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The stability of the tunnel face is the key problem in shield tunnel construction. This
paper focuses on the face stability of a shallow tunnel in sand. Numerical simulation
and theoretical analysis are combined to study the limit support pressure and failure
zone. Firstly, numerical simulation is employed to study the collapse of the tunnel
face, obtaining the limit support pressure and collapse zone. A new failure model
suitable for shallow tunnels is constructed based on these numerical simulations.
Then, an analytic solution for the limit support pressure is derived using limit analysis
upper bound theory. The accuracy and applicability of this proposed model are
verified by comparing it with numerical results and classical analytical models.
Through this research, it is found that the proposed model provides a more
accurate description of situations where soil arches cannot be formed for shallow
tunnels in sand, leading to higher accuracy in calculating the limit support pressure.
The influence of various factors on stability of the tunnel face is analyzed, revealing
mechanisms of tunnel face collapse.
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1 Introduction

Recently, tunnels have been constructed mainly using the shield method. During shield
construction, tunnel face is usually stabilized by controlling the pressure in soil or slurry
chamber. The stability of the tunnel face is typically ensured by controlling the pressure in
the soil chamber or slurry chamber during shield tunneling (Chen et al., 2018; Wang et al.,
2021a). Insufficient support pressure can easily lead to collapse of the excavation face,
resulting in significant economic losses. Therefore, determining the values of soil chamber
pressure and slurry chamber pressure is crucial for the control of shield tunneling (Liao et al.,
2009). Currently, many researchers have employed a combination of model test, numerical
simulations, and theoretical analysis to study the limit support pressure (σT) of collapse, the
minimum support pressure to maintain stability of excavation face.

Researchers have conducted various physical experiments to study σT and the failure zone
shapes (Kirsch, 2010;Messerli et al., 2010; Chen et al., 2013;Wang et al., 2021b). Some researchers
have also conducted centrifuge model tests to study collapse mechanism of tunnel face, yielding
significant research outcomes (Atkinson et al., 1977; Chambon and Corte, 1994; Meguid et al.,
2008; Idinger et al., 2011; Li et al., 2023). Physical model tests not only provide validation for
numerical simulation results but also establish a solid foundation for theoretical models.
Numerical simulation, due to their advantages of low cost, high efficiency, and repeatability,
are often used as a complement to model experiments and are widely applied in tunnel
engineering. Currently, the main numerical models used are the continuum models (Senent
et al., 2013; Li et al., 2019; Li et al., 2020; Liu H. et al., 2023) and the discrete element models. The

OPEN ACCESS

EDITED BY

Xuelong Li,
Shandong University of Science and
Technology, China

REVIEWED BY

Jinbo Miao,
Hebei University of Engineering, China
Zhenbo Zhang,
Shijiazhuang Tiedao University, China
Zhitian Xie,
Beijing Municipal Engineering Research
Institute, China
Xiaopu Cui,
Beijing University of Technology Beijing,
China, in collaboration with reviewer ZX

*CORRESPONDENCE

Fengnian Wang,
wangfn_bj@163.com

RECEIVED 01 September 2023
ACCEPTED 19 October 2023
PUBLISHED 28 December 2023

CITATION

Qiang S, Zhao L, Wang X, Li X and Wang F
(2023), Analysis of face stability for
shallow shield tunnels in sand.
Front. Earth Sci. 11:1287151.
doi: 10.3389/feart.2023.1287151

COPYRIGHT

© 2023 Qiang, Zhao, Wang, Li and Wang.
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 28 December 2023
DOI 10.3389/feart.2023.1287151

https://www.frontiersin.org/articles/10.3389/feart.2023.1287151/full
https://www.frontiersin.org/articles/10.3389/feart.2023.1287151/full
https://crossmark.crossref.org/dialog/?doi=10.3389/feart.2023.1287151&domain=pdf&date_stamp=2023-12-28
mailto:wangfn_bj@163.com
mailto:wangfn_bj@163.com
https://doi.org/10.3389/feart.2023.1287151
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.2023.1287151


discrete element method has also been extensively employed to
investigate tunnel face instability (Funatsu et al., 2008; Chen et al.,
2011; Zhang et al., 2011; Liu and Li, 2023), since its capability to handle
mechanics problems involving discontinuous materials. Scholars have
made significant achievements in various aspects, including the
calculation of σT and definition of collapse zone.

