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Abstract

Tunnelling has increasingly become an essential tool in the exploration of underground space. A typical construction problem is the
face instability during tunnelling, posing a great threat to associated infrastructures. Tunnel face instability often occurs with the soil
arching collapse. This study investigates the combined effect of cutterhead opening ratio and soil non-uniformity on soil arching effect
and face stability, via conducting random finite-element analysis coupled with Monte–Carlo simulations. The results underscore that the
face stability is strongly associated with the evolution of stress arch. The obtained stability factors in the uniform soils can serve as a
reference for the design of support pressure in practical tunnelling engineering. In addition, non-uniform soils exhibit a lower stability
factor than uniform soils, which implies that the latter likely yields an underestimated probability of face failure. The tunnel face is found
to have a probability of failure more than 50% if the spatial non-uniformity of soil is ignored. In the end, a practical framework is estab-
lished to determine factor of safety (FOS) corresponding to different levels of probability of face failure considering various opening
ratios in non-uniform soils. The required FOS is 1.70 to limit the probability of face instability no more than 0.1%. Our findings can
facilitate the prediction of probability of instability in the conventionally deterministic design of face pressure.
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1 Introduction

Tunnels have been widely served as an efficient tool for
urban traffic to deal with the increasing demanding and
development of cities. The face stability is a key issue dur-
ing the construction of a shield tunnel (Chen et al., 2013; Li
et al., 2023). The applied support pressure in soil chamber
should be sufficient to counterbalance the external earth
and water pressures ahead of a tunnel face. Otherwise,
the tunnel instability or collapse failure would occur, which
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inevitably induces catastrophic damage to adjacent infras-
tructures (Wang et al., 2021; Kang et al., 2023). The long-
distance and large-diameter shield tunnelling has resulted
in an increasing occurrence of stoppage of shield machines
owing to obstacles, machine maintenance or the placing of
the segments (Maynar & Rodrı́guez, 2005; Yang et al,
2023). When tunnelling in a weaker stratum with relatively
lower soil strength, quite large number of face instability
cases occur even during the stoppage of shield machines
(Hu et al., 2021a; Yang et al., 2023). Therefore, the face
stability analysis during the stoppage of shield machines
is imperative to achieve a safe tunnel construction.

Theoretical models exist for predicting face stability.
The wedge-prism model (Anagnostou & Kovári, 1996),
ehalf of KeAi Communications Co. Ltd.
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Nomenclature

A0 Section area of cutterhead
C Cover depth of tunnel
D Tunnel diameter
E Young’s modulus
F Soil force exerting on the cutterhead in non-

uniform soils
Fran Soil force exerting on the cutterhead in non-

uniform soils
F0 Soil force exerting on the cutterhead under the

initial geo-stress condition
hmin Minimum mesh size
k0 Geo-stress coefficient
N Monte–Carlo simulation number
Nc Deterministic stability factor
Nc,ran Random stability factor
p Probability of face failure
P Deterministic critical face pressure
P0 Initial soil pressure at the depth of tunnel axis
Pran Random critical support pressure

su Non-uniform strength
su0 Uniform strength
su,mean Average strength of non-uniform soil
c Soil unit weight
w Dilatancy angle of soil
m Poisson’s ratio of soil
uN c;ran

Mean of load factors
rN c;ran

Standard deviation of load factors
n Cutterhead opening ratio
g Soil arching ratio in uniform soils
gran Soil arching ratio in random soils
HH Horizontal correlation distance
HV Vertical correlation distance
3D Three-dimensional
COV Coefficient of variation
FE Finite element
FOS Factor of safety
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log-spiral model (Cheng et al., 2021) and multi-arch model
(Lin et al., 2022) were established based on the limit equi-
librium theory. The translational rigid-block model
(Mollon et al., 2010), rotational rigid-block model
(Mollon et al., 2011) and continuous velocity field model
(Zhang et al., 2018) were proposed in the framework of
the limit analysis. To visualize the failure zone of a shield
tunnel face, physical experiments are efficient tools for pro-
viding new insights into the collapse mechanism of a tunnel
face (Zhang et al., 2022a). Both 1g experiments (Kirsch,
2010; Ahmed & Iskander, 2012) and high-gravity experi-
ments (Schofield, 1980; Idinger et al., 2011) were broadly
performed to determine the failure pattern of a tunnel face
for various theoretical models.

