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Abstract

In order to explore the characteristics of plastic zone and the mechanical
properties of anchor structure during the construction of hydraulic tunnels
with high ground temperature, the high-temperature section of the diversion
tunnel of a hydropower station in Xinjiang was studied. Based on the tem-
perature data and the axial force data of the bolt on-site, the Drucker-Prager
constitutive model and the finite element method were adopted to simulate
and analyze the temperature-stress coupled field and the initial anchoring
support during the construction of the high ground temperature tunnels. The
results showed that, after the excavation of the tunnel, a crescent-shaped
plastic zone first appeared at the hance, then expanded to the spandrel and
vault, and finally formed an irregular ring-shaped plastic zone around the
tunnel. The higher the initial temperature of surrounding rocks, the larger the
plastic deformation and the range of the plastic zone. When the temperature
exceeded 80◦C, the plastic zone was more likely to expand to the spandrel and
vault; and meanwhile, when the bolt was closer to the hance, the neutral point
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was closer to the cavity wall. As the stress was released, the neutral point
moved from close to the cavity wall to away from the cavity wall. Anchoring
support can effectively limit the development of plastic zone in surrounding
rocks under high ground temperature. After 10 days of anchoring support at
60◦C, 80◦C, and 100◦C, the range of the plastic zone decreased by 9%, 20%,
24%, respectively, and the maximum axial force of a single bolt was 19.4 kN,
20.1 kN, and 23.8 kN, respectively. The higher the temperature, the higher
the strength of the bolt.

Keywords: High ground temperature tunnel, plastic zone, anchoring sup-
port, neutral point.

1 Introduction

With the implementation of the “One Belt One Road” initiative, many water
conservancy, transportation, and mining projects need to be carried out in a
complex geological environment with large burial depths and high ground
temperatures. The redistribution of stress caused by tunnel excavation and
the temperature stress caused by temperature change will inevitably lead to
plastic deformation of surrounding rocks, thereby affecting the stability of the
tunnel. In order to limit the deformation of surrounding rocks and improve the
overall stability of the tunnel project, the initial anchoring support during the
construction period can effectively increase the strength of the rock mass.

At present, many scholars in China and other countries have studied the
initial support theory of underground engineering under a high ground tem-
perature environment, and achieved some results in this field. For example,
based on a large number of field tests, Wang Mingnian et al. [1, 2] put forward
three types of temperature changes after the excavation of high ground tem-
perature tunnels, i.e., fluctuating, descending, and stable type. Meanwhile,
they analyzed the shear failure mode of the concrete interface, the peak
shear strength of the interface, and the interface displacement under different
temperatures, and proposed the concrete-rock interface shear constitutive
model considering the temperature damage effect. Wu Di et al. [3] estab-
lished a water-heat-stress coupled model of tunnel excavation through the
combination of numerical simulation and model test, and obtained the stress
and deformation characteristics of the tunnel after excavation. Su Guoshao
et al. [4] established a water-heat-stress-damage coupled model through
theoretical analysis and numerical simulation, and used the model evolution
to analyze the influence of different factors on the bearing characteristics.
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Hu Yunpeng et al. [5] studied the mechanical properties and thermal damage
model of the concrete spraying layer of the tunnel under a high-temperature
environment through field tests and numerical simulations based on the
Sangzhuling Tunnel. Li Fuhai et al. [6, 7] found the change law of the ultimate
tensile force of the bolt under working load and curing temperature through
the experiments with different models, and obtained the polynomial function
to describe the influence of temperature and the roughness of surrounding
rocks on the ultimate tensile force of the bolt. Yao Xianchun et al. [8]
obtained the stress change characteristics of the support structure of the
diversion tunnel under different surrounding rock temperature and water
temperature through model tests, and used numerical simulation to verify the
obtained relationship between the temperature difference between the inner
and outer walls of the support structure and the internal temperature stress.
Fan Lei [9] took the Gaoligongshan Tunnel as an example, determined the
reasonable thermal hazard control standards and areas for underground engi-
neering, proposed a tunnel support system under high ground temperature,
and established a three-dimensional unsteady heat transfer model. Li Ming
et al. [10] used the theory of elastoplastic mechanics to establish an analytical
solution for the stress and displacement of surrounding rocks during tunnel
construction, and combined it with actual engineering to propose different
support plans for early excavation and after excavation. Yu Weijian et al. [11]
studied the deformation characteristics of high-stress tunnels through on-site
investigation, put forward a comprehensive support scheme and layer-built
reinforcement method, and explored the method for checking the parameters
of anchor cable and bolt.

