
lable at ScienceDirect

Journal of Rock Mechanics and Geotechnical Engineering 15 (2023) 2917e2929
Contents lists avai
Journal of Rock Mechanics and
Geotechnical Engineering
journal homepage: www.jrmge.cn
Full Length Article
Continuous-discontinuous element method for three-dimensional
thermal cracking of rocks

Wen Nie a, Junlin Wang a, Chun Feng b, Yiming Zhang a,*

a School of Civil and Transportation Engineering, Hebei University of Technology, Tianjin, 300401, China
b Institute of Mechanics, Chinese Academy of Sciences, Beijing, 100190, China
a r t i c l e i n f o

Article history:
Received 14 September 2022
Received in revised form
12 December 2022
Accepted 6 February 2023
Available online 21 March 2023

Keywords:
Rock thermal cracking
Continuous-discontinuous element
Simplex integration
Temperature dependence
Numerical simulation
* Corresponding author.
E-mail address: Yiming.Zhang@hebut.edu.cn (Y. Zh
Peer review under responsibility of Institute of R

nese Academy of Sciences.

https://doi.org/10.1016/j.jrmge.2023.02.017
1674-7755 � 2023 Institute of Rock and Soil Mechanic
NC-ND license (http://creativecommons.org/licenses/b
a b s t r a c t

Thermal cracking of rocks can significantly affect the durability of underground structures in engineering
practices such as geothermal energy extraction, storage of nuclear waste and tunnelling in freezeethaw
cycle induced areas. It is a scenario of strong coupled thermomechanical process involving discontinuity
behaviours of rocks. In this context, a numerical model was proposed to investigate the thermal cracking
of rocks, in a framework of the continuous-discontinuous element method (CDEM) for efficiently
capturing the initiation and propagation of multiple cracks. A simplex integration strategy was adopted
to account for the influences of temperature-dependent material properties. Several benchmark tests
were considered and the obtained results were compared with analytical solutions and numerical results
from the literature. The results show that the fracture degree of the cases when considering
temperature-dependent material parameters had 10% differences approximately compared with the
cases with constant parameters.
� 2023 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Thermal cracking of rocks can occur during shale oil/gas
exploration, underground storage of nuclear waste, geothermal
energy mining, high geothermal tunnels and constructions in re-
gions with freeze-thaw cycles (Lee et al., 2017; Yuan et al., 2019;
Wang et al., 2021; Chen et al., 2022; Luo et al., 2022). Thermal
cracking may decrease the safety and durability of geotechnical
structures. Many researchers have conducted tests for obtaining the
material properties of rocks with varying temperatures. For
example, Mao et al. (2015), Fan et al. (2017), and Peng et al. (2020a,
b) studied the tensile strength, permeability, fracture morphology
and dynamic behaviours of granite. Jiang et al. (2022) studied the
influences of high temperature on the changes of mineral compo-
sition of granite and green sandstone. Zhang et al. (2017) presented
the thermal effects on porous and mechanical parameters of
limestone. By using the digital image correlation (DIC), Yang et al.
(2022) studied the displacement and strain fields and the crack
propagation processes of the sandstone at high temperatures. Li
ang).
ock and Soil Mechanics, Chi-

s, Chinese Academy of Sciences. Pr
y-nc-nd/4.0/).
et al. (2021a) used the DIC technique to study the influences of
temperature impact on the mechanical properties and fracture
behaviours of granite. Junique et al. (2021) proposed the evolution
of micro-cracking of cyclic heated granite with infrared thermog-
raphy. Chen et al. (2017) studied the effects of high temperature on
Beishan granite using the acoustic emission (AE) technique and
scanning electron microscope (SEM) and they provided the rela-
tionship between AE counts and permeability of heated granite.
Zhang et al. (2016) tried to understand the effects of water escape
process on mineral composition and structure and concluded that
the mechanical strength of rocks decreases with increasing tem-
perature. Wang and Konietzky (2019) andWang et al. (2019a, 2020)
suggested the temperature-dependent granite parameters and
proposed empirical relations of granite material parameters and
temperature. These above-mentioned works reveal the influences
of temperature on physical properties of rock materials.