With the rapid development of computer techniques,
numerical simulations play an important role in evaluating
face stability and failure mechanism. Some researchers
(Ukritchon et al., 2017; Keawsawasvong & Ukritchon,
2022) conducted finite element analyses to explore the face
stability of a circular tunnel. Fernández et al. (2021) and
Chen et al. (2023a) applied the advanced large-
deformation finite-element algorithm to model the face col-
lapse process. Chen et al. (2011) simulated the shallow tun-
nels in sands via the discrete element method (DEM) and
demonstrated that the face stability is largely affected by
soil arching behaviour owing to the stress redistribution,
which is the stress transfer from the moving parts of soil
to the adjacent parts (Terzaghi, 1943). The trapdoor is an
effective tool for providing some new insights into the soil
arching behaviour (such as active or passive limiting loads
and deformation mechanism). In the past decades, the soil
arching effect considering various soil properties, trapdoor
types and buried depths, has been widely investigated by
the experimental trapdoor tests (Iglesia et al., 2014; Zhao
et al., 2021) and numerical trapdoor tests
(Keawsawasvong & Ukritchon, 2021; Xiong et al., 2023).
Some research has accounted for the soil arching effect in
the theoretical model for predicting face stability
(Anagnostou, 2012; Zou et al., 2019; Liu et al., 2021; Lin
et al., 2022). However, owing to the complexity of practical
shield machines, the support conditions are oversimplified
in the above theoretical, experimental and numerical mod-
els. An important fact has seldom been taken into consid-
eration that the mechanical support of the cutterhead can
partly prevent the soil flowing into the chamber.

Recently, the role of cutterhead in face stability has
started to attract researchers’ attention. Liu et al. (2021)
performed physical model tests to investigate the influence
of cutterhead opening ratio on the surface settlement, fail-
ure modes, thrust force and torque, and found that a smal-
ler opening ratio can avoid excessive ground subsidence.
Hu et al. (2021b) concluded that ignoring the effect of a
cutterhead configuration can result in unexpected and
unrealistic results. Based on DEM simulations, Jin et al.
(2021) also indicated that face stability is significantly
enhanced by the cutterhead, owing to the soil arching beha-
viour. Although the soil arching effect has been observed to
significantly impact the face stability by previous research-
ers (Lee et al., 2006; Jin et al., 2021; Di et al., 2023), it has
been rarely quantified. On the other hand, natural soils
often exhibit a feature of spatial non-uniformity in their
mechanical properties (Phoon & Kulhawy, 1999a; Chen
et al., 2023b), which may significantly affect the face stabil-
ity (Zhang et al., 2021a; Zhang et al., 2022b). Cheng et al.



Table 1
Deterministic and random parameters in finite element model.

Parameter Symbol Unit Value

(a) Parameters of deterministic analysis

Tunnel diameter D m 6
Opening ratio of cutterhead n – 15%, 30%, 50%
Cover depth C m D, 2D, 3D
Undrained shear strength su0 kPa 15
Dilation angle w � 0
Young’s modulus E MPa 20
Soil unit weight c kN/m3 18
Minimum mesh size hmin m D/30
Geo-stress coefficient k0 – 1.0
(b) Parameters of random analysis

Mean value of strength su,mean kPa 15
Horizontal correlation distance HH m 20
Vertical correlation distance HV m 2
Coefficient of variation COV – 0.3
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(2019) indicated that the soil spatial variability plays an
important role in determining the face stability. In the field
of geotechnical engineering, the deterministic analysis is
routinely conducted based on soil properties in an average
manner, which likely yields a non-conservative estimation
(Huang et al., 2017; Zhang & Liu, 2020; Li et al., 2021;
Huo et al., 2023). Therefore, both the cutterhead and soil
spatial variability should be considered in the face stability
analysis, and the soil arching effect should be quantified.

In this work, attention is focused on face stability and
soil arching evolution during the stoppage of shield
machine in non-uniform clayey soils, by applying the ran-
dom finite-element (FE) approach. Cutterheads with vari-
ous opening ratios are realistically reproduced in the FE
model. This study aims to provide a new insight into the
combined effect of cutterhead opening ratio and soil spatial
variability on soil arching effect and face stability, which is
an important aspect that has seldom been considered in
previous research.
2 Numerical model of tunnelling

