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Abstract 

With the increasing attention to clean and economical energy resources, geothermal energy and enhanced 

geothermal systems (EGS) have gained much importance. For the efficient development of deep geothermal 

reservoirs, it is crucial to understand the mechanical behavior of reservoir rock and its interaction with injected 

fluid under high temperature and high confining pressure environments. In the present study, we develop a novel 

numerical scheme based on the distinct element method (DEM) to simulate the failure behavior of rock by 

considering the influence of thermal stress cracks and high confining pressure for EGS. We validated the proposing 

method by comparing our numerical results with experimental laboratory results of uniaxial compression tests 

under various temperatures and biaxial compression tests under different confining pressure regarding failure 

patterns and stress-strain curves. We then apply the developed scheme to the hydraulic fracturing simulations 

under various temperatures, confining pressure, and injection fluid conditions. Our numerical results indicate that 

the number of hydraulic cracks is proportional to the temperature. At a high temperature and low confining 

pressure environment, a complex crack network with large crack width can be observed, whereas the generation 

of the micro cracks is suppressed in high confining pressure conditions. In addition, high-viscosity injection fluid 

tends to induce more hydraulic fractures. Since the fracture network in the geothermal reservoir is an essential 

factor for the efficient production of geothermal energy, the combination of the above factors should be considered 

in hydraulic fracturing treatment in EGS.  

Keywords: Enhanced geothermal systems, Distinct element method, Hydraulic fracturing, Thermal stress crack. 

  



4 

 

1. Introduction 

The utilization of renewable energy increased by 13.7% (British Petroleum, 2020) in 2019. In particular, the 

proportion of geothermal energy consumption has continued to rise in many countries in recent years (International 

Energy Agency, 2020) because of its characteristics such as geographical distribution, base-load dispatchability 

without separate energy storage, and other advantages (Tester et al., 2006). Since there are some limitations in the 

conventional geothermal energy extraction to exploit the subsurface hydrothermal circulation (Lund et al., 2008, 

for example), the enhanced geothermal system (abbreviated as EGS, hereafter) was proposed so that heat could be 

extracted from artificially created reservoirs (Potter et al., 1974). In EGS, injection wells are drilled into the thermal 

storage rock formation, through which fluid will be injected to create cracks in the rock formation artificially. After 

this treatment, a significant number of cracks will be generated in the thermal storage rock formation, forming a 

complex fracture network through which the geothermal energy contained in the surrounding rocks will be 

transmitted to power stations on the ground surface. Unlike conventional geothermal power generation methods, 

the heat storage rock formations used for EGS do not have to contain fluid or steam to use more geothermal 

resources (Pruess, 2006; Olasolo et al., 2016). EGS, therefore, opened a new path for geothermal development in 

an environment with poor hydrothermal circulation and for recovering the enormous amount of thermal energy 

stored in the earth beyond the conventional geothermal resources (Tester et al., 2006).  For efficient heat production 

in EGS, it is crucial to create a long and complicated fracture network in the reservoir rock. At present, the most 

commonly used technology is hydraulic fracturing (Lu et al., 2018), which induces fractures by injecting fluid into 

the rock formation. The fractures will propagate, coalesce, and eventually form a complex fracture network with 

the continuous injection of liquid (Montgomery and Michael, 2010). Although hydraulic fracturing is not always 

successful in past experiments, technological development for artificial reservoir generation and physical property 

estimation through hydraulic fracturing are vital areas of interest (Tester et al., 2006). Since geothermal power 

research aims to obtain even higher thermal energy, the depth of interest moves toward the region thought to be 

below the brittle-ductile transition zone in the ground (Reinsch et al., 2017). The investigation of rocks’ physical 

and mechanical properties around these regions, which change as functions of temperature and pressure, has to be 

made to better deal with corresponding hydraulic fracturing (Zhang et al., 2018). 

Many factors are influencing the behavior of hydraulic fracturing in EGS, including state quantities such as 

confining pressure and temperature, mechanical properties of rock and injected fluid, and the coupling effect of 

these parameters. Due to the limitations in the conditions of experimental studies, many researchers have studied 

the influence of a single factor on conventional rock specimens: the effects of high-temperature treatments of 

granite samples (Yang et al., 2017), the impact of thermal deterioration on the physical and mechanical properties 
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of rocks after multiple cooling shocks (Shen et al., 2020), or an intragranular damage mechanism in the brittle-

ductile transition in porous sandstone (Wang et al., 2008), for example. Although these studies have made 

elucidating discussion on the brittle-ductile transition under high confining pressure or the effect of high-

temperature treatment, their results could provide no direct indication for the hydraulic fracturing process in EGS. 

It is presumed that the zones suitable for EGS located at a depth of 3 to 10 kilometers underground (Lu and Wang, 

2015) have the low-permeability and high temperature, and the results of hydraulic fracturing in such an 

environment need to be well estimated before any practice. Although the laboratory experiments on hydraulic 

fracturing in the conditions near brittle-ductile transition were carried out (Watanabe et al., 2017), their 

experiments were restricted to the laboratory scale due to severe conditions both in pressure and in temperature of 

the brittle-ductile transition zones. Numerical experiments realizing such severe conditions have high value for 

studying the behavior of hydraulically created fractures and supercritical waters beyond the laboratory scale. It is 

indispensable to clarify the influence of the above state quantities and mechanical properties qualitatively in the 

practice of EGS near brittle-ductile transition zones. 

In this study, we employed an approach of the distinct element method (DEM; Cundall and Strack, 1979) for 

our numerical simulation because of its high applicability to reproduce intermittent behavior of rock failure and 

hydraulic fracturing (Tarasovs and Ghassemi, 2012; Tomac and Gutierrez, 2017; Nagaso et al., 2019; Ohtani et 

al., 2019a, 2019b, 2019c, for example). In our approach, we tried to supplement the deficiencies in the current 

studies by introducing the following attempts. We considered the thermal volumetric changes of rock grains due 

to high temperature that could cause fracturing. The effects of initial thermal stress cracks on the mechanical 

response of reservoir rock formation in hydraulic fracturing are included in our numerical simulation. Moreover, 

we avoided the two-step procedure, i.e., heating and cooling, to study the thermal response of rock specimens in 

the laboratory test, to conduct our numerical experiments in environments much closer to the actual practice of 

EGS. Our numerical experiments would well simulate hydraulic fracturing in EGS under high confining pressure 

and high-temperature conditions. We propose a solid-liquid-thermal coupling model to study the mechanical 

behavior of rock under such conditions using DEM. This paper will qualitatively study the influence of different 

factors through multiple sets of numerical experiments after validating the developed scheme by comparing 

laboratory results of the uniaxial and biaxial compression tests. Based on the hydraulic fracturing simulations with 

several combinations of temperature, confining pressure, and injection fluid, we try to find the role of 

environmental temperature and pressure and the viscosity of injection fluid in a complex fracture network 

generation. 