Compared with testing studies, numerical simulations are
economically advantageous for large-scale geotechnical structures.
Although it is still a challenge for conventional finite element
method (FEM) to consider the cracking processes of rock-like ma-
terials, many numerical methods, such as the cracking element
method (Zhang et al., 2015, 2021a; Zhang and Zhuang, 2018, 2019;
Mu and Zhang, 2020; Zhang and Mang, 2020), cracking particle
method (Rabczuk and Belytschko, 2004, 2005, 2007; Rabczuk et al.,
oduction and hosting by Elsevier B.V. This is an open access article under the CC BY-
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2007; Rabczuk and Zi, 2007) and peridynamics (Ren et al., 2016,
2017; Wang et al., 2019b; Shou and Zhou, 2020; Yu et al., 2020; Yu
and Sun, 2021; Zhang et al., 2021b), have been proposed to capture
the initiation and propagation of multiple cracks in quasi-brittle
materials. Tao et al. (2020) adopted a coupled finite element
mesh-free method to simulate the thermal cracking processes of
rocks. Wu et al. (2021) proposed an extended finite element
method based on cohesive zone model to investigate the mixed
mode fracture of heated rocks. A TOUGH-RFPA simulator was
developed to capture the evolution of thermal stress and damage of
heated heterogeneous rocks by Li et al. (2021b). Some methods
based on discontinuous medium theory, such as particle and block
discrete element model, were also proposed (e.g. Wanne and
Young, 2008; Jiao et al., 2015; Xia, 2015; Wu et al., 2019; Wang
and Konietzky, 2022). Different from other quasi-brittle materials,
there are a large number of faults, joints and mineral particles in
rocks where the propagating cracks interact with natural cracks.
Distributions of discontinuities can significantly affect the me-
chanical properties of rocks. Some discontinuity modelling
schemes such as discrete fracture network (DFN), discontinuity
geometrical modeling (DGM) have been developed (e.g. Boon et al.,
2012; Azarafza et al., 2017, 2018; Shang et al., 2018; Rasmussen,
2020; Li et al., 2022).

Continuous-discontinuous element method (CDEM) is a nu-
merical approach combining finite and discrete elements, which is
designed to capture this progressive failure process of rocks. The
influences of artificial parameters of CDEM such as offset co-
efficients of semi-spring and semi-edge model, and heat trans-
mission stiffness on the calculation results were studied (Feng et al.,
2014; Li and Feng, 2016). Recently, CDEM has been modified and
used to simulate hydraulic fracturing, blasting, landslide and other
engineering applications (Feng et al., 2014; Ju et al., 2016; Wang
et al., 2022), its application to thermal cracking of rocks is still
rare (Li and Feng, 2016). Compared with conventional discrete el-
ements, CDEM uses deformable blocks, providing stress/strain re-
sults of the domain. Table 1 shows the comparisons of discrete
element methods with deformable blocks for thermo-mechanical
problems.

In the framework of CDEM, this paper tried to build a three-
dimensional (3D) numerical model to study thermal cracking of
rocks. The main features of our model include:
Table 1
Comparisons of discrete element methods with deformable blocks for thermo-
mechanical problems.

Numerical
methods

Computational
scheme

Scope Source

Numerical
manifold
method

Implicit Two-
dimensional
(2D)

Zhang et al. (2014), (2018);
Liu et al. (2019)

Extended finite
element
method

Implicit 2D/3D Zeng et al. (2020); Chadaram
and Yadav (2021); Zhou et al.
(2021)

Discontinuous
deformation
analysis
method

Implicit 2D Zhang (2001); Jiao et al.
(2015); Xu et al. (2019);
Huang et al. (2022)

Combined finite
discrete
element
method

Explicit 2D/3D Yan and Zheng (2017); Yan
et al. (2021), 2022

Continuous-
discontinuous
element
method

Explicit 2D/3D Feng et al. (2014); Li and Feng
(2016); Ju et al. (2016); Wang
et al. (2022)
(i) The temperature-dependent material properties were
considered in the framework of CDEM and an updated pro-
cedure was established.

(ii) Simplex integration strategywas implemented in the explicit
iterative procedure for assuring accuracy.
2. Mathematical model

2.1. CDEM algorithms

The CDEM is an explicit iterative numerical method coupling
finite and discrete elements based on the Lagrange function (see Eq.
(1)) which can simulate the progressive failure processes of
geological bodies from continuous to discontinuous stages (Li and
Feng, 2016):

d
dt

�
vL
v _ui

�
� vL
vui

¼ Qi (1)

where t is the time; Qi is the non-conservative force of the system; L
is the Lagrange function; ui is the displacement of a node; and _ui is
the node velocity.