Based on the above methods, scholars have studied the characteristics
of stress and displacement of surrounding rocks during tunnel construction
under high-temperature environments, proposed the methods of initial sup-
port of surrounding rocks as well as the effective research on maintaining the
stability of surrounding rock, and achieved fruitful results. However, there
are few studies on the performance of the plastic zone of surrounding rocks
before and after anchoring support and the axial force of the bolt in the high
ground temperature tunnel. Therefore, taking the high ground temperature
hydraulic tunnel project of a hydropower station in Xinjiang as an example,
this paper analyzed the measured data and numerical calculations to study the
distribution characteristics of the plastic zone under the temperature-stress
coupled effect in the high ground temperature tunnel and the mechanical
characteristics of the anchoring support, which can provide a reference for
other high ground temperature projects under similar conditions.



484 Y. Huang and H. Jiang

2 Field Monitoring Test of Diversion Tunnel with High
Ground Temperature

2.1 Project Overview

According to the existing survey data, there is a high ground temperature
section with a total length of about 4000 m in the front section of the hydraulic
tunnel. The rock mass is composed of mica quartz schist interposed with
graphite schist, the branch tunnel under construction is dry and no ground-
water leakage is seen. During the tunneling process, the maximum ambient
temperature of the tunnel face reached 67◦C, the maximum temperature in
the hole reached 105◦C or above, and the water temperature during the
operation period was as low as 0–5◦C. The depth of burial in each section of
the project varies greatly. The high ground temperature is caused by uneven
heat conduction; except for the high temperature, it also covers a wide range,
which is rare in China and other countries.

In order to explore whether the supporting structure of the high-
temperature hydraulic tunnel of the hydropower station is safe during the
construction and the effect of the supporting measures, a test tunnel was
designed in the main tunnel to monitor the temperature of surrounding rocks
and the stress of the supporting structure during the construction of the test
tunnel. Through systematic analysis of the monitoring data, we obtained the
characteristics and mechanism of the surrounding rock temperature and the
stress change of the supporting structure during the construction of the high-
temperature tunnel. In addition, the mechanical properties of surrounding
rocks and supporting structure were comparatively analyzed to provide a
reference for the design of the main tunnel supporting structure.

2.2 Test Scheme

During temperature monitoring, two test sections were arranged in the test
tunnel (the first 2 m section was unsupported, and the last 3 m section had
anchoring support). The 1# thermometer hole was located in the unsupported
section, that is, the portal section that intersected the main tunnel. The 2#
thermometer hole was located in the concrete hanging net spraying layer
section. Each section was arranged with four measuring points 0.5 m, 1.5 m,
2.5 m, 3.5 m away from the cavity wall. The specific layout is shown in
Figure 1. In order to ensure the reliability of the instrument and the circuit,
specially treated temperature probes and high-temperature cables were used.

During the monitoring of the axial force of the bolt, the spraying layer of
the test hole was supported by ordinary shotcrete and steel mesh. The steel
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Figure 1 Schematic diagram of temperature monitoring in the test tunnel.

Figure 2 Schematic diagram of a bolt stress gauge.

mesh adopted ϕ8 steel bars, and the mesh size was 200 × 200 mm. The steel
mesh was close to the initial spray surface and welded to the end of the bolt
to ensure that the steel mesh did not shake when concrete was sprayed. The
primary support was made of C30 concrete with an impermeability grade of
W8, and the thickness of the spray layer was 150 mm. In the spraying process,
the means of primary spraying and secondary spraying were used. The
primary spraying thickness was about 50 mm, and the secondary spraying
was carried out after the bolts and hanging nets were installed. The GML-
type bolt dynamometers were installed at 0.5 m, 1.0 m, and 1.5 m of the bolts
on the left side and the vault to obtain the axial force data of the bolts.

2.3 Analysis of Monitoring Results

2.3.1 Temperature distribution pattern
Figure 3 shows the temperature variation of surrounding rocks during the
construction. The tunnel rock mass was in a state of thermal equilibrium
before excavation, and the temperature of each point in the rock mass
remained unchanged. With the excavation of the tunnel, the ventilation and
other cooling measures were applied to ensure the subsequent operations.
There was convective heat transfer between the surrounding rocks and the
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(a) Unsupported tunnel section                 (b) Anchoring support tunnel section 

Figure 3 Temperature variation of surrounding rocks during construction.

air, and the temperature of the unsupported section and the anchoring support
section gradually decreased.

