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ABSTRACT The thermomechanical coupling of rocks refers to the interaction between the mechanical and
thermodynamic behaviors of rocks induced by temperature changes. The study of this coupling interaction is essential for
understanding the mechanical and thermodynamic properties of the surrounding rocks in underground engineering. In
this study, an improved temperature-dependent linear parallel bond model is introduced under the framework of a
particle flow simulation. A series of numerical thermomechanical coupling tests are then conducted to calibrate the
micro-parameters of the proposed model by considering the mechanical behavior of the rock under different
thermomechanical loadings. Good agreement between the numerical results and experimental data are obtained,
particularly in terms of the compression, tension, and elastic responses of granite. With this improved model, the
thermodynamic response and underlying cracking behavior of a deep-buried tunnel under different thermal loading

conditions are investigated and discussed in detail.
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1 Introduction

The thermomechanical coupling interaction of rocks is a
common problem encountered in underground enginee-
ring, particularly for granite in nuclear engineering
projects. During engineering operations, the extra heat
produced by high-level radioactive waste is continuously
transmitted into the surrounding rock through engineering
barriers such as waste tanks and buffer materials. As a
result, various types of thermal damage and some
microcracks may appear in the surrounding rock around
the disposal repository, further degrading the thermal and
mechanical properties of the surrounding rocks [1].
Therefore, understanding the thermodynamic properties
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of the surrounding rock is crucial for determining the
volume, layout, and cost of disposal repositories,
optimizing the spacing of disposal units, and ensuring the
safety of engineering projects [2].

Therefore, a large number of studies have been carried
out to investigate the deformation and rupture of
surrounding rock induced by thermomechanical coupling
action [3—6]. Here, we consider granite as an example, as
granite is often encountered in deep-buried facilities and
is generally considered a preferential geo-material for
high-level radioactive waste. Fan et al. [7] first investi-
gated the local fracturing of granite due to temperature
changes by analyzing its internal microstructural
evolution using computed tomography and 3D image
reconstruction. The results indicated that the density of
granite decreased sharply between 400 and 800 °C. Chen
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et al. [8] completed a series of unconfined compressive
strength (UCS) tests on granite after heating and found
that the elastic response sharply declined as the
temperature increased from 400 to 800 °C. Sun et al. [9]
obtained similar results and further noted that the failure
of granite comprised four stages. Moreover, the crack
width and density of granite changed abruptly above
400 °C. Using scanning electron microscopy, X-ray, and
acoustic emission techniques, Xu et al. [10] further
explored the microcrack propagation process of granite
via UCS tests with different temperature loadings and
found that the failure pattern exhibited a clear transition
from brittle to flexible. Moreover, Yin et al. [11] and
Yang et al. [12] also observed that a critical temperature
exists at which the physical and mechanical behavior of
granite changes significantly. More precisely, when the
temperature is sufficiently high, a reduction in the
chemical strength of minerals, such as the a—f quartz
phase transition, leads to failure of the granite [11,13—16].
Therefore, most previous experimental studies have
shown that the type, distribution, and content of minerals
in granite directly affects its thermomechanical responses
[17-19] in terms of its elastic properties, compression,
tension, and Poisson’s ratio [20-23].

Numerical methods have made significant progress in
the last decade. Different types of numerical thermome-
chanical coupling algorithms have been proposed and
used to study the thermodynamic behavior of granite
[24-27]. Jang and Yang [28] simulated the granite
heating process using a thermal elastic finite element
program and compared the results with those of indoor
tests. Schrank et al. [29] proposed a granite model based
on an implicit Lagrangian finite element code to capture
the amplification of rock pores caused by cracks during
the heating process. By adopting a combined approach of
rock failure process analysis and digital image proces-
sing, Yu et al. [30] developed a numerical model
incorporating meso-structure characteristics that could
successfully reproduce the local cracking related to
thermal stress. Wang and Konietzky [31] used a
continuum approach to investigate the effects of different
heating speeds on granite. Other numerical methods,
including meshed [32-35] and mesh-free methods
[36-38], have also been used to capture the cracking
initiation and propagation behavior in the failure process
of samples; the results can provide a deeper
understanding of local cracking in rocks under different
loading conditions [39,40].

