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For large-spanshallow-buried tunnels in composite strata of urban metro, the study on the distribution characteristics of
surrounding rock pressure is a necessary prerequisite for the reliability analysis of tunnel structure. In this paper, through
numerical simulation, the random joint file generated by MATLAB is combined with the discrete element software to establish the
corresponding random network model. According to the network model calculation, the influence of surrounding rock pressure
on the support structure system is discussed, and the reasonable support parameter types are given. Comparing the whole section
excavation with the subsectional excavation, the subsectional excavation can effectively control the internal stress self-adjustment
of the surrounding rock and effectively restrain the plastic zone. It provides some theoretical guidance and reference for tunnel

reliability design.

1. Introduction

With the acceleration of urbanization, the development and
utilization of urban subway and its underground space are
more and more favored by people, and especially, the
shallow-buried underground spatial structure with large
section has been paid more and more attention. In the
process of urban construction, there are many special strata
such as soft ground and hard ground. When a large-span
tunnel or underground space is excavated, it inevitably
disturbs the in situ stress field which causes ground
movements leading to surface settlement, which may cause
serious damage to adjacent structures. The ground surface
settlement induced by tunnelling varies according to dif-
ferent construction approaches used for different tunnel
cross sections [1]. The study of underground space tunnel

cannot be separated from the determination of surrounding
rock pressure, and the calculation of surrounding rock
pressure is also a hot issue in tunnel design. Because tunnels
exist in complex geological bodies, there will be many un-
certainties, such as the uncertainty of surrounding rock
pressure load and the uncertainty of physical and me-
chanical parameters of geological bodies [2, 3]. The size,
property, and distribution of these uncertain factors directly
affect the selection and design of tunnel support system and
the determination of construction methods. Therefore, fo-
cusing on the distribution characteristics of surrounding
rock pressure and the impact of construction schemes has
become a hot topic to be solved urgently [4, 5].

Many scholars have done a lot of research on con-
struction method and support parameter selection. Ding and
Wang [6] studied the influence of shallow excavation
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method conversion on surface settlement. Zhang et al. [7]
optimized the excavation methods of large-span flat highway
tunnels and loess tunnels. Li et al. [8] analyzed the equivalent
thickness of shotcrete by applying the lame solution formula.
Yan [9] gave a theoretical explanation for the optimum
spraying layer thickness of shotcrete. Bjureland et al. [10]
studied the probability distribution of shotcrete parameters
in the reliability analysis of rock roadway support. Chandra
et al. [11] predicted the tunnel excavation method and rock
support method in the Himalayas of India. Luo et al. [12]
studied the deformation law and mechanical characteristics
of temporary support of tunnel by the construction method
of partial excavation. Wang et al. [13] studied the adapt-
ability of the primary support arch covering method in the
large-span tunnel. Sharifzadeh et al. [1] studied the se-
quential excavation design of large-span urban tunnels in
soft soil area. Sadaghiani and Dadizadeh [14] proposed
a new method of construction which is used in the con-
struction of large-span metro stations. In terms of railway
tunnels, Song et al. [15] studied the statistical characteristics
of the lining effect of tunnels by the stochastic finite element
method. Zhang et al. [16] made a similar model test on the
surrounding rock pressure distribution of an unequal span
multiarch tunnel. Zheng et al. [17] studied a new sequential
excavation method for large-section tunnel construction in
soft ground to limit ground settlement. Luo et al. [18]
studied the rule of deformation of temporary tunnel support
caused by continuous excavation. Li et al. [19] optimized the
influence of the multistep excavation method on the de-
formation performance of large-section underground tun-
nels. At present, there are few reports on the statistical
distribution characteristics of surrounding rock pressure of
shallow and long-span tunnels in the urban subway, espe-
cially on the influence of excavation methods and support
parameters on the distribution characteristics of sur-
rounding rock pressure.

In view of this, this paper uses the discrete element
program UDEC to integrate with the random joint network
generated in MATLAB, establishes the corresponding cal-
culation model, according to the distribution characteristics
of joint fissures to study the distribution pattern of loose
surrounding rock pressure, further discusses the influence of
excavation method and support parameter on the distri-
bution characteristics of surrounding rock pressure, and
provides the theoretical basis for the reliability design of
support structure in the future.