Theoretical analysis is an essential approach to obtain the σT of
excavation face, and scholars have been devoted themselves to
proposing theoretical solutions for calculating the σT. Currently,
there are two main methods. The limit equilibrium method assumes
a failure mode and solves the σT based on the equilibrium conditions of
forces. Scholars have proposed different failure models and obtained σT
for different soil layers (Horn, 1961;Murayama et al., 1966; Anagnostou
and Kovári, 1994; Arthur et al., 1994; Yu et al., 2020; Zhang et al., 2020;
Liu S. et al., 2023; Zhang et al., 2023). The limit analysis method mainly
acquire the limit support pressure from an energy perspective. (Leca and
Dormieux, 1990) proposed failure mechanisms consisting of a single
truncated cone or double truncated cones and derived the theoretical
solutions of σT based on the limit analysis upper bound theory. Based on
the model proposed by (Leca and Dormieux, 1990; Soubra et al., 2008)
proposed a 3D failure model with multiple truncated cones and found
that increasing the number of truncated cones beyond five had little
effect on computational accuracy. This failure model has been widely
cited by scholars. (Mollon et al., 2011b) using a logarithmic spiral model
and spatial discretization technique, established a new 2D failure model
that further improved the calculation accuracy. In addition, (Mollon
et al., 2011a) proposed a 3D horn-shaped collapse model based on a
multi-blockmodel and spatial discretization technique, which overcame
non-overlap of the multi-truncated cones model at excavation face and
further improves the accuracy of the model.

Based onmodel tests and numerical simulations, researchers have
abstracted failure models of excavation face instability during shield
tunneling and derived analytical solutions for the σT. However, there
are still some unresolved issues that deserve attention. For shallow
tunnels, the σT obtained by the limit equilibrium theory tends to be
higher than the experimental values, which can easily lead to passive
instability of tunnel face. On the other hand, models based on limit
analysis theory can form soil arching even in case of shallow tunnels.
However, in experiments, the failure zone may still extend to the
ground surface for loose sand with cover ratio greater than 2.0,
resulting in underestimated soil pressures (Di et al., 2022a).

In this paper, based on the numerical models, a new collapse
model for shallow tunnel in sand is proposed. The analytical solutions
are derived using the limit analysis method. The proposed theoretical
model is compared with numerical models and existing models to
validate its applicability and accuracy. Finally, using the proposed
model, the influence of various factors on stability of tunnel face is
analyzed, and the mechanism of collapse of tunnel face is revealed.

2 Numerical simulation

2.1 Numerical models

The finite difference software FLCA3D is used to study limit
support pressure σT and failure zone for shallow tunnel in this section.
A total of 16 cases were considered in Table 1 to investigate the effect
of cover ratioC/D and friction angle φ on tunnel face stability. The soilTA
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parameters are as described below: Unit weight γ = 18 kN/m³, Young’s
modulus E = 20MPa, Poisson’s ratio v = 0.35, and cohesion c = 0 kPa.

As shown in Figure 1, a semi-model approach was adopted, taking
into account computational efficiency. The dimensions of themodel are
the following: width 3D, length 8D, height 6D + C, where D is tunnel
diameter and C is the tunnel burial depth. The boundary conditions of
the model are as follows: fixed at the bottom, constrained normal
displacement at the sides, and free at the top. The soil material was
modeled using solid elements, assuming it follows the Mohr-Coulomb
criterion. To simulate the lining, shell elements with E = 20 GPa, v =
0.17 and a thickening of 0.35 m were used.