The particle flow code (PFC), which was first proposed
by Cundall and Strack [41], is a discrete element method
that is widely used [42,43] to simulate the mechanical
behavior of cohesiveless sand—soil media [44] and
analyze the cohesiveness of rocks [45—47]. In terms of
thermodynamic coupling, PFC exhibits a remarkable
advantage in modeling the heat-induced initiation and
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propagation of cracks in rocks. In this method [48], the
continuous rock is regarded as an assembly of discrete
particles bonded by interfaces. During thermomechanical
coupling, these particles are considered as thermal
reservoirs and the bonds are simultaneously considered as
thermal pipes to transfer heat. The thermodynamic
process of heat flowing outward from a heat source can
thus be simulated. Wanne and Young [49] simulated the
crack propagation of granite under heating conditions
using a bonded-particle model and compared the results
with those of acoustic emission tests. Using a coupling
model, Xia et al. [50] considered the variation in the
elastic strength and modulus with temperature. Zhao [14]
simulated the generation of microscopic and macroscopic
cracks in granite under heating and illustrated the
mechanical mechanism of granite cracking under
different temperature conditions using particle flow
simulations.

However, rocks such as granite have often been
simulated as isotropic materials in previous studies, thus
neglecting the internal microstructural features. In
experiments, the internal micro-inclusions of granite,
such as plagioclase, feldspar, quartz, and mica, have been
shown to have an obvious effect on the thermodynamic
behavior. Therefore, this structural characteristic should
be considered during modeling of the thermomechanical
coupling. A simple thermomechanical coupling model
originally embedded in the PFC has frequently been used
in simulations; this model defines the thermal expansion
of the contacts as a linear function of the strain. Different
thermal loadings thus result in different nonlinear thermal
strain responses. Therefore, this issue remains contro-
versial.

A numerical sample generation approach is first
proposed in this study to describe the internal inclusions
of granite by defining different types of contacts. Then,
by including a thermal damage function at the contacts,
an improved thermal-dependent linear parallel bond
model is suggested and programmed based on the PFC2D
algorithm. The micro-parameters involved in the model
are calibrated using laboratory test data obtained for
Beishan granite from China. The thermodynamic
properties of the granite during heating are investigated.
The proposed model is then further applied to study the
thermodynamic response and potential cracking behavior
of a typical deep-buried tunnel under different thermal
loading conditions.

2 Methodology

In this study, the linear parallel bond model (LPBM) [51]
in PFC2D is used; this model can effectively reproduce
the mechanical behavior of cementation related to rock
minerals [52,53]. For the thermomechanical coupling, a
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thermal expansion function is incorporated into the model
to describe the expansion of particles as well as that at the
contacts. In addition, owing to oxidation or deterioration
with increasing temperature [6,50,54], the mechanical
and thermal properties of minerals will change during the
heating process; thus, an improved LPBM based on
temperature is proposed and used to establish a
thermomechanically coupled granite sample.

For the LPBM, to describe the local deformation and
failure behavior at the contacts, as shown in Fig. 1,
stiffness parameters (k, and k) are first introduced into
the contact laws to define the linear relationships between
the contact forces and relative displacements, respec-
tively, with the normal force and displacement (£, and u,,
respectively), as well as the shear force and displacement
(AF, and Aug, respectively) [55,56]. It should be noted
that the normal stiffness, k,, is the secant modulus,
whereas the shear stiffness, k, is tangential. The
corresponding mathematical equations for the contact
laws in the LPBM are given as follows:

Fn = kn un o ( 1 )
Fn
(temsion) bond breakage
Fnr
(overlap) (open) u,
<
g
%
& k,
1
(compression)

(@)
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AF, = —kAu,. 2

To model the thermomechanical coupling behavior, the
micromechanical parameters in terms of stiffness and
strength in the linear contact bond portion of the LPBM
are temperature-dependent. As presented in Fig. 2, pieces
1 and 2, which can be a facet and a particle or two
particles, represent the two ends of the contact. In the
thermal calculation, these two pieces serve as thermal
sources that can transfer heat to each other through the
thermal pipe.