2. Implementation of 2-D Random Joints and
Fissures Network Program and Its
Integration with Discrete Element
Software UDEC

In actual engineering rock mass, the development of
structural planes has certain randomness. According to
a large number of field measurements and research results of
global scientific researchers, Wang et al. [20], on the basis of
previous studies and on the basis of a large number of field
measurements and statistical analysis, concluded that the
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geometric parameters of structural planes obey the following
four distribution forms, that is, uniform distribution, neg-
ative exponential distribution, normal distribution, and
lognormal distribution. In this paper, based on the proba-
bility theory, rock mass structure statistics, and previous
research results, a simulation program for joint network
generation is developed using the FISH language, and a vi-
sual interactive interface is developed by using the DUIDE
function in MATLAB. Compared with the simulation
programs developed by predecessors, the advantages of the
simulation program in this study are as follows:

(1) The program integrates all of the functions of the
predecessor programs, which will not be described
here [21]

(2) The program can generate multiple sets of joints with
different densities simultaneously

(3) The program can solve the problem of different
numbers of joints in any combination of strata at the
same time

The following is a simulation flowchart of the program,
as shown in Figure 1.

The following is a simulation example of formation
combination (Figure 2), see Table 1 for specific assumed
parameters:

3. Numerical Calculation and Analysis

In this paper, based on the engineering background of the
Dalian metro, according to the field geological survey test
report and the national standard of China for rock mass
classification [22], assuming that various physical parame-
ters are as follows (Tables 2 and 3), according to the
schematic diagram of subway tunnel section in Figure 3, the
corresponding model (Figure 4) is established. The
boundary on both sides of the model is 3-5 times of the
tunnel diameter span, and the lower boundary is 1-3 times
of the tunnel diameter span. All the block materials and
structural surfaces in the model adopt the ideal elastic-
plasticMohr-Coulomb strength criterion. The geological
body studied in this paper is composed of upper soft and
lower hard strata. The influence of support parameters and
excavation methods on the change of surrounding rock
pressure is discussed when the buried depth is 6 m and the
soft rock is 5m.

The specific modeling steps are as follows: (1) the first
step is to establish the corresponding model according to the
geometric dimensions of the model. (2) The second step is to
assign corresponding physical parameters to different strata
according to different strata attributes. (3) The third step is to
implant corresponding fracture joints according to the
different distributions of joints and assign corresponding
physical parameters to the joints. (4) The fourth step is to
endow the model with certain boundary conditions. The left
and right boundaries of the model and the lower boundary
are subject to displacement boundary constraints. The upper
boundary is a free boundary. (5) The fifth step is to excavate
the tunnel to redistribute its stress.
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FIGUre 1: The road map of 2-D random joint network generation technology.

3.1. Influence of Surrounding Rock Pressure on Lining Action.
Through the excavation simulation of the tunnel, the sup-
port with different thicknesses is adopted, and the shotcrete
support with the thickness of 10, 20, 30, 40, 50, 60, and 70 cm
is, respectively, carried out after excavation. The mechanical
effect of surrounding rock pressure on the shotcrete lining
with different thicknesses is discussed, respectively. Figure 5
shows the different states of lining structures with different
thicknesses under the surrounding rock pressure. It can be
seen from the figure that when the lining thickness is 10 cm,
85% of the lining has reached yield, and even some degree of
damage has occurred. With the increase in lining thickness,
the yield degree of the lining is decreasing. In this case, it can

be selected that the thickness of the lining is 30 cm as the
critical thickness value, which can guarantee the later tunnel
construction and the safe operation of the railway.

3.2. Influence of Excavation Mode on Distribution Charac-
teristics of Surrounding Rock Pressure. Figure 6 shows the
excavation process chart of the CRD method for the shallow-
buriedlarge-span metro tunnel. For large cross-section ex-
cavation, the CRD method has a good effect in controlling
the subsidence range of the stratum. A certain temporary
support is set up between each excavation part, and finally,
the whole cross-section support system is closed. The



4 Advances in Civil Engineering
140 T T T T T T
Y
120 ¢ A_-_ - .
- S g d
- = -
— - _ -
80 | - — .
it L, T 2 =
60 + = ' il 4
40 + Y :
20 1
RS LY N
0 : » X 4
-20 ) i i " i 1
-80 -60 —-40 -20 0 20 40 60 80
FIGURE 2: Schematic diagram of the joint network of two stratigraphic combinations.
TaBLE 1: Characteristics of joint distribution parameters.
Trace length (m) Dip angle (°) . . N
Rock mass type Group number ] ) Density (strip/m”~)
Mean Variance Mean Variance
Soft rock 1 5 0.25 30 4 0.05
Hard rock 1 5 0.25 120 4 0.01

TaBLE 2: Physical and mechanical parameters of the rock mass.