At the beginning of the temperature measurement, the unsupported sec-
tion was closer to the entrance, and the maximum temperature of the 1#
measuring point was 62.8◦C, which was lower than the maximum temper-
ature of the 2# measuring point (69◦C). After the sprayed layer was applied,
the direct convective heat exchange between the surrounding rocks and the
air was replaced by the heat transfer between the surrounding rocks and the
sprayed layer, and the sprayed layer convectively exchanged heat with the
air. Therefore, after the 2nd day, the temperature of the unsupported section
continued to decrease, the lowest temperature of the 4# measuring point was
27◦C, and the temperature of the sprayed section began to stabilize. In the
initial stage of support, in order to prevent cracks from evaporating too fast on
the surface of the sprayed layer, the ventilation of the tunnel was suspended.
The heat released by the cavity wall was less than the heat transferred by the
deep rock mass, and the temperature of both increased to a certain extent.
After the sprayed layer was completed, the ventilation was started again
to prevent the temperature inside the spray layer from rising too fast, and
the temperature continued to decrease slowly. The temperature trend was
basically the same at different distances from the cavity wall in the same
measuring hole, and the farther away from the cavity wall, the higher the
temperature of the surrounding rocks.

2.3.2 Axial force distribution law of the bolt
Figure 4 shows the axial force of the bolt over time. From the figure, the axial
force is tensile stress, and as time goes by, the slope of the curve gradually
decreases, indicating that the increasing rate of the axial force of each bolt
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Figure 4 Variation of the measured axial force of the bolts over time.

gradually decreases. The maximum axial force of the 1# bolt was at the front
end of the bolt (close to the end of the cavity wall), and the maximum axial
force was 19.8 kN. The maximum axial force of the 2# bolt was in the middle
of the bolt, and the maximum axial force was 17.3 kN. After the 8th day, the
axial force at the front end of the bolt hardly increased, indicating that the
deformation of surrounding rocks was completed. The overall axial forces of
the 3# and 4# bolts were relatively similar, the maximum axial forces of them
were 13.7 kN and 12.8 kN, respectively, and the axial force at the front end
of the bolt was much smaller than the overall axial force.

3 Coupling Analysis of Characteristics of Plastic Zone in
Hydraulic Tunnels with High Ground Temperature

3.1 Establishment of Finite Element Model of a Hydraulic Tunnel
with High Ground Temperature

The length of tunnel excavation was much larger than the width of the section,
therefore, it belongs to a kind of plane strain problem. As the tunnel face
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Figure 5 Finite element model.

got farther away from the excavation site, the impact of excavation on the
surrounding rock masses gradually decreased until it disappeared [12, 13].
According to the preliminary calculation, the error between 4 times the hole
diameter and 20 times the hole diameter was less than 3%. In addition, the
calculation range of surrounding rocks was selected as follows: 4 times the
hole diameter on the upper, lower, left, and right sides were employed, the
finite element software and the Drucker-Prager constitutive model were used
to mesh the model, the element of thermal analysis was plane55, the element
of plane entity was plane42, see Figure 5.

Since the buried depth was 250 m, the boundary selected by the model
was still far away from the ground, and the boundary temperature was not
affected by changes in the surface temperature. Therefore, the boundary tem-
perature function was a constant. The original temperature of the surrounding
rocks was the initial temperature of the unexcavated rock mass, which was
80◦C, close to the actual measured temperature. According to the actual
situation of the project, the tunnel was ventilated after excavation, and the
boundary of the model cavity wall was the convective heat transfer boundary.
On-site monitoring data showed that, the ventilation air temperature was
about 20◦C, the convective heat transfer coefficient between a surrounding
rock and air was 30 W·(m2 · ◦C), and the convective heat transfer coefficient
between sprayed layer and the air was 45 W·(m2 · ◦C). The mutual coupling
of temperature field and stress field is that the temperature change will
affect the thermodynamic properties of surrounding rocks, and meanwhile
to produce temperature stress acting on the surrounding rock. Therefore, the
temperature-stress coupled simulation using numerical software was divided
into direct coupling and indirect coupling, and the two coupling methods
had little effect on the results [14]. In this paper, the indirect coupling was
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Table 1 Thermodynamic parameters of surrounding rocks at different temperatures