During the temperature change, A7, the radius of each
particle and bond length of the contact are expressed as
follows:

AR = aRAT, 3)

AL =&LAT, (@)

where AR and R refer to the radius change after heating
and radius before heating of the particle, respectively, a is
the coefficient of the linear thermal expansion (CLTE) of

F.

s

bond breakage

(b)

Fig. 1 Contact laws: (a) in the normal direction (F), is the residual normal force); (b) in the tangential direction (F, is the residual shear

force).

piece 1
heat source

piece 2
heat source

thermal
pipe

v LY

Fig.2 Mechanical components of the improved parallel bond model.
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the particle, AL is the length change of the contact after
heating, @ is the CLTE of the contact, and L is the length
of the contact before heating, which is a heat-transfer
medium in the thermal calculations.

Therefore, the normal contact force change, AF,, of the
bond between two particles at each time step can be
obtained as follows:

AF, =2k,R.AL, 5)

where k, is the normal stiffness of the bond, and R, is the
width of the contact.

The heat transmission equation for a continuum is
given in the thermal calculations as follows:

0q; oT
— +q,=pC,—, 6
ax,-+qv PC— (6)
oT
qt l[axj’ ( )

where ¢q; and ¢, denote the heat flux vector and
volumetric heat source intensity, respectively, and p, C,,
and k; denote the mass density, specific heat, and
thermal conductivity tensors, respectively.

The heat transfer equation for two particles can be
expressed as follows:

N
oT

_ZQP"'Qv:vaE’ (8)
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Q,= AT, )
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+
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where O, and Q, denote the thermal energy in the pth
pipe flowing out of the heat source and the heat source
intensity, respectively; N is the number of interparticle
contacts, i.e., the number of thermal pipes; m is the
thermal mass; AT, is the temperature difference between
the two ends of the pth pipe; 7, is the thermal resistance
at the unit length of the pth pipe; n,, and 7, are the
resistances of pieces 1 and 2, respectively; and L, is the
length of the pth pipe.

3 Calibration and verification of the
thermomechanical coupling model

3.1 Calibration of the mechanical properties

A numerical sample of Beishan granite for thermome-
chanical testing is established based on experimental data
for Beishan granite from China [57]. The granite samples
in the experimental data are composed of plagioclase
(339%—-44%), feldspar (22%-26%), quartz (29%—38%),
and mica (3%—5%).

Image recognition and processing [58,59] is a common
numerical remodeling method. As shown in Fig. 3, the
numerical sample is generated in PFC2D with the
appropriate mineral content using the random composi-
tion method for the minerals [60]. The numerical sample
is composed of plagioclase (37.2%), feldspar (25.8%),
quartz (32.9%), and mica (4.1%). The parameters of the
numerical sample are summarized in Tables 1 and 2.

The microscopic parameters are obtained by trial and
error such that the stress—strain curves of the numerical
sample match the experimental data [57] under different
confining pressures to establish a reasonable granite

D quartz (32.9%)
D plagioclase (37.2%)
D feldspar (25.8%)
. mica (4.1%)

Fig.3 Numerical sample for the thermomechanical tests and naked eye observation image of the Beishan granite.
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Table 1 Geometric parameters of the numerical sample used in the
PFC2D

numerical sample value
sample width W (mm) 50
sample height H (mm) 100
particle diameter D (mm) 0.6-1.5
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The numerical simulation results and experimental data
are in good agreement, and the parameters of the LPBM
are listed in Table 3. Each contact is named based on the
mineral with the lower strength between the two ends of
the contact.

Table 3 Mechanical parameters of different minerals at 25 °C

Table 2 Physical parameters of the numerical sample used in the
PFC2D

numerical sample particle density p (kg/m3)
plagioclase 2700
quartz 3100
feldspar 2760
mica 2760

sample in the numerical simulation. The strengths of the
different minerals are defined in accordance with the
strength relationship (quartz > plagioclase ~ feldspar >
mica) [61]. In this study, the modulus parameters of
plagioclase, feldspar, and mica are set to 0.5, 0.45, and
0.25 times that of feldspar, respectively. The strength
parameters of plagioclase, feldspar, and mica are set to
0.7, 0.8, and 0.4 times that of feldspar, respectively. The
stress—strain curves of the numerical simulation and
experimental data at confining pressures of 5, 10, and
15 MPa are shown in Fig. 4. For the boundary conditions
of the numerical tests, the contacts between the side walls
and particles are defined as linear with an effective
modulus of 0.52 GPa and a ratio of the normal stiffness to
shear stiffness of 20.0. The contacts between the top wall
and particles are defined as linear with an effective
modulus of 10.4 GPa and ratio of the normal stiffness to
shear stiffness of 0.0. The step strain rate is 4.02 x 10
step ', which is appropriate for quasi-static loading
conditions [62].

