found by comparing the data before and after the 
experiment under different confining pressures. The Δp under 5 MPa, 10 
MPa, 15 MPa, and 20 MPa of confining pressure are 0.228 MPa, 0.201 
MPa, 0.344 MPa and 0.429 MPa, respectively. There are many reasons 
for the above phenomenon, such as chemical precipitation-dissolution, 
rock particle blockage, damage causing aperture change, etc. The time 
scale is relatively small and the chemical reaction is not violent, and the 
rock is split from natural fractures and is in close contact under confining 
pressure, making it difficult for the peeling particles to move. Therefore, 
the main reason for the above phenomenon is the failure of the support 
caused by the damage, which in turn leads to the fracture closure. 

The pressure difference increases, which is mainly caused by the 

Fig. 4. Rock samples required for the experiment.  
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failure of particle support at the fracture, resulting in the decrease of 
fracture aperture. The fracture surface is not a smooth plane, but a rough 
surface, and there are a lot of point-to-point supports [35]. With the fluid 
injection, the stress field inside the rock, especially near the fractures, 
changes under the action of thermal stress and pore pressure [11]. Pore 
pressure and thermal stress are tensile stresses, which are opposite to the 
compressive stress caused by the confining pressure, and when the stress 
at a point in the rock changes from compressive stress to tensile stress, 
and exceeds the tensile limit of that point, the rock will be damaged. The 
fracture is the main channel for fluid flow and heat exchange, and the 
temperature drop near the fracture is the greatest during the develop
ment of HDRs, and the particles at the fracture are loosely cemented, so 
the fracture is the location where the initial failure occurs. 

The change value in injection-mining pressure difference at high 
confining pressure is greater, which can indicate that the small aperture 
is more sensitive to damage. More, in Section 2.3, it defines the 

Fig. 5. Experimental procedure for characterization.  

Fig. 6. Rock sample heating and cooling procedure.  

Table 2 
Experimental scheme.  

Experiment Type Parameters Value Range 

Basic scheme (1 groups) Temperature (280 ◦C), Injection flow (4.0 
ml/min), Axial pressure- Confining pressure 
(20 MPa–10 MPa), Particle type (Fine), 
Periodic production (Continuous) 

Parameter evaluation 
experimental design (14 groups) 

Temperature, ◦C 190, 220, 250, (280) 
Injection flow, ml/ 
min 

2.0, (4.0), 6.0, 8.0 

Axial pressure, 
MPa 

15, (20), 25, 30 

Confining pressure, 
MPa 

5, (10), 15, 20 

Rock particles type (Fine), Coarse 
Periodic 
production 

(Continuous), 
Intermittent  
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conductivity evolution rate (ke), which changes with the confining 
pressure as shown in Fig. 7(b), as the confining pressure increases, the 
absolute value of ke gradually decreases, and presents a nearly linear 
relationship, from 80.74% at 5 MPa to 40.97% at 20 MPa, and the ab
solute value decreases by 39.77%. The above law indicates that the 
damage degree is greater at low confining pressure. According to Eq. 
(4), under small confining pressure, the fracture is subjected to less 
compressive stress at the initial moment. The larger the confining 
pressure, the greater the value of pore pressure, but the change ampli
tude is small, as shown in Fig. 7(a). The tensile stress is mainly caused by 
thermal stress under the experimental conditions of this paper. The 
smaller the initial compressive stress, the less difficult and easier it is to 
achieve the force at the fracture from compressive stress to tensile stress. 

Under the research conditions in this paper, the influence of axial 
pressure change on fracture conductivity is not significant, as shown in 
Fig. 8. The Δp (ke) under 15 MPa, 20 MPa, 25 MPa, and 30 MPa of axial 
pressure are 0.178 MPa (− 63.84%), 0.201 MPa (− 69.41%), 0.243 MPa 
(− 73.10%) and 0.224 MPa (− 66.38%), respectively. The primary rea
sons are as follows: (1) The axial pressure direction does not align with 
the fracture closure/opening direction, leading to an indirect impact on 
the fracture aperture; (2) The influence of rock heterogeneity obscures 
the effect of axial pressure changes on damage; (3) The axial dimension 

of the rock is greater than the radial direction, resulting in stronger 
resistance to deformation. In future research, further investigation will 
be conducted by modifying the experimental apparatus and adjusting 
the experimental protocol. 