To simulate, proceed as follows:

(1) Create soils layers and initialize the soil stress.
(2) To simplify the simulation process, a one-step excavation

method is used, with lining applied simultaneously.
(3) Apply a support pressure (PT) to the tunnel face, where the value of

thePT is equal to the horizontal stress in the center of the tunnel face.
(4) Reduce the PT and plot the curve of PT versus horizontal

displacement (Δh) of the center of the excavation face.
(5) When the PT sharply increases, the corresponding support pressure

is considered as the limit support pressure (σT) (Li et al., 2022).

2.2 Numerical results

2.2.1 Limit support pressure
In the simulation, when the support pressure sharply increases, the

corresponding support pressure is considered as the limit support
pressure. The double tangent method proposed by Li et al. (2019) is
used to determine the limit support pressure. The specific method is as
follows: make the curve of support pressure and excavation face

displacement, make the tangent line of the descending section and
the horizontal section respectively, and the intersection point of the two
is the limit support pressure. Figures 2A–D shows the relationship
between Δh and PT for varying cover ratios C/D. Under varying cover
ratios, the support pressure gradually decreases with increasing φ. From
the results shown in Figure 2A, it can be observed that at C/D = 0.5 and
φ = 25°, the σT = 17.85 kPa. When the φ = 30°, 35°, and 40°, the σT =
12.75 kPa, 9.35 kPa, and 7 kPa, respectively. Figure 2B demonstrates
that for C/D = 0.75, and φ = 25°, 30°, 35°, and 40°, the σT = 18.85 kPa,
13.50 kPa, 9.85 kPa, and 7.00 kPa, respectively. Similarly, from Figures
2C, D, the σT can be obtained for cover ratios of 1.0 and 1.25,
respectively.

Figure 3 illustrates the relationship between the σT and the φ (in
radians) for differentC/D. By comparing, it can be observed that there is
an exponential relationship between the σT and the φ. The exponential
function σT = ea+bφ+cφ2 was used to fit the data, resulting in the following
relationships: for C/D = 0.5, σT = e4.91-5.32φ+1.54φ2, R2=0.995; for C/D =
0.75, σT = e

4.50-3.47φ−0.25φ2,R2 = 0.992; forC/D= 1.0, σT=e
4.11-1.74φ−1.94φ2,R2 =

0.987; for C/D = 1.25, σT=e
3.88-0.561φ+3.15φ2, R2=0.981.

The fitting results show that the coefficients a, b, and c have a
strong linear relationship with the cover ratio C/D, as illustrated in
Figure 4. The correlation between the coefficient a and the C/D can
be expressed as a = 5.57–1.39C/D, R2=0.978. The correlation
between the coefficient b and the C/D is as follows: b = −8.38 +
6.42C/D, R2=0.983. The correlation between coefficient c and C/D is
as follows: c = 4.51–6.09C/D, R 2= 0.989. Therefore, the correlation
between the σT and C/D and φ is as follows:

σT C/D,φ( ) � e 5.57-1.39C/D( )+ -8.38+6.42C/D( )φ+ 4.51-6.09C/D( )φ2 (1)
The validity range of Formula (1) is C/D ≤ 1.25 and friction

angle 25° ≤ φ ≤40°.
Figure 5 shows the variation of σT with respect to theC/D. The solid

line represents the results calculated based on Formula (1), while the
dashed line presents the values obtained from numerical simulations.
From the graph, it is obvious that in the range of C/D≤1.25, the σT
obtained from the numerical simulations shows an approximately
linear increase with the increase of the C/D. Similarly, the σT
calculated based on the fitted equation also shows an approximately
linear increase with the cover ratio. A comparison between the two
reveals that the calculated results from the Formula (1) are larger than
the numerical results, and the discrepancy between them increases as
the C/D increases. For instance, when φ=25° and C/D = 0.5, the fitted
result is approximately 1.62% higher than the numerical simulation
result. When φ = 30° and C/D = 1.25, the fitted result is approximately
4.98% higher, and at φ=30° and C/D=1.25, the difference reaches a
maximum of approximately 9.2%. It is worth noting that the results
from Formula (1) are relatively conservative compared to the numerical
calculation results, and the difference is within an acceptable range,
indicating a relatively safe approach for engineering applications.