2. Methodology 
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In this section, we explain the details of DEM and our original strategy for reproducing the mechanical 

behavior of rock and injected fluid and their interaction. At first, the conventional DEM theory is briefly reviewed. 

Then, our proposed scheme for incorporating the effects of temperature, confining pressure, and hydro-thermal-

mechanical interactions into DEM is introduced. 

2.1. The basic theory of distinct element method and bonded particles model 

The strength of the rock material as a whole can be achieved by introducing a bond between grains in DEM 

(Potyondy and Cundall, 2004). In a two-dimensional case, the intact rock is modeled as a dense packing of small 

rigid circular grains. Neighboring grains are bonded together at their contact points with normal, shear, and 

rotational springs and interact with each other. Since thorough details of the fundamental algorithm can be found 

in the literature (e.g., Potyondy and Cundall, 2004), only a general summary is described. 

For the bonded grains, the increment of the normal force 𝑑𝑑𝑑𝑑𝑛𝑛𝑛𝑛, tangential force 𝑑𝑑𝑑𝑑𝑠𝑠𝑛𝑛, and the moment 𝑑𝑑𝑑𝑑𝑛𝑛 

can be calculated based on the relative motion of the bonded grains, and are given as: 

𝑑𝑑𝑑𝑑𝑛𝑛𝑛𝑛 = 𝐾𝐾𝑛𝑛𝑛𝑛(𝑑𝑑𝑑𝑑𝑗𝑗 − 𝑑𝑑𝑑𝑑𝑖𝑖),         𝑑𝑑𝑑𝑑𝑠𝑠𝑛𝑛 = 𝐾𝐾𝑠𝑠𝑛𝑛(𝑑𝑑𝑑𝑑𝑗𝑗 − 𝑑𝑑𝑑𝑑𝑖𝑖 − 
𝐿𝐿2 (𝑑𝑑𝑑𝑑𝑖𝑖 + 𝑑𝑑𝑑𝑑𝑗𝑗)),    𝑑𝑑𝑑𝑑𝑛𝑛 = 𝐾𝐾𝜃𝜃(𝑑𝑑𝑑𝑑𝑗𝑗 − 𝑑𝑑𝑑𝑑𝑖𝑖),         

(1) 

where Knb, Ksb and Kθ are the normal, shear, and rotational stiffness of parallel bond, respectively; dn, ds, and 

dθ are normal, shear displacement and rotation of grains; L is the bond length. Subscripts i and j are indices of 

grains. The bond length L and diameter D could be given by 

𝐿𝐿 = 𝑟𝑟𝑖𝑖 + 𝑟𝑟𝑗𝑗, 𝐷𝐷 = 
4𝑟𝑟𝑖𝑖𝑟𝑟𝑗𝑗𝑟𝑟𝑖𝑖 + 𝑟𝑟𝑗𝑗, (2) 

where ri and rj are the radii of the grains i and j, respectively. If the tensile stress exceeds the tensile strength σc 
or the shear stress exceeds the shear strength τc; The bond breaks, and it is removed from the model along with its 

accompanying force, moment, and stiffness.  

In addition to the bond behavior, the linear contact behavior is active if two grains contact each other. The 

corresponding increment of the normal force 𝑑𝑑𝑑𝑑𝑛𝑛, tangential force 𝑑𝑑𝑑𝑑𝑠𝑠, and the moment 𝑑𝑑𝑑𝑑 can be calculated by: 
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𝑑𝑑𝑑𝑑𝑛𝑛 = 𝐾𝐾𝑛𝑛(𝑑𝑑𝑑𝑑𝑗𝑗 − 𝑑𝑑𝑑𝑑𝑖𝑖),         𝑑𝑑𝑑𝑑𝑠𝑠 = 𝐾𝐾𝑠𝑠(𝑑𝑑𝑑𝑑𝑗𝑗 − 𝑑𝑑𝑑𝑑𝑖𝑖 − (𝑟𝑟𝑖𝑖𝑑𝑑𝑑𝑑𝑖𝑖 + 𝑟𝑟𝑗𝑗𝑑𝑑𝑑𝑑𝑗𝑗)),    𝑑𝑑𝑑𝑑 = 𝑟𝑟𝑖𝑖𝑑𝑑𝑑𝑑𝑠𝑠,              (3) 

where Kn and Ks are the normal and shear stiffness of contact, respectively. Since the DEM is a fully dynamic 

formulation, some form of damping is necessary to dissipate kinetic energy, the damping force in normal and shear 

directions can correspondingly be computed by the following equations: 

𝑑𝑑𝑛𝑛𝑛𝑛 = 𝐶𝐶𝑛𝑛 (𝑛𝑛𝑛𝑛𝑗𝑗 − 𝑛𝑛𝑛𝑛𝑖𝑖)𝑛𝑛𝑑𝑑 ,            

𝑑𝑑𝑠𝑠𝑛𝑛 = 𝐶𝐶𝑠𝑠 (𝑛𝑛𝑠𝑠𝑗𝑗 − 𝑛𝑛𝑠𝑠𝑖𝑖− (𝑟𝑟𝑖𝑖𝑛𝑛𝜃𝜃𝑖𝑖 + 𝑟𝑟𝑗𝑗𝑛𝑛𝜃𝜃𝑗𝑗))𝑛𝑛𝑑𝑑 ,        

(4) 

where dt is the time step, the damping coefficient Cnand Cs that are calculated by: 

𝐶𝐶𝑛𝑛 = 2�𝐾𝐾𝑛𝑛 𝑚𝑚𝑖𝑖𝑚𝑚𝑗𝑗𝑚𝑚𝑖𝑖 + 𝑚𝑚𝑗𝑗, 
𝐶𝐶𝑠𝑠 = 2�𝐾𝐾𝑠𝑠 𝑚𝑚𝑖𝑖𝑚𝑚𝑗𝑗𝑚𝑚𝑖𝑖 + 𝑚𝑚𝑗𝑗, 

(5) 

where m is the mass of grains. 

 

2.2. Numerical algorithm considering thermal expansion behavior 

In EGS, the target rock has a high temperature, usually larger than 300 ℃. Under such an exceeding 

environment, the mechanical behaviors of rock change greatly compared with the normal temperature state. Based 

on the experimental results obtained by Yang et al. (2017), these differences are mainly caused by different 

thermal-expansion behaviors of various mineral grains such as quartz, feldspar, biotite, or any other minerals 

contained in reservoir rocks. In addition, the mechanical properties of the mineral grains themselves will also 

accordingly change with the increase in temperature. 

For incorporating the above thermal effects in the DEM simulation process, we consider the generation of 

thermally-induced fractures with an algorithm different from the bond damage determination in the conventional 

DEM. A damage variable D is introduced for the new mechanism: D ranges from zero for an intact bond of no 

damage to the unity for a completely damaged bond. An exponential form applies to the damage variable D to 

express a smooth transition between the intact and broken bonds expressed by the following equation: 
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D = 1 − e
−(

εn − εnuεnu  + 
εs − εsuεsu )

, (6) 

where εn and εnu is the total strain and elastic ultimate strain in the normal direction, respectively; εs and εsu is the 

total strain and elastic ultimate strain in shear direction, respectively. The following equations can calculate the 

strain between grains. Here, εnu and εsu respectively correspond to the tensile and shear strength of the bond, while εn and εs are the maximum tensile strain in the normal direction and the maximum shear strain in the tangential 

direction of the bond, respectively. 