. Modulus . R Tensile
Jointed . .. Poisson’s . . Normal Shear
of elasticity . Weight  Cohesive - o . . strength
rock ratio 3 Internal friction y (°)  stiffness  stiffness
mass E y (N/m’) - c (MPa) Kn (GPa) Ks (GPa) T
(GPa) (MPa)
Soft rock 0.8 0.42 18.50 0.7 15 1
Hard rock 1.3 0.38 22.00 1.1 30 1.3
Structural surface of soft rock 0.004 2 8 3 0.02
Structural surface of hard rock 0.025 6 9 55 0.17
TaBLE 3: Distribution characteristics of multiple joint parameters.
Rock Trace length (m) Direction angle (°) Thickness of
ock mass Group number Mean square Mean square ~ Depth (m)  weathered layer ~ Density
type Mean L Mean L
deviation deviation (m)

1 6 0.7 0 5.5
Soft rock 2 6 07 90 55 ] . 0.15

1 10 0.7 30 2.2
Hard rock 2 10 0.7 150 22 0.09
Distribution form Normal Normal
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FIGURE 4: Model diagram.

support system uses the structural beam unit in UDEC to
simulate shotcrete. Table 4 gives the physical and mechanical
parameters of the initial support material.

Figure 7 shows the statistical distribution characteristics
of the surrounding rock pressure on the support structure
after the full-face excavation of the tunnel. By fitting the
statistical data, the surrounding rock pressure obeys a cer-
tain normal distribution. According to the statistical results
in Table 5, with the increase of the thickness of the support
structure, the surrounding rock pressure acting on the
support system will increase accordingly. The analysis shows
that this is because when the support structure is thin, the

deformation of the rock mass after excavation is large, and
the ability of the support system to resist deformation is
weak. With the increase of the thickness of the supporting
structure, the ability to resist the deformation and loosening
of the rock mass increases, so the surrounding rock pressure
acting on the supporting structure increases. Figure 8 shows
the statistical distribution characteristics of surrounding
rock pressure acting on the support system after excavation
by sections, which has a certain normal distribution.
According to Table 6, the mean value of surrounding rock
pressure distribution characteristics on the support system
increases with the increase of support thickness.
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Ficure 6: Continued.
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(e)

FIGURE 6: Process of excavation by sections: (a) excavation step 1 and support, (b) excavation step 2 and support, (c) excavation step 3 and
support, (d) excavation step 4 and support, and (e) remove temporary support.

TaBLE 4: Physical and mechanical parameters of shotcrete.

Modulus of e gt q . . o
Density (kg/m?) clas tﬁsﬁy £ Poisson’s ratio Tensile yield Residual yield Compressive yield
(GPa) v strength (MPa) strength (MPa) strength (MPa)
2500 23 0.2 2 1 25
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FiGgure 7: Continued.
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FIGURE 7: Distribution characteristics of surrounding rock pressure of support structure with different thicknesses after full-face excavation:
(a) 20 cm, (b) 30 cm, (c) 40 cm, (d) 50 cm, (e) 60 cm, and (f) 70 cm.

TABLE 5: Statistical average value of surrounding rock pressure in full-face excavation.

Support thickness
(cm)
Statistical average (kPa) 2.733 3.908 5.248 6.237 7.805 9.167

20 30 40 50 60 70
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o Z
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Figure 8: Continued.
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FiGgure 8: Distribution characteristics of surrounding rock pressure of support structure with different thicknesses of subexcavation:

(a) 20 cm, (b) 30 cm, (c) 40 cm, (d) 50 cm, (e) 60 cm, and (f) 70 cm.

TABLE 6: Statistical average value of surrounding rock pressure of subexcavation.

