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Abstract: To further understand the stress evolution and rockburst occurrence mechanism in geother-
mally rich areas in the Sichuan–Tibet railway project, this work presents a theoretical study of the
influence of temperature change on the failure of rock, conducts numerical studies of the temperature
and stress evolution in the surrounding rock during high-temperature tunnel excavation, and fur-
ther studies the possibility of rockbursts under high in situ stress and high-temperature conditions.
Rockbursts occur frequently at the junction of a face and tunnel wall, and ventilation and cooling of
tunnels reduce the stress and sometimes reduce the possibility of rockbursts. Continuous cooling
leads to a larger tensile stress and the possibility of failure of wall rock. In addition, the influence of
the convection heat transfer coefficient, in situ stress and fault effect on the stress distribution and
possibility of rockbursts are also discussed in detail. The results are beneficial for the prevention and
control of rockbursts in high in situ stress and geothermally rich areas.

Keywords: rockburst; high-temperature tunnel; cooling; numerical simulation

1. Introduction

Rockbursts are a kind of geological disaster that often occur in deep mining and
tunnel engineering. They not only threaten the safety of workers but also cause a delay
in construction [1–3]. In the Sichuan–Tibet railway project in China shown in Figure 1,
a large number of long and deeply buried tunnels need to be excavated, and rockbursts
have occurred many times during tunnel excavation from Nyingchi to Lhasa. According
to geological survey data on the Sichuan–Tibet railway project, the in situ stress of the
surrounding rock can reach 42 MPa, and the geothermal temperature can be greater than
90 ◦C [4]. The high temperature and great in situ stress undoubtedly cause great difficulties
for tunnel excavation, and rockbursts are particularly serious. To maintain the stability
of the surrounding rock, it is helpful to study the stress evolution and the possibility of
rockbursts occurring in the surrounding rock under both high-temperature and high in
situ stress conditions during tunnel excavation.

In tunnel excavation within a geothermally rich area, the change in temperature
after excavation greatly influences the stress distribution and mechanical properties of the
surrounding rock [5–8]. In recent years, many studies have focused on the effect of high
temperature on rock damage; however, relatively few studies have focused on the influence
of temperature on rockbursts [9–11]. Akdag et al. [12] studied the effect of thermal damage
on the rockburst strain of brittle rock under true triaxial loading, in which the specimens
were uniformly heated to a specified temperature and then allowed to cool naturally to
room temperature, after which the strain burst tests were performed on the cooled samples.
The results indicated that thermal damage caused a delay in rockbursts but demonstrated
more intense strain burst behavior when the preheating temperature increased from 100 to
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150 ◦C. Li et al. [13] et al. developed a rockburst device under the thermodynamic coupling
condition, and the results indicated that the increase in temperature enhances rockbursts;
however, their experiment was performed under a uniform temperature condition, and
cement, not rock, was used in the experiments, making the conditions unlike those in
practical rock engineering. Yan et al. [14] estimated the temperature distribution of a tunnel
at different depths according to the measured data from the Sangzhulin tunnel on the
Lhasa–Nyingchi railway, and the results showed that the temperature increases with the
depth of the tunnel, resulting in an increase in the possibility of rockbursts.
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Most studies have indicated that an increase in temperature in rock increases the
probability of the occurrence of rockbursts [15,16]. However, rockburst experiments with
preheating then cooling to room temperature (i.e., heating→cooling→testing) are not
consistent with the practical situation in tunnel excavation engineering in geothermally
rich areas where the tunnel surface exchanges heat with the air (i.e., excavation→cooling)
and forms a thermal gradient in the surrounding rock. Such a gradient would lead to
thermal stress in rock and change the stress distribution, and a change in conditions would
likely impact the occurrence of rockbursts [17]. To date, there have been few studies on the
influence of tunnel cooling caused by ventilation on the stress distribution and rockbursts in
surrounding rock. To further understand the stress evolution and the rockburst mechanism
in geothermally rich areas, this study begins by theoretically studying the influence of the
change in temperature on rock failure and then numerically studies the stress evolution
in excavated tunnels with high temperatures to analyze the possibility of rockbursts. The
related parameters, such as the convective heat transfer coefficient, in situ stress and
fault effect, on the stress distribution and rockbursts are discussed in detail. The main
feature that differentiates this work from most previous studies is that the material is
rock, the conditions are much closer to those of practical situations, and most parameters
were collected from a practical engineering project. The results obtained in this study are
beneficial for the control of rockbursts in tunnels in geothermally rich areas.

2. Theoretical Studies on Failure Caused by Decreasing Temperature

After a tunnel is excavated in a geothermally rich area, the temperature of the tunnel
surface will decrease over time according to the ventilation of the tunnel, and then the
thermal gradient stress will be generated gradually.

The heat conduction equation in the surrounding rock is shown in Equation (1).
The adiabatic boundary condition is shown in Equation (2). The boundary condition for
convective heat transfer on the tunnel surface is shown in Equation (3) [18].