Then, the strength and stiffness of the bond are updated by multiplying the damage variable so that the bonds 

are gradually damaged with the increase in strain shown as follows:  

𝜎𝜎𝑐𝑐 = 𝜎𝜎𝑐𝑐 (1 - D), 𝜏𝜏𝑐𝑐 = 𝜏𝜏𝑐𝑐 (1 - D), 𝐾𝐾𝑛𝑛 = 𝐾𝐾𝑛𝑛 (1 - D), 𝐾𝐾𝑠𝑠 = 𝐾𝐾𝑠𝑠 (1 - D). 

(7) 

Considering the different thermal expansion behavior of mineral grains in real rocks, different thermal 

expansion coefficients α  are assigned to DEM grains randomly so that the grain radius changes with the 

temperature by the following equation: 

𝑟𝑟𝑖𝑖𝑇𝑇  =  𝑟𝑟𝑖𝑖0  +  𝛼𝛼𝑖𝑖 ∆𝑇𝑇 𝑟𝑟𝑖𝑖0, (8) 

where riT and ri0 are the radius of grain i when its temperature is T and room temperature (25 ℃), respectively, 𝛼𝛼𝑖𝑖 
is the thermal expansion coefficient of grain i, ∆T is the temperature change. The thermal expansion or shrinkage 

of grains also generated thermal stresses causing the forces between the grains in the DEM model.  

As the temperature rises, the strength of the bond will increase to simulate the increasing mutual attraction 

between mineral grains: 

𝜎𝜎𝑇𝑇𝑐𝑐= 𝜎𝜎𝑐𝑐 (1 + γT1T), 𝜏𝜏𝑇𝑇𝑐𝑐  = 𝜏𝜏𝑐𝑐 (1 + γT1T), 

(9) 

where γT1 is a coefficient, which is set to be 0.0005, T is the temperature, 𝜎𝜎𝑇𝑇𝑐𝑐 and 𝜏𝜏𝑇𝑇𝑐𝑐  are the bond strength at 

temperature T (℃). In these equations, when T is greater than the threshold temperature (300 ℃ in this paper), T 

takes 300 ℃. 

Chemical changes and transgranular cracks for the temperature higher than the threshold temperature, a 

coefficient γT2 is introduced to update the contact stiffness of the grains (which is not applied to the stiffness of 
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bond, because the thermal stress caused by grain thermal expansion will lead to varying degrees of bond damage 

(the value of D is no longer 0), that is to say, the damage behavior of the bond at high temperature has been 

considered): 

𝐾𝐾𝑛𝑛𝑇𝑇= 𝐾𝐾𝑛𝑛 (1 - γT2(T-300)), 𝐾𝐾𝑠𝑠𝑇𝑇 = 𝐾𝐾𝑠𝑠 (1 - γT2(T-300)), 

(10) 

where 𝐾𝐾𝑛𝑛𝑇𝑇 and 𝐾𝐾𝑠𝑠𝑇𝑇 are the updated normal and shear contact stiffness at temperature T, respectively. 

In this paper, the relationship between thermal expansion coefficient and temperature is simplified as a linear 

relationship. When the temperature is lower than the threshold degree, the thermal expansion coefficient remains 

unchanged, while when the temperature is higher than the threshold degree, the thermal expansion coefficient 

increases linearly with temperature shown in the following: 

𝛼𝛼�𝑖𝑖  =  𝛼𝛼𝑖𝑖 + 𝑘𝑘𝑖𝑖𝑑𝑑 ∆T, (11) 

where kit is a coefficient, which is constantly selected to be 0.75 in this paper.  

In addition, considering the size of large pores and thermal stress cracks in the actual rock induced by thermal 

stress, an extra gap is added to completely broken bonds (damage variable D is greater than 0.999), then the 

updated normal initial distance between two grains is given as follows:  

𝐺𝐺𝑖𝑖𝑗𝑗𝑇𝑇  =  𝐺𝐺𝑖𝑖𝑗𝑗0  +  𝐾𝐾𝑔𝑔𝑔𝑔𝑔𝑔�𝑟𝑟𝑖𝑖 + 𝑟𝑟𝑗𝑗�, (12) 

where GijT  and Gij0 are the gap between grains i and j at temperature T and the room temperature, respectively, Kgap 

is the gap coefficient. The premise of applying this formula is that the bond between grains i and j has completely 

broken. 

For a micro crack with the initial gap, the contact force between corresponding grains is zero until they move 

a distance towards each other greater than the initial gap. 

2.3. Brittle-ductile transition algorithm  

As one of the common types of heat storage rocks (Lu and Wang, 2015), granite exhibits typical brittleness 

under normal temperature and confining pressure. However, laboratory test results show that as the confining 

pressure increases, the mechanical behavior of granite gradually transits from brittle to ductile. In the practical 

implementation, it is necessary to consider the influence of the high confining pressure on the rock mechanical 

behavior since the rock formation in EGS has a buried depth of several kilometers.  
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For general rock specimen, both the strength and stiffness gradually reduce their values as fracture develops, which 

is called degradation. Laboratory results suggest that this degradation behavior changes significantly with 

confining pressure (Brady and Brown, 1992). Specifically, the strength and stiffness degrade sharply after the peak 

stress in the uniaxial compression case, which shows a typical brittle behavior. As confining pressure increases, 

the degradation of the strength and stiffness is suppressed, and the rock displays less brittle behavior. Finally, 

under high confining pressure, the rock becomes fully ductile, no degradation occurs. Fang and Harrison (2001) 

simplified this brittle to ductile transition behavior with a degradation index, as given by Equation 13. Although 

the original work in Fang and Harrison (2001) was incorporated into a numerical method with a continuum 

approach (Fang and Harrison, 2002), we apply the idea of them to DEM calculation. 

𝛾𝛾𝑛𝑛 = 
𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝛿ℎ,   (13) 

where δσ  is the degradation of rock strength when subjected to a certain confining pressure, δσh  is the 

corresponding hypothetical degradation if the strength degradation behaves like a uniaxial case. This degradation 

index is closely related to the confining pressure, as summarized by Fang and Harrison (2001).  

In this paper, degradation behavior under different confining pressures is considered by updating the damage 

variable D: 

D� = D𝛾𝛾𝑛𝑛 , (14) 

where D� is the updated damage variable. The degradation index is given by an exponential form to ensure a smooth 

transition from brittle to ductile as follows: 

γd = e−ndσ3 ,  (15) 

where σ3  (Unit: MPa) is the confining pressure, nd  is the degradation parameter that can be estimated from 

experimental data. As the confining pressure on the bond increases, 𝛾𝛾𝑛𝑛  decreases from 1 to nearly 0, which 

indicates that the increment of the confining pressure suppresses the damage of bonds. 