Support thickness

20 30 40 50 60 70
(cm)
Statistical average (kPa) 1.312 1.718 2.585 3.065 3.032 3.959
10 the analysis, the deformation of the rock mass release after
the one-timefull-section excavation can be relatively large,
9 and the surrounding rock pressure acting on the supporting
g system is large. The partial excavation is intermittent, and
g then the part is excavated, and then the supporting part is
e 7 supported, so that the deformation energy of the rock mass is
% 6 released in part. The internal structure form of the sur-
& rounding rock is self-adjusted, resulting in the final action on
g > the support system pressure value becoming smaller.
)
g, 4. Conclusion
<}
U% 5 Through the above research on the influence of the sur-
rounding rock support parameters and the excavation
1 method on the pressure statistical distribution of the sur-
0 rounding rock on the surrounding rock support structure,
0 0.2 0.4 0.6 0.8

Thickness of support layer (cm)

—@®- Full face excavation
Partial excavation

F1GURE 9: Comparison of surrounding rock pressure of different
excavation methods.

Figure 9 shows the statistical distribution of surrounding
rock pressure with the thickness of support structure under
different excavation conditions. It can be seen from the
figure that the variation rule of surrounding rock pressure
with the thickness of support structure under different
excavation methods is consistent. According to the results of
the two excavation methods, when the thickness of the
support layer is certain, the surrounding rock pressure value
of the support system generated by the partial excavation
method is small, and the surrounding rock pressure value
generated by the full-face excavation is large. According to

the following conclusions can be drawn:

(1) Through the observation of the yield degree of the
support system, the parameters of the thickness of
the support layer can be reasonably and effectively
selected, which has certain guiding significance for
the selection of the support parameters after the
tunnel excavation

(2) The statistical distribution value of the surrounding
rock pressure on the lining increases with the increase
of the thickness of the supporting layer after the tunnel
excavation, and the statistical distribution value of the
surrounding rock pressure on the supporting system
after the full-section excavation is greater than the
statistical distribution value of the surrounding rock
pressure after the partial excavation

(3) Through the comparison of the distribution char-
acteristics of surrounding rock pressure between the
two excavation methods, it is found that the dis-
tribution characteristics of surrounding rock
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pressure are generally normal distribution, and the
normal distribution characteristics of surrounding
rock pressure produced by partial excavation are
more obvious, which indicates that the excavation
mode has little influence on the distribution char-
acteristics of surrounding rock pressure

Data Availability

The data used to support the findings of the study can be
obtained from the corresponding author upon request.

Conflicts of Interest

The authors declare that there are no conflicts of interest.

Acknowledgments

This research was funded by the Science and Technology
Project of Hebei Education Department (QN2023060) and
National Preresearch Funds of Hebei GEO University in
2023 (KY202305) and Key Research and Development
Projects in Hebei Province (22371701D) and Hebei In-
novation Capability Improvement Program (21567628H).

References

[1] M. Sharifzadeh, F. Kolivand, M. Ghorbani, and S. Yasrobi,
“Design of sequential excavation method for large span urban
tunnels in soft ground - niayesh tunnel,” Tunnelling and
Underground Space Technology, vol. 35, pp. 178-188, 2013.

[2] W. Yang, H. Liu, J. Zheng, and L. Cui, “Reliability analysis of
ground movement in tunnelling in spatially variable soil using
equivalent parameters,” Frontiers of Earth Science, vol. 10,
Article ID 985882, 2022.

[3] H. Z. Cheng, J. Chen, R. P. Chen, and G. Chen, “Comparison
ofmodeling soil parameters using random variables and
random fields in reliability analysis of tunnel face,” In-
ternational Journal of Geomechanics, vol. 19, no. 1, Article ID
04018184, 2019.

[4] Y. H. Su, X. Li, and N. X. Xu, “Calculation of reliability for the
structural stability of tunnel linings consisting of rockbolts
and shotcrete,” Journal of Civil Engineering, vol. 44, no. 3,
pp. 113-119, 2011.

[5] H. L. Tu, H. Zhou, Y. Gao et al., “Probability analysis of deep
tunnels based on Monte Carlo simulation: case study of di-
version tunnels at jinping II hydropower station, southwest
China,” International Journal of Geomechanics, vol. 21, no. 12,
2021.

[6] K. W. Ding and M. Wang, “Study on the influence of shallow
subsurface excavation method transformation on ground
settlement,” Chinese Journal of Underground Space and En-
gineering, vol. 15, pp. 225-230+285, 2019.