2.1 FE model

Figure 1 depicts the established three-dimensional (3D)
FE model in ABAQUS (Systémes, 2018). The circular tun-
nel has a diameter (D) of 6 m with three different cover
depths (C) of D, 2D and 3D where the cover depth is
defined as the depth of tunnel crown. Table 1 lists the
model parameters. The clayey soil is simplified as an
elastic-perfectly plastic Mohr–Coulomb material. Despite
various drawbacks, the Mohr–Coulomb model is widely
involved to realize the shear behaviour of clayey soils in
Fig. 1. 3D FE model of tunnel. (a) Whole m
geotechnical engineering, such as tunnelling (Mollon
et al., 2013a; Cheng et al., 2019; Chen et al., 2023a), foun-
dations (Han et al., 2019; Cheng et al., 2023) and landslides
(Ren et al., 2023; Liu et al., 2023). However, the soil during
shield tunneling may exhibit partial softening and remodel-
ing, which may affect the face stability, failure mechanism
and limiting supporting pressure. This is the limitation of
this study. Therefore, more advanced constitutive models
of soil should be adopted to incorporate the soil softening
effect in further study. Following Mollon et al. (2010) and
Chen et al. (2023a), the Young’s modulus (E) and Poisson’s
ratio (m) are taken as 20 MPa and 0.49, respectively. Note
that the elastic properties are proved to have limited impact
on the critical support pressure (Mollon et al., 2013a). The
soil unit weight is set as 18 kN/m3. Considering the purely
clayey soil, the internal friction angle is set as zero degree.
odel, and (b) half model. (C/D = 1.0).
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The undrained shear strength (su) is a spatially non-
uniform parameter and represented by a 3D random field.

3D brick elements are utilized to model the soil. The cut-
terhead is modelled as a rigid body with three opening
ratios (i.e., n = 15%, 30% and 50%) where the opening ratio
is defined as the ratio of the opening area and the tunnel
face area. The side faces of the domain are assigned with
roller supports while the bottom face is restricted in all
three directions. The excavation process of tunnel is not
modelled in the current FE model. Instead, the inner soil
mass is removed directly and then the circumferential face
of tunnel is supported by applying the constrained bound-
aries. This approach has been widely reported in previous
research (Ukritchon et al., 2017; Cheng et al., 2019). The
geostatic step is performed by applying the gravity onto
soil with an initial geo-stress coefficient of 1.0 before the
face stability analysis. The face instability is triggered via
gradually reducing the support pressure.

2.2 Spatial non-uniformity of soil strength

The non-uniformity of a soil parameter is often
expressed as an averaging value and a random part
(Vanmarcke, 1977; Phoon & Kulhawy, 1999a, 1999b). In
3D space, the random part is strongly correlated via the
autocorrelation function. The integration of the autocorre-
lation function yields the correlation distance, at the range
of which the soil has similar strength values (Li et al.,
2015). The horizontal auto-correlation distance (HH)
usually exceeds the vertical counterpart on (HV) owing to
the complex soil deposition process (Cassidy et al., 2013;
Zhang et al., 2021b; Cheng et al., 2022).

The non-uniformity of undrained shear strength is rep-
resented by a random field with log-normal distribution,
which is generated by modified linear estimation method
with squared exponential autocorrelation model (Liu
et al., 2014). Following Chen et al. (2021a, 2022), the aver-
age value (su,mean) is chosen as 15 kPa. As Phoon and
Kulhawy (1999a) reported that the coefficient of variation
(COV) of undrained shear strength usually varies between
0.06 and 0.80 by an extensive database. Therefore, the
COV is reasonably taken as 0.3 in the generation of ran-
dom fields. HH and HV are 20 and 2 m, respectively. The
generated random field is mapped into the established
CEL model via the subroutine VUSDFLD (Chen et al.,
2021b; Liu et al., 2022; Ren et al., 2023). Thereby, the
FE analyses on face stability can be conducted in random
soils. Figure 2 presents a typical soil sample. Red and blue
colors display higher and lower shear strength values,
respectively. The soil strength is observed to vary signifi-
cantly in 3D space as expected. To illustrate the autocorre-
lation of shear strength of soil, the horizontal and vertical
correlation distances (HH and HV) are also marked in
Fig. 2. The soil is observed to feature similar strength val-
ues at a zone, which obviously differ from the strength in
adjacent another zone. The size of this zone is determined
by the correlation distances.
2.3 Stress-transfer mechanism during tunnelling