3.2. Injection flow 

For a defined reservoir, injection flow is the most important 
controllable parameter and has an important impact on HDR produc
tion. From Fig. 9(a), the pressure difference increases with the increment 
of injection flow, which is caused by the changes in flow resistance, and 
it has been extensively demonstrated in previous studies. Moreover, the 
pressure difference after the experiment is significantly larger than the 
pressure difference before the experiment. When the flow is increased 
from 2 ml/min to 8 ml/min, the injection-mining pressure (Eq. (2)) 
changed orderly by 0.141 MPa, 0.201 MPa, 0.373 MPa, and 0.512 MPa, 
indicating that the conductivity is reduced to varying degrees after the 
experiment according to Eq. (1). 

Section 3.1 has analyzed that the conductivity evolution is mainly 
caused by support failure. When other parameters are the same, a large 
injection flow means that there is more cold fluid to exchange heat with 
the rock matrix, the temperature drop near the fracture is greater, the 

Fig. 7. Pressure difference and conductivity evolution rate vary with confining pressure.  

Fig. 8. Pressure difference and conductivity evolution rate vary with axial pressure.  

F. Xu et al.                                                                                                                                                                                                                                       



Energy 294 (2024) 130871

8

temperature gradient is more pronounced, and thermal stress is more 
likely to occur. In addition, the pore pressure is greater at large injection 
flow. The generation of the thermal stress and the change of pore 
pressure will intensify the process of changing the stress inside the rock 
from compressive stress to tensile stress (Eq. (4)), causing tensile failure 
of the rock. 

The conductivity evolution rate in Fig. 9(b) further illustrates the 
above laws, that is, the damage degree is more pronounced under large 
injection flow. However, the degree of damage growth tends to stabilize 
at high injection flow, which may be due to the threshold of the impact 
of increased injection flow on damage. Because the main way that flow 
affects the evolution of conductivity is to change the temperature 
gradient, which is consistent with previous studies [11,23,37,38]. 

3.3. Temperature difference 

Reservoir temperature is one of the important criteria for the selec
tion of HDR targets. The temperature of Geysers EGS in the United States 
can reach 400 ◦C, the temperature of HDR in Qinghai Gonghe in China 
reaches 236 ◦C, and the target temperature of Bouillante in France, 
Lardarello in Italy, Coso and Newberry in the United States, and Cooper 
Basin in Australia are also above 200 ◦C [39], which are the high-grade 

geothermal resource. Therefore, the research temperature in this paper 
is about 200 ◦C and above. 

Influenced by rock heterogeneity, the pressure difference fluctuated 
greatly before the experiment, but the variation of pressure difference 
and the corresponding evolution rate of conductivity are obvious. From 
Fig. 10, compared with low temperatures, the amount and degree of 
rock damage increased significantly at high temperatures. The Δp (ke) 
under 190 ◦C, 220 ◦C, 250 ◦C, and 280 ◦C of rock initial temperature are 
0.127 MPa (− 58.83%), 0.139 MPa (− 64.68%), 0.181 MPa (− 67.73%) 
and 0.201 MPa (− 69.41%), respectively. The above law once again 
shows that the influence of thermal stress caused by temperature change 
on the conductivity evolution cannot be ignored. The curve in Fig. 10(b) 
also gradually flattens with the increase in temperature, indicating that 
after reaching a certain temperature, the change of rock damage degree 
decreases, and there is a temperature threshold for damage, which is 
consistent with previous studies. 

3.4. Particle type and periodic production 

Granite is the main type of HDR, and the particle size, mineral 
composition, and cementation degree of different granites are different, 
which directly causes distinct mechanical properties of rocks. In this 

Fig. 9. Pressure difference and conductivity evolution rate vary with injection flow.  