[7] Y. C. Zhang, G. W. Hu, and Z. X. Xin, “Comparative analysis
and selection of construction methods for large section loess
tunnel,” Journal of Railway Engineering Society, vol. 27, no. 3,
pp. 87-92, 2010.

[8] F.H.Li, H. Y. Cheng, Y. M. Gu, J. He, and J. Zhang, “Analysis
and application of shotcrete equivalent thickness based on
lame solution,” Coal Engineering, vol. 51, no. 7, pp. 58-61,
2019.

Advances in Civil Engineering

[9] Y. D. Yan, “Theoretical solution of optimum jet velocity and
layer thickness of once gunited concrete,” Chinese Journal of
Geotechnical Engineering, vol. 20, no. 4, pp. 108-111, 1998.

[10] W. Bjureland, F. Johansson, A. Sjolander, J. Spross, and
S. Larsson, “Probability distributions of shotcrete parameters
for reliability-based analyses of rock tunnel support,” Tun-
nelling and Underground Space Technology, vol. 87, pp. 15-26,
2019.

[11] S. Chandra, B. Nilsen, and M. Lu, “Predicting excavation
methods and rock support: a case study from the Himalayan
region of India,” Bulletin of Engineering Geology and the
Environment, vol. 69, no. 2, pp. 257-266, 2010.

[12] Y. Luo, J. Chen, P. Huang, M. Tang, X. Qiao, and Q. Liu,
“Deformation and mechanical model of temporary support
sidewall in tunnel cutting partial section,” Tunnelling and
Underground Space Technology, vol. 61, pp. 40-49, 2017.

[13] J. Wang, Q. Huo, Z. Song, and Y. Zhang, “Study on adapt-
ability of primary support arch cover method for large-span
embedded tunnels in the upper-softlower-hard stratum,”
Advances in Mechanical Engineering, vol. 11, no. 1, Article ID
168781401882537, 2019.

[14] M. H. Sadaghiani and S. Dadizadeh, “Study on the effect of
a new construction method for a large span metro un-
derground station in Tabriz-Iran,” Tunnelling and Un-
derground Space Technology, vol. 25, no. 1, pp. 63-69, 2010.

[15] Y. X. Song, Y. Liu, and J. X. Qi, “Statistical characteristic
analysis of the action effect of composite lining in railway
tunnels,” Journal of Railway Engineering, vol. 32, no. 6,
pp. 69-75, 2015.

[16] J. R. Zhang, K. G. Sun, F. Lu, Z. Zong-xi, and S. Qi-qing,
“Model test study of surrounding rock pressure distribution
and mechanical characteristics of unequal-spandouble-arch
railway tunnel,” Geotechnical Mechanics, vol. 36, no. 11,
pp. 3077-3084+3093, 2015.

[17] G.Zheng, R.K. Wang, H.Y. Lei, T. Zhang, and H. Li, “A novel
sequential excavation method for constructing large-cross-
section tunnels in soft ground: practice and theory,” Tun-
nelling and Underground Space Technology, vol. 128, Article
ID 104626, 2022.

[18] Y. B. Luo, J. X. Chen, H. Y. Wang, and P. Sun, “Deformation
rule and mechanical characteristics of temporary support in
soil tunnel constructed by sequential excavation method,”
KSCE Journal of Civil Engineering, vol. 21, no. 6, pp. 2439-
2449, 2017.

[19] S.T.Li, Z.S. Tan, J. K. Wu, and W. Du, “Performance of large
cross-section tunnel constructed in loose ground by optimal
multi-step excavation method,” Arabian Journal of Geo-
sciences, vol. 13, no. 18, 2020.

[20] X. G. Wang, Z. X. Jia, F. M. Zhang, and X. Q. Li, The Sim-
ulation of Rock Joint Network and its Application, Water
Conservancy and Electricity Publishing House, Beijing,
China, 2010.

[21] C.]Jia, Z. P. Wang, and W. S. Zhu, “Program for joint network
simulation and its application to dynamic response analysis of
underground caverns,” Rock and Soil Mechanics, vol. 32, no. 9,
pp. 2867-2872, 2011.

[22] The National Standards Compilation Group of People’s Re-
public of China, GB/T50218-2014 Standard for Engineering
Classification of Rock Masses, China Planning Press, Beijing,
China, 2014.