In the CDEM framework, there are two types of basic elements:
block and interface. A block contains one or several deformable
finite elements, and an interface that contains multiple normal and
tangential springs. Finite element method was adopted inside the
block elements and discrete element method was used between
the blocks when cracks appeared. By implementing corresponding
constitutive relations, the tensile-and-shear failure of rocks can be
captured (Zhu et al., 2021). In this work, a linear elastic constitutive
was adopted for blocks, and the balance equation is

M €uðtÞþC _uðtÞ þ KuðtÞ ¼ FðtÞ (2)

where M, C and K are the concentrated mass, damping and stiff-
ness matrices of element, respectively; €uðtÞ, _uðtÞ and uðtÞ are the
acceleration, velocity and displacement vectors of element nodes at
time t, respectively; FðtÞ is the external force vector.

Global dynamic relaxation technique was adopted to solve the
displacement and stresses of each block element in the CDEM al-
gorithms. This method introduces a damping term in the dynamic
calculation, which makes the initially unbalanced system converge
to the equilibrium position gradually.

Brittle fracture Mohr-Coulomb constitutive was used for the
interfaces. The displacement increment method was used to
calculate the normal and tangential stresses of the contact spring at
present time step tn. In the 3D condition, the force of the contact
spring in interface element is written as

FnðtnÞ ¼ Fnðtn�1Þ þ KnAcð�DdnÞ
Fs1ðtnÞ ¼ Fs1ðtn�1Þ þ KsAcð�Dds1Þ
Fs2ðtnÞ ¼ Fs2ðtn�1Þ þ KsAcð�Dds2Þ

9=
; (3)

where Fn, Fs1 and Fs2 are the normal and two tangential forces of
the contact springs, respectively; Kn and Ks are the normal and
tangential stiffness of the contact springs; Ac is the contact area of
the springs; Ddn, Dds1 and Dds2 are the normal and two tangential
displacement increments of the contact springs at time tn,
respectively. The negative sign indicates that the displacement is in
the opposite direction of the force.

The maximum tensile stress criterion and MohreCoulomb cri-
terion were adopted for tensile and shear failures. When the
strength is temperature-dependent, it is necessary to judge
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whether the spring is broken or not based on the parameter values
at current time step. Tensile failure will occur when

�FnðtnÞ > Acft;tn (4)

where ft;tn is the tensile strength of spring at time tn. Shear failure
will occur when

FsðtnÞ > FnðtnÞtan fþ Acctn (5a)

FsðtnÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Fs1

2ðtnÞ þ Fs2
2ðtnÞ

q
(5b)

where FsðtnÞ is the resultant shear force of spring at time tn, f is the
internal friction angle, ctn is the cohesion of material at time tn. All
material parameters were updated with varying temperature in the
calculation steps.
2.2. Exact integration of heat transfer

Finite volume method was used to capture the heat transfer
process in blocks. According to Fourier’s law, the heat flux in block
element is

qi ¼ � ktn

�
vT
vx

i
!þ vT

vy
j
!þ vT

vz
k
!�

(6)

where ktn is the thermal conductivity of material at time tn; T is the
temperature function; x, y and z are the components of spatial
coordinate; i

!
; j
!

and k
!

are the direction vectors.
Integrating Eq. (6) in domain U, we obtain

qiV ¼ � ktn

I
vU

�
vT
vx

i
!þ vT

vy
j
!þ vT

vz
k
!�

nds (7)

where V is the volume of U; vU is the boundary of U; n is the outer
normal vector of vU; ds is the surface integral of outer surface. In
this work, only tetrahedral discretization is considered for U (see
Fig. 1).