2.4. Fluid-solid-thermal coupling algorithm 

A channel-domain model (Shimizu et al., 2011) is introduced into the proposed scheme to reproduce the fluid-

solid interaction in hydraulic fracturing, as illustrated in Fig. 1: 
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Fig. 1. Channel-domain model, domains are represented as the area enclosed by solid green lines. Yellow circles 

represent grains. 

In the channel-domain model, the closed area enclosed by the grains is called a domain, and the fluid-solid 

coupling is achieved through the mutual relationship between domains and grains. In a two-dimensional DEM, 

every three or more grains will form a domain. The following algorithm is proposed to accommodate these 

domains in the computation: 

Step 1: Randomly select a grain i, randomly select a grain j in contact with it, and randomly select a grain k in 

contact with the grain j (except for the grain i). At this time, the vector from the grain i to the grain j and then to 

the grain k will be clockwise or counterclockwise; then select a grain with the same direction from the grains in 

contact with grain k; 

Step 2: When there are multiple grains in contact with grain k that meet the above condition, select the grain that 

forms the smallest angle, then continue to select grains using the same principle; 

Step 3: Repeat steps 2 until a closed-loop (domain) is formed; 

Step 4: Repeat the above steps until all grains are traversed. The corresponding result is shown in Fig. 1. 

Then fluid can flow between the formed domains through the aperture, called the flow channel, between the 

adjoining grains. Corresponding laminar flow rate is given by the following equation based on the Poiseuille flow: 

Q𝑓𝑓 = 
w312μ ∆PLc ,    (16) 

where Q𝑓𝑓 is the flow rate, ∆P is the change in pressure across a channel, Lc is the length of the channel, μ is the 

viscosity of the fluid, and w is the aperture of the channel. In addition, to ensure the fluid can still pass through a 

model with no cracks, an initial aperture w0 is introduced so that the aperture of the closed channel could be 

obtained by: 
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w = 
w0F0F + F0,    (17) 

where F is the compressive normal force acting on the channel and F0 is the normal force at which the channel 

aperture decreases to half of its residual aperture (Al‐Busaidi et al., 2005). 

When the volume of fluid injected into the domain is greater than the volume of the pore (Vpore) between 

grains, the water pressure in the domain will start to rise from zero: 

dP =  
KfVr (∑Q𝑓𝑓dt  −  dVr),  (18) 

where ∑Q𝑓𝑓 is the total flow rate for a one-time step from the surrounding channels, Kf is the fluid bulk modulus, 

Vr is the apparent volume of the domain (the area of the polygonal area enclosed by the centerline of grains), and 

dVr is the change of the volume in the domain. 

Each domain accumulates the fluid pressure. A domain with a fluid pressure P causes the total force 𝑑𝑑𝑛𝑛, given 

in the following equation, that acts on the surrounding grains: 

𝑑𝑑𝑛𝑛  =  �Pcosθr dθ (19) 

In addition, when fluid flows through a channel, shear stress will be induced. The corresponding force that 

acts on the surface of two grains forms a channel that can be obtained by: 

𝑑𝑑𝑐𝑐  =  
w2  ∆P   (20) 

The porosity of the DEM model is much larger than the actual rock. For example, in 2-D cases, the overall 

porosity of the numerical model is suggested to be 16% (Potyondy and Cundall, 2004), but the porosity of granite 

is smaller than 1% at room temperature. An assumed porosity φ is applied correspondingly (Shimizu et al., 2011) 

so that the pore volume could be calculated: 

Vpore =φVr   (21) 

Here φ is a parameter regarding the porosity. Considering the thermal expansion behavior of grains induced by 

the high temperature treatment, a temperature correction term is introduced by: 

φT = (1.0 - γT3 (T-25)) φ0, (22) 
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where γT3 is a correction coefficient, which is set to be 0.00075, φ0 is the assumed porosity at room temperature 

(25 ℃)， φT is the assumed porosity at temperature T (℃). 

In addition to the mechanical response of fluid-solid coupling, based on the formed grain-domain system, the 

heat exchange of grain-grain, grain-domain, and domain-domain are introduced: 

For the heat exchange between grains, Fourier’s law of heat conduction is applied: 

 
∆Q

dt
 =  −kt Ac  

∆T∆x
 . (23) 

Here ∆T and ∆x are the temperature difference and distance between two grains, Q is the amount of heat thatflows 

through a cross-section between two grains during a time interval dt, kt is the thermal conductivity coefficient 

(assumed independent of temperature and averaged over the surface, unit: 
WmK) and the area Ac of the cross-section 

is given by the radius of grain: 

Ac  =  
4rirjri + rj  (Bonded),                                                               

Ac  =  
rirjri + rj (Unbonded).         

(24) 

For the heat exchange between grain and domain, based on Newton’s law of cooling, when there is a 

temperature difference between the surface of a grain and the surroundings, the heat lost from a unit area per unit 

time is proportional to the temperature difference expressed as follows: 

dQdt   =  −h Acdomain (Tt − Tdomain), (25) 

where Tt and Tdomain are the temperature of the grain and surrounding domain (unit: K), respectively, h is the 

surface heat transfer coefficient (assumed independent of temperature and averaged over the surface, unit: 
Wm2K), 

and Acdomain is the contact area between the domain and the grain.  

The heat exchange between domains takes place. When the fluid moves from one to the other domain through 

the channel, the grains on both sides will heat the fluid. Suppose the environment temperature of Tenv is a constant, 

the fluid temperature Tt has the following relationship with Tenv: 
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dTtdt  =  − hAC  (Tt − Tenv), (26) 

 where C is the heat capacitance (unit: 
JKg·K) and the solution of this differential equation is given by: 

Tt  =  Tenv + (T0 − Tenv)e
−dt·h·Am·C , (27) 

where Tenv is the average temperature of grains that form the channel, which is regarded as a constant during time 

interval dt. We notice that after the time with dt, the fluid with an initial temperature T0 will be heated to Tt under 

the environment temperature Tenv. When the surrounding fluid cools grain, the channel will shrink, and extra 

thermal stress will be induced correspondingly. 

3. Calibration 

In this paper, Lac du Bonnet granite is selected as the object of parameter calibration because granite is a 

common type of rock in EGS (Lu and Wang, 2015), and Lac du Bonnet granite has publicly reliable physical 

parameters such as strength and Young’s modulus. Uniaxial compression test, direct tensile test, and constant head 

permeability test are performed to calibrate model properties where the values of related model parameters are 

listed in Table 1: 

Table 1 Micro properties of DEM model. 

