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Underground engineering construction is facing increasingly complex geological
conditions and engineering challenges, such as surrounding rock deformation and
lining cracking, that seriously threaten the safety of tunnel construction and
operation. Aiming at these problems, a pipeline tunnel crossing jointed expansive
mudstone strata was taken as an example, and the disaster characteristics of
surrounding rock and lining were analyzed through field investigation. The
disaster-causing mechanism and corresponding control measures were studied
through laboratory tests and numerical simulations, which were then applied to
actual construction. Meanwhile, the deformation and stress response of the
surrounding rock and tunnel structure were analyzed and investigated through
monitoring and numerical data. The results showed that the vault settlement and
horizontal convergence deformation of surrounding rock were reduced by
64.69 mm and 54.74 mm, respectively, under the improved construction scheme.
The maximum surrounding rock stress was 430.26 kPa under the improved
construction scheme, which was 18.15% lower than the original stress. The
maximum axial force of the steel arch frame was 33.02 kN, ensuring the stability
of the supporting structure and tunnel construction safety. Finally, the rationality and
effectiveness of the reinforcement measures adopted were assessed.
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1 Introduction

With the rapid development of infrastructure, tunnels and underground structures
construction are facing more complex geological and construction problems, such as
surrounding rock large deformation, seepage and mud bursts, high geostress, and adjacent
construction (Lin et al., 2019; Fan et al., 2021; Fan et al., 2022; Tian et al., 2021; Tian et al., 2022;
Guo et al., 2022; Zhou et al., 2022; Zhu et al., 2022; Liu et al., 2023). More and more tunnels are
facing the problems of large buried depth and surrounding rock deformation and cracking,
especially in areas with developed joint structures that are under the action of geological
eccentric compression (Cao et al., 2018; Winn et al., 2019; Feng et al., 2021; Zhang et al., 2022a;
Zhang et al., 2022b; Wang et al., 2022). Selen et al. (2020) performed extensive testing to
determine the slaking and disintegration behavior of these rocks and assessed the mineralogical
composition of flysch and serpentinite from the headrace tunnel of the Moglice Hydropower

OPEN ACCESS

EDITED BY

Liang Cui,
Lakehead University, Canada

REVIEWED BY

Zhanguo Xiu,
Northeastern University, China
Feili Wang,
Qingdao University of Technology, China

*CORRESPONDENCE

S. Y. Fan,
fanshengyuan88@163.com

SPECIALTY SECTION

This article was submitted to
Environmental Informatics and Remote
Sensing,
a section of the journal
Frontiers in Earth Science

RECEIVED 12 November 2022
ACCEPTED 28 December 2022
PUBLISHED 17 January 2023

CITATION

Shi JW, Zhou PY, Li X, Fan SY, Zhou ZF,
Zhi B and Cheng Y (2023), Study of the
disaster-causing mechanism and
reinforcement measures for soft rock
deformation and lining cracking.
Front. Earth Sci. 10:1096635.
doi: 10.3389/feart.2022.1096635

COPYRIGHT

© 2023 Shi, Zhou, Li, Fan, Zhou, Zhi and
Cheng. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY).
The use, distribution or reproduction in
other forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Earth Science frontiersin.org01

TYPE Original Research
PUBLISHED 17 January 2023
DOI 10.3389/feart.2022.1096635

https://www.frontiersin.org/articles/10.3389/feart.2022.1096635/full
https://www.frontiersin.org/articles/10.3389/feart.2022.1096635/full
https://www.frontiersin.org/articles/10.3389/feart.2022.1096635/full
https://www.frontiersin.org/articles/10.3389/feart.2022.1096635/full
https://crossmark.crossref.org/dialog/?doi=10.3389/feart.2022.1096635&domain=pdf&date_stamp=2023-01-17
mailto:fanshengyuan88@163.com
mailto:fanshengyuan88@163.com
https://doi.org/10.3389/feart.2022.1096635
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2022.1096635