400 -
——,=5MPa
——0,=10 MPa

—0,=15MP
300 4 % a A

350

250 °

200

o 0000 °°

150

100

deviatoric stress o, — o; (MPa)

50 +

0 T T T
0.0 0.2 0.4 0.6 0.8 1.0

axial strain ¢ (%)

Fig. 4 Stress—strain curves at room temperature obtained
experimentally [57] (line) and numerically (scatter).

contact parameters in the parallel plagioclase quartz feldspar mica

bond model

effective modulus E* (GPa) 35.14 7028 31.63 17.57
bond effective modulus £” (GPa) 18.56  37.12 16.70  9.28
normal-to-shear stiffness ratio «” 25 2.0 2.5 4.0
bond normal-to-shear stiffness ratio x* 25 2.0 25 4.0
tensile strength &, (MPa) 9930 141.86 113.49 56.74
shear strength 7, (MPa) 198.60 283.72 226.98 113.49
friction coefficient u 1.27 1.59 143 048
friction angle § (° ) 5586 797 63.84 31.92
moment contribution factor 5 0.5 05 05 05

3.2 Calibration of the thermal properties

In the thermomechanical coupling analysis of the PFC,
the timescales associated with the thermal and mechanical
processes are different, and the ratio of the thermal-to-
mechanical timescales is extremely large; therefore,
taking several thermal time steps without the mechanical
state of the sample is feasible if the system approaches
thermal equilibrium [48]. In the heating process in this
study, the thermal-only mode is applied for a specific
time with a temperature increment of 1 °C to ensure that
the system approaches thermal equilibrium. The
mechanical-only mode is then applied until the system
approaches mechanical equilibrium. As shown in Fig. 5,
temperature is applied to the four walls, and heat is
transferred from the walls to the particles and then from
those particles to other particles through the thermal
pipes. The temperature of the walls is initially set to 25 °C
(room temperature), and the sample is solved to approach
mechanical equilibrium. In the first stage of the heating
process, the thermal-only mode is used, and the sample is
cycled for 12 s after the wall temperature is set to 26 °C.
The mechanical-only mode is then used, and the sample
is run for a number of simulation cycles until the sample
reaches a mechanical equilibrium state. This process is
repeated until the temperature of the sample reaches
1000 °C. During this process, the heating rate is 5 °C/min.

The microscopic thermal parameters of the thermal
resistance can be calibrated by measuring the macrosco-
pic thermal conductivity of the numerical sample. In
experiments, steady-state measurements are frequently
employed to determine the thermal conductivity. The
material is heated until the thermal equilibrium point is
reached. When the heat transfer and heat dissipation rates
are equal, the material is considered to have reached
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heat
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heat » ‘ heat

particle_
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heat

Fig. 5 Heating process of the granite sample.

equilibrium. The thermal conductivity can be calculated
using the heat flux density passing through the specimen,
thickness, and temperature differential between the two
sides in accordance with the Fourier 1D steady-state heat
conduction model [63]. The heat conductivity measure-
ments are shown in Fig. 6(a).

In the numerical method, a constant thermal power of
100 W is applied to the particles at the bottom, and the
sample is solved such that the heat from the bottom
particles is transferred to the particles at the top of the
sample. Two narrow areas are selected on the heated
sample: the first area with an average temperature of 7', is
very close to the heat source, and the second area with an
average temperature of T, is close to the top of the
sample. The thermal conductivity, &, is calculated using
Fourier’s law, which can be expressed as follows:

Oh

k= —%
(T\-Tyd

(11)

where Q is the thermal power of 100 W applied to the
bottom particles, 4 is the distance between the centers of
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the two areas, and d is the width of the sample. As shown
in Fig. 6(b), the thermal conductivity curve converges to
a relatively stable value during the heating process, and
this value represents the thermal conductivity at a certain
temperature. The thermal conductivity curves are shown
in Fig. 6(c). Under these conditions, the thermal
conductivity obtained by the numerical simulation can be
matched with the thermal conductivity obtained experi-
mentally at various temperatures. The resulting mesosco-
pic thermal conductivity of the ith particle is negatively

correlated with the temperature and satisfies the
following exponential distribution:
T
n:(T) = 0.68m;, x 1.00045 104, (12)