Micro property Symbol  Unit Value 

Density of grain ρ Kg/m3 2630 

Young’s modulus E GPa 45 

Stiffness ratio Ks/Kn 0.4 -- 

Tensile strength of bond 𝜎𝜎𝑐𝑐 MPa 11.5 

Shear strength of bond τc MPa 110 

Coefficient of friction 𝜇𝜇𝑓𝑓 -- 0.25 
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Initial aperture  w0 m 0.0000008 

Assumed porosity 𝜑𝜑 % 5 

Thermal conductivity coefficient kt W/mK 3.0 

Specific heat capacity of grain cg J/Kg · K 920 

During the simulation of the uniaxial compression test, a loading wall is placed above the model and moved 

slowly down to apply compression stress. The velocity of the wall is 0.05m/s, which is very large in the actual 

experiment. Nevertheless, in the numerical simulation, since the time step is very small, the wall moving distance 

in each iteration is very small, which is enough to ensure the accuracy of the numerical simulation. The crack 

width in this paper is obtained by equation 28. All parameters are calibrated at room temperature. 

ω =  �D𝑛𝑛2 + D𝑠𝑠2 , (28) 

where ω the crack width, D𝑛𝑛  and D𝑠𝑠  are the distance between the two grains in normal and shear direction, 

respectively. When the normal stress between these two grains is compressive stress, the value of D𝑛𝑛 is 0. 

In the calibration process of Young’s modulus and Poisson’s ratio, some grains on the model are used as 

sensors, and their displacements will be recorded and averaged respectively to measure the axial strain and lateral 

strain of the specimen. 

Based on the uniaxial compression test simulation, the crack distribution pattern is shown in Fig. 2 (a), from 

which the model presents a typical failure mode of rocks. 
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(a) 

 
(a)  

 

Fig. 2. Crack distribution patterns of uniaxial compression test (a) and direct tension test (b). 

The lines in Fig. 2 show the distribution of cracks, and the color of the lines represents the normalized crack 

width.  

The tensile strength of the model must be measured to verify the uniaxial compressive strength (UCS) to the 

tensile strength (TS) ratio (UCS/TS ratio). The direct tensile test is chosen to characterize the tensile strength since 

the numerical implementation is relatively straightforward and does not suffer from the difficulties encountered 

experimentally. The crack distribution pattern for the direct tension test is shown in Fig. 2 (b). 

Based on the numerical simulation, the macro properties of the models are measured. The comparison 

between this numerical result and Lac du Bonnet granite is listed in Table 2. We find that the simulation results 

have good agreement with the laboratory experimental results.  

Table 2 Comparison between the simulation result and Lac du Bonnet granite. 

Property Symbol  Unit 
 Theoretical 

value 

Simulatio

n result 

Young’s 

modulus 
𝐸𝐸 GPa 69 ± 5.8 66.5 

Poisson’s ratio ν -- 0.26 ± 0.04 0.28 

Uniaxial 

compression 

strength 

𝑞𝑞𝑢𝑢 MPa 200 ± 22 194.5 

Tensile 

strength 
𝜎𝜎𝑑𝑑 MPa 9.1 ± 1.3 9.5 
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The constant head permeability test is conducted to calibrate the permeability of the model. First, the upper 

and lower ends of the numerical model are defined as fluid injection end and fluid outflow end, respectively. The 

fluid could flow in from the fluid injection end and flows out from the fluid outflow end, and the other sides of the 

model are set to be impervious. During the numerical simulation, the upper and lower ends of the model are given 

a fixed pressure difference. When the flow rates at the fluid injection and fluid outflow ends are equal, the 

permeability coefficient k of the model can be measured accordingly: 

k =  
Qs
A i

 , (29) 

where Qs is the flow rate when the model reaches stability, A is the cross-sectional area of the model through 

which the fluid flows, and i is the hydraulic gradient. 

The calibrated permeability coefficient of the model is 1.9 ×  10−12m/s, which is in the range of published 

data of Lac du Bonnet granite ( 10−13 ⁓  10−4 m/s, Miguel et al., 2009). 

Similarly, to calibrate the thermal conductivity coefficient of the model, the grains at the lower end of the 

model are given with a high initial temperature (100 ℃, here does not consider the thermal expansion caused by 

temperature) and remain unchanged. Then, due to the uneven temperature distribution of the model, heat will be 

conducted from the high-temperature grains to the low-temperature grains. In this process, based on Fourier’s law, 

the heat conductivity coefficient between a group of grains can be given by: 

 kt   =  −  
∆Q∆x

Adt ∆T
 . (30) 

Corresponding parameters are the same as equation (21). 

Fig. 3 shows the initial temperature distribution (℃) of the model and the temperature distribution after 300,000 

iterations: 
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(a) Initial state 

 
(a) After 300,000 iterations 

 

Fig. 3. Changes in the temperature distribution of the numerical model. Color scale represents the temperature of 

grains. 

We can observe the heat conduction from the high-temperature grains to the low-temperature grains after the 

iteration. By measuring the thermal conductivity coefficient between multiple groups of grains and taking the 

average value, the thermal conductivity coefficient of the model can be obtained as 3.57 
WmK, which is in the range 

of granite thermal conductivity coefficient (1.7 ⁓ 4.0 
Wmk, Vazifeshenas and Sajadi, 2010).  

4. Validation of the proposed methods 

Numerical simulations of uniaxial compression tests after different temperature treatments and biaxial 

compression tests under different confining pressure are carried out to verify the validity of the proposed algorithm. 

The comparison with the experimental results is illustrated as well. The thermal treatment algorithm of the 

numerical model can be briefly described as follows: Firstly, the temperature of numerical specimens are increased 

to their target temperature (200, 300, 400, 500, 600, 700, and 800 ℃) at a slow rate of 0.45 ℃/min to reduce the 

influence of the heating rate itself. In this process, the radius of the grains is expanding with the increase in 

temperature. After the model reaches a steady-state, the specimens are cooled to room temperature (25 ℃). 

Subsequently, as the decrease in temperature, the grain radius will also shrink. Through different thermal 

expansion coefficients, the DEM grain can simulate the different thermal expansion and contraction behavior that 

leads to the thermal stress and then generate the thermally induced cracks. After different thermal treatments, 

numerical models with initial thermal stress cracks are used for uniaxial compression tests.  The stress-strain curves 

obtained by the above procedure are shown in Fig. 4: 



19 

 

 

Fig. 4. Axial stress-strain curves of uniaxial compression tests under different temperatures (℃) obtained by 

numerical simulation. 

From Fig. 4, it can be observed that the results obtained based on the proposed algorithm have the following 

characteristics: 

When the temperature of the specimen increases from the room temperature to 300 ℃, the uniaxial 

compressive strength is increased, the curve shows typical brittle failure characteristics; while when the 

temperature increases from 300 ℃ to 800 ℃, the uniaxial compressive strength and static elastic modulus of 

granite specimens are significantly decreased, and a more ductile failure of granite could be observed; 

The peak axial strain showed an increasing trend when the temperature is increased; 

The stress-strain curve exhibits non-linear at the beginning of loading; this phenomenon becomes more evident as 

the temperature rises, caused by the closure of thermal cracks. 