Project in Albania. The clay minerals in swelling rocks will cause
volume expansion and disintegration of rocks after water softening.
That study is a good reference for the cognition and control of the
mechanical properties of expansive rock materials. Tai et al. (2020)
examined the electromechanical chamber in the Tashan Coal Mine,
adopting numerical simulation to analyze the surrounding rock
deformation and failure characteristics during the tunneling
process. Through analyzing the deformation and failure, Tai et al.
(2020) suggested grouting integrated with high-strength bolts and
anchor cables as a supporting measure that could effectively control
the deformation. Liu et al. (2021) carried out a swelling test, scanning
electron microscope tests, and a laboratory loading test on the swelling
mudstone to further study the water effect on the swelling and
mechanical properties of swelling mudstone samples. It was found
that the internal friction angle did not change with the water content,
while the cohesion decreased with the increasing water content. That
study explained the reasons for the decrease in cohesive force of
expansive mudstone and provided a strong explanation for the
weakening mechanism about its mechanical properties. Luo et al.
(2022) performed a series of true triaxial tests to investigate the
influence of water on stress-induced failure in D-shaped hard rock
tunnels. Softened by water, the energy storage capacity of surrounding
rock decreases, the dissipation energy increases during deformation
and failure, and the spalling failure of rock is induced by stress. That

study has guiding significance for the understanding of rock failure
mechanism under water–rock weakening and the formulation of
corresponding control measures.

The construction methods are of great significance to surrounding
rock stability and construction safety. In particular, timely and
reasonable supporting structures should be constructed after
tunneling in the soft stratum to avoid surrounding rock
deformation and structural damage (Mikaeil et al., 2019; Li et al.,
2020; Leng et al., 2021; Li et al., 2021; Pandit and Babu 2021; Liu et al.,
2022a; Zhang et al., 2022c; Zhang et al., 2022d; Guan et al., 2022). Rooh
et al. (2018) established a comprehensive simulation program to study
the relationship between rock mass quality and longitudinal
displacement profile (LDP). They analyzed the results of the numerical
modelling and showed that the LDP curves of surrounding rock with high
quality (GSI > 60) matched well. Based on intact rock strength, joint shear
strength, and joint persistence, Renani et al. (2019) developed linear and
non-linear failure criteria utilizing an analytical model of rock mass with
non-persistent joints. The model was verified through comprehensive tests
on undisturbed Panguna andesite and thermally granulated Carraramarble
with natural joints. Reasonable excavation and support can ensure the safety
and progress of tunnel construction. Feng et al. (2019) studied the
deformation of surrounding rock and strata of large-section tunnels
under different supporting and continuous blasting schemes. Results
showed that the installation of initial ground support after two rounds

FIGURE 1
(A) Project situation and (B) geological profile.

TABLE 1 Geotechnical parameters.

Soil layer E/(MPa) γ/(kN/m3) μ c/(kPa) ϕ (°)

Residual slope deposit 2.52 17.5 .18 12 20

Silty clay 3.21 19 .35 18 22

Mudstone 485.96 23 .26 112 25

Note: E is the elastic modulus; γ is the unit weight; μ is Poisson’s ratio; c is the cohesion; ϕ is the friction angle.
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of blasting produced the most regular andminimum tunnel internal forces,
and this installation sequence significantly accelerated tunnel construction.
The conclusions of that study are of great significance to ensure the safe and
rapid construction of a tunnel and to reduce the time and economic cost of
tunnel construction.