Fig. 10. Pressure difference and conductivity evolution rate vary with temperature.  
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paper, fine-grained granite and coarse-grained granite are selected for 
comparative experiments, and the mineral composition and physical 
properties of the rocks are shown in Table 1. From Fig. 11, the Δp of 
coarse-grained granite is 0.395 MPa, while the pressure difference value 
of fine-grained granite is only 0.201 MPa, and the former changed nearly 
twice as much as the latter. In addition, the conductivity evolution rate 
of coarse-grained granite is − 82.93%, and the absolute value of the 
conductivity evolution rate is 13.52 percentage points larger than that of 
fine-grained granite (− 69.41%). Coarse-grained granite is more sus
ceptible to damage because it has a softer rock texture and less 
cementation at fractures than fine-grained granite, as shown in Fig. 4. 

In the early stage of geothermal energy development, continuous 
production is mostly adopted, which can obtain more heat in a short 
time, but it will cause the heat breakthrough time to be advanced, and 
the heat production is low in the middle and late stages. Intermittent 
mining is proposed to realize reservoir temperature recovery and a 
higher production temperature [40]. The intermittent production in this 
paper refers to stopping water injection after the thermal breakthrough, 
heating the rock to experimental temperature, and then injecting water 
again, and the above process is cycled three times, as shown in Fig. 11 
(a). 

The Δp of intermittent production is 0.289 MPa, and the value of 
pressure difference change is 0.088 MPa larger than that of continuous 
production (0.201 MPa). Moreover, the conductivity evolution rate of 
intermittent production is − 75.08%, and the absolute value of ke is 
5.67% larger than that of continuous production (− 69.41%). The 
biggest difference between intermittent production and continuous 
production is that the former always maintains a high-temperature 

gradient near fractures, which induces obvious thermal stress. Under 
intermittent production, multiple damage occurs to the rock, and the 
damage is a gradual accumulation process, which again shows that 
thermal stress has a significant effect on damage (conductivity evolu
tion). Under the study conditions herein, the influence of different rock 
types on the conductivity evolution is more significant than that of 
production mode, as shown in Fig. 11(b) and (c). 

4. Discussion 

4.1. Parameter importance analysis 

Based on the findings presented in Section 3, the degree of change in 
damage varies across the studied parameters, that is, the influence of 
each factor on the conductivity evolution has a priority. In this paper, 
three parameters exhibiting a clear pattern of effect on conductivity 
evolution are selected for evaluation: temperature, injection flow, and 
confining pressure, respectively. 

The grey correlation analysis method is used to evaluate the 
parameter sensitivity. The method is to analyze the correlation between 
the factors of the system by comparing the similarity between the geo
metric relationship of the data series and the geometric shape of curves 
[41]. Its steps are as follows: 

First, determine the series corresponding to the evaluation criteria 
and parameters [42]: 

Fig. 11. Heating-cooling process for periodic production; pressure difference and conductivity evolution rate vary with particle type and periodic production.  
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where, X′1, X′2, and X′3 represent the series corresponding to tempera
ture, injection flow, and confining pressure, respectively. X′0 represents 
the series corresponding to evaluation criteria. Considering the rocks’ 
heterogeneity, different initial values may have a greater impact on the 
injection-mining pressure difference (Δp), resulting in inconspicuous or 
even inaccurate prioritization results, so a change value in conductivity 
evolution rate (ke) is used as the evaluation criterion in this paper. 

Then, the data are dimensionless to exclude the influence caused by 
the difference of each index unit and the difference between their nu
merical orders of magnitude, and it uses the averaging method to pro
cess the data, that is, use of the average value of elements in all series as 
the divisor [43]: 

xi(k)=
xi(k)

1
n+1

∑n
j=0xj(k)

(7)  

where i = 0, 1, 2, …, n and k = 1, 2, …, m. 
Next, calculate the Grey Relation Coefficient γ(x0(k), xi(k)) and Grey 

Relation Grade Г(x0, xi) [43]: 

γ(x0(k), xi(k)) =
Δmin + ζ Δmax

Δ0,i(k) + ζ Δmax
(8)  