According to Refs. [64,65], the CLTE, «, approxi-
mately satisfies an exponential distribution. The CLTE
affects the strength of the rock after heating by influen-
cing the degree of thermal damage and number of thermal
cracks. The CLTE of the ith particle is obtained as
follows:

T
The specific heat, C,, increases linearly at low
temperatures [66], and mutation occurs with the phase
transition [67]. Therefore, the specific heat capacity of the
ith particle is fitted as follows [68]:

CAT) = 0.16T + 1011, (T <573°C)
BT a+bT 4T3 +dT ™ + T, (T >573°C)
(14)

where a, b, ¢, d, and e are set to —228.24, 3.3801 x 108,
—3.4738 x 10'°, 1.11 x 10°, and —2.38 x 10°, respectively
[69].

Several experiments have demonstrated that quartz
material undergoes an o—f phase transition at 573 °C
[54,70,71], which causes a change in the properties of

_ 28+
2 D experiment by Zhao et al. [72]
T —~ — 100 °C 200 °C ~ 2.6 g © experiment by Zhao et al. [73]
S 4 - ggg ZS - ggg Zg G 2.4 i s - numerical sample
£ ——700°C ——800°C £ 2] e
ES- 900 °C 1000 °C 2 201 N :
h z 2 ‘o
2 24 5 1.6 ‘
< ~ b= *
g — 5 1.4 8e
54 o —— = 3 . §
ERE ————— = 1.2
- g : o § .
£ 2 107 .
0 T T T T T 1 0.8 T T T T T
0 5 10 15 20 25 30 0 200 400 600 800 1000
time (s) temperature (°C)
(b) (©

Fig. 6 Measurement of the thermal conductivity: (a) measurement process; (b) thermal conductivity curves at different temperatures;

(c) thermal conductivity.
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granite-containing quartz materials at high temperatures.
Piecewise functions are used in the expressions for the
elastic modulus, £, and strength, ¢ (including the tensile
strength, o, and shear strength, 7), of the cith contact to
reflect this change, which can be expressed as follows:

E (0.00059T +0.985)E, (T <£573°0C) s
. = T
’ (0.000028¢5 +1.27)E,, (T >573°C) (15)
ci0s T < 573 OC
T M i ( ) )
(0.000098¢ 114 +0.992) ., (T >573°C)
(16)

where i represents different types of minerals; a;, 17,0, £,
and ¢, are the CLTE, thermal resistance, effective
modulus, and strength parameter of contact i at 25 °C,
respectively.

The preheating process is conducted from 25 to
1000 °C using the model described above. The variation
in deformation inside the granite sample leads to thermal
cracking when the temperature increases because of the
rapid production of cracks and the different CLTE values
of the minerals. The distribution of microcracks formed
by thermal cracking is relatively uniform. Owing to the
expansion of the mineral particles after heating, which
causes thermal stress, a total of 1757 thermal cracks form.
The number of thermal cracks continues to increase with
increasing temperature. Figure 7(a) shows the distribution
of the thermally produced microcracks in the sample at
various temperatures. The simulation results show that
the growth rate of the crack number and order of crack
generation differ for various minerals. Quartz experiences
minimal damage during heating owing to its high
strength. Cracking occurs earliest in mica, initiating at
429 °C. The plagioclase begins to crack at 536 °C, and
the feldspar begins to crack at 717 °C. The crack

1800
- mica !
1600+ feldspar #
+— plagioclase f
14004 »— quartz g
a +— total cracks
§ 1200" .
?
g 10004 500°C 600°C 700 °C ..'
3 J
“é 800 ..' y Ve
£ 600- ;4
f=] .
= A
400+ R
00°C  900°C 1000 ° &
2004 800 °C 900 °C 1000 °C i
oot eeene"
0 T T T T
0 200 400 600 800 1000
T (°C)

(a)
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production rate is slow during the heating process
because of the lower mica content. When the sample is
heated to 791 °C, the cracks induced by the failure of
plagioclase dominate. The number of cracks in the
plagioclase increase rapidly. More than 60% of the total
cracks are induced above 800 °C.