As an economical and effective active support method, bolt
support has been widely used in engineering support for tunnels
and underground mining. Liu et al. (2020a) independently developed
an anchoring synergistic component (ASC) and mainly investigated
the optimization of the bolt anchoring structure and the enhancement
of the bolts’ ability to control the surrounding rock deformation by
combining the numerical simulation and laboratory testing. The result
indicated that the anchoring force and bearing capacity of the
anchoring structure were noticeably improved with the ASC
installed between the resin cartridges. Qin et al. (2022) analyzed
the evolution of different failure modes using a shallow tunneling
method in a loose granular stratum through DEM calculation, and the
prevention mechanism was discussed. Comprehensive construction
measures were suggested from the aspects of pre-support, excavation,
bolt driving, and collapse prevention that could provide valuable
references for tunnel construction control in similar projects. The
aforementioned studies have laid the foundation for studying the soft
rock deformation, and the deformation of surrounding rock and lining
cracking in soft rock strata needs further study.

The adverse effect of broken soft rock on the stress and
deformation of tunnel structure and the effective control measures
were studied in this paper based on the tunnel of a natural gas pipeline
crossing soft rock strata. This study first analyzed the disaster
characteristics of surrounding rock deformation and lining
cracking. Then, the corresponding control measures were proposed
and applied to actual construction. The deformation and stress
evolution law of surrounding rock and supporting structure after
adopting the improved construction scheme were analyzed based on
the field monitoring data to ensure the stability of supporting structure
and construction safety. Finally, combined with themeasured data and
numerical simulation, the rationality and effectiveness of the

reinforcement measures adopted were assessed through
comparative analysis of the deformation and stress response
characteristics of the surrounding rock and supporting structure.
The research conclusions provide theoretical guidance for design
and construction.

2 Engineering situations and geological
conditions

The natural gas pipeline starts in Turkmenistan, passes through
Turkish-Ukish, Uzbekistan, Tajikistan, and Kyrgyzstan from west to
east, and ends in Kashgar, China. The general situation of the
background project is shown in Figure 1A. The tunnel is 1860 m
in length with a maximum buried depth of 163 m, and the width ×
height of the tunnel section is 4.5 m × 4.5 m.

The overlying soil layer of the tunnel area was mainly quaternary
residual slope soil and silty clay with a thickness of 1–20m. The lower soil
was mainly weathered mudstone (Pg1 + 2), with a developed layered joint
structure and poor stability. The tunnel entrance is located at the slope foot,
and the slope was gradual with loess-type silty clay. The exit was located at
the mountainside slope, and the slope soil was mainly silty clay with a small
amount of gravel. The groundwater in the tunnel site area mainly includes
pore water and bedrock fissure water, which was mainly replenished by
precipitation and ice meltwater. In addition, the groundwater had weak
corrosion on the concrete structures and steel bars. The geological profile is
shown in Figure 1B, and the geotechnical parameters are shown in Table 1.

3 Disaster characteristics and cause
analysis

3.1 Cracking condition on site

During K1 + 663 ~ K1 + 683, longitudinal cracks with a length of
roughly 1.5 m and a width of 2–4 mm appeared on primary supports

FIGURE 2
Cracking on-site of (A,B) primary supports and (C,D) secondary lining.
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at the right hance, accompanied by concrete scaling. During K1 +
690 ~ K1 + 700, longitudinal and transverse cracks with a width of
1–3mmappeared on the secondary lining at the left sidewall, accompanied
by local shedding and water seepage. Affected by geological eccentric
compression, some deeper cracks appeared on the vault, with a width of
more than 2mm. The field cracking situation is shown in Figure 2.

3.2 Disaster cause analysis

3.2.1 Layered joint structure
Combined with geological survey data, it is known that the tunnel

site’s surrounding structure had developed layers. The developed layered
structure will intensify the inhomogeneity of the surrounding rock stress on
both sides, resulting in the asymmetric distribution of deformation and
cracking on both sides. In addition, the layered structure of the surrounding
rock had a sliding and separating trend along the joint surface under the
force of high geostress, which aggravated the risk of surrounding rock
deformation and lining cracking (Liu et al., 2020b; Zhang et al., 2022e; Li
et al., 2022).