2.2.2 Failure zone
Figure 6 illustrates the shapes of the failure zone under different

cover ratios C/D for an internal friction angle of 35°. The boundary of
the failure zone is defined by the abrupt change in the displacement
gradient (Zhang et al., 2015). It is obvious that when the C/D≤1.0, the
collapse zone extends to ground surface. The failure zone can be divided
into two parts: the lower failure zone and the upper failure zone. The

FIGURE 1
Numerical model.
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lower failure zone exhibits a logarithmic curve shape, while the upper
failure zone can be considered as an inverted round table shape
(although the numerical simulation results are not apparent due to
the stronger lining parameters near the tunnel face). The inverted round
table can be further divided into a cylindrical-shaped failure core and a
disturbed zone, which is consistent with the findings of (Li et al., 2018).
When C/D>1.0, The collapse zone no longer extends to the surface; its
shape consists mainly of the logarithmic curve-shaped lower failure
zone and the upper soil arch zone.

3 Analytical model

3.1 Failure mechanism

Based on the numerical simulations, model tests (Di et al.,
2022b), and engineering experience, a new 3D collapse model for
shallow shield tunnels has been proposed. As shown in Figure 7,

tunnel diameter is D, cover depth is C, and support pressure is
applied uniformly on the tunnel face. The failure zone is divided into
upper and lower parts. The lower part adopts the classical five-cone
model (Soubra et al., 2008): it assumes that the lower part consists of
five rigid truncated cones, with each cone having a vertex angle of
2φ. The cones move along the axis of the cone and are constrained by
the associated flow rules. The first truncated cone is formed by a
rigid cone whose axis is at an Angle of α to the tunnel axis and a
plane I which is at an angle of β1 to the tunnel face. To ensure that
the second cone completely coincides with the first cone at section I,
the second cone is generated as amirror image of the first cone and is
cut by plane II, and so on for the third to fifth cones. The upper part
of the collapse zone has a shape similar to an inverted round table.
The core of the failure zone is in the shape of a cylinder, and the
portion excluding the failure core is the disturbed zone. The
boundary of the disturbed zone forms an angle θ with the
horizontal direction. There is friction between the disturbed zone
and the failure core, which reduces the vertical soil pressure.

FIGURE 2
Relation curve of support pressure and horizontal displacement under different C/D. (A) C/D=0.5. (B) C/D=0.75. (C) C/D=1.0. (D) C/D=1.25.
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3.2 The vertical earth pressure σv

The effect of the upper collapse zone can be equivalently
represented as a vertical earth pressure σv (Han et al., 2016). Based
on geometric relationships, it is found that the intersection plane
between the fifth truncated cone and the upper failure zone has an
elliptical shape, with major axis a6 and minor axis b6. To simplify the
calculation, we can approximate it as a circular shape with radius r, as
proposed by (Li et al., 2020). The equivalent formula is given below:

r � ����
a6b6

√
(2)

As shown in Figure 8, the upper failure zone is considered as an
inverted round table, where the failure core is a cylindrical shape with a

radius of r, and the remaining part is the disturbed zone. During the
occurrence of failure, the disturbed zone forms an angle θ with the
horizontal plane, exhibiting a tendency to slide downward, resulting in
friction along the slip surface. The core of collapse zone tends to move
downward and is constrained by the disturbed zone. Here, Ps represents
the surface overload, and σ’v represents the reactive force of σv.

