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Research paper

Safety management of deep excavation engineering
in subway stations based on soil mechanics response

simulation analysis

Deqiu Zhang1, Jingyan Wang2

Abstract: As the economy develops with the continuous acceleration of modern urban construction, the
demand for subway construction has been increasing. When constructing subway stations, the safety
management of deep foundation pit support engineering is particularly important. To balance the absolute
safety and economic benefits of subway station construction projects, the safety management of subway
station deep excavation projects based on soil mechanics response simulation analysis is studied. Taking the
deep foundation pit project of Wuhan Metro Station as an example, this study uses numerical simulation
analysis technology and actual monitoring data to conduct in-depth analysis of the deformation of the deep
foundation pit. Meanwhile, through finite element technology, the influence of internal support system
structural parameters on deep foundation pit deformation in deep foundation pit support engineering
is studied, and the parameters of the original support structure are optimized. Results showed that the
maximum horizontal displacement of the original scheme reached 25.7 mm, while that of the optimized
parameter scheme was only 18.6 mm, which is a decrease of 27.62% compared to the original scheme. In
summary, the research on safety management of subway station deep foundation pit engineering based on
soil mechanics response simulation analysis is important in promoting the development of modern urban
subway construction.
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1. Introduction

The continuous growth of urban population has gradually increased traffic pressure, and
subway transportation, as an effective way to solve this problem, is increasingly highlighting
its importance in urban development and construction [1]. Due to the fact that subway stations
are usually located at hubs connecting various bustling areas of the city, the surrounding
environment of their construction sites is often very complex [2]. Therefore, subway construction
projects need to consider many factors, such as hydrogeology, road traffic, surrounding
environmental protection, and economic benefits. However, the underground excavation
work of subway engineering projects inevitably leads to deformation or displacement of the
surrounding soil, which may have an impact on the surrounding buildings [3]. If the deep
foundation pit (DFP) design is improper, it may lead to construction accidents. Therefore,
the design of subway station deep foundation pit (SSDFP) support is extremely important
in constructing subway stations. Meanwhile, overly conservative design of SSDFP support
may lead to resource waste and increased construction costs [4, 5].This article analyzes the
results of excavation of foundation pits using numerical simulation techniques and optimizes
the original design based on this. The research value obtained can provide reference basis for
the selection of support design parameters for similar subway foundation pit projects in the
future. Therefore, this study has extremely important engineering experience accumulation and
engineering application value. The research includes four parts. The second part is the research
review of deformation and numerical analysis techniques for deep excavation engineering
both domestically and internationally. The third part proposes a safety management design
for SSDFP engineering using soil mechanics response simulation analysis. The first section
analyzes the deformation characteristics of SSDFP based on soil mechanics response simulation.
The second section designs a safety management plan for SSDFP engineering using soil
mechanics response simulation analysis. The fourth part validated the safety management plan
for SSDFP engineering using soil mechanics response simulation analysis.

2. Related works

Urban construction is currently a hot topic in the research field, and deep excavation
engineering plays a crucial role in urban construction. Therefore, many researchers are
committed to the study of deformation in deep excavation engineering and have achieved fruitful
research results. Michalak H and other researchers proposed the use of spatial arrangement
numerical simulation to construct a subsoil model in order to study the construction of
a three-dimensional numerical model of adjacent buildings. The results showed that the
three-dimensional computational model can draw actual affected map buildings and adjacent
buildings in the designed new model, which is feasible [6]. Zhou L’s research team proposed to
conduct physical experiments using a deep buried drainage shield tunnel proposed in Shanghai
to study the failure characteristics of segment lining under pressure. The results showed that
the failure characteristics of shield lining were segment and ring joint waterproofing failure,
and concrete cracking failure inside the lining [7].
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Numerical analysis technology provides technical support for the design of deep excavation
projects. In order to study the nonlinear stability characteristics of piezoelectric nanoplates,
Rao R and other scholars proposed using numerical analysis techniques to track the nonlinear
equilibrium curve of piezoelectric nanoplates within the framework of non local couple stress
continuous elasticity. The results showed that this method is feasible [8]. Marode R.V. et al.
proposed to use numerical analysis techniques to analyze the solid-state characteristics of
workpieces in friction stir machining, and to refine the analysis of their microstructure. The
results show that this method can analyze the transformation and temperature distribution of
workpiece materials, and is effective [9].

In summary, although many experts have researched the deformation and numerical
analysis techniques of deep excavation engineering, and have achieved rich results, only few
utilized numerical analysis for the deformation characteristics of deep excavation engineering.
Therefore, this study aims to investigate the safety management of deep excavation projects in
subway stations by simulating the mechanical response of soil, in order to conduct deformation
analysis of excavation in a more economical and accurate manner.