3.2.2 Swelling property of mudstone
The groundwater runoff modulus was 2.28–7.32 L/skm2 in the dry

season and 4.85–9.58 L/skm2 in the rainy season. The field investigation
showed that the layered structure and fissures in the tunnel site were
relatively developed, which facilitated the seepage of groundwater. The
water–rock physicochemical reaction intensified, resulting in the strength
degradation of the surrounding rock (Yang et al., 2022) and inducing
uncoordinated surrounding rock deformation and cracking of the lining.
Three cores were drilled in the collapsed tunnel section for laboratory tests
to obtain the mineral composition and expansion (Ahn et al., 2021; Wang
et al., 2022). The results are shown in Table 2.

Table 2 shows that the mineral composition of mudstone was
similar in each core. The clay minerals were mainly illite, followed by
kaolinite, chlorite, and montmorillonite, which can easily cause
mudstone expansion. The laboratory test results showed that the
expansion rates of the three cores were 9.03%, 7.26%, and 5.34%,
respectively, which was not conducive to surrounding rock stability.
Moreover, the groundwater could aggravate the dilatability and
strength damage of the mudstone, threatening tunnel safety and
the stability of the surrounding rock.

3.2.3 High geostress
Surrounding rock strength is an important design parameter in

tunnel engineering that directly affects the load borne by the supporting
structure and the overall stability of the tunnel. Themaximumburied depth
of the No. 1 tunnel was 260m, and the surrounding rock comprised grade
V and VI weatheredmudstone. Based on laboratory tests and field surveys,
the uniaxial saturated compressive strength of the surrounding rock was
11.8–24.2MPa, and the maximum horizontal principal stress and vertical
stress were about 2.8–3.6MPa and 4.2–5.1MPa, respectively. The
strength–stress ratio was 4.2–5.7; therefore, the surrounding rock stress
was not uniform, and some areas were affected by high geostress (Yang
et al., 2017; Liu et al., 2022b; Xu et al., 2022).

3.2.4 Unqualified supporting structure and lining
It was found that the steel arch frame spacing of the primary

supports in the collapsed section of the tunnel was too large, resulting
in uneven stiffness and deformation along the tunnel. In addition, theTA
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concrete thickness in the disaster range was about .06 m thinner than
the design value, leading to insufficient strength, uneven stress, and
cracking of the lining structure.

4 Improved measures and engineering
application

4.1 Solution measures

Combined with the disaster-causing mechanism analysis of the
layered jointed mudstone stratum in background engineering, the

following targeted control measures were proposed: (a) according to
the existing engineering experience (Huang et al., 2021; Liu et al.,
2022c), the two-step excavation method with the excavation footage
F=1.2 m was used. (b) Pre-support measures of grouting pipe sheds
were adopted. (c) The steel arch frame was densely arranged, and the
locking bolt and longitudinal connection reinforcement were added to
improve the overall stiffness of the supporting structure. (d) To
improve the integrity of the surrounding rock, grouting bolts were
used and arranged vertically to the layered joint surface instead of the
original. (e) The surrounding rock was grouted by controlling the
grouting pressure of 2 MPa to enhance the bonding between the joint
surface and the integral rock mass. (f) Waterproof material was laid

FIGURE 3
Field application of improved construction measures.

FIGURE 4
Layout of measuring points and installation of measuring components.
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FIGURE 5
Result of surrounding rock deformation: (A) cumulative deformation curve and (B) deformation rate curve.

FIGURE 6
Stress of surrounding rock.

FIGURE 7
Axial force of the steel arch frame.
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down before pouring the secondary lining concrete to prevent pore
water from penetrating into the secondary lining structure. At the
same time, the secondary lining concrete should be poured in strict
accordance with the design, and subsequent maintenance should be
carried out well. The implementation of improved control measures
during actual construction is shown in Figure 3.

4.2 Engineering application and measured
data analysis

The control measures proposed were applied during the
subsequent tunnel construction. The earth pressure sensor and
displacement meter were embedded to monitor the stress and
deformation of the surrounding rock. Meanwhile, the rebar stress
meter was welded onto the steel arch web to test the force of the steel
arch frame. The layout of monitoring points and measuring
component installation on-site is shown in Figure 4. The stress and
deformation of the surrounding rock and supporting structure were
monitored strictly during construction. When surrounding rock
deformation or supporting structure stresses were too large, the
construction was suspended, and the reasons were analyzed to
ensure construction safety.