To determine themagnitude of vertical soil pressure, we select any
vertical plane passing through the axis of the truncated cone as the
calculation diagram, such as Figure 9. The following assumptions are
made: The soil follows the Mohr-Coulomb strength criterion.
Coefficient of friction of the sliding surface AD and BE is tanφ.
Due to soil disturbed, the friction angle between the failure core and
the disturbed zone is given by η (η≤ φ). The ground overload Ps and
the vertical soil pressure σs are both uniformly distributed loads.

The ADF section is taken as the object of force analysis, and the
vertical equilibrium equation and the horizontal equilibrium
equation are formulated to obtain the following equations:

N sin θ − φ( ) − T′ cos η − cC cot θ � 0
W2 + PsC cot θ + T sin η −N cos φ − θ( ) � 0

{ (3)

Where:

W2 � γC2

2
cot θ (4)

The vertical equilibrium equation is formulated for the ABFG
section as the object of study, yielding the following equation.

W1 + Psr − 2cC − 2T sin η − σvr � 0 (5)
Where:

W1 � γrC

2
(6)

When active failure occurs, the angle θ is given by θ = π/4 + φ/
2 by the Mohr-Coulomb criterion. The friction angle η can be
obtained from Table 2 (Li et al., 2018). For sandy soil classified as VI
rock mass, its range of values is between 0.3φ and 0.5φ.

FIGURE 3
Relationship between limit support pressure and friction angle
under different C/D.

FIGURE 4
Relationship between coefficient (a,b,c) and C/D.

FIGURE 5
Relationship between limit support pressure and C/D.
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FIGURE 6
Failure zone under different C/D (φ = 35°unit:dm). (A) C/D=0.5. (B) C/D = 0.75. (C) C/D = 1.0. (D) C/D = 1.25.

FIGURE 7
Proposed failure mechanism.
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By simultaneously solving Eqs 3–6, the vertical soil pressure σv
can be obtained.

3.3 Limit support pressure

3.3.1 Limit analysis method
The limit analysis method derives the limit load from an energy

perspective. An upper bound estimate of such loads is found by

considering a kinematically admissible failure mechanism for
which the power of the loads applied to the system is larger
than the power that can be dissipated inside the system during
its movement (Chen, 1975). Thus, When the tunnel face is stable,
the following equation should satisfy:

Pe ≤Pv (7)
Where Pe is the power of external forces and Pv is the dissipated

power in the failure zone.

FIGURE 8
Upper failure mechanism.

FIGURE 9
Calculation diagram of upper failure zone.

TABLE 2 η value of all grades of surrounding rock.

Grades of surrounding rock I~III IV V VI

η 0.9φ (0.7~0.9)φ (0.5~0.7)φ (0.3~0.5)φ
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3.3.2 Geometric relationship
To calculate the internal and external powers in the failure zone,

it is necessary to derive the geometric relationships. Based on these
relationships, the angle αi between the axis of the i-the truncated
cone and the tunnel axis is given by Formula (8):

αi � ∑i−1
j�1

βi + δi i � 2, 3, 4, 5( ) (8)

The angles δi are as follows:

δi � α, i � 1
βi − δi−1, i � 2, 3, 4, 5

{ (9)

Through analysis, it can be determined that the section obtained
by the oblique intersection of each cone with the plane is an ellipse.
The long axis, short axis, and area of the ellipse obtained by the i-th

cone are denoted by ai, bi, and Ai, respectively, as given by Eqs
10–12.

ai �

D

2
, i � 1

D

2
∏i
k�1

cos δk + φ( )
cos δk+1 − φ( ), i � 2, 3, 4, 5

a5
cos β4 − β3 + β2 − β1 + α1 + φ( )

sin 2β4 + 2β2 + α1 + φ( ) , i � 6

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(10)

bi �
ai

�������������������
cos δi + φ( ) cos δi − φ( )√

cosφ
, i � 1, 2, 3, 4, 5

a6

������������������������
sin ∑5

j�1
δi + φ( ) sin ∑5

j�1
δi − φ( )√

cosφ
, i � 6

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩
(11)