ρc
∂T
∂t

=
∂

∂x

(
kx

∂T
∂x

)
+

∂
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(
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− kn
∂T
∂n

= 0 (2)

kn
∂T
∂n

= h (Ts − T) (3)

where kx, ky, and kz are the thermal conductivities in the x, y, and z directions, respectively,
ρ is the density, C is the specific heat, Q is the heat generation rate, h is the convective heat
transfer coefficient, Ts is the fluid temperature, and T is the temperature field function.

The constitutive equations of the surrounding rock are as follows:

σ1= λe + 2Gε1 − β∆T (4)

σ2= λe + 2Gε2 − β∆T (5)

σ3= λe + 2Gε3 − β∆T (6)

where σ1, σ2 and σ3 are the three effective principal stresses; ε1, ε2 and ε3 are the three
principal strains; λ is the Lame constant; G is the shear modulus; and E is the elastic
modulus; and µ is Poisson’s ratio. β = (3λ + 2G) α, where α is the coefficient of thermal
expansion. ∆T is the change in temperature, which is written as ∆T = T − T0 (T0 is the
initial temperature, which may be positive or negative).

The Mohr circle equation at a point can be written as follows:

(σ α −
σ1+σ3

2
)

2
+τα

2= (
σ1 − σ3

2
)2 (7)

where σα and τα are the normal and shear stresses on the failure plane, respectively.
Once the highly geothermal surrounding rock is excavated and starts to cool, the

effective principal stresses σ1, σ2 and σ3 can be written as follows:

σ1 = σ′1 − β∆T (8)

σ2 = σ′2 − β∆T (9)

σ3 = σ′3 − β∆T (10)

where σ′1, σ′2, and σ′3 are the three principal stresses before cooling.
Substituting Equations (8) and (10) into Equation (7), as the following can be obtained:

[σ α − (
σ′1 + σ′3

2
− β∆T)]

2

+τα
2= [

σ′1 − σ′3
2

]2

(11)

The Mohr–Coulomb criterion is used to judge whether rock failure occurs [19]. Figure 2
shows how the Mohr circle moves after cooling (only ∆T is variable) in Equation (11). This
indicates that in cooling (t0→ t1), the Mohr circle moves and approaches the Mohr–Coulomb
failure curve until it intersects with the curve, which is the point of rock failure. Meanwhile,
when the deviatoric stress (σ1 − σ3) is greater, the Mohr circle intersects the Mohr–Coulomb
failure curve in the compressive area after cooling, and shear failure occurs in the rock
(see Figure 2a). Similarly, when the deviatoric stress (σ1 − σ3) is smaller, the Mohr circle
intersects the Mohr–Coulomb failure curve in the tensile area after cooling, and tensile
failure occurs in the rock (see Figure 2b). The results show that the forms of rock failure
caused by cooling are different under different deviatoric stresses. At the same time, the
above results show that ventilation and cooling may lead to damage to the tunnel wall
after the excavation of a high-temperature tunnel, and the degree of cooling needs to be
given special attention.
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Figure 2. (a) Shear failure under large deviating stress after cooling. (b) Tensile failure under small
deviational stress after cooling. t0: the moment when high-temperature rock starts to cool; t1: the
moment when high-temperature rock fails after cooling; σt: rock tensile strength; σ1−t0 : the first
principal stress at t = t0; σ1−t1 : the first principal stress at t = t1; σ3−t0 : the third principal stress at
t = t0; and σ3−t1 : the third principal stress at t = t1.

3. Model of Tunnel Excavation
3.1. Verification of the Accuracy of the Numerical Method

To verify the accuracy of the numerical simulation method, a model of the inner
plate with a hole under the combined action of heat and external force is established for
verification (see Figure 3).

Appl. Sci. 2022, 12, x FOR PEER REVIEW 4 of 20 
 

  

 

(a) (b) 

Figure 2. (a) Shear failure under large deviating stress after cooling. (b) Tensile failure under small 

deviational stress after cooling. 𝑡0: the moment when high-temperature rock starts to cool; 𝑡1:the 

moment when high-temperature rock fails after cooling; 𝜎𝑡: rock tensile strength; 𝜎1 − 𝑡0
: the first 

principal stress at t = 𝑡0; 𝜎1 − 𝑡1
: the first principal stress at t = 𝑡1; 𝜎3 − 𝑡0

: the third principal stress 

at t = 𝑡0; and 𝜎3 − 𝑡1
: the third principal stress at t = 𝑡1. 

3. Model of Tunnel Excavation 

3.1. Verification of the Accuracy of the Numerical Method 

To verify the accuracy of the numerical simulation method, a model of the inner plate 

with a hole under the combined action of heat and external force is established for verifi-

cation (see Figure 3). 

 

Figure 3. Sketch of the thermal-mechanical model. 