These behaviors of granite specimens after different thermal treatments match very well compared with the 

experimental test (Yang et al., 2017). Since many scholars have carried out similar experiments, it is necessary to 

discuss the subtle differences briefly. In short, the difference between different experiments mainly occurs in the 

mild temperature range (25 ℃ - 300 ℃), when the temperature is is higher than this range, the above tests all 

obtained the conclusion that with the temperature increases, the strength of the specimen decreases, the peak strain 

increases, and the failure mode shows a tendency of brittleness-ductility transition. In the mild temperature range, 

some experiments showed that the strength of granite specimens increases with increasing temperature (Yang et 

al., 2017; Rossi et al., 2018); while some other experiments showed that the strength of the specimen decreases 

with the increase of temperature (Shen et al., 2020). The reasons for these differences are complex, including rock 
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mineral composition, porosity, initial water content and some other factors (Wong et al., 2020). Since the rock 

types of the EGS heat storage rock formations are not unique, and the environment is far more complex than the 

laboratory environment, this paper used the threshold temperature mentioned in Equation 9 to distinguish these 

two cases. In addition, because the difference between these two cases is mainly concentrated in the mild 

temperature range, and the temperature discussed in this paper has exceeded this range, only the results considering 

the strength enhancement in the mild temperature range are shown. In contrast, the case where the strength and 

temperature are negatively correlated in the mild temperature range could be achieved by adjusting the threshold 

temperature in Equation 9.  

In addition, the failure mode of the rock gradually changes from brittle failure to ductile failure with 

increasing temperature. The corresponding crack patterns of the numerical model are shown in Fig. 5: 

(a) (b) (c) (d) 

 

Fig. 5. Numerical model at 25 ℃  (a), 300 ℃ (b), 700 ℃  (c) and 800 ℃ (d) after uniaxial compression failure 

It could be observed that the granite at room temperature is a kind of typically brittle rock material, showing 

axial splitting tensile failure mode, which is manifested as several axial tensile cracks. After the high temperature 

treatment, the fracture evolution process is affected by thermally induced cracks. Instead of large axial splitting 

tensile cracks, more shear failure along tensile cracks is observed due to thermal damage before the compression. 

The propagation and coalescence of thermal cracks lead to a complicated crack network, which is different from 

the process for specimens at lower temperatures. These phenomena are consistent with the experimental results 

obtained by Yang et al. (Yang et al., 2017).  

Next, we investigate the effect of the confining pressure using biaxial compression tests with different 

confining pressure. 
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Fig. 6. Axial Stress-strain curves with different confining pressure. The vertical and horizontal axes are the axial 

stress and axial strain, respectively. 

The stress-strain curves of biaxial tests are shown in Fig. 6. The ductility and peak strength of the numerical 

specimen gradually increases with increasing the confining pressure. The difference between the peak strength 

and post-peak residual strength decreases with increasing the confining pressure. The trend described above has 

good agreement with the laboratory experiments. Corresponding crack patterns of the numerical specimen with 

different values of the confining pressure are shown in Fig. 7:                                                                              

 
(a) Unconfined 

 
(b) 𝜎𝜎3 = 5MPa 

 
(c) 𝜎𝜎3 = 15MPa 

 
(d) 𝜎𝜎3 = 30MPa 

 
(e) 𝜎𝜎3 = 40MPa 

 
(f) 𝜎𝜎3 = 60MPa 

 
(g) 𝜎𝜎3 = 80MPa 

 
(h) 𝜎𝜎3 = 100MPa 

 
(h) 𝜎𝜎3 = 150MPa  

Fig. 7. Crack patterns in the numerical specimens of biaxial compression tests under different confining pressure 
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Fig. 7 illustrates the crack patterns of the numerical models under different confining pressure. In the uniaxial 

case, several axial splitting cracks can be observed. The model shows axial splitting tensile failure mode, which is 

one of the main forms of brittle failure of granite under room temperature. As confining pressure increases, the 

number of axial splitting cracks decreases, and the shear cracks gradually dominate. Finally, shear cracks spread 

over the entire specimen volume under high confining pressure, which indicates that the numerical model fails 

under a more diffuse failure mode. 

In order to characterize the proportion of tensile failure and shear failure of the specimen, this paper uses the 

average ratio D𝑛𝑛/ω of cracks, to represent the proportion of tensile failure. The definition of D𝑛𝑛 and ω could be 

found in Equation 28. The average ratio D𝑛𝑛/ω value under different confining pressures when specimen reaches 

the peak stress is shown in Table 3: 

Table 3 Average D𝑛𝑛/ω under different confining pressure. 

Confining pressure/MPa Average D𝑛𝑛/ω 

0 0.254853094 

5 0.183682238 

15 0.140037239 

30 0.129199771 

40 0.120987523 

60 0.120668218 

80 0.117995309 

100 0.116177384 

150 0.115341004 

From Table 3, as the confining pressure increases, the average value of D𝑛𝑛/ω gradually decreases, which 

means that the proportion of tensile failure decreases, which also verifies the transition of the specimen from a 

brittle failure mode to a more complex ductile failure mode. 

 

5. Hydraulic fracturing simulation 

The previous section confirmed that the mechanical behavior of rock under high temperature and high 

confining pressure could be reproduced by the proposed method. In this section, numerical simulations of hydraulic 

fracturing under various conditions are performed to study the combined effects of confining pressure, temperature, 
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and the property of injection fluid on the results of hydraulic fracturing. Here the numerical specimens are first 

heated to a predetermined temperature (25℃, 400℃ or 600℃ in this paper) according to the previously mentioned 

thermal expansion algorithm, and then, confining pressures (5 MPa, 30 MPa or 60 MPa in this paper) are applied 

in both x-direction and y-direction through four frictionless walls. The microscopic mechanical parameters used 

in this simulation are shown in Table 4: 

Table 4. Physical properties used in numerical experiments. 

Micro property Symbol Unit Value 

Density of grain ρ Kg/m3 2630 

Young’s modulus E GPa 45 

Stiffness ratio Ks/Kn -- 0.4 

Tensile strength of bond 𝜎𝜎𝑐𝑐 MPa 11.5 

Shear strength of bond τc MPa 110 

Coefficient of friction 𝜇𝜇𝑓𝑓 -- 0.25 

Bulk modulus of the fracturing fluid Kf GPa 2.0 

Assumed porosity φ % 0.5 

Thermal conductivity coefficient kt W/mK 3.0 

Specific heat capacity of grain cg J/Kg · K 920 

Specific heat capacity of fluid cf J/Kg · K 4200 

Surface heat transfer coefficient h 
W

m2K
 5000 

Fluid density ρf Kg/m3 1000 

Temperature of injection fluid 𝑇𝑇𝑓𝑓 ℃ 25 
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When the injection fluid viscosity is 0.1 mPa.s, the crack patterns and corresponding evolution of borehole 

pressure of hydraulic fracturing at different temperature are shown in Fig. 8 - 9: 

 
 𝜎𝜎3 = 5MPa    

 
  𝜎𝜎3 = 30MPa  

 
 𝜎𝜎3 = 60MPa 

 

Fig. 8. Crack patterns when the injection fluid viscosity is 0.1 mPa.s at room temperature. 