Ai � πaibi (12)
The volumes of i-th cones, denoted as Vi, can be expressed by

formula (13):

Vi �
Aihi − Ai+1hi+1

3
, i � 1, 2, 3, 4

A5h5 − A5h5′

3
, i � 5

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩ (13)

Where:

h1 � D cos α1 + φ( ) cos α1 − φ( )
sin 2φ

h2 � D cos α1 + φ( ) cos β1 − α1 + φ( )
sin 2φ

hi � h2 ∏i−1
j�2

cos δj+1 + φ( )
cos δj − φ( ) , i � 3, 4, 5

h5′ � h5
sin 2β4 + 2β2 + α1 − φ( )

cos δ5 − φ( )

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(14)

FIGURE 10
Velocity field of the proposed mechanism.

FIGURE 11
Comparison of proposed model with other models under
different C/D.

FIGURE 12
Comparison of proposed model with other models under
different φ.
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It is assumed that the velocity of each cone is parallel to its axis.
The velocity of the i-th cone is denoted as vi, and the relative velocity
between the i-th cone and the (i+1)-th cone is denoted as vi,i+1. The
relationship between vi, vi+1, and vi,i+1 is illustrated in Figure 10. the
vi, vi+1, and vi,i+1 can be expressed by formula (15) and (16).

vi � v1∏i
j�2

cos δj + φ( )
cos δj+1 − φ( ), i≥ 2 (15)

vi,i+1 � vi
sin 2δj+1( )

cos δj+1 − φ( ), i≥ 1 (16)

3.3.3 Optimization of limit support pressure
The Pe is mainly composed of three parts: the power of support

pressure PT, the power of gravity in the failure zone Pγ, and the
power of vertical load Pσv, which can be expressed as follows:

Pe � PT + Pγ + Pσv (17)

PT can be calculated using Eq. 18:

PT � −A1 cos α1σTv1 (18)
The power of gravity Pγ can be expressed using the following

equation:

Pγ � [V1 sin α1v1 + V2 sin 2β1 − α1( )v2 + V3 sin 2β2 + α1( )v3
+V4 sin 2β1 + 2β3 − α1( )v4 + V5 sin 2β2 + 2β4 + α1( )v5]γ (19)

The power of equivalent vertical pressure Pσv can be expressed
using the following equation:

Pσv � A6 sin 2β2 + 2β4 + α1( )σvv5 (20)
The dissipated power occurs mainly at the boundary of the

collapse zone and between the truncated cones, which can be
expressed by Formula (21):

Pv � A1 cos α1
sinφ

v1 − A5 sin 2β2 + 2β4 + α1( )
sinφ

v5[ ]c cosφ (21)
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Influence of friction angle on limit support pressure under
different C/D.
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By substituting Eqs 17–21 into Eq. 7, the following expression
can be derived:

σT ≥ σvNσv + γDNγ + cNc (22)
Where:

Nσv �
A6 sin 2β2 + 2β4 + α1( )

A1 cos α1

v5
v1

Nγ � [V1 sin α1v1 + V2 sin 2β1 − α1( )v2 + V3 sin 2β2 + α1( )v3
+V4 sin 2β1 + 2β3 − α1( )v4 + V5 sin 2β2 + 2β4 + α1( )v5]/ DA1 cos α1v1( )
Nc � Nσv − 1

tanφ

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(23)

Formula (23) reveals that the σT depends on the geometric
characteristics of the failure model (α1, β1 to β5, C, D) and the soil
parameters (c, φ). Therefore, the upper-bound method of the σT can
be obtained through optimization theory. By considering the
geometric characteristics of the failure model (α1, β1 to β5) as
optimization variables and maximizing the σT as the optimization
objective, the value of σT can be determined:

σT � max
α1 ,β1 ,β2 ,β3 ,β4 ,β5

σvNσv + γDNγ + cNc (24)

4 Comparison

To verify the accuracy of the proposed model in the paper, it is
compared with numerical models, classical analytical models, and
model tests.