The theoretical solution to the model can be seen in Equations (12)–(16): 

𝑇 = 𝑇𝑎 + (𝑇𝑏 − 𝑇𝑎)
ln (

𝑟

𝑎
)

ln (
𝑏

𝑎
)
  (12) 

𝜎𝑟
𝑇 =

𝛼𝐸

1 − 𝜇

(𝑇𝑎 − 𝑇𝑏)

2ln (
𝑏

𝑎
)

[−ln
𝑏

𝑟
+

𝑎2

𝑏2 − 𝑎2 (
𝑏2

𝑟2 − 1) ln
𝑏

𝑎
]  (13) 

𝜎𝜃
𝑇 =

𝛼𝐸

1 − 𝜇

(𝑇𝑎 − 𝑇𝑏)

2ln (
𝑏

𝑎
)

[1 − ln
𝑏

𝑟
−

𝑎2

𝑏2 − 𝑎2 (
𝑏2

𝑟2 + 1) ln
𝑏

𝑎
]  (14) 

𝜎𝑟
𝑀 = [1 −

𝑎2

𝑟2] [
𝜎ℎ + 𝜎𝑣

2
] + [1 −

4𝑎2

𝑟2 +
3𝑎4

𝑟4 ] [
𝜎ℎ − 𝜎𝑣

2
𝑐𝑜𝑠2𝜃]  (15) 

𝜎𝜃
𝑀 = [1 +

𝑎2

𝑟2] [
𝜎ℎ + 𝜎𝑣

2
] − [1 +

3𝑎4

𝑟4 ] [
𝜎ℎ − 𝜎𝑣

2
𝑐𝑜𝑠2𝜃]  (16) 

𝑇𝑎 is the temperature around the hole; 𝑇𝑏 is the outer boundary temperature; E is 

the elastic modulus; 𝜇 is Poisson’s ratio; a is the radius of the hole; b is half the length of 

Figure 3. Sketch of the thermal-mechanical model.

The theoretical solution to the model can be seen in Equations (12)–(16):
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σM
θ =

[
1 +

a2

r2

][
σh + σv

2

]
−
[

1 +
3a4

r4

][
σh − σv

2
cos2θ

]
(16)

Ta is the temperature around the hole; Tb is the outer boundary temperature; E is the
elastic modulus; µ is Poisson’s ratio; a is the radius of the hole; b is half the length of the
outer boundary; α is the thermal expansion coefficient; σh is the horizontal stress; σv is the
vertical stress; θ is the angle; r is the length along the diameter; and the thickness of the
plate is 1 mm.

When considering the temperature–stress coupling process, the stress distribution
near the hole is as follows:

σTM
r = σT

r + σM
r (17)

σTM
θ = σT

θ + σM
θ (18)

Here, the parameters are set as follows: a = 30 mm; b = 750 mm; Ta = 100 ◦C; Tb = 0 ◦C;
E = 50 GPa; µ = 0.24; σh = 10 MPa; σv = 15 MPa; and α = 10−5 ◦C−1. The thermal con-
ductivity of the rock is 10 W/(m·K), and the initial temperature of the whole model is
0 ◦C. Figure 4a–c shows the curves of the T, σTM

r and σTM
θ results when θ = 0.
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Figure 4 shows that the numerical simulation results can better conform to the theoret-
ical results and can be used for engineering research.
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3.2. Setting of the Model Calculation Parameters

Section 2 demonstrates that cooling may change the stress state of rock and cause
rock damage. Next, we numerically simulate the temperature and stress evolution in
the surrounding rock caused by cooling in geothermally rich tunnel excavation and then
discuss the effect of cooling on rockbursts.

The overall size of the numerical model is 200 m × 200 m × 200 m, and the radius
of the tunnel is 5 m, located at the center. The mechanical boundary conditions of the
model consist of limiting the z-direction displacement of the back surface, the x-direction
displacement of the bottom surface, and the x-direction and y-direction displacements
of the center point of the bottom surface. In situ stress is applied on the other four outer
surfaces without a displacement boundary (see Figure 5a). The initial temperature of the
whole model is set to 80 ◦C. The adiabatic boundary is used for the other 6 outer surfaces
of the model. A convective heat transfer temperature boundary is adopted for the working
face and tunnel surface, and the ambient temperature is set to 20 ◦C (see Figure 5b). The
overall model is shown in Figure 5a,b.
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Figure 5. Schematic diagram of the model and boundary conditions. (a) The setting of mechanical
boundary conditions. (b) The setting of temperature boundary conditions. (c) The length and
distribution of four different paths. (d) The names of the different locations of the tunnels.

According to the existing geological survey data [20] of the Sichuan–Tibet railway, the
material properties of the rock are set as follows: an elastic modulus of 50 GPa, a Poisson’s
ratio of 0.24, a density of 2500 kg/m3, and a thermal expansion coefficient of rock of
8 × 10−6 ◦C−1. The thermal conductivity of the rock is 1.9 W/(m·K), and the specific heat
is 750 J/(kg·K). The temperature at the initial moment of the model is 80 ◦C, the convective
heat transfer coefficient at the working face and tunnel surface is set to 15 W·m−2·K−1, and
the ambient temperature is 20 ◦C. σver is set to 25 MPa, σhor is set to 20 MPa, and σaxi is set
to 30 MPa.