3. Design of safety management for deep excavation
engineering of subway stations based on soil mechanics

response simulation analysis

This chapter focuses on introducing the deformation characteristics of SSDFP based on
soil mechanics response simulation, and combining with the example of SSDFP engineering
in Wuhan, parameter optimization design is carried out, and a safety management plan for
SSDFP engineering using soil mechanics response simulation analysis is proposed.

3.1. Deformation characteristics analysis of SSDFP using soil mechanics
response simulation

Soil mechanics response simulation analysis refers to the use of numerical simulation
technology to simulate the response and changes of soil under different mechanical conditions,
to evaluate the physical, mechanical, and engineering properties of soil. Finite element method
can be used to solve various complex geotechnical problems [10, 11]. The mathematical
expression for the stability safety factor is shown in Equation (3.1).

(3.1) Fs =
SuNc

D
(
W − Su

0.7K

)
In Equation (3.1), Fs represents the stability safety factor. D represents the excavation depth,

m. W represents the weight of the soil mass, kN/m3. K represents the width of the SSDFP. Su
represents the soil shear strength, kPa. Nc represents the stability coefficient. By considering
the calculation of maximum GS and HD, the maximum surface settlement (SS) value around
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the deep excavation project of the subway station can be obtained.According to the relevant
principles of SS and HD of walls, combined with the elastic foundation method or the finite
element method of the rod system, the SS can be calculated by the relationship between SS
or HD and the area of ground movement. Therefore, in practical engineering, it is necessary
to conduct detailed geological surveys and numerical simulation analysis based on specific
geological conditions, construction methods, and enclosure structure forms to obtain accurate
settlement calculation results. Figure 1 shows the deformation morphology of DFP settlement.

Fig. 1. Deformation morphology of DFP settlement: (a) Triangular settlement, (b) Parabolic settlement,
(c) Trapezoidal settlement

From Figure 1, the settlement deformation of DFP can be manifested in three main forms:
trapezoidal settlement, parabolic settlement, and triangular settlement. The mathematical
expression for parabolic maximum settlement is shown in Equation (3.2).

(3.2) Smax =
3.3KD2W

Esy3 x (y − x)

In Equation (3.2), Smax represents the parabolic maximum settlement. x and y represent
the horizontal and vertical distance between the soil surface and the maximum settlement
point, m. Es represents the soil undrained modulus, MPa. The expression for the influence
range of triangular settlement is shown in Equation (3.3).

(3.3) e = Hg tan (45◦ − φ/2)

In Equation (3.3), e represents the influence range of triangular settlement. Hg represents
the retaining wall’s height, and φ represents the average value of the friction angle between
settlement and the soil surface. The mathematical expression for the maximum settlement of a
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triangle is shown in Equation (3.4).

(3.4) S′max =
2Smax

e

In Equation (3.4), S′max represents the maximum settlement of a triangle, and the mathe-
matical expression for the maximum settlement of a trapezoid is shown in Equation (3.5).

(3.5) S′′max =
1.6Smax

e
−

3 (∆δw1 + ∆δw2)

20

In Equation (3.5), S′′max represents the maximum settlement of the trapezoid, ∆δw1 and
∆δw2 the HD of the top and bottom of the wall, respectively, m. The study combines the
example of deep excavation engineering in Wuhan subway station and proposes a safety
management process for deep excavation engineering in subway station using soil mechanics
response simulation analysis, as shown in Figure 2.

Fig. 2. Safety management process for deep excavation engineering of subway stations based on soil
mechanics response simulation analysis

According to the safety management process of the SSDFP project shown in Figure 2, based
on soil mechanics response simulation analysis, combined with deformation analysis theory
and actual engineering monitoring data, in-depth analysis is conducted on the deformation of
the retaining structure and surrounding soil obtained through research. Finally, the parameter
design is optimized based on the deformation law, and the parameter optimization is simulated
and compared for verification.
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3.2. Design of safety management for deep excavation engineering of
subway stations based on soil mechanics response simulation analysis

The Wuhan Metro Station DFP Project is located in Hankou District, Wuhan City. Its
engineering geology mainly consists of artificial fill layers, Quaternary Holocene impact layers,
and Paleogene Donghu Group bedrock. As a first-class safety level engineering project, its
surrounding environment is complex, close to commercial areas, with numerous buildings
and large traffic volume. In response to the above engineering characteristics, the project has
chosen a combination of diaphragm wall support and supporting pile support for the combined
enclosure structure. By utilizing steel and concrete supports, three steel pipe supports and
three concrete supports are installed vertically in the DFP. The cross-section support diagram
of the deep foundation pit is shown in Figure 3.