From Fig. 8, it can be observed that the development of hydraulic fractures is suppressed with increasing 

confining pressure, which is manifested as a decrease in crack width and few hydraulic cracks. 

 
 𝜎𝜎3 = 5MPa, T = 400 ℃   

 
  𝜎𝜎3 = 30MPa, T = 400 ℃    

 
  𝜎𝜎3 = 60MPa, T = 400 ℃   

 

Maximum thermal expansion 

coefficient at room temperature 

𝛼𝛼𝑖𝑖𝑚𝑚𝑔𝑔𝑚𝑚 𝐾𝐾−1 0.000006 

Average thermal expansion 

coefficient at room temperature 

𝛼𝛼𝑖𝑖𝑔𝑔𝑎𝑎𝑎𝑎 𝐾𝐾−1 0.000003 

Minimum thermal expansion 

coefficient at room temperature 
𝛼𝛼𝑖𝑖𝑚𝑚𝑖𝑖𝑛𝑛 𝐾𝐾−1 0.0000001 
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 𝜎𝜎3 = 5MPa, T = 400 ℃      

 
 𝜎𝜎3 = 30MPa, T = 400 ℃    

 
 𝜎𝜎3 = 60MPa, T = 400 ℃   

 

 
 𝜎𝜎3 = 5MPa, T = 600 ℃      

 
 𝜎𝜎3 = 30MPa, T = 600 ℃  

 
 𝜎𝜎3 = 60MPa, T = 600 ℃ 

 

 
 𝜎𝜎3 = 5MPa, T = 600 ℃    

 
 𝜎𝜎3 = 30MPa, T = 600 ℃  

 
  𝜎𝜎3 = 60MPa, T = 600 ℃ 

 

Fig. 9. The crack patterns and corresponding temperature distribution (℃)  when the injection fluid viscosity is 

0.1 mPa.s at 400℃ and 600℃. 

From Fig. 9, compared with the room temperature, when the temperature is 400℃ and 600℃, more hydraulic 

fractures can be observed under the confining pressure of 5MPa. When the confining pressure is 30 or 60 MPa, 

although the propagating direction of hydraulic fractures has changed due to initial thermal stress cracks induced 

by thermal expansion, the number of hydraulic fractures has not changed significantly. 

At different temperature, the relationship between the average crack width and the confining pressure when 

the borehole pressure reaches stabilized pressure is summarized in Table 5:  
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Table 5 Average crack width under different confining pressure and temperature. 

Confining pressure/MPa 

Temperature/℃ 

5 30 60 

25 0.0000035 0.00000067 0.00000092 

400 0.0000015 0.00000066 0.00000087 

600 0.0000071 0.0000022 0.0000019 

As the confining pressure increases, the average crack width tends to decrease regardless of temperature. 

When the confining pressure is kept constant, the average crack width at 400℃ is smaller than that at 25℃. 

Although the initial thermal stress cracks help induce more hydraulic cracks, the thermal expansion of grains 

causes a decrease in crack width and causes the temperature-dependent crack-width. When the temperature is 

600℃, the influence of initial thermal stress cracks on the average crack width far exceeds the thermal expansion 

of grains, so the average crack width at 600℃ is more significant than that at room temperature. 

When the injection fluid has high viscosity (100.0 mPa.s), numerical results with different confining pressure 

and temperature are obtained, as shown in Fig. 10 - 11:  

 
 𝜎𝜎3 = 5MPa    

 
  𝜎𝜎3 = 30MPa  

 
  𝜎𝜎3 = 60MPa 

 

Fig. 10. Crack patterns when the injection fluid viscosity is 100 mPa.s at room temperature. 

From Fig. 10, it could be observed that the development of hydraulic fractures is suppressed with increasing 

confining pressure, and high viscosity fluid induces more hydraulic cracks under 5MPa confining pressure. When 

the confining pressure is 30MPa and 60MPa, although the development of cracks is suppressed due to high 

confining pressure, high-viscosity fluids still tend to induce more hydraulic cracks. 
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 𝜎𝜎3 = 5MPa, T = 400 ℃     
 

  𝜎𝜎3 = 30MPa, T = 400 ℃   
 

  𝜎𝜎3 = 60MPa, T = 400 ℃  

 

 
 𝜎𝜎3 = 5MPa, T = 400 ℃     

 
  𝜎𝜎3 = 30MPa, T = 400 ℃   

 
  𝜎𝜎3 = 60MPa, T = 400 ℃  

 

 
 𝜎𝜎3 = 5MPa, T = 600 ℃     

 
  𝜎𝜎3 = 30MPa, T = 600 ℃   

 
 𝜎𝜎3 = 60MPa, T = 600 ℃  

 

 
 𝜎𝜎3 = 5MPa, T = 600 ℃     

 
 𝜎𝜎3 = 30MPa, T = 600 ℃   

 
  𝜎𝜎3 = 60MPa, T = 600 ℃  

 

Fig. 11. The crack patterns and corresponding temperature distribution (℃) when the injection fluid viscosity 

is100.0 mPa.s at 400℃ and 600℃. 
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From Fig. 11, compared with the room temperature, when the temperature is 400℃, there is no apparent 

change in the distribution characteristics of hydraulic cracks. Besides, the temperature reduction of grains around 

hydraulic cracks lags behind the propagation of the cracks when high-viscosity fluid is used because high-viscosity 

fluids have low flowability. 

When the temperature is raised to 600℃, compared with 400℃, more hydraulic fractures could be observed 

under the confining pressure of 5MPa. As the confining pressure increases, the development of hydraulic cracks 

is suppressed, and the number of hydraulic cracks decreases. 

At different temperature, the relationship between the average crack width and the confining pressure when 

the borehole pressure reaches stabilized pressure is summarized in Table 6: 

Table 6 Average crack width under different confining pressure and temperature. 

Confining pressure/MPa 

Temperature/℃ 

5 30 60 

25 0.0000087 0.0000041 0.0000052 

400 0.0000074 0.0000059 0.0000029 

600 0.000019 0.000011 0.0000048 

As the confining pressure increases, the average crack width tends to decrease. Compared to using low-

viscosity fluid, the difference in average crack width at 25℃ and 400℃ is reduced, which is caused by more 

hydraulic cracks induced by high-viscosity fluid. The average crack width at 600℃ is still the largest and is greater 

than the crack width when using low-viscosity fluid under the same conditions. 

6. Discussions 

For EGS used for power generation and the factors mentioned above, different heating rates caused by 

different geothermal gradients are also significant factors that affect the mechanical properties of rock mass, which 

is worth discussing—considering that the magnitude of loading rate and strain rate in the DEM algorithm is quite 

different from the actual test. Here we aim to qualitatively discuss the influence of different heating rates on the 

mechanical properties of the rock, rather than calibrating the precise thermodynamic response of a particular rock. 