As shown in Fig. 7(b), the expansion of the numerical
sample increases with the temperature and reaches
approximately 3% at 1000 °C. The expansion trend with
temperature agrees well with the results of the laboratory
testing [64]. The thermal conductivity curves of the
Beishan granite are obtained from laboratory experiments
in Refs. [72,73]. The microscopic thermal parameters are
obtained by trial and error to ensure that the thermal
conductivity curves of the numerical sample match the
experimental data. The thermal parameters of the
numerical samples are presented in Table 4.

3.3 Verification of the stress—strain curves

Following the compression tests using the parameters in
Tables 3 and 4, the stress—strain curves at different
temperatures are obtained, as shown in Fig. 8. The
stress—strain curves generated by the numerical simula-
tions (lines) and the results of the experiments (scatters)
are in good agreement, as shown in Fig. 8(a). The
strength and elastic modulus of the granite sample
decrease with temperature. However, when constant
parameters are used, as shown in Fig. 8(b), the
compressive strength and elastic modulus obtained
numerically are higher than the experimental values,
particularly at high temperatures. This result is attributed
to the fact that the thermal and mechanical properties of
minerals vary with temperature, and the complex
chemical reactions involving minerals occur at tempera-
tures exceeding 573 °C.

Figure 9 shows the microcrack distributions at various

3.0
254
2.0
1.5

1.0+

thermal expansion (%)

0.5

0.0

T T T 1
400 600 800 1000
T (°C)

(b)

0 200

Fig. 7 Numerical preheating process: (a) number and distribution of thermal cracks; (b) thermal expansion.
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Table 4 Thermal parameters of different minerals at 25 °C
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thermal parameters in the LPBM

plagioclase quartz feldspar mica
coefficient of linear thermal expansion & (1075 °C71) 1.8 1.9 1.1 5.2
specific heat C, (J/(kg-°C)) 1015 1015 1015 1015
thermal resistance n (°C~W71) 1.84 0.30 2.30 0.23
300 - 300
250 4 250 -
£ 200 4 £ 200
S 2
© . o
2 150 - 900 °C 2 150
& 1000 °C &8
172
= =
= 100 4 ) Z 100
50 504 B
0 I

— T T T T T T T T T T 1
00 02 04 06 08 1.0 1.2 14 1.6 1.8 2.0 22
axial strain ¢ (%)

(@)

0 T . T T T T ¥ T T T T T 1
00 02 04 06 08 1.0 12 14 16 18 20 22
axial strain ¢ (%)

(b)

Fig. 8 Stress—strain curves of compression tests at different temperatures with a confining pressure of 5 MPa obtained experimentally
(scatter points) and numerically (lines) using (a) the temperature-dependent thermomechanical model and (b) conventional

thermomechanical model.

200 °C 400 °C 600 °C

800 °C 900 °C 1000 °C

Fig. 9 Crack distributions after failure at different temperatures with a confining pressure of 5 MPa obtained in the numerical simulation.

temperature peak stress points; the results indicate that
the macrocracks at the peak change with temperature. At
lower temperatures (approximately 200 °C), the microc-
rack distribution exhibits a common brittle failure mecha-
nism in Beishan granite, manifested as an “X”-shaped
failure pattern [14]. At higher temperatures (> 400 °C),
the main failure mode is shear failure with a steep angle
of approximately 60°-70°. As a result of thermally
generated microcracks and thermal stress, granite samples
may become more ductile as the temperature increases.

A tensile test is conducted on the heated Beishan
granite using the same sample as that used for the
compression test. Figure 10 shows the resulting
stress—strain curves and microcrack distributions.

According to the results of the direct tensile testing, the
temperature affects the tensile strength of Beishan
granite. No obvious fluctuation is observed in the curves
at low temperatures (< 400 °C), whereas the curves
fluctuate sharply at high temperatures (> 400 °C). The
curves fluctuate less with the generation of fewer thermal
cracks during preheating and then sharply increase with
an increase in the thermal cracks. This is because adjacent
cracks open and propagate under tension when thermal
cracks are present. The connection and transfixion with
adjacent cracks result in a sudden decrease in the
strength. In contrast, the cracks close under pressure in
the compression tests. Therefore, fluctuations do not
occur in the compression tests. The loading cracks are
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dominated by tensile cracks. When the temperature is
lower than 600 °C, the microcracks at the peak tensile
strength generated by loading appear as a horizontal line
in the failure area, which is a typical tensile failure mode.
More thermal cracks than loading cracks occur at
temperatures above 600 °C, and because the thermal
cracks prevent the loading cracks from growing, the
loading cracks are dispersed randomly with intermittent
shear cracks.