Γ(x0, xi) =
∑n

k=1
βkγ(x0(k), xi(k)),

∑n

k=1
βk = 1 (9)  

where Δ0,i(k) = |x0(k) − xi(k)| is the difference of the absolute value 
between x0(k) and xi(k); Δmin = min∀jmin∀k|x0(k) − xj(k)| is the smallest 
value of Δ0,j∀j ∈ {1, 2, …, n}; Δmax = max∀jmax∀k|x0(k) − xj(k)| is the 
largest value of Δ0,j∀j ∈ {1, 2, …, n}; and ζ is the distinguishing coeffi
cient, ζ ∈ (0, 1], expressed as the contrast between the background and 
the object to be tested, set to 0.5 in this paper, and βk is the normalized 
weight for point k. 

Finally, rank the relevance and draw conclusions. The correlation 
degree between temperature and ke is 0.879, and the values are 0.782 
and 0.759 at injection flow and confining pressure, respectively, as 
shown in Fig. 12. Under the research conditions in this paper, the 
temperature has the greatest influence on ke, followed by injection flow, 
and finally confining pressure, which is roughly consistent with the 
previous law analysis. 

4.2. Visual damage analysis 

The fracture conductivity evolution is affected by both elastic 
deformation and damage. Water injection is carried out at high tem
peratures, and once the rock is damaged (fracture face point-to-point 
supports failure), the fracture will close under the confining pressure 
and the extrusion of the silicone sleeve (as shown in Fig. 4(c)). Even if 
the water injection is stopped and the rock is cooled to room tempera
ture in the later stage, the rock undergoes elastic deformation (matrix 
shrinkage), but considering the outer force extrusion inward and the 
limited size of the rock sample, the fracture cannot open again, that is, 
the reduction in the conductivity caused by the damage is irreversible, 
and the similar law is drawn from the predecessors [35]. 

However, the volume of rock matrix in the actual reservoir is large, 
and the shrinkage deformation of rock cooling is much greater than the 
matrix deformation of indoor experiments. A large number of pre
liminary studies have shown that with the mining of HDRs, the tem
perature of the rock matrix near the fracture continues to decrease, and 
the fracture aperture increases significantly under the action of elastic 
deformation [1,36]. In addition, experiments are also carried out to 
verify this rule in this paper. CT scanning is used to compare fracture 
morphology before and after the experiment. To facilitate the identifi
cation of CT equipment, the rock sample is 35 mm in diameter and 60 
mm in height (scanning height is 30 mm down from the injection end), 
and the constant flow pump in Fig. 1(a) is used for fluid pumping, other 
experimental conditions as follows: no confining pressure, no silicone 
sleeve sealed, the experimental temperature is about 300 ◦C, and the 
injection flow is 1.0 ml/min. 

After water injection, the CT scan view of the fracture changed 
significantly, as shown in Fig. 13. In the scheme of no confining force 
extrusion, the fracture aperture, that is, the fracture conductivity in
creases. Crack propagation, cementation destruction, and micro-crack 
germination can be observed in the figure after the experiment. At this 
point, the damage increases the conductivity, which is achieved under 
the action of elastic deformation. In summary, during the actual mining 
of HDRs, elastic deformation, and damage will increase the fracture 
conductivity. 

In Section 3, the influence of different parameters on the evolution 
of fracture conductivity is discussed, and it is concluded that damage 
will lead to a decrease in conductivity under experimental conditions in 
this paper. The main way of damage is still the failure of point-to-point 
support between fracture surfaces. The temperature drop near the 
fracture is large, and it is easy to damage in a short time, resulting in 
support failure, at which time the matrix is not sufficiently cooling and 
shrinking, so the fracture is temporarily closed, as shown in Fig. 14(b). 
However, the elastic deformation will increase the fracture aperture, so 
as long as the aperture increases to a certain value, the peeling particles 
will be carried out by the circulating working fluid, so the damage will 
eventually promote the increase of the fracture conductivity. The 
morphological changes of the fractures in the above process are shown 
in Fig. 14(c). 