At the same time, another large tunnel model (R = 10 m) is established and compared
with the above tunnel model (R = 5 m) to discuss the influence of size on the tunnel
rockburst tendency (see Figure 6). All parameters of the model (R = 10 m) are consistent
with the original model (R = 5 m).
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Figure 6. Model and meshing of the tunnel with radii of 5 and 10 m.

Of course, the results of numerical calculation may be different from those of the actual
project, but the overall change trend is consistent with the reality. In this paper, the stress
evolution process of the surrounding rock is briefly analyzed by a numerical method, and
the influence of model accuracy is not further studied.

4. Numerical Results

Figure 7 shows the temperature changes on the tunnel surface and working face
over time. The comparison of Figure 7a,b shows that because the thermal conductivity
of the rock is generally low, there is almost no change in the temperature of the tunnel
wall (t = 0 h~1 h). As time continues (see Figure 7c–f), the temperature of the tunnel wall
approaches the temperature of the convective air. Additionally, the temperature of the
tunnel wall is close to 35 ◦C after a day of ventilation and cooling (see Figure 7f), and the
cooling process is relatively slow.
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Figures 8 and 9 show the change in stress of the surrounding rock during the process
of cooling. In the early period of cooling (t = 0~1 h) (see Figures 8a and 9a), the changes
in the two principal stresses on the SP#Tunnel face (the different locations of the tunnel
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model are named in Figure 5d) and the tunnel wall are small. Both the maximum and the
minimum principal stresses are compressive stresses. There are obvious stress concentration
phenomena on the left sides of the SP#Tunnel face, and the compressive stress can reach
70 MPa (see Figure 5a). These locations of concentrated stress are highly susceptible to
rockbursts [21,22]. Figure 8b–f shows that with the cooling of the tunnel (t = 1~24 h), the
minimum stress (compressive) on the tunnel wall decreases gradually, including these
locations of concentrated stress, which indicates that the possibility of rockbursts is reduced,
so the cooling of the tunnel has an inhibitory effect on rockbursts. Figure 9b–f shows that
the maximum stress changes due to cooling. In the process of cooling (t = 1~24 h), the
maximum stress of the tunnel wall and SP#Tunnel face changes from compressive stress
to tensile stress. At t = 24 h (see Figure 9f), the maximum tensile stress on the tunnel face
can reach 21.9 MPa, and the whole tunnel wall is in tension (the maximum stress), which
indicates that the rock may fail in the process of cooling according to Section 2. This implies
that long-term cooling is not conducive to the stability of the tunnel in the long term.
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To study the evolution of stress in detail, four paths are chosen, as indicated in
Figure 5c. The length of the arrow is 5 m, the starting point of the arrow represents the
0 m position point of the horizontal axis of the coordinate, and the ending point represents
the 5 m position of the horizontal axis. First, we discuss the evolution of the two principal
stresses of Path 1 at t = 0~24 h. Figure 10a shows the trend of the maximum principal stress
in Path 1 after cooling. The maximum principal stress (compressive) on the tunnel wall
(0 m position) is decreasing at t = 0~1 h, and it starts converting from compressive stress to
tensile stress at t = 1~3 h. As cooling continues (t = 3~24 h), the maximum principal stress
(tensile) starts increasing and can reaches 17.1 MPa (red arrow in Figure 10a). Figure 10b
shows the trend of the minimum principal stress in Path 1 after cooling. The minimum
principal stress (compressive) on the tunnel wall (0 m position) decreases at t = 0~24 h,
and all minimum principal stresses in Path 1 are compressive, which differs from the
maximum principal stress. Figure 10a shows that the maximum stress (compressive) value
of some areas without cooling (see the stress transfer area in Figure 10a) increases with
the cooling of the tunnel wall, and there is an obvious phenomenon of stress transfer.



Appl. Sci. 2022, 12, 5108 9 of 20

The same phenomenon can also be seen in Figure 10b. This is due to cooling causing the
formation of a temperature gradient in the rock [17]. For the cooling area of the rock, the
thermal stress is tensile stress, and for the uncooled rock near the cooling area, the thermal
stress is compressive stress. However, cooling has an inhibitory effect on the occurrence
of rockbursts. Figure 10c,d show the evolution of the two principal stresses in Path 2
after cooling. Comparing Figure 10c,d and Figure 10a,b shows that the trends of the two
principal stresses in Path 2 are similar to those in Path 1, so they are not be explained in
detail. The above results indicate that to improve the overall stability of the tunnel, the
tunnel should be supported before cooling for 3 h (when tensile stress appears) to prevent
rock instability and fracture in the later stage.
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Figure 9. Magnitude and distribution of the maximum principal stress at t = 0~24 h in the tunnel.
(a) t = 0 h; (b) t = 1 h; (c) t = 3 h; (d) t = 6 h; (e) t = 12 h; (f) t = 24 h.
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Figure 10. Variation in the maximum and minimum principal stresses for t = 0~24 h along 4 paths: 

maximum (a) and minimum (b) principal stresses along Path 1; maximum (c) and minimum (d) 

principal stresses along Path 2; maximum (e) and minimum (f) principal stresses along Path 3; and 

maxi-mum (g) and minimum (h) principal stresses along Path 4. 