4.3 Analysis of measured results

4.3.1 Deformation of surrounding rock
Figure 5 shows the cumulative deformation and deformation rate

of the surrounding rock.
Figure 5 shows that surrounding rock deformation mainly

occurred in the early stage; the amount of vault settlement and
horizontal convergence in the first 10 days accounted for 44.86%
and 52.29% of the total deformation, respectively. The deformation
rate decreased after primary supporting construction, while the
cumulative deformation continued to increase. The cumulative
settlement and convergence deformation increased by 43 mm and
20.6 mm, respectively, during the 11–20-day period after inverted arch
construction and forming a closed ring with primary supports, which
enhanced the stability of the supporting structure and controlled the
surrounding rock deformation. Finally, the vault settlement and
horizontal convergence stabilized at 170.52 and 99.81 mm,
respectively. Meanwhile, there was no cracking on the primary
supports and secondary lining during subsequent construction,
indicating that the improved measures worked well. Comparing the
settlement and convergence values revealed that the overall
deformation of the surrounding rock was dominated by settlement.
However, the horizontal convergence was also large, so the

FIGURE 8
Three-dimensional finite element model.

TABLE 3 Material parameters of the supporting structure.

Material E (GPa) γ (kN/m3) μ Thickness or length (mm) Diameter (mm)

Anchor 210 78.5 .3 4,000 28

Grouting steel pipe 200 78.5 .3 6,000 50

Steel arch frame 200 78.5 .3 10 \

Secondary liner 30 25 .3 550 \

Concrete and grout 29.5 23 0.2 \ \
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surrounding rock deformation should be strictly monitored to ensure
construction safety.

4.3.2 Stress of surrounding rock
Data from the earth pressure sensor were analyzed to obtain the

stress variation of the surrounding rock, as shown in Figure 6.
Figure 6 shows that the stress was distributed unevenly and

increased in fluctuation during construction. In the first 6 days, the
surrounding rock stress at measuring points #1–4 reached 75.48,
38.45, 45.35, and 54.05 kPa, respectively. The surrounding rock
stress at the vault and hance continued to increase, while the value
at the arch bottom changed slightly. After 28 days, the stress at the
vault and two hances reached 79.69%, 92.56%, and 94.13% of the total
stress, respectively. After inverted arch construction and forming a
closed ring with initial support, the surrounding rock stress at the
hance and arch bottom gradually stabilized, while the value of the vault
increased continuously. After 40 days, the stress at the vault gradually
stabilized with the highest value of 430.26 kPa. Affected by geological
eccentric compression, the stress at the two hances was larger,

reaching 292.36 and 275.29 kPa, respectively. The stress at the arch
bottom was small and remained stable, ensuring safe tunnel
construction.

4.3.3 Force of steel arch frame
The axial force variation of the steel arch frame is shown in

Figure 7.
Figure 7 shows that the force variation of the steel arch frame was

similar to surrounding rock stress, and the force increased rapidly in
the early stage of construction, indicating that the steel arch frame bore
loading immediately and restricted the surrounding rock deformation.
In the first 8 days, the axial forces of the steel arch frame at measuring
points #1–4 were 15.91, 7.37, 8.18, and 2.71 kN, respectively. The force
value at the vault and hance increased with continuous excavation,
while the value at the arch bottom remained stable. After 28 days, the
axial forces at the vault and two hances reached 95.03%, 85.61%, and
78.97% of the largest value, respectively. After inverted arch
construction and forming a closed ring with primary supports, the
axial force of the steel arch frame gradually stabilized. Finally, the axial

FIGURE 9
Development process of plastic zones under two construction schemes: (A) original construction scheme and (B) improved construction scheme.
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forces at measuring points #1–4 were 33.02, 20.15, 21.16, and 6.62 kN,
respectively, ensuring construction safety.