To analyze further the influence of damage on the conductivity 
evolution considering the actual elastic deformation at the reservoir 
scale, all rock samples used in Table 2 are selected for re-experiment. 
The rock sample treatment process is as follows: first, the silica gel 
sleeve, sealant, and other materials on the outside of the rock sample are 
removed; Then, the air gun is used to wash the peeled particles on the 
fracture surface and collect the particles; Finally, the rock sample is 
sealed and the differential pressure is measured again according to the 
same parameters as in the first experiment, like Fig. 4(c). 

The rock sample at this time has a slightly wider aperture than the 
pre-first experiment, which is caused by particle spalling (removal). 
Fig. 15 shows the collected peeling particles, which can reach a 
maximum length of 5 mm and are in the form of sheets, indicating that 
the cementation of this part is relatively loose, and most of the peeling 
particles are less than 1 mm. The weight of the peeling particles varies 

Fig. 12. Correlation degree between each parameter and the change value 
in ke. 
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from 0.04 g to 0.32 g. Different types of particles peel off differently, 
which have been described in previous studies [11]. 

At this point, the expression of the change value in injection-mining 
pressure difference (Δp) and conductivity evolution rate (ke) are as 
follows: 

Δp=Δpsec ond − Δpfirst (10)  

ke=

(
QμL

DsωΔpsecond
−

QμL
DsωΔpfirst

)/(
QμL

DsωΔpfirst

)

× 100%

=

(
Δpsecond

Δpfirst
− 1

)

× 100%
(11)  

where, Δpfirst (Pa) and Δpsecond (Pa) are the pressure difference measured 
before the first and second experiments, respectively. 

From Fig. 16, after the peeling particles are removed, the pressure 
difference decreased to varying degrees compared with before the first 

experiment, indicating that the conductivity increased. For example, 
with the increase of flow, the change amplitude is constantly rising, 
which corresponds to the law obtained in Section 3.2, that is, the 
damage increases with the increment of flow, and after considering the 
actual elastic deformation effect of the rock matrix, the damage can 
increase the fracture conductivity, which is mainly achieved by 
increasing the fracture aperture, as shown in Fig. 14(c). The confining 
pressure and temperature also follow the above-mentioned pattern, as 
shown in Fig. 16(b) and (d). Similarly, the magnitude of Δp and ke under 
coarse-grained granite and intermittent production is greater than in the 
basic scheme (continuous & fine-grained), as shown in Fig. 17, and the 
influence of rock particle type is greater than that of production mode, 
which is consistent with the law obtained in Section 3.4. 

The above analysis shows that the damage caused in the first 
experiment has an increasing effect on the increase of fracture conduc
tivity in the second experiment, and the greater the damage effect, the 
more obvious the amplitude of improvement. 

Fig. 13. CT scan view before and after the water injection.  

Fig. 14. Morphological changes of the fractures.  
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5. Conclusion 

We designed and implemented a multi-field coupling experimental 
platform for conducting experiments on conductivity evolution. 
Through analysis of the experimental results, we examined the charac
teristics and mechanisms of fracture damage on the evolution of con
ductivity. Furthermore, we discussed the effects of fracture damage on 
conductivity evolution under various parameters. The key conclusions 

are as follows.  

✓ Considering only damage and confining force squeezing inward, the 
fracture conductivity after the experiment has different degrees of 
decrease compared with that before the experiment, which is caused 
by the rock damage. Crack propagation, weak cementation 
destruction, micro-crack germination, and particle spalling are the 
main modes of rock damage.  

✓ By using grey relational analysis, the effect of temperature on the 
conductivity evolution is greater than injection flow, and the effect of 
confining pressure is minor. Particle type and production method 
also have a significant impact, and the effect of the former is more 
important. 

✓ Considering the comprehensive effects of damage and elastic defor
mation in the geothermal reservoir, and conducting repeated ex
periments, the fracture conductivity shows varying degrees of 
increase, which increases with the enhancement of the damage de
gree, and it is explained experimentally.  

✓ The study highlights a new approach for the test and analysis of 
fracture damage effect on conductivity evolution, which may 
contribute to high-temperature underground rock engineering pro
jects. The experimental equipment and procedures need to be further 
retrofitted to improve the universality and accuracy of deep rock 
engineering research. 
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