Figure 10e,f show the curves of the maximum and minimum principal stresses of 

Path 3, respectively. Figure 10e shows that with the cooling of the tunnel, the maximum 

Figure 10. Variation in the maximum and minimum principal stresses for t = 0~24 h along 4 paths:
maximum (a) and minimum (b) principal stresses along Path 1; maximum (c) and minimum (d) prin-
cipal stresses along Path 2; maximum (e) and minimum (f) principal stresses along Path 3; and
maxi-mum (g) and minimum (h) principal stresses along Path 4.
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Figure 10e,f show the curves of the maximum and minimum principal stresses of
Path 3, respectively. Figure 10e shows that with the cooling of the tunnel, the maximum
principal stress (compressive) on the SP#Tunnel face starts decreasing at t = 0~1 h, and it
starts converting from compressive stress to tensile stress at t = 1~3 h. As cooling continues
(t = 3~24 h), the maximum principal stress (tensile) increases. Figure 10f similarly shows
that with the cooling of the tunnel, the maximum principal stress (compressive) on the
SP#Tunnel face starts decreasing at t = 0~6 h, and it starts converting from compressive
stress to tensile stress at t = 6~12 h. As cooling continues (t = 12~24 h), the maximum
principal stress (tensile) increases. The rock is in a three-dimensional tension state on
the SP#Tunnel face at t = 12~24 h, so the rock will fail before cooling for 12 h. The stress
evolution trend of Path 4 (Figure 10g,h) is similar to that of Path 3. Compared with that of
the tunnel wall, the rock on the SP#Tunnel face is more susceptible to failure and damage.
Therefore, the tunnel face should be excavated earlier to prevent subsequent cracks from
affecting the construction period.

Figure 11 shows the temperature and the distribution of maximum and minimum prin-
cipal stresses for tunnels with radii of 5 and 10 m. The comparison between
Figures 11a–e and 11a’–e’ shows that the minimum principal stress, maximum princi-
pal stress and temperature distribution behave similarly during cooling for tunnels with
radii of 5 and 10 m. Figure 11a,a’ show that the stress at locations of concentrated stress
in the large tunnel (R = 10 m) can reach 94.8 MPa (see the red box in Figure 11a’), but the
stress of the small tunnel (R = 5 m) only reaches 70 MPa at t = 0 h; thus, it can be inferred
that rockbursts more easily occurs in the large tunnel than in the small tunnel. When the
tunnel is cooled for 24 h, the maximum stress in the large tunnel (R = 10 m) also converts
from compressive stress to tensile stress (see Figure 11d,d’), and the maximum tensile stress
can reach 23.1 MPa (see the red box in Figure 11d’), which is also larger than that of the
small tunnel (R = 5 m). This indicates that rock failure more easily occurs in large tunnels
than in small tunnels. Taken together, the results show that when designing the tunnel
size, the diameter should be as small as possible, while still maintaining functionality to
effectively reduce the possibility of rockbursts and rock failure.
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Figure 11. Distribution of temperature and the maximum and minimum principal stresses in tunnels
with 5 and 10 m radii at different times. (a) Minimum principal stress in tunnel (R = 5 m) when
t = 0 h (The value in the red frame is the maximum of the minimum principal stress (compressive)).
(a’) Minimum principal stress in tunnel (R = 10 m) when t = 0 h (The value in the red frame is
the maximum of the minimum principal stress (compressive)). (b) Minimum principal stress in
tunnel (R = 5 m) when t = 24 h. (b’) Minimum principal stress in tunnel (R = 10 m) when t = 24 h.
(c) Maximum principal stress in tunnel (R = 5 m) when t = 0 h. (c’) Maximum principal stress in
tunnel (R = 10 m) when t = 0 h. (d) Maximum principal stress in tunnel (R = 5 m) when t = 24 h (The
value in the red frame is the maximum of the maximum principal stress (tensile)). (d’) Maximum
principal stress in tunnel (R = 10 m) when t = 24 h (The value in the red frame is the maximum of the
maximum principal stress (tensile)). (e) Distribution of temperature in tunnel (R = 5 m) when t = 24 h.
(e’) Distribution of temperature in tunnel (R = 10 m) when t = 24 h.