In the process of numerical simulation, the numerical model is first heated to the target temperature at 

different rates (0.45 ℃/min, 0.9 ℃/min, 1.35 ℃/min) and then cooled to room temperature at the same rate after 

the model reaches a stable state. The mechanical parameters of the model are shown in Table 1. After this thermal 
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treatment process, the model is used for the uniaxial compression test. The numerical results of stress-strain curves 

are shown in Fig. 12: 

 
(a) Thermal treatment temperature: 800℃ 

 
(b) Thermal treatment temperature: 600℃ 

Fig. 12. The stress-strain curves after treatments at different heating rates and temperatures 

From Fig. 12, with the increasing heating rate, the dynamic compressive strength, and dynamic elastic 

modulus decrease, whereas the peak strain increases gradually. This trend is consistent with the experimental 

results (Shu et al., 2019). Thus, it could also be expected that the rock formation is more likely to be induced to 

fracture by the injection fluid under a high heating rate. Although the heating rate is an important influencing 

factor, due to the complicated heating mechanism and stress history of thermal storage rock formation, it could be 

challenging to determine the corresponding heating rate in actual projects.  

Research on the development of geothermal resources has attracted the interest of scholars for a long time. 

As mentioned before, many experiments on the thermodynamic response of rocks are carried out (Shu et al., 2019; 

Yang et al., 2017; Rossi et al., 2018, for example), which mainly distinguished from conventional mechanical 

experiments of rock due to the thermal treatment of specimen. In the thermal treatment stage, specimens are heated 

to their target temperature through a high-temperature furnace. They are then cooled naturally to room temperature 

(25 ℃) in a confined space. After the thermal treatment, a loading test (mainly the uniaxial compression test) will 

be conducted to analyze the thermodynamic response of the thermally treated rock specimen. Some theoretical 
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research applied the effects of temperature on rock mechanical properties obtained from this type of experiment 

in numerical simulations (Ohtani et al., 2019a, 2019b, 2019c, for example). It is worth mentioning that because 

the high-temperature geothermal reservoir rock formation does not have a cooling stage like the processing of 

laboratory specimens before they are developed, we separate the heating and cooling stages of the numerical model 

so that our simulation is closer to the actual situation. In the theoretical validation, the thermal treatment of the 

numerical model includes heating and cooling to keep it consistent with laboratory experiments; only the heating 

part is retained during the numerical simulation of hydraulic fracturing in order to be consistent with the state of 

the geothermal reservoir rock formation. Since thermal stress and thermal stress cracks are also generated during 

the cooling stage, it can be expected that our numerical model will have less initial damage than the model that 

does not distinguish between heating and cooling stages. 

A more significant temperature difference between reservoir rock and injection fluid helps to induce more 

cracks and theoretically proves the feasibility of using cryogenic liquid (such as liquid nitrogen and Supercritical 

carbon dioxide) instead of water for fracturing. Waterless fracturing technology has become an alternative to 

traditional hydraulic methods in recent years (Huang et al., 2020). In particular, these technologies are usually 

closely related to supercritical fluids. Take liquid nitrogen (LN2) as an example, the critical pressure and critical 

temperature of LN2 are 3.4 MPa and -147℃, respectively. During field application of LN2 fracturing, the injection 

pressure will exceed the critical pressure in most cases, and the injected LN2 will translate into a supercritical state 

after being heated up. In the supercritical state, distinct liquid and gas phases do not exist. The properties of the 

fluid will change significantly with temperature and pressure. Since the complex heat transfer phenomena involved 

in the supercritical state are still unclear, corresponding theoretical research is of great importance, which is one 

of our future research directions.  

7. Conclusions 

In the present study, we developed a new scheme to incorporate the effect of thermal stress cracks induced by 

thermal expansion or shrinkage into DEM for simulating the failure behavior of reservoir rocks in EGS. We 

conduct hydraulic fracturing simulations under various temperatures, confining pressure, and injection fluid 

conditions. From the numerical results, we notice that high temperature and high-viscosity injection fluid both 

tend to cause more complicated failure mode, resulting in more and wider hydraulic cracks. As the confining 

pressure increases, the breakdown pressure and stabilized pressure increase. High-viscosity injection fluid also has 

a similar effect. The propagation of hydraulic cracks shows a decreasing trend with increasing confining pressure 

caused by crack closure. In the high temperature cases, the thermal expansion of grains will cause the width of the 
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hydraulic cracks to decrease, but the initial thermal stress cracks caused by the thermal expansion of grains help 

to form more hydraulic cracks. The influence of initial thermal stress cracks gradually dominates with the increase 

of temperature, and the breakdown pressure and stabilized pressure tend to decrease. The network of the hydraulic 

cracks is affected by the combined effect between the temperature and the confining pressure. In actual geothermal 

development, to induce more hydraulic cracks, high-viscosity fluid is a feasible solution. In addition, since the 

temperature of rock formation is often proportional to the buried depth, high temperature and high pressure usually 

appear together. This environmental feature means that the confining pressure that increases with the temperature 

suppresses the propagation of fractures, although the high-temperature rock formation may be conducive to 

develop hydraulic fractures during the fracturing process. Therefore, a significant temperature difference between 

reservoir rock and injection fluid is needed to overcome the inhibition of high confining pressure on the 

development of cracks that forms a complex and extensive network of cracks,.   

8. Data  availability statement 

We have confirmed that all the data in this manuscript are available online, and the corresponding data and codes 

could be obtained by contacting the corresponding author.  
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Figures

Figure 1

Channel-domain model, domains are represented as the area enclosed by solid green lines. Yellow circles
represent grains.



Figure 2

Crack distribution patterns of uniaxial compression test (a) and direct tension test (b).



Figure 3

Changes in the temperature distribution of the numerical model. Color scale represents the temperature of
grains.



Figure 4

Axial stress-strain curves of uniaxial compression tests under different temperatures () obtained by
numerical simulation.

Figure 5

Numerical model at 25  (a), 300  (b), 700  (c) and 800  (d) after uniaxial compression failure



Figure 6

Axial Stress-strain curves with different con�ning pressure. The vertical and horizontal axes are the axial
stress and axial strain, respectively.



Figure 7

Crack patterns in the numerical specimens of biaxial compression tests under different con�ning
pressure



Figure 8

Crack patterns when the injection �uid viscosity is 0.1 mPa.s at room temperature.



Figure 9

The crack patterns and corresponding temperature distribution () when the injection �uid viscosity is 0.1
mPa.s at 400 and 600.



Figure 10

Crack patterns when the injection �uid viscosity is 100 mPa.s at room temperature.



Figure 11

The crack patterns and corresponding temperature distribution () when the injection �uid viscosity
is100.0 mPa.s at 400 and 600.



Figure 12

The stress-strain curves after treatments at different heating rates and temperatures