4 Influence of the temperature field of a
tunnel on the excavation damage

4.1 Size effect

The size effect is investigated to ensure that the thermal

and mechanical characteristics of the small-scale sample
and large-scale model are consistent. The particle
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distribution remains the same, but the height and width of
the sample, gaps between particles, and radii of the
particles are increased, as shown in Fig. 11(a). Six
samples are thus obtained at magnifications of 1, 2, 5,
100, 500, and 2000%. The stress—strain curves obtained in
the compression tests and the microcrack distributions are
shown in Figs. 11(b) and 11(c). Under the condition that
the particle distribution remains unchanged, the physical
andmechanical characteristics ofthe sample remainunchan-
ged regardless of the magnification (error within 5%).
The main failure mode is shear failure with a steep angle
of approximately 60°-70° for all samples. Therefore, a
magnified sample can be used to perform the tunnel
heating simulation.

4.2  Model tunnel construction

It is necessary to investigate the thermomechanical
coupling effect while considering the failure mechanisms

2 -
2 25 °C
20
=
[aW
2 15+
5y
% 200 °C 400 °C 600 °C
2 10
<
E
5 .
1000 °C
0 T T T T 1
0.00 0.05 0.10 0.15 0.20 0.25
axial strain ¢ (%) 800 °C 900 °C 1000 °C
() (b)
Fig. 10 Tensile tests: (a) stress—strain curves; (b) crack distributions after failure.
r 300+
=
— -
950 ~ ===m=2
—— n=5
_ — n=100 p \
£ 2004  —— n=500
= —— n=2000
©
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<
504
" dz 0 T T T T T T T 1
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Fig. 11 Analysis of the size effect: (a) enlargement of particles with the same distribution; (b) stress—strain curves with different

magnifications; (c) crack distributions with different magnifications.

of tunnel excavations at high temperatures. To confirm
the accuracy of the proposed model, it is necessary to
analyze the impact of the temperature field on tunnel
excavation, as illustrated in Fig. 12.

Based on the size effect tests, 18 samples magnified at
500% are combined to form a large model, as shown in
Fig. 12. The length and width of the model are 150 m. A
rectangular area of 125 m X 140 m is removed from the
model as the initial tunnel model. The obtained model
system is guaranteed to be consistent with the small-scale
sample in the compression and tensile tests. Thus, it is
possible to investigate the impact of the temperature field
on tunnel excavation using the parameters listed in
Tables 3 and 4. A flexible membrane boundary [74] is
used to apply geostress to the model and to simulate the
geostress gradient at different depths. The burial depth of
the model is assumed to be 80 m. The stress conditions
are shown in Fig. 12. The lateral stress increases linearly
with depth. The bottom of the model is fixed. A circular
area with a radius of 10 m is excavated. The total number
of discs is approximately 70000.

To investigate the failure mechanism of tunnel excava-
tion under thermomechanical coupling, the temperature
of the heating area is increased from 25 to 1000 °C at a
rate of 5 °C/min. The temperature of the boundary is
fixed at 25 °C. During this process, the temperature of the
surrounding rock around the tunnel gradually increases,
and heat is gradually transferred to the inside of the rock
mass. The crack propagation in the surrounding rock is
analyzed through the simulated heating process.

4.3 Crack propagation behavior of a tunnel under
temperature changes

The tunnel is heated using the method described above.
To examine the impact of temperature-dependent thermal
factors, Fig. 13 shows the development of the number of
cracks with temperature for the tunnel model.

When the temperature is below 200 °C, the tunnel
model contains almost no cracks, regardless of whether
the temperature-dependent parameters are considered.
When the temperature is increased to 200 °C or higher,