5. Discussion
5.1. Effect of the Convective Heat Transfer Coefficient

Timely ventilation and heat dissipation are the keys to ensuring project progress in
tunnels in geothermally rich areas. Fans are often used for ventilation and cooling, and
the number of fans and the wind speed also affect the convective heat transfer coefficient.
Based on the selection basis of the heat transfer coefficient proposed by Almesri et al. [23]
and Chen et al. [24], the analysis values of the heat transfer coefficient are set as follows:
natural ventilation of 5 W·m−2·K−1, and forced convection of 15, 25, 35, and 45 W·m−2·K−1.
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Figure 12a shows the temperature change of the tunnel wall within 24 h of cooling
foe different heat transfer coefficients. The decrease in the tunnel wall temperature during
cooling is not linear, and the greater the heat transfer coefficient is, the greater the temper-
ature reduction on the tunnel wall within the same time. Compared with that of forced
ventilation (h = 15, 25, 35, and 45 W·m−2·K−1), the cooling capacity of natural ventilation
(h = 5 W·m−2·K−1) is much worse. Under all conditions, the cooling rate of the tunnel wall
is high at first (t = 0~3 h), then gradually decreases (t = 3~12 h), and finally tends to be stable
(t = 12~24 h). Figure 12b shows the internal temperature range of the surrounding rock
for different heat transfer coefficients at t = 24 h. The greater the heat transfer coefficient
is, the greater the temperature difference formed per unit length (the greater the thermal
gradient) and the more obvious the effect of thermal stress [17]. Figure 12c shows that after
cooling for 24 h, the maximum compressive stress (locations of concentrated stress are the
same as the results of Section 4) decreases, and the maximum tensile stress increases with
increasing heat transfer coefficient. When the heat transfer coefficient is 5 W·m−2·K−1, the
maximum compressive stress is 53.9 MPa, which is only 1.7 MPa higher than that when
the heat transfer coefficient is 45 W·m−2·K−1 (52.2 MPa). However, when the heat transfer
coefficient is 45 W·m−2·K−1, the maximum tensile stress is 28 MPa, which is 18 MPa higher
than that when the heat transfer coefficient is 5 W·m−2·K−1 (10 MPa). This indicates that,
combined with the previous results (Section 4), the reduction in maximum compressive
stress caused by cooling is not very obvious (the inhibitory effect on rockbursts is not
enhanced) in the later stage of tunnel ventilation. In fact, it may produce large tensile stress,
which will make it easier for the tunnel wall to be damaged earlier, and it is not conducive
to the stability of the tunnel.

The simulation results show that although cooling with a larger heat transfer coefficient
quickly reduces the temperature of the tunnel surface at the start (t = 0~3 h) and more slowly
reduces the temperature after a certain time (t = 3~12 h), the cooling effect is not obvious
later (t = 12~24 h). Furthermore, the inhibitory effect on rockbursts is not enhanced, but
instead, the extent of damage to rock increases at t = 12~24 h. Comprehensively considering
the results of the simulation, to ensure the overall stability of the tunnel without delaying
the construction period, it is inconvenient to adopt a ventilation mode with a constant heat
exchange coefficient. Based on the temperature variation law, a solution can be proposed
in which cooling is carried out by using a larger heat transfer coefficient in the early stage
(such as t = 0~3 h in Figure 12a), followed by cooling using a smaller heat transfer coefficient
(such as t = (6 or 12)~24 h in Figure 12a). Cooling can inhibit the occurrence of rockbursts to
a certain extent in this way and make the rock not easily damaged in the later stage, which
is conducive to stability in tunnel engineering.
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Figure 12. (a) Variation in tunnel wall temperature with cooling for 24 h for five heat transfer
coefficients; (b) internal temperature range of surrounding rock for different heat transfer coefficients
at t = 24 h; and (c) maximum and minimum stress of surrounding rock for different heat transfer
coefficients at t = 24 h.

5.2. Effect of In Situ Stress

The geological conditions are complex along the Sichuan–Tibet railway, and the
primary unfavorable factors are that the depths of the tunnels along the railway are different
and that the magnitudes of in situ stresses change. Under the action of different in situ
stresses, the stress distributions of the surrounding rock are also different, the location of
concentrated stress changes, and the rockburst trend point of the tunnel surface differs.
In actual in situ stress investigations, the hydraulic fracturing method is usually used to
measure in situ stress. However, because of the complexity of geological information, it
is difficult to depend on measuring the in situ stress of the tunnel route to infer the stress
distribution of the surrounding rock. It is necessary to know the in situ stress information
for the tunnel section, infer the dangerous points and weak points inside the tunnel, and
arrange preventative measures in advance. Due to the complexity of engineering, this
study discusses (1) the changes in the location and size of tunnel stress concentrations
under different conditions of in situ stress and (2) the trend of stresses in the process of
cooling. The in situ stress values are shown in Table 1.
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Table 1. Reference in situ stress setting values.

Variable σver (MPa) σaxi(MPa) σhor(MPa)

Initial setting value 25 30 20

In situ stress setting value when only the
axial stress changes

25 25 20
25 35 20
25 40 20
25 45 20

In situ stress setting value when only the
vertical stress changes

20 30 20
30 30 20
35 30 20

In situ stress setting value when only the
horizontal stress changes

25 30 25
25 30 30
25 30 35

5.2.1. Influence of σver and σhor on the Change in Tunnel Stress

According to the results presented in Section 4, the junction of the tunnel face and
tunnel wall is an area of concentrated stress (rockbursts can easily occur), and the maximum
compressive stress of SP#Left is larger than that of SP#Up and that of SP#Down. However,
there is a difference observed in the influence of the in situ stress change on the tunnel
stress distribution by comparison, and the law of stress distribution is related to the stress
concentration area position; thus, only the influences of the in situ stress change on the stress
concentration area position, the maximum compressive stress (t = 0 h) and the maximum
tensile stress (t = 24 h) are discussed. Figure 13a shows the maximum compressive stress at
t = 0 h and maximum tensile stress at t = 24 h for the surrounding rock at different vertical
stresses (σver). The selected stress values in the two directions are always maintained
(σver > σhor), and the maximum compressive stress of SP#Left is always larger than that
of SP#Up and that of SP#Down in this case. The maximum compressive stress point is
at the junction of SP#Left on the tunnel wall and SP#Tunnel face. Figure 13a shows that
the larger σver is, the greater the maximum compressive stress of the stress concentration
area at t = 0 h and the more easily rockbursts occurs. The larger σver is, the greater the
maximum tensile stress at t = 24 h, and the more likely the rock of the tunnel face is to fail
(see Section 4).