Temperature/◦C

Heat Conductivity
Coefficient

W·(m·◦C)−1

Coefficient of
Linear Expansion

10−6◦C−1

Specific
Heat

J·(kg·◦C)−1

Elasticity
Modulus

GPa

20 15 5 1060 7.1

30 14.37 5.4 1090 7.0

40 13.79 5.8 1120 7.0

50 13.25 6.2 1150 6.9

60 12.75 6.7 1180 6.9

70 12.29 7.2 1210 6.8

80 11.87 7.6 1240 6.7

adopted, and the modeling process can be described as follows: (1) simulate
the transient temperature field to obtain the temperature distribution at each
time step; (2) calculate the initial ground stress of the model; (3) apply
the transient temperature field result as a load on the model, and simulate
the tunnel excavation and support process using the birth-death element
method [15–17].

Assuming that the surrounding rock of the engineering section is the
homogeneous rock mass, the thermal conductivity of surrounding rocks at
different temperatures is selected according to the literature [18] and mea-
sured data, as shown in Table 1. From the measured data, the density of
surrounding rocks is 2650 kg/m3, the Poisson’s ratio is 0.28, the tensile
strength is 1.4 MPa, the compressive strength is 40.85 MPa, the internal
friction angle is 37◦, and the cohesion strength is 1.1 MPa.

3.2 Analysis of Characteristics of Plastic Zone

By numerically simulating the tunnel excavation without subsequent sup-
ports, the distribution and change law of the plastic zone of surrounding
rocks after excavation were obtained. After excavation, the stress gradually
released, and the plastic zone first appeared at the hance. Over time, the
plastic zone gradually expanded from the hance to the spandrel and the
depth of surrounding rocks. Ten days after excavation, the plastic strain
value was 0.0011, the thickness of the plastic zone was about 0.43 m, which
increased by 45% compared to the thickness on the 1st day after excavation.
The upward and downward expansion was more obvious than the lateral
expansion. The plastic zone around the tunnel exhibits a butterfly shape. This
result is consistent with the conclusion in the literature [19] that, under high
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(a) 1st day                     (b) 5th day                   (c)10th day 

Figure 6 Plastic zone on days 1, 5, and 10 after excavation.

stress, the plastic spots first appeared in the surrounding rocks on the surface
of the tunnel, then expanded into plastic regions, the regions of different parts
were connected to form plastic rings, and eventually the plastic zone unevenly
expanded.

Fifteen days after excavation, more than 90% of the stress of surrounding
rocks was released, and the range of plastic zone was unchanged. At this
time, the plastic zone radius calculated by the theoretical formulas (1) and
(2) under the DP criterion and the MC criterion was compared [20, 21],
as shown in Table 2. From Table 2, the differences between the numerical
simulation value and the calculation results by the two formulas are 1.52%
and 2.54%, respectively. Therefore, the theoretical calculation results and
numerical simulation results were within the error range.

Rp = a

[
(p0 + k/3α)(1− 3α)

p1 + k/3α

] 1−3α
6α

(1)

where k = 6c·cosϕ√
33+sinϕ

, α = 2 sinϕ√
33+sinϕ

; RP is the radius of the plastic zone

calculated by the DP criterion; a is the tunnel radius; P0 is the original rock
stress; P1 is the supporting resistance, and k and α are the DP criterion
material constants.

R′p = a

[
(p0 + c · cotϕ)(1− sinϕ)

p1 + c · cotϕ

] 1−sinϕ
2 sinϕ

(2)

where R′P is the radius of the plastic zone calculated by the MC criterion; c
is the cohesive force, and ϕ is the angle of internal friction.

In summary, as time went by, the plastic zone of surrounding rocks
expanded upwards and downwards, the thickness of the plastic zone
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Table 2 Radius of plastic zone by three calculations

DP Criterion MC Criterion Numerical
Computes Values Computes Values Simulation Value

Radius of plastic zone(m) 2.00 1.92 1.97

 
(a) 60℃                      (b) 80℃                 (c) 100℃ 

Figure 7 Plastic zone at 10 days after excavation at 60◦C, 80◦C and 100◦C.

increased, and the plastic strain gradually increased. The plastic zone at the
hance and spandrel was mainly caused by compressive stress. The surround-
ing rocks with poor lithology was prone to fracturing. The plastic zone at the
vault was mainly caused by tensile stress, which was easy to cause tensile
cracks and collapse. Therefore, after the tunnel is excavated, initial support is
required to enhance the stability of surrounding rocks.