As an exact integration method for polyhedron body (Lin and
Xie, 2020), the simplex integration was used to accurately calcu-
late Eq. (7). The temperature of any point in the element shown in
Fig. 1a can be determined by
Fig. 1. Tetrahedral element used in this work: (a) one tetrahedral element, and (b) one
surface of the tetrahedral element S123.
Tðx; y; zÞ ¼
X4
i¼1

NiTi

Ni ¼
ai þ bixþ ciyþ diz

6V
ði ¼ 1;2;3;4Þ

9>>>=
>>>;

(8)

where Ni is the shape function of elements; Ti is the temperature of
nodes; ai, bi, ci and di are parameters of the shape function (Rao,
2018). Eq. (8) can be transformed into

Tðx; y; zÞ ¼ 1
6V

ðAþBxþCyþDzÞ (9)

where A ¼ P4
i¼1aiTi, B ¼ P4

i¼1biTi, C ¼ P4
i¼1ciTi, D ¼P4

i¼1diTi.
Then, one surface ofU shown in Fig.1b is considered as example,

denoted as S123, and the plane equation is

aðx� x1Þþbðy� y1Þþgðz� z1Þ ¼ 0 (10)

where a ¼
������
1 y1 z1
1 y2 z2
1 y3 z3

������, b ¼
������
1 z1 x1
1 z2 x2
1 z3 x3

������, g ¼
������
1 x1 y1
1 x2 y2
1 x3 y3

������.
The total heat flow through S123 denoted as q123 can be further

decomposed into three parts considering its projections on xoy, yoz,
and xoz planes (Fig. 2) as

q123 ¼
ZZ

S123
Tðx; y; zÞ TZ

�!
dxdyþ Tðx; y; zÞTx!dydz

þ Tðx; y; zÞTy!dxdz (11)

where Tx
!
, Ty
�!

and Tz
!

are the components of the unit normal vectors
of the temperature function along the x, y, and z directions
respectively as

Tx
! ¼ a

l
; Ty
! ¼ b

l
; Tz
! ¼ g

l
(12)

where l ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ b2 þ g2

q
.

Then we have the following equations

q123 ¼ q123; xoy þ q123; yoz þ q123; xoz (13a)

where
Fig. 2. Projections of S123 on xoy, yoz, and xoz planes.
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q123; xoy¼
1
l

Z Z
gðAþBxþCyÞþD½gz1�aðx�x1Þ�bðy�y1Þ�dxdy

q123; yoz¼
1
l

Z Z
aðAþCyþDzÞþB½ax1�gðz�z1Þ�bðy�y1Þ�dydz

q123; xoz¼
1
l

Z Z
bðAþBxþDzÞþC½by1�aðx�x1Þ�gðz�z1Þ�dxdz

9>>>>>>>>>=
>>>>>>>>>;

(13b)

Based on the simplex integration formula in two-dimensional
condition (Lin and Xie, 2020), Eq. (13b) can be calculated by line-
arly superimposing each term. After conducting integrations on all
surfaces of U, the total energy can be obtained. Then the temper-
ature on the nodes can be updated with

DT ¼ QnDt
cp;tnrtnV

TðtnÞ ¼ Tðtn�1Þ þ DT

9>=
>; (14)

where Qn is the total heat flow of node; Dt is the time increment;
cp;tn and rtn are the specific heat capacity and density of material at
time tn, respectively.

The calculation procedure of CDEM is as follows.

(i) Calculate the temperature increment of block elements ac-
cording to Eq. (14);

(ii) Calculate the stress of block elements and force of contact
springs; and

(iii) Judge whether the spring is broken or not based on the Eqs.
(4) and (5).
2.3. Temperature dependent parameters

As mentioned before, the temperature-dependent material pa-
rameters were updated in iteration steps. The relations were built
based on the formulas in Appendix A (Wang et al., 2020). The
mechanical properties such as the Young’s modulus, Poisson’s ratio,
Fig. 3. Flowchart of par
tensile strength, and cohesion are stored in blocks, while thermal
parameters such as specific heat capacity and thermal conductivity
are stored in nodes. The updating procedure is as follows.

(i) Cycle all block elements and obtain the temperature of each
node in each block at current step after solving the temper-
ature field at time tn;

(ii) Update the thermal parameters on nodes based on the
temperature values at time tn and take the average temper-
ature of all nodes as the temperature of the block; and

(iii) Update the mechanical parameters based on the tempera-
ture of the block, and then solve the temperature and stress
field at time tnþ1 (see Fig. 3).

Moreover, the strength reduction induced by elevated temper-
ature is irreversible. In other words, the strength depends on the
historical experienced maximum temperature.

2.4. Benchmarks

In this section, three benchmark tests were considered where
the obtained results were compared with theoretical solutions and
numerical results from the literature.