Figure 13b shows the maximum compressive stress at t = 0 h and maximum tensile
stress at t = 24 h for the surrounding rock at different horizontal stresses (σhor). Because
both curves have turning points, they are analyzed separately here, and the maximum
compressive stress is analyzed first. Figure 13b shows that although the horizontal stress
(σhor) increases, as the ratio of horizontal stress to vertical stress changes((σver > σhor)→
(σver = σhor)→ (σver < σhor)), the location of the stress concentration point at t = 0 h also
changes (the junction of SP#Left on the tunnel wall and SP#Tunnel face →the junction
of the whole tunnel wall and SP#Tunnel face→ the junction of SP#Up and SP#Down on
the tunnel wall and SP#Tunnel face). When σver = σhor, the maximum compressive stress
is at its minimum, and rockbursts are less likely to occur. Additionally, with increasing
horizontal stress (σhor), the ratio of horizontal stress to axial stress changes ((σaxi > σhor)→
(σaxi = σhor)→ (σaxi < σhor)). When σaxi = σhor, the maximum tensile stress is at a minimum
at t = 24 h, and rock is less likely to fail. In addition, the simulation results show that the
larger the difference between σver and σhor is, the larger the maximum compressive stress
at t = 0 h and the more likely rockbursts are to occur. Similarly, the larger the difference
between σaxi and σhor is, the larger the maximum tensile stress at t = 24 h and the more
likely rock is to fail.
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Figure 13. (a) Maximum compressive stress at t = 0 h and minimum stress at t = 24 h under different 

vertical stresses. (b) Maximum compressive stress at t = 0 h and minimum stress at t = 24 h under 
Figure 13. (a) Maximum compressive stress at t = 0 h and minimum stress at t = 24 h under different
vertical stresses. (b) Maximum compressive stress at t = 0 h and minimum stress at t = 24 h under
different horizontal stresses. (c) Maximum compressive stress at t = 0 h and minimum stress at
t = 24 h under different axial stresses.

5.2.2. Influence of σaxi on the Change in Tunnel Stress

Figure 13c shows the maximum compressive stress at t = 0 h and maximum tensile
stress at t = 24 h for the surrounding rock at different axial stresses (σaxi). The variation in
σaxi has no effect on the stress distribution of the surrounding rock of the tunnel (SP#Left,
SP#Up and SP#Down). As Figure 13c shows, the larger σaxi is, the greater the maximum
compressive stress at t = 0 h, and the maximum compressive stress can reach 90 MPa when
σaxi is 45 MPa, which promotes the occurrence of rockbursts. Meanwhile, the larger σaxi is,
the greater the maximum tensile stress at t = 24 h, and the maximum tensile stress can reach
32 MPa when σaxi is 45 MPa. Therefore, we conclude that rock is more prone to failure at
an early stage.

According to the conclusion of this section, it is necessary to carry out in situ stress
surveys in advance. If the in situ stress data of the tunnel can be obtained in advance
and analyzed by numerical simulation, the stress value and the position and tendency of
rockbursts in the surrounding rock after tunnel excavation can be inferred in advance, and
preventative measures can be prepared in time, which can effectively reduce the damage to
tunnels and promote the progression of the project.
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5.3. Effect of the Dip Angle of Faults on Tunnels

The Sichuan–Tibet railway is located near the plate, and the fault structure is very
complex along the line, which also brings great difficulties to tunnel construction. Li
et al. [25] also describes the distribution of faults along the tunnel and the corresponding
dip angle. The zone where the tunnel passes through the fault is prone to rock failure and
even rockbursts. Based on the above reasons, we establish a numerical model to study the
influence of the fault dip angle on the stress of the rock surrounding the tunnel.

To study the distribution of the surrounding rock stress and understand the trend of
its variation with cooling when the tunnel crosses faults at different angles, a new fault
numerical model is built. The size of the model is 200 m × 200 m × 400 m, the fault is
located in the middle of the tunnel, and the other calculation parameters and mechanical
and temperature boundary conditions are consistent with those of the previous model. The
fault dip angles are set to 45◦ and 60◦ (see Figure 14). To simulate the influence of the fault
plane, a contact element is set between the upper and lower surfaces of the fault model in
the process of model construction. The contact element can transfer heat and compressive
stress but cannot transfer tensile stress. There is contact friction between the two surfaces of
the fault. In this paper, the simulation of faults is relatively simple, and only the influence
of closed faults on tunnels is discussed. However, the results of numerical calculation can
show the change process of stress, which is convenient for subsequent relevant researchers
to understand and analyze.
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Figure 14. Model and meshing of the tunnel with dip angles of 45◦ and 60◦.