4.1 Comparing with numerical model and
existing models

In Figure 11, a comparison is made between the proposed
theoretical model, existing theoretical and numerical models, and
model tests under the condition of an internal friction angle of 30°

and η/φ = 0.5. From the graph, it can be observed that both the
proposed model and the numerical model show an increase in the σT
with an increase in the cover ratio, and the trends are similar. When
the cover ratio reaches 1.25, the increase in the σT becomes less
significant. (Soubra et al., 2008; Mollon et al., 2011a) also found that
the σT does not change significantly beyond a cover ratio of 0.5. A
comparison reveals that when the cover ratio is 0.5, the σT obtained
from the proposed model is approximately 18% higher than the
numerical results. As the cover ratio increases, the difference
between the two approaches becomes smaller. When the cover
ratio is 1.5, the proposed model yields approximately 8% higher
results compared to the numerical simulation. The main reason for

FIGURE 14
Influence of cohesion on limit support pressure under different φ.

FIGURE 15
Influence of Ground load on limit support pressure under
different.

FIGURE 16
Influence of η/φ on limit support pressure under different φ.

Frontiers in Earth Science frontiersin.org10

Qiang et al. 10.3389/feart.2023.1287151

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1287151


these discrepancies is that, based on model tests and engineering
practice, the soil arch cannot form an arch for shallow tunnels,
resulting in soil collapse to the ground and an increased vertical soil
pressure. However, this phenomenon cannot be accurately
simulated using a continuous medium model, leading to an
underestimation of the vertical soil pressure. As the embedment
ratio increases, the difference between the two models diminishes
gradually due to the gradual emergence of the arching effect.
Comparison with (Soubra et al., 2008; Mollon et al., 2011a), the
proposed model yields approximately 13.7% and 25% higher results,
respectively. The main reason for these differences is that (Soubra
et al., 2008; Mollon et al., 2011a) prematurely assume the formation
of an arching effect in soil with smaller friction angles, which
contradicts experimental results and engineering practices.

In Figure 12, the results of different theoretical calculations for
the variation of σT with φ are given for cover ratio C/D = 0.75 and η/
φ = 0.5. It can be observed that all the results exhibit a nonlinear
decrease with the increase of the φ. In terms of numerical values,
when the φ = 25°, the differences in σT obtained by the four models
are the largest, while the differences are the smallest when the φ =
40°. In addition, compared to the other models the proposed model
gives higher σT. The main reason for these phenomena is that when
the φ is small, the soil arch can’t be formed, resulting in a higher
vertical soil pressure. As the φ increases, the formation of the soil
arch becomes easier, and the limit support pressure calculated by
different models tend to converge.

4.2 Comparing with model experiments

Centrifuge tests results conducted by (Chambon and Corte, 1994)
using sand are shown in Table 3. The sand parameters are as follows:
φ = 38°–42°, c = 0~5 kPa. As shown in the table, when the φ = 38° and
the c = 0 kPa, the σT proposed in the paper is significantly higher than
that obtained experimentally. With an increase in cohesion, the
reduction in ultimate support force becomes more pronounced.
When the cohesive strength reaches 5 kPa, the excavation face can
stabilize itself. It should be noted that the soil parameters provided by
(Chambon and Corte, 1994) are given as ranges, making it difficult to
make accurate comparisons. However, the calculated results in this
study include the experimental values, which demonstrates the
validity of the proposed model.

5 Analysis

By comparison, it is found that the proposed model in this study
is agrees well with numerical models and classical models. Especially
in terms of shallow tunnel in sand, this model can more accurately
describe the failure mode and provide more precise solutions. This
section focuses on analyzing the influence of various factors on
the σT.