2.4.1. One-dimensional (1D) heat conduction problem
To validate the numerical results, a model with sizes of 1

m � 0.25 m � 0.25 m (length � width � height) was used. The
boundary conditions are Tx ¼ 0 m ¼ 0 �C and Tx ¼ 1 m ¼ 100 �C.
All points were set to Tt ¼ 0 s ¼ 0 �C as the initial condition. This
1D heat conduction problem was solved by 3D analysis with mesh
shown in Fig. 4. The used parameters are density r ¼ 2604 kg=m3,
thermal conductivity k0 ¼ 3.65 W=ðm �CÞ, specific heat cp;0 ¼ 706
J=ðkg �CÞ.

Transient temperature analysis was considered. We simulated
the cases with and without temperature-dependent parameters
and denoted them as TD (temperature-dependent) and NTD (not
temperature-dependent), respectively. The numerical results are
shown in Fig. 5. The results indicate that the proposed numerical
method can successfully capture the temperature evolution.
ameters updating.



Fig. 4. 1D heat conduction model calculating with 3D analysis.

Fig. 6. The disk test.
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2.4.2. The disk test
The second example is the disk test with outer radius 1 m and

inner radius 0.1 m. Two meshes were considered (Fig. 6). The tem-
perature at outside boundary Tr was set to 0 �C and inside boundary
TR was set to 200 �C. All points were set to Tt ¼ 0 s ¼ 0 �C as the
initial condition. The thermal parameters are the same as those used
the last example. The mechanical parameters are the Young’s
modulus E0 ¼ 27.38 GPa, the Poisson’s ratio n0 ¼ 0.26, and the
thermal expansion coefficient aT ¼ 1.482 � 10�5 �C�1.

Considering different meshes and NTD condition, the numeri-
cally obtained radial and transverse stresses sr and sq are shown in
Fig. 7 compared with the analytical solutions. The comparisons
indicate both meshes can provide agreeable results where finer
mesh leads to improved results. Fig. 8 shows the results of TD and
NTD conditions. It can be found that the temperature-dependence
has slight influences on this example where the difference of sr is
larger than that of sq.
2.4.3. Thermal cracking of a hollow sphere
A hollow spherewith outer radius 0.1 m and inner radius 0.04 m

was considered to study the 3D thermal cracking (Fig. 9). The
material parameters are the same as that used in the Sections 2.4.2
and 2.4.3. Additional parameters are the tensile strength ft;0 ¼ 5
MPa, cohesion c0 ¼ 25.5 MPa and internal friction angle f ¼ 30�.
The initial temperature of model was set as 0 �C. The inner and
outer boundaries were set as 100 �C and 0 �C, respectively.

Upon the temperature gradient, the inner part of the sphere
experiences compression while the outside part experiences ten-
sion. The damage of the model can be quantified by the spring
Fig. 5. Spato-temporal distr
broken ratio (SBR) as the ratio of the area of broken springs to the
area of total springs (see Fig. 10). After applying the boundary, the
thermal cracking happens from 1000 s to 3000 s. For the TD con-
dition, the obtained SBR is lower than that of the NTD condition.
The cracking patterns are illustrated in Fig. 11 where the cracks
emerge from the outer to the inner regions. The cracking patterns
agree with the results of Yan et al. (2021).
3. Numerical examples

3.1. Thermal shock of a heated block

The thermal shock of a heated block (Yan et al., 2022) was
simulated in this section. The plate has the dimensions of 0.15
m � 0.15 m � 0.05 m (length � width � height) (Fig. 12). The
material parameters are r ¼ 3900 kg=m3, E0 ¼ 300 GPa, n0 ¼ 0.3,
k0 ¼ 30 W=ðm �CÞ, cp;0 ¼ 880 J=ðkg �CÞ, aT ¼ 7.5 � 10�6 �C�1,
ft;0 ¼ 180MPa, c0 ¼ 200MPa and f¼ 30�. The initial temperature of
model was set to 200 �C and a temperature boundary with 0 �C was
applied on the bottom surface.

The obtained temperature results are shown in Fig. 13. For both
NTD and TD conditions, several small and major cracks propagate
from the bottom to the top surfaces. After around 250 s, most cracks
stop propagating. For the TD condition, as the thermal conductivity
decreases and the specific heat capacity increases with elevated
temperature, the heat conduction process is slower than that with
the NTD condition. Cracks patterns are shown in Fig. 14. Many
ibution of temperature.



Fig. 7. Distribution of thermal stress of NTD model.