5 Analysis and discussion

Aiming at the problems of background engineering and the
disaster-causing mechanism analysis mentioned in the previous
content, this study analyzed the deformation and stress
characteristics of surrounding rock with a developed layered
structure and supporting structure. The effectiveness of the
improved measures proposed in this study was evaluated by
comparing results under the original and improved construction
scheme.

5.1 Model and parameters

The deformation and stress of the surrounding rock and supporting
structure before and after reinforcement treatment were simulated and

analyzed usingMidasGTS/NX, numerical calculation software designed
for geotechnical engineering (Komu et al., 2020). The model fully
considers the influence range of construction disturbance to ensure
the reliability and effectiveness of calculation results. According to the
“Code for design of gas transmission pipeline engineering,” considering
the maximum construction disturbance range required a model of size
60 m × 100 m × 80 m (length × width × height), as shown in Figure 8.
The upper surface of the model was a free surface. The horizontal
displacement was constrained on the surrounding boundary, and the
horizontal and vertical displacements were constrained on the bottom
boundary.

The geotechnical parameters were obtained from the geological
exploration report and laboratory test data (see Table 1), and the
reinforcement materials parameters are shown in Table 3.

5.2 Result analysis

5.2.1 Plastic zone
According to the Mohr–Coulomb yield criterion, when the shear

stress reaches the shear strength of the rock mass, the rock mass will
enter the plastic stage. Thus, the plastic zone was the area where the
shear stress exceeded the rock shear strength. The development
process of plastic zones with construction steps (S) increasing
under two construction schemes is shown in Figure 9.

Figure 9 shows that the plastic zone under two construction
schemes expanded with tunnel excavation. The plastic zone of the
surrounding rock developed rapidly, and the response range was large
under the original construction scheme. The plastic zone showed an
asymmetric development trend in the early stage, which increased
sharply later. In particular, the plastic response characteristic of the
surrounding rock became more obvious closer to the cave wall, which
contributed to the large deformation of the surrounding rock and the
actual disaster. Under the improved construction scheme, the integrity
of the surrounding rock was improved by using grouting bolts and
surrounding rock grouting measures, and the development of the
surrounding rock plastic zone was controlled well. In addition, the
plastic deformation response of the side wall under the original
construction scheme was obvious when S = 40. Under the
improved scheme, the plastic deformation response of the vault

FIGURE 10
Variation of surrounding rock deformation: (A) vault settlement and (B) horizontal convergence.

FIGURE 11
Variation of surrounding rock stress.
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area was larger, indicating that the advanced support measures had
played a role and effectively bore the load of the surrounding rock.
After tunnel excavation, the plastic zone range was reduced, and
the distribution was more uniform, indicating that the
construction measures adopted can effectively improve the
stress state of the surrounding rock and ensure the stability of
the surrounding rock.

5.2.2 Deformation of surrounding rock
The variation of surrounding rock deformation at the measured

section under two construction schemes is shown in Figure 10.
Figure 10 shows that the simulated development process results

were similar to the measured results, and the vault settlement and
horizontal convergence deformation increased rapidly early. When
the palm surface pulled 30 m ahead of the monitoring section, the
surrounding rock deformation slowed and gradually became stable.
The simulation values of vault settlement under the two construction
schemes were 235.21 and 181.45 mm, respectively, and the horizontal
convergence values were 154.55 and 109.85 mm, respectively. Two
deformations under the improved construction scheme were reduced
by 34.29% and 39.46% compared to the original construction scheme,
indicating that the improvement measures can effectively control the
deformation of surrounding rock and ensure construction safety.
Moreover, the measured values were closer to the simulation values
under the improved construction scheme, and the differences between
the two deformations were 9.45 and 10.59 mm, respectively.
Considering the difference between the actual construction and
numerical simulation, it is necessary to strictly monitor the
deformation of surrounding rock during the actual construction
process.