To investigate the effect of cutterhead on the face stabil-
ity during the stoppage of shield machines, a cutterhead is
fixed in space, and a uniform pressure (P), equalling the
geo-stress (P0) at the depth of tunnel axis, is exerted onto
the tunnel face at the cutterhead opening, as plotted in
Fig. 3. Therefore, the initial soil force exerting on the cut-
terhead (F0) can be reasonably approximated as

F 0 ¼ c C þ D=2ð ÞA0; ð1Þ
where C and D are the cover depth and tunnel diameter,
respectively; c represents the unit weight of soil; A0 is the
section area of the cutterhead. By the gradual release of
the support pressure, the face instability may be triggered
and the soil mass at the cutterhead opening starts to move
towards the tunnel. The point A in Fig. 3, located at the
three quarters of the height of the tunnel face, is taken as
a reference point to identify the face failure. During the
release of support pressure, the stress can transfer from soil
at the opening to the cutterhead, which is called the soil
arching effect (Terzaghi, 1943). A formula is proposed
herein to quantify the arching effect, which is expressed
as follows:

g ¼ F
F 0

¼ F
k0c C þ D=2ð ÞA0

; ð2Þ

where F is the soil force exerting on the cutterhead during
the release of support pressure, which is calculated by the
summation of nodal forces on the rigid element of cutter-
head in the FE model; k0 is the geo-stress coefficient, which
is taken as 1.0 for purely clayey soils. Based on Eq. (2), the
soil arching effect thus can be quantified during face insta-
bility. In fact, the arching effect in Eq. (2) stands for the
magnitude of the averaging soil force exerting on the
cutterhead.

2.4 Model validation

To validate the established FE model of tunnel, the face
stability without considering the cutterhead (i.e., n = 100%)
is investigated first with three cover depths (C = D, 2D and
3D) and compared with the previous studies. Initially, a
uniform-distributed support pressure with an initial value
of P = k0c(C + D/2), is applied onto the whole face. Then,
the face instability is triggered via the gradual reduction of
the support pressure, inducing an obvious motion trend of
the tunnel face. Figure 4 shows the displacement (U) evolu-
tion of the centre point of the face during the releasing of
support pressure (P). The uncontrolled increase in the dis-
placement can be identified as the face instability. When P/
P0 is reduced to 0.625, the tunnel face for C = 3D is insta-
ble and the corresponding support pressure reaches the
critical value. Moreover, with the cover depth (C) decreas-
ing from 3D to 1D, the critical P/P0 drops dramatically
from 0.625 to 0.358 (approximately 42.7%).



Fig. 2. Strength distribution for a typical random sample. (a) Full model, (b) half model bisected by YOZ-plane, and (c) half model bisected by XOZ-
plane.

Fig. 3. Stress transfer mechanism and soil arching effect during tunnelling.

Fig. 4. Development of face displacement with the release of support
pressure for the opening ratio of 100%.
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For clayey soils, the dimensionless stability factor (Nc) is
conventionally used to estimate the face stability
(Schofield, 1980), expressed as follows:
N c ¼ c C þ D=2ð Þ � P
su

; ð3Þ

where P is the critical support pressure Based on Eq. (3),
the stability factor (Nc) can be obtained. For C = 1D, 2D
and 3D, the calculated stability factors are 6.93, 8.91 and
9.44, respectively. Based on finite difference method, the
stability factors from Mollon et al. (2013b) are 6.86, 8.87
and 9.11 for the cover depth of 1D, 2D and 3D. It can be
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stated that Nc for n = 100% obtained in this study matches
well with the solutions from Mollon et al. (2013b). The
maximum difference between this study and Mollon et al.
(2013b) is only 3.5%, which occurs under the case of
C = 3D. This implies that the current numerical model
can effectively predict face stability and critical support
pressure.

2.5 Convergence analysis on mesh size

The convergent analyses on mesh size are performed
with various minimum mesh sizes (hmin = D/15, D/30,
D/45, and D/60), to select a proper element size that can
balance the computation efficiency and accuracy. It can
be observed in Fig. 5 that the calculated normalized sup-
port pressure slightly rises and gradually converges with
the reduction of the mesh size. For instance, the limiting
supporting pressure are 0.347, 0.358, 0.359 and 0.360 (in-
creasing approximately 3.7%) for the minimum mesh size
of D/15, D/30, D/45, and D/60. However, almost little dis-
crepancy is observed in the normalized support pressure
(P/P0) between hmin = D/30 (red curve) and hmin = D/60
(black curve), which implies that a minimum element size
of D/30 is sufficiently fine to obtain convergent solutions.