Fig. 9. Thermal cracking of a hollow sphere model.
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micro-cracks appear in the regions close to the bottom surface
while several major cracks appear in the upper regions. These crack
patterns agree with the results of Yan et al. (2022).

3.2. Thermal expansion mismatch test

The thermal expansion properties of different minerals are
varied, resulting in non-uniform deformation and so-called ther-
mal mismatch stress (TMS) (Yan and Zheng, 2017). The test for the
TMS is shown in Fig.15 with parameters for the twomaterials listed
in Table 2 (Yan and Zheng, 2017; Shou and Zhou, 2020). The initial
temperature of the whole model was set to 0 �C. The whole model
experiences uniform temperature rising from 0 �C to 300 �C within
300 s when the thermal expansion coefficient of the embedded
medium is larger than that of the matrix. When the temperature
rises, the matrix structure experiences tension and the embedded
medium experiences compression.

Fig. 16 shows the evolution of the maximum principal stress
considering the TD and NTD conditions. For the matrix structure,
when the tensile stress exceeds the strength of extension, the
Fig. 8. Comparison of thermal stresses bet
cracks will appear and the stress will be released (Fig. 16a and e).
Crack evolutions are shown in Fig. 17. Cracks first appear at the
ween NTD and TD models of mesh I.



Fig. 10. The numerically-obtained SBR.

Fig. 12. Thermal shock of a heated block model.
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interface between the matrix and the embedded medium (see
Fig. 17a and e). Then, several major cracks continue to propagate
radially. The final cracking patterns generally agree with that of
Shou and Zhou (2020). For the TD condition, when the tensile
strength decreases with increasing temperature, more cracks
emerge and the SBR is higher (Fig. 18a). The maximum spring
normal forces are shown in Fig. 18b, indicating the springs in
loading-breaking procedures continuously during heating.

3.3. Simulation of a geothermal injection well

Geothermal energy is recognized as a clean energy (Phuoc et al.,
2018). The mining method is to inject low-temperature medium
(water and supercritical carbon dioxide) into high-temperature
rock layer through the injection well and extract the high-
temperature medium fluid back from the production well to the
ground plant for heating, as shown in Fig. 19a (Xu et al., 2022;
Zhang et al., 2022).

The surrounding rocks of the geothermal injection well may
experience cracks induced by in situ stress as well as thermal stress
Fig. 11. Cracking patterns a
(Du et al., 2017). Such cracking can decrease the efficiency of
geothermal exploitation. In this example, the surrounding rock was
simplified into a hollow cylinder model with outer radius 0.6 m,
inner radius 0.1 m, and height 0.3 m (Fig. 19b). The material is
granite with the same parameters used in Section 2.4.3. Con-
strained displacement was specified in the inner surface of the
model to simulate the supporting effect of the geothermal well.
Different pressure levels (0 MPa, 5 MPa and 10 MPa) were
considered on the other surfaces to simulate the in situ stress. The
initial temperature is 250 �C. For boundary conditions, the tem-
perature of inner surface is 20 �C and the temperature of outer
surface is 250 �C.

As mentioned before, for granite, the specific heat capacity in-
creases and the thermal conductivity decreases with elevating
temperature. Hence, for the TD condition, the heat conduction is
slower and the temperature gradient is higher than that of the NTD
condition for the same time step, as illustrated in Fig. 20. Taking
case with the in situ stress (5 MPa) as an example, the maximum
principal stresses are shown in Fig. 21. After applying the relatively
low boundary temperature, the inner regions shrink as the cold
shock, resulting in high tensile stress. The regions with tensile
stress expand with elapsed time, and then become smooth.

Fig. 22 shows the final cracking patterns considering different in
situ stresses with the TD and NTD conditions. It can be found that
higher in situ stresses constraint crack propagation. The cracking
patterns with the TD and NTD conditions are generally similar. On
the other hand, Fig. 23 shows the evolutions of the SBR, indicating
the damage level of TD is lower than that of NTD with in situ stress
while the damage level of TD is higher than that of NTDwith high in
t different time steps.



Fig. 13. Temperature evolution of NTD and TD models.