Figure 15a,a’ show that when the tunnel has just been excavated at t = 0 h, the stress is
concentrated (red dotted line in Figure 15a,a’) on the left side of the junction between the
tunnel surface and the fault, and rockbursts easily occurs at this position (see Section 4). At
the same time, Figure 15a,a’ show that at the location of concentrated stress, the minimum
stress (compressive stress) value at 45◦ is greater than that at 60◦, which indicates that
when the tunnel passes through the fault with a small incline, the location of concentrated
stress is more prone to rockbursts. After cooling for 24 h, the maximum compressive stress
decreases at the stress concentration point (Figure 15b,b’), and cooling unloads stress and
inhibits the occurrence of rockbursts. Therefore, for the high-temperature tunnel passing
through the fault, timely cooling at the fault junction is conducive to inhibiting rockbursts
and ensuring the normal progress of tunnel engineering. At the same time, Figure 15c,c’,d,d’
show that tensile stress appears on the upper and lower sides of the junction between the
tunnel wall and the fault after 24 h of cooling for the two dip angles, and the tensile stress
value at the 45◦ dip angle is larger than that at the 60◦ dip angle. The brief analysis of
the simulation results shows that for the high-temperature tunnel crossing the fault, the
location of concentrated stress at the junction of the fault and the tunnel should be cooled
in the initial stage, which can effectively prevent rockbursts. In the later stage, there is no
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need for continuous cooling to prevent rock failure on the upper and lower sides of the
tunnel. The tunnel should be supported to maintain its over time.
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Figure 15. Distribution of the maximum and minimum principal stresses in the tunnel with a fault
before and after cooling. (a) Minimum principal stress in the tunnel with a fault (Dip angle = 60◦)
when t = 0 h (The value in the red frame is the maximum of the minimum principal stress (compres-
sive) and the location in red circle is stress concentration area). (a’) Minimum principal stress in the
tunnel with a fault (Dip angle = 45◦) when t = 0 h (The value in the red frame is the maximum of the
minimum principal stress (compressive) and the location in red circle is stress concentration area).
(b) Minimum principal stress in the tunnel with a fault (Dip angle = 60◦) when t = 24 h. (b’) Minimum
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principal stress in the tunnel with a fault (Dip angle = 45◦) when t = 24 h. (c) Maximum principal
stress in the tunnel with a fault (Dip angle = 60◦) when t = 0 h. (c’) Maximum principal stress in the
tunnel with a fault (Dip angle = 45◦) when t = 0 h. (d) Maximum principal stress in the tunnel with a
fault (Dip angle = 60◦) when t = 24 h (The location in red circle is tensile stress area). (d’) Maximum
principal stress in the tunnel with a fault (Dip angle = 45◦) when t = 24 h (The location in red circle is
tensile stress area).

6. Conclusions

(1) After the excavation of the high-temperature tunnel, there is obvious stress con-
centration at the junction of the working face and tunnel wall, which is a high-incidence
area of rockbursts. Ventilation and cooling reduce the minimum stress (compressive stress)
of the surrounding rock and stress concentration point in the cooling area and sometimes
reduce the occurrence of rockbursts. However, with the continuous cooling of the tunnel,
the tunnel wall cracks and becomes unstable due to excessive cooling in the later stage.

(2) After a large tunnel is excavated, the stress value at the stress concentration is
clearly smaller than that at the stress concentration of a small tunnel, and the probability of
rockbursts increases. In the normal range, with the increase in the heat transfer coefficient,
the process of cooling is accelerated, the amplitude of stress reduction is larger, and the
speed of restraining rockbursts also increases. However, the damage to the surrounding
rock is also accelerated in the later stage.

(3) The value between the horizontal stress and vertical stress perpendicular to the
tunnel affects the location of stress concentration and the magnitude of the stress in the
rock surrounding the tunnel. When the horizontal stress is greater than the vertical stress,
stress concentration occurs above and below the tunnel. When the horizontal stress is less
than the vertical stress, stress concentration occurs at the left and right sides of the tunnel.
The greater the stress deviation is, the greater the stress value at the concentration point.
The failure position of the cooling tunnel wall changes with the two stresses. The greater
the axial stress is, the greater the stress concentration value at the interface between the
tunnel and face.

(4) According to the calculation results of the fault model in this paper, the stress
concentration at the junction of the tunnel and fault is obvious, and it is prone to rockbursts
and needs to be given close attention. When the dip angle of the fault is small, the stress
value at the concentration point is large, and rockbursts are more likely to occur. The
ventilation and cooling of the tunnel reduce the stress of the surrounding rock and inhibits
the occurrence of rockbursts at the concentrated place. Similarly, continuous cooling also
leads to tensile failure at the upper and lower sides of the junction between the fault and
the tunnel.
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