Fig. 3. Deep foundation pit section support diagram

A total of 1 steel pipe support and 6 concrete supports are installed vertically along the
DFP in the shield tunnel section. The expression for the initial shear modulus of soil is shown
in Equation (3.6).

(3.6) F0 = Fref
0

(
κ cos φ + σ3 sin φ
κ cos φ + Pref sin φ

)ψ
In Equation (3.6), F0 represents the initial shear modulus. Pref represents the reference

pressure. Fref
0 represents the initial shear modulus under the reference pressure. κ represents
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the cohesion. ψ represents the power exponent, and σ3 represents the principal stress [12, 13].
The relationship between shear modulus and initial shear model is shown in Equation (3.7).

(3.7)
F
F0
=

1
1 + |γ/γ0.7 |

In Equation (3.7), F represents shear modulus. γ represents shear strain, and γ0.7 represents
ultimate shear strain. The shear strain is calculated in Equation (3.8).

(3.8) γ =

√
3 ‖$∆e‖
‖∆e‖

In Equation (3.8), $ represents the symmetric tensor of the strain history of the soil layer
material, and ∆e represents the increment of deviatoric strain. The corresponding shear strain
is γc , as shown in Equation (3.9).

(3.9) γc =
1

0.385

(
F0
Fur
− 1

)
γ0.7

In Equation (3.9), Fur represents the shear modulus when the soil displacement reaches
the minimum value. The relationship between shear modulus and shear strain is shown in
Equation (3.10).

(3.10) F =


F0

(
γ0.7

γ0.7 + 0.385γ

)
, γ < γc

Eur
2 (1 + γ0.7)

, γ > γc

In Equation (3.10), Eur represents the unloading and reloading modulus. The strain model
of hardened soil is an improvement of the hardened soil model, and its basic theory is the same
as that of the hardened soil model. Both are derived based on the relationship between biaxial
stress and uniaxial strain under triaxial loading [14, 15]. The hyperbolic relationship between
stress and strain is shown in Figure 4.

As shown in Figure 4, the stress-strain relationship exhibits a hyperbolic shape. This
hyperbolic relationship is the foundation of the hardening soil model and the hardening soil
strain model. Through this relationship, the stiffness of the soil can be calculated to determine
whether the soil is in a small strain state. The hyperbolic relationship between stress and strain
is shown in Equation (3.11).

(3.11)


ε =

1
E0
∗

q
1 − q/q0

, q < qf

E0 =
2E50

2 − Pf

In Equation (3.11), ε represents the axial strain. E0 represents the initial elastic modulus.
q represents the deviator stress. qf represents the ultimate deviator stress. q0 represents the
asymptotic value of shear strength. Pf represents the failure ratio, and E50 represents the
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Fig. 4. The hyperbolic relationship between stress and strain

secant modulus of 50% of the ultimate load. The mathematical expression of E50 is shown in
Equation (3.12).

(3.12) E50 = E ref
50

(
κ cos φ + σ3 sin φ
κ cos φ + Pref sin φ

)m
In Equation (3.12), E ref

50 represents the secant modulus under reference pressure Pref ,
typically E ref

50 is defined as 100KPa, and the actual modulus value depends on the principal
stress σ3 [16, 17]. The expression for the ultimate deviator stress is shown in Equation (3.13).

(3.13) qf =
2 sin φ (κ cos φ + σ3)

1 − sin φ

In Equation (3.13), when q’s value is equal to the ultimate deviator stress qf , the failure
criterion is met, and the soil undergoes complete plastic yield failure. The expression for the
asymptotic value q0 of shear strength at this point is shown in Equation (3.14).

(3.14) q0 =
qf

Pf

The unloading and reloading modulus Eur reflects another type of stiffness modulus, as
expressed in Equation (3.15).

(3.15) Eur = E ref
ur

(
κ cos φ + σ3 sin φ
κ cos φ + Pref sin φ

)m
In Equation (3.15), E ref

ur represents the unloading and reloading modulus under reference
pressure Pref .
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4. Optimization and verification of safety management
parameters for SSDFP engineering based on soil

mechanics response simulation analysis

This chapter established an experimental environment, providing a reliable experimental
platform for subsequent optimization plans. Subsequently, a detailed analysis was conducted
on the original vertical support plan for the DFP project of Wuhan Metro Station, and based
on this, a preliminary parameter optimization plan was determined.