5.1 Cover ratio C/D and friction angle φ

In the case of C/D = 0.5~1.25, Figure 13 shows the variation of σT
with φ. It can be observed that the σT increases gradually with the

increase of C/D when the φ is low. However, as the φ increases, the
effect of cover ratio on σT becomes insignificant. The reason for this
phenomenon is due to the following: At small friction angle, the
frictional effect along the sliding surface is not apparent, resulting in
an increase in σT with increasing depth. As the φ gradually increases,
the soil arch effect becomes more prominent, leading to a decrease in
the effect of C/D on σT.

5.2 Cohesion c

The influence of the c on the σT at different φ is illustrated in
Figure 14. It can be seen that the σT decreases linearly with the
increase of c, and the smaller the φ is, the more sensitive the σT is to
the change of c. The main reasons for this phenomenon are as
follows: Numerical simulations and theoretical studies have shown
that the φ plays an important role in the area of collapse zone, and
the smaller the φ, the larger the area of the collapse zone and the
sliding surface. The energy dissipation of the cohesion occurs mainly
at the sliding surface, so the larger the sliding surface area, the more
obvious is the reduction of the σT as the cohesion increases.

5.3 Surface load Ps

The influence of the Ps on the σT for various φ is shown in
Figure 15. It is apparent that the σT increases linearly as the Ps
increases. The increase in the σT is small in comparison with the
increase in the Ps, and the increase in the σT is smaller and smaller
with the increase in the φ. At a friction angle of 35°, the surface load
will have little effect on the σT due to the soil arch effect.

5.4 Friction angle ratio η/φ

The friction angle ratio η/φ is the ratio of the friction angle
between the disturbed zone and failure core to the soil friction angle,
which is important for the formation of the soil arch. The influence
of η/φ on the σT is investigated in this section. As shown in Figure 16,
for small η/φ the frictional effect of the disturbed zone on the failure
core is less and the σv is closer to the vertical earth pressure, resulting
in a larger σT. As η/φ increases, the σT gradually decreases. Beyond a
certain value, the effect of η/φ on the σT is not apparent due to the
soil arch effect.

6 Conclusion

Numerical simulation and theoretical Analysis are combined to
study the face stability of shallow shield tunnel in sand. Firstly,
numerical simulation is used to study the tunnel collapse in sand to
obtain the σT and shape of collapse zone. The new failure model
suitable for shallow tunnel is constructed based on numerical
simulations, and the σT is solved by upper-bound method. The
following conclusions are mainly obtained:

(1) Through numerical simulation, it is found that the σT decreases
exponentially with the increase of the φ in the range of φ =
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25°~40° and C/D = 0.5~1.25. The σT increases approximately
linearly with the increase of the C/D. And the regression
equation is obtained by regression analysis.

(2) Through numerical simulation, it is found that for the sandy soil
layer, when the C/D≤1, the can zone can reach ground surface,
and the shape of the collapse zone is an inverted round table,
which includes a columnar failure core and the rest of the
disturbed zone.

(3) A new failure model based on five truncated cones with inverted
circular table is proposed. By comparison, it is found that the
proposed model is consistent with the numerical model and
exiting modes. In addition, the proposed model is more accurate
in describing the phenomenon that no soil arch can be formed
for shallow tunnel in sand, and it has higher accuracy in solving
the σT of shallow shield tunnel in sand.

(4) Through the theoretical analysis, it is found that the σT
decreases nonlinearly with the increase of the φ, and the
larger φ is, the more obvious soil arch effect is, and the
smaller the effect of C/D on the σT is. In addition, the σT
decreases linearly with the increase of cohesion c, and the
smaller φ, the more σT sensitive is to the cohesion. The increase
of PSwill cause the σT to increase, but when the soil arch forms,
the effect of Ps on the σT is smaller.
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