Fig. 14. Comparison of cracking patterns of NTD and TD models at 400 s (h: the distance to the bottom of model).
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situ stress. This is because the elastic modulus decreases with
increasing temperature in the TD conditions. At in situ stress of 10
MPa, the inner regions are stiffer in the TD condition than that in
the NTD condition, rendering higher stresses and more cracks in
the TD condition.
Fig. 15. Thermal expansion mismatch test model.
4. Discussion

Since the CDEM is an explicit iterative numerical method, a
small time-step must be used to ensure the convergence, which
also leads to the relatively low calculation speed, especially in the
3D case. A personal computer with Intel Core i7-11800H 2.30G Hz
processor and 16 GB memory was used to obtain the numerical
results in this paper. Fig. 24 shows the average time of each
computation step for different models, where the unit CPU time is
defined as the computing time over the number of block elements
at each step. It can be found that the unit CPU time increases almost
linearly with increasing block elements. Moreover, the unit CPU
time of the 3D models takes about twice that of the 2D models.
Therefore, it is still a challenge to improve the computational speed
of CDEM in large-scale elements.



Table 2
Material parameters.

Parameters Units Matrix Embedded medium

Density, r kg=m3 2700 2700
Young’s modulus, E0 GPa 20 20
Poisson’s ratio, n0 � 0.2 0.3
Tensile strength, ft;0 MPa 10 20
Cohesion, c0 MPa 20 20
Friction angle, f � 30 30
Thermal conductivity, k0 W=ðm �CÞ 1.2 1.2
Specific heat, cp;0 J=ðkg �CÞ 900 900
Thermal expansion coefficient, aT �C�1 1.5 � 10�5 1 � 10�5

Fig. 16. Maximum principal stress evolution of NTD and TD models caused by TMS.

Fig. 17. Cracking patterns of NTD and TD models caused by TMS.

Fig. 18. SBR and maximum spring normal force of NTD and TD models.
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Fig. 19. Geothermal system and the simplified model.

Fig. 20. Evolution of the temperature of NTD and TD models with 5 MPa ground pressure.

Fig. 21. Evolution of the maximum principal stress of NTD and TD models with 5 MPa ground pressure.
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5. Conclusion

In this paper, a 3D numerical model for simulating thermal
cracking of rocks was proposed. By using simplex integration, the
thermal energy in tetrahedral element was calculated. Using an
updating procedure, the temperature dependent material
properties were taken into account in the framework of CDEM, as
an explicit iterative numerical method coupling finite and discrete
elements. Several benchmark tests and numerical examples were
considered. By comparing the obtained results with analytical and
numerical solutions, the reliability and robustness of the numerical
model were verified.



Fig. 23. Comparison of SBR of injection well with different ground pressures.

Fig. 24. The unit CPU time of the examples with different number of elements.

Fig. 22. Cracking patterns with different ground pressures.
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List of Symbols

Qi Non-conservative force of the system
L Lagrange function
t Node time
tn Present time step
Dt Time increment
ui Nodal displacement
_ui Nodal velocity
uðtÞ Displacement vector of element nodes at time
_uðtÞ Velocity vector of element nodes at time
€uðtÞ Acceleration vector of element nodes at time
M Concentrated mass matrices of element
C Damping matrices of element
K Stiffness matrices of element
F External force vector
n Outer normal vector of vU
vU Boundary of element
Fn; Fs1; Fs2 Normal and two tangential forces of the contact springs
Ddn;Dds1;Dds2 Normal and two tangential displacement

increments of the contact springs
Kn;Ks Normal and tangential stiffness of the contact springs
Ac Contact area of the springs
ctn Cohesion of material at time tn
ft;tn Tensile strength of spring at time tn
ktn Thermal conductivity of material at time tn
cp;tn Specific heat capacity of material at time tn
Qn Total heat flow of node
T Temperature function
i
!
; j
!
; k
!

Direction vectors
x, y, z Components of spatial coordinate
ds Surface integral of outer surface
qi Heat flux in element

https://doi.org/10.1016/j.jrmge.2023.02.017
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Ni Shape function of elements
Ti Temperature of nodes
ai; bi; ci; di Parameters of the shape function

Tx
!
, Ty
�!

, Tz
!

Components of the unit normal vectors of the
temperature function along x, y, and z directions

E0 Young’s modulus
n0 Poisson’s ratio
c0 Cohesion
k0 Thermal conductivity
cp;0 Specific heat
ft;0 Tensile strength
r Density of material
V Volume of element
f Internal friction angle
aT Thermal expansion coefficient
Tr Temperature at outside boundary
TR Temperature at inside boundary
sr Radial stress
sq Transverse stress
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