4.1. Analysis of the original design scheme for SSDFP engineering

To further improve the project safety and stability, optimization research on support
parameters was conducted. On the basis of the original plan, the experiment attempted to
increase and decrease a support, and numerical simulations were conducted on the settlement
and displacement of the soil. In Figure 5(a), when 5 supports were increased to 6 supports,
the settlement decreased from 30.0 mm to 24.2 mm, a decrease of 19.33%. When supports
increased from 6 to 7, the settlement decreased from 24.2 mm to 19.9 mm, a decrease of
17.77%. In Figure 5(b), when 5 supports were increased to 6 supports, the HD decreased from
35.0 mm to 28.3 mm, a decrease of 19.14%. When supports increased from 6 to 7, the HD
decreased from 28.3 mm to 24.9 mm, a decrease of 12.01%.

Fig. 5. Comparison of settlement (a) and displacement (b) results of soil

4.2. Verification of optimization plan for safety management parameters
of SSDFP engineering

To improve the safety and efficiency of deep excavation engineering, this study considered
the deformation of deep excavation and designed a parameter optimization plan. The comparison
between the optimized parameter scheme and the actual engineering original scheme is shown
in Table 1.
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Table 1. Comparison between optimized parameter schemes and actual engineering original schemes

Parameter Original plan Optimization plan

Support form

The first, third, and fifth layers are
supported by concrete, while the
second, fourth, and sixth layers are

supported by steel structures

The first, fourth, and fifth layers are
supported by concrete, while the
second, third, and sixth layers are
supported by steel structures

Vertical spacing 6 m, 5 m, 5 m, 5 m, 5 m 6 m, 5 m, 4 m, 3.6 m, 3.5 m

Horizontal spacing Concrete support 6 m, steel
structure support 3 m

Concrete support 8 m, steel
structure support 4 m

The comparison of settlement and displacement between the optimized parameter scheme
and the original scheme is shown in Figure 6. In Figure 6(a), compared to the original scheme,
the optimized parameter scheme reduced the settlement of the soil from 24.2 mm to 22.3 mm,
a decrease of 7.85%. In Figure 6(b), compared to the original scheme, the optimized parameter
scheme reduced the soil HD from 28.3 mm to 25.7 mm, a decrease of 9.18%.

Fig. 6. Comparison of settlement (a) and displacement (b) of soil between the optimized parameter
scheme and the original scheme

The comparison of horizontal displacement and moment stability between the two schemes
is shown in Figure 7. In Figures 7(a) and 7(b), the maximum horizontal displacement of the
original scheme reached 25.7 mm, while that of the optimized parameter scheme was only
18.6 mm, which was a decrease of 27.62% compared to the original scheme. In Figure 7(c) and
Figure 7(d), the maximum positive and negative bending moment values of the original scheme
were 1570.7 kN·m and 1054.5 kN·m, respectively, while those of the optimized parameter
scheme were 1464.9 kN·m and 916.6 kN·m, respectively.

To further analyze the deformation safety of the project, numerical analysis was conducted
on the middle deep excavation, and the shear force magnitude was compared as shown in
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Fig. 7. Comparison of horizontal displacement and moment stability between two schemes: (a) Internal
force displacement of the original plan, (b) Internal force displacement of optimization plan, (c)
Comparison of bendingmoments of the original plan, (d) Comparison of bendingmoments of optimization

plan

Figure 8. In Figure 8(a), the maximum shear positive value and maximum shear negative value
of the original plan were 765.4 kN and 954.6 kN, respectively. In Figure 8(b), the maximum
shear positive value and maximum shear negative value of the optimized parameter scheme
were 615.9 kN and 749.8 kN, respectively. Compared with the original scheme, the maximum
positive and negative shear force of the optimized parameter scheme were reduced by 149.5 kN
and 204.8 kN, respectively.
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Fig. 8. Comparison of shear forces between two schemes: (a) Shear force analysis diagram of the original
plan, (b) Shear force analysis diagram of the optimization plan

5. Conclusions

To balance the safety and economic benefits of subway station construction, this study
uses the actual monitoring data of the DFP project of Wuhan subway station, combined with
numerical analysis methods and deformation theory, to deeply analyze the deformation of
surrounding soil and DFP support structure, and optimize the original plan based on this.
Results indicated that the maximum horizontal displacement of the original scheme reached
25.7 mm, while that of the optimized parameter scheme was only 18.6 mm, which was a
decrease of 27.62% compared to the original scheme. The maximum positive and negative
bending moments of the optimized parameter scheme were 1464.9 kN·m and 916.6 kN·m,
respectively, which were reduced by 105.8 kN·m and 137.9 kN·m compared to the original
scheme’s 1570.7 kN·m and 1054.5 kN·m, respectively. In summary, the safety management of
SSDFP engineering using soil mechanics response simulation analysis has shown excellent
performance in controlling DFP deformation, improving structural stress conditions, and
reducing bending moment and shear peak values. However, the experiment only analyzed and
discussed the factor of support position in deep excavation engineering, so the experimental
results are not comprehensive enough, and this aspect still needs further improvement.
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