5.2.3 Stress of surrounding rock
The variation of maximum surrounding rock stress at the

measured section under two construction schemes is shown in
Figure 11.

Figure 11 shows that the surrounding rock stress increased sharply
in the early stage of excavation. When the palm surface was pushed
15 m ahead of the monitoring section, the maximum stress under the
two construction schemes accounted for 81.29% and 73.26% of the
cumulative value, respectively. Compared with the simulation value,
the measured stress of the surrounding rock increased slowly,
accounting for 26.82% of the cumulative value. During the
subsequent construction process, the simulated value gradually
stabilized. The measured results showed that the surrounding rock
stress was gradually released, which was conducive to surrounding
rock stability. Finally, the measured results were closer to the
simulation results of the improved construction scheme, with a
difference of 9.86 kPa. Both sets of results met the requirements of
surrounding rock stability, indicating that adopting the improved
measures can effectively ensure construction safety.

Deformations and internal force of primary supporting: The
deformations and internal forces of the primary supports at the
measured section under two construction schemes are shown in
Figure 12.

Figure 12 shows that the deformation trend and internal force
distribution of the primary supports under the two construction
schemes were similar. After tunneling excavation, the left spandrel
and vault were squeezed into the tunnel, and the right side wall tended
to be squeezed out of the tunnel. The vertical deformation and
horizontal deformation of the primary supports were reduced by
53.3 and 39.7 mm, respectively, under the improved construction
scheme. It indicated that adopting the improved measures
according to the previous mechanism analysis can effectively
control the deformation of the surrounding rock and the
supporting structure, which is beneficial to tunnel stability. In
addition, the maximum internal force was reduced, and the
distribution was more uniform after improving construction.
Compared with the original construction scheme, the maximum
axial force and bending moment were reduced by 414.7 kN and
91.3 kN m, respectively. These results show that the measures to

FIGURE 12
Deformation and internal force of primary supports: (A) original construction scheme and (B) improved construction scheme.
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enhance the stiffness and integrity of the primary supports can
effectively improve the overall bearing capacity of the supporting
structure, which is beneficial to construction safety.

6 Conclusion

The disaster-causing mechanism of surrounding rock
deformation and secondary lining cracking of the construction
of the No. 1 tunnel of the China–Tajikistan natural gas pipeline
was studied. The effectiveness of the reinforcement measures was
evaluated. Through analysis and discussion, the following
conclusions can be drawn.

1) Combined with the analysis of the disaster-causing
mechanism, it was found that the developed layered
structure, high geostress, and the expansibility of mudstone
will cause large deformation of the surrounding rock and
lining cracking. The slip deformation of the layered rock
mass along the structural plane was the particular reason
for uneven tunnel deformation.

2) The deformation and stress of the tunnel structure were
controlled and gradually stabilized after the integrity and
stiffness of the rock mass and supporting structure were
enhanced. The maximum values of vault settlement and
horizontal convergence were 170.52 and 99.81 mm,
respectively. The maximum stress of the surrounding rock
and steel arch frame occurred at the vault, reached 430.26 kPa
and 33.02 kN, and ensured construction safety and the
stability of the surrounding rock.

3) The deformation of the surrounding rock and primary
supporting were well controlled under comprehensive
control measures. The vault settlement and horizontal
convergence of the primary supports were reduced by
23.02% and 26.07%, respectively, compared to the original
construction scheme. Moreover, the measured results of
surrounding rock deformation were only 3.5% higher than
the simulated values of the improved scheme, verifying the
feasibility of the improvement measures.

4) The force distribution of the primary supports was improved, and
the maximum axial force and bending moment were reduced by
27.28% and 23.62%, respectively, under the improved construction
scheme. Meanwhile, the tensile region was transformed into a
compressive state, giving full play to the bearing role of the
supporting structure and ensuring the stability and safety of the
tunnel structure.
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