Based on Eq. (3), the dimensionless stability factor (Nc)
of tunnel face are 7.05, 6.93, 6.92 and 6.91 for the minimum
mesh size of D/15, D/30, D/45, and D/60. The difference of
the stability factor (Nc) between hmin = D/30 and hmin =
D/60 is only 0.3%. More, the stability factor (Nc) calculated
from the current FE model with hmin = D/30 matches well
with the solution (6.86) from Mollon et al. (2013b). This
proves the FE model can accurately estimate the tunnel
face stability. Bearing in mind, the minimum element size
of hmin = D/30 is adopted hereafter.
Fig. 5. Development of face displacement with the release of support
pressure for four different mesh sizes (hmin).
3 Results and discussion

3.1 Tunnelling in uniform soils

3.1.1 Effect of cutterhead opening ratio

This section examines the influence of cutterhead open-
ing ratio on face stability as well as soil arching effect. The
tunnel has a constant cover depth of C = 2D while the
opening ratio (n) varies from 15% to 100% (corresponding
to the case without cutterhead). As the support pressure
releases, the face gradually enters the instability stage with
an increasing movement until the face displacement trends
to be infinite, as depicted in Fig. 6(a). The infinite increase
in face displacement can be regarded as the tunnel instabil-
ity. At this moment, the applied support pressure on the
tunnel face reaches the critical value. As seen in Fig. 6(a),
the critical normalized support pressure (P/P0) is observed
to increase significantly with the enlargement of the open-
ing ratio as expected. This means that a small opening ratio
of cutterhead can effectively reduce the critical support
pressure and enhance the face stability. For example,
P/P0 experiences a rise from 0.204 to 0.505 (approximately
148%) when n enlarges from 15% to 100%. This can be
explained by the various failure mechanisms of tunnel face
under different opening ratios. As shown in Fig. 7, the
shape and size of failure zone are not found to be signifi-
cantly affected by the opening ratios, indicating that the
total support force resulting from both the cutterhead
and the support pressure at the opening should be almost
the same for various opening ratios. Decreasing the open-
ing ratio can lead to a larger support pressure provided
by the cutterhead. Hence a small support pressure at the
opening is sufficient to stabilize the face.

Figure 6(b) depicts the evolution process of soil arching
ratio with the release of support pressure, which can be
divided into two stages. At the first stage, the soil arching
ratio is observed to increase with the decreasing support
pressure and reaches the largest value. This is owing to
the pressure transfer from the moving soil to the cutter-
head. It should be noted that the tunnel face is still stable
at this stage. At the second stage, the soil arching ratio is
found to exhibit a rapid reduction with the decreasing sup-
port pressure. During this stage, the tunnel face gradually
tends to be unstable with soil particles flowing into the tun-
nel, which corresponds to an unloading process. The max-
imum soil arching ratio is observed to rise with the
increasing opening ratio in Fig. 6(b). For example, enlarg-
ing the opening ratio from 15% to 50%, the maximum
arching ratio g goes up from 1.04 to 1.15 (approximately
10.6%). This is because enlarging the opening ratio leads
to a smaller section area of cutterhead and hence a larger
average soil pressure on the cutterhead.

3.1.2 Effect of cover depth

To investigate the influence of tunnel cover depth (C) on
face stability, the cover depth varies from 1D to 3D while
the cutterhead has a fixed opening ratio of n = 30%. As



Fig. 6. Effect of cutterhead opening ratio on face stability and soil arching ratio. (a) Evolution of face displacement with release of support pressure, and
(b) evolution of soil arching with release of support pressure.

Fig. 7. Failure mechanisms of tunnel face under various cutterhead opening ratios: (a) n = 15%; (b) n = 30%; (c) n = 50%; (d) n = 100%.
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shown in Fig. 8, the critical normalized support pressures
(P/P0) for C = D, 2D and 3D are 0.017, 0.304, and
0.493, respectively. The corresponding arching ratios at
the ultimate failure state are 0.563, 0.633, and 0.717, which
means the ultimate arching effect increases with the cover
depth. Figure 9 depicts the failure mechanisms of tunnel
face under various cover depths. For C = D, a global
chimney-shaped failure zone extends to the ground surface
Fig. 8. Effect of cutterhead opening ratio on face stability and soil arching rati
development of soil arching with reduction of support pressure.
while only local failure mechanisms are captured for the
deeply buried tunnel, such as C = 2D and