In the simulation, the initial boundary temperature was set to 60◦C and
100◦C, and the distribution of plastic zone 10 days after excavation is shown
in Figure 9.

At different initial temperatures, the range of the plastic zone and the
maximum deformation of surrounding rocks at 10 days after excavation
both increased with the increase in temperature. At 60◦C, the maximum
deformation of the plastic zone was 0.00091, and the thickness of the plastic
zone was 0.34 m. At this time, the plastic zone was distributed at the
hance on both sides. When the initial temperature was 80◦C, the maximum
deformation and thickness of the plastic zone increased by 26% and 8%,
respectively compared with those at 60◦C, and the plastic zone mainly
expanded toward the spandrel and vault. When the initial temperature was
100◦C, the maximum deformation of the plastic zone was 0.00136. At this
time, there was an obvious malignant extension of the plastic zone to the
depth at the spandrel, and the thickness of the plastic zone reached 1.3 m.
The simulation results showed that, the higher the initial temperature of
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surrounding rocks, the greater the temperature difference between the cavity
wall and the inner surrounding rocks after excavation, and the greater the
influence of its temperature stress on the plastic zone of surrounding rocks.
The higher the temperature of surrounding rocks, the more likely the plastic
zone will deteriorate and develop toward the depths of surrounding rocks at
the spandrel. Therefore, after tunnel excavation in a high ground temperature
environment, the strength and form of the supporting structure need to be
adjusted. The higher the temperature, the more attention should be paid to
the spandrel and vault.

4 Analysis of Anchoring Properties in Hydraulic Tunnels
with High Ground Temperature

4.1 Analysis of Mechanical Properties of the Bolts

The fully grouted bolt prevents the deformation of surrounding rocks through
the bonding or friction force between the bolt body and the bonding material.
After the bolts are applied in underground works, part of the surrounding
rock body near the cavern space moves in the direction of the interior of the
excavated tunnel, and the bolts prevent the surrounding rocks from moving, at
which time the surface of the bolts is subjected to the shear force pointing to
the tunnel. In the deep surrounding rocks far away from the cavern, the anchor
body has a greater displacement than the surrounding rock mass, and the
shear stress between them points away from the tunnel. Because the direction
of the shear stress on the two ends of the bolt is opposite, there must be
a zero point of shear stress on the bolt body. TJ Freeman [22] and Wang
Mingshu [23] etc. called this point the “neutral point”. At the neutral point,
the shear stress is 0, and the axial force reaches the maximum. Therefore, the
approximate position of the neutral point can be determined by the point of
maximum axial force in the simulation results.

The axial force of the bolt first increased and then decreased along the bolt
body pointing to the depth of surrounding rocks. Generally, the axial force in
the middle of the bolt body was greater than the axial force at both ends.
According to the curve, after anchoring support for 2 days, the maximum
axial force of the 1# bolt is at 0.5 m, the maximum axial force of the 2#
and 3# bolts is at 0.8 m, and the maximum axial force of the 4# bolt is at
1.0 m. Therefore, the neutral points of the bolts at different positions are
different. The neutral point of the bolt closer to the vault is farther away from
the cavity wall, and vice versa. After anchoring support, the maximum axial
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Figure 8 Variation of axial force of different bolts over time.

force of the 2#, 3#, and 4# bolts all moved away from the cavity wall, and
the position of the neutral point moved from close to the cavity wall to away
from the cavity wall. The axial force at each point of the bolts increased with
time, which was consistent with the fact that after the anchoring support was
applied, the stress of surrounding rocks would still be released over time. The
displacement and plastic zone continued to increase, the bolt restricted the
growth of the displacement of surrounding rocks, the shear force between
them gradually increased, and the axial force at each point of the bolt body
gradually increased. The axial force growth of the 2# bolt at the spandrel near
the tunnel almost stagnated after 8 days of anchoring support. According to
the simulation results, the plastic zone at this point was expanding unevenly.
After the spandrel near the cavity wall was anchored, the deformation of the
plastic zone no longer increased and then developed deeper after the stress
of part surrounding rocks was released. Therefore, the growth of axial force
of the bolt body only within the spandrel plastic zone was stagnant, and the
stress of the rest of the bolt body increased normally.