2.0 MPa
3.0 MPa 3.0 MPa
Y =
3 =
= thermal
b} conduction
e
8.25 MPa | 8.25MPa
125 m

Fig. 12 Tunnel model and boundary stress conditions.
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scattered cracks appear throughout the tunnel. The
frequency of cracks increases dramatically between 300
and 400 °C, and a through-fissure develops in the middle
of the model. The number of cracks increases linearly
between 400 and 1000 °C. When the temperature reaches
1000 °C, heat can be transmitted to a distance of
approximately 45 m from the tunnel. The deformation
caused by the cracks prevents heat transfer in a standard
circular form. The temperature gradient in the undamaged
area is relatively uniform, whereas the temperature of the
crack area is discontinuous. A crack can cause a
significant temperature differential between nearby rock
masses, and this temperature difference-induced deforma-
tion continues to increasing, causing the fissure to widen.
When the temperature around the tunnel drops to 25 °C,
the temperature near the through-crack decreases rapidly,
returning to close to the normal temperature. More cracks
are observed in the heating area around the hole, and the
rock at the boundary of the tunnel is mostly detached.
The heat transfer process decelerates, and the surrounding
rock becomes more dispersed because of the cracks.
However, points of contact are still observed between the
rock masses, and the maximum temperature remains at
400 °C and decreases evenly with the depth.

As shown in Fig. 13(a), for the tunnel modeled using
the conventional thermomechanical model, cracks start to
occur at 325 °C, and the number of cracks grows evenly
above 350 °C. The number of cracks at 1000 °C is 3361.
Figure 13(b) shows that the cracks are induced at 300 °C
and begin to grow evenly after 375 °C when the
temperature-dependent thermomechanical model is adop-
ted. The number of cracks is 3100 at 1000 °C. Compared
with the model without temperature-dependent thermal
parameters, the rock mass begins to break earlier, and
fewer cracks are present in the initial damage stage. The
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Fig. 13 Crack expansion in the tunnel heating process:
thermomechanical model.
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elastic modulus decreases with temperature; as a result,
the rock mass is soft at high temperatures, and less
deformation can be caused by thermal expansion.
Therefore, the crack growth rate is reduced significantly
at high temperatures.

5 Discussion

The heating rate has a significant impact on the thermal
properties of granite [75]. The Beishan granite model is
heated at different hating rates from room temperature
(25 °C) to 1000 °C to elucidate the growth and distri-
bution behavior of cracks after heating under different
heating rates. The heating rates are 1, 5, 10, 30, and
60 °C/min. The numbers of tensile, shear, and total cracks
are obtained, as shown in Fig. 14. At lower
(< 30 °C/min) or higher (> 30 °C/min) heating rates, the
number of cracks is greater after heating to 1000 °C.
When the heating gradient is 30 °C/min, the final number
of cracks is the minimum, only 77% of that observed at a
heating rate of 1 °C/min. The numerical results reveal that
the heating gradient affects the number of thermal
damage cracks, which in turn affect the mechanical
characteristics of granite.

6 Conclusions

Based on the thermal calculation framework in PFC2D,
an improved LPBM that characterizes the mechanical and
thermal characteristics of rocks with varying temperature
is proposed, and a temperature-dependent thermomecha-
nical model is established. The mechanical properties of
granite under thermomechanical coupling are analyzed
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(a) conventional thermomechanical model; (b) temperature-dependent
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based on laboratory tests of Beishan granite. The
thermodynamic response of crack propagation in deep-
buried tunnels is investigated. The main conclusions are
as follows.

1) The results of thermal experimental tests of granite
indicate that the mechanical behavior of granite changes
with temperature owing to thermal damage. This thermal
damage can be divided into two parts: the first part is
caused by thermal expansion effects, and the second part
is caused by the reduction of the mineral mechanical and
thermal properties with temperature.

2) To simulate the damage induced by the thermal
effect in granite at high temperatures, a temperature-
dependent LPBM is implemented using the PFC2D
algorithm. The particles and contacts are assigned the
relevant thermal and mechanical properties. Temperature
decreases the compressive strength, tensile strength, and
elastic modulus of the Beishan granite sample. The
tensile curves fluctuate at high temperatures. The
simulation results closely reflect the laboratory test
results. Thus, the models are capable of recreating the
microscopic and macroscopic cracks, stress—strain
behavior, and failure mechanisms of Beishan granite.

3) In the Beishan granite tunnel model, heat is
continuously transferred to the interior of the rock layer
under heating of the tunnel. Random microcracks appear
around the hole, and a through-crack is observed in the
middle of the model.

4) A number of sensitivity investigations of the heating
rate are carried out. The number of thermal damage
cracks in granite is significantly influenced by the heating
gradient. The specimen exhibits the fewest thermal cracks
at a heating rate of 30 °C/min.
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