The axial force of the bolt at 10 days after anchoring support at different
initial surrounding rock temperatures is shown in Figure 9. The measured
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Figure 9 Axial force of the bolt at different temperatures after 15 days of anchoring support.

axial force of the bolt is generally close to the simulated value at the same
temperature. The differences between the measured value and the simulated
value at a distance of 1 m from the cavity wall of the 1# anchor and
0.5 m from the cavity wall of the 2# anchor are large, but both values are
within 10%, indicating that the simulation results can be referenced. The
reason for the difference in data may be that the stress state of the initial
support of the high ground temperature tunnel under the action of surround-
ing rock load and temperature stress is more complicated, and there are
differences in topographic and geological conditions between the isotropic
homogeneous body used in the numerical simulation section and the field test
section [24, 25]. The axial force of the 1#, 2#, and 3# bolts near the cavity
wall was inversely related to the initial surrounding rock temperature. The
lower the temperature, the greater the axial force. The axial force of the bolts
far away from the cavity wall was positively correlated with the temperature.
The higher the temperature, the greater the axial force changes along with
the bolt. This result indicated that the higher the temperature, the greater
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the effect of temperature stress on the bolt due to temperature changes. At
the same position (vault) of the 4# bolt, the higher the initial surrounding
rock temperature, the greater the axial force. The axial force of the bolt
increased almost proportionally with the increase in temperature. The ratio
of the axial force of the bolt at the initial temperatures of 60◦C to 80◦C was
less than the ratio at 80◦C to 100◦C. This result indicated that the higher the
initial temperature of surrounding rocks, the more obvious the temperature
effect under the same temperature difference, and the greater the effect of
temperature stress on the bolt. The higher the temperature of the bolt at the
same position, the greater the maximum axial force value of the bolt, and the
farther away from the cavity wall, that is, the farther the neutral point was
from the tunnel wall. In actual engineering anchoring, the size and strength
of the bolt can be adjusted according to the temperature.

4.2 Distribution of Plastic Zone in Surrounding Rocks After
Anchoring

Figure 10 shows the plastic zone of surrounding rocks under different initial
temperature environments after 10 days of anchoring support. The plastic
zone of the anchored part has obvious changes compared with the unan-
chored plastic zone of the same period. After 10 days of anchoring support,
the maximum plastic strain values at 60◦C, 80◦C, and 100◦C are 0.00063,
0.00082, 0.00107, which is smaller than those of the unanchored section
by 30.7%, 28.7%, and 21.3%, respectively. At these three temperatures, the
range of the plastic zone decreased by 9%, 20%, and 24%, respectively.
The plastic deformation rate of surrounding rocks decreased after supporting.
Bolt-shotcrete support can limit the development of plastic zone in the high-
temperature surrounding rocks. The higher the temperature, the more obvious

 
a b c

Figure 10 Plastic zone after 10 days of support at 60◦C, 80◦C and 100◦C.
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the support effect. Therefore, in actual engineering, after the excavation in
the high ground temperature tunnel, timely and reasonable support should be
carried out to limit the development of the plastic zone.

5 Conclusion

For the problems of plastic zone changes before and after the initial sup-
port and the evolution of axial force of the bolt during the construction
of high ground temperature hydraulic tunnels, the following conclusions
were obtained through comparison and demonstration of actual measurement
analysis and numerical simulation:

(1) After the excavation of the high ground temperature hydraulic tunnel,
the plastic zone first appeared in the hance in a crescent shape, and then
expanded to the spandrel and vault to form a ring or butterfly shape. The
higher the initial temperature of surrounding rocks, the larger the plastic
deformation and the range of the plastic zone. When the temperature
exceeded 80◦C, more plastic zone expanded to the spandrel and vault.

(2) At the same time, the closer the anchor was to the vault, the farther
its neutral point was from the cavity wall. As the stress was released,
the neutral point moved from close to the cavity wall to away from the
cavity wall. At the same position, the higher the temperature, the greater
the effect of temperature stress, and the farther away the neutral point
was from the cavity wall.

(3) Anchoring support can effectively limit the development of plastic zone
in surrounding rocks under high ground temperature. For tunnels with
initial temperatures of 60◦C, 80◦C, and 100◦C, after 10 days of anchor-
ing support, the range of the plastic zone was reduced by 9%, 20%,
and 24%, respectively, and the maximum axial force of the bolts was
19.4 kN, 20.1 kN, and 23.8 kN, respectively. The higher the temperature
under similar working conditions, the higher the strength of the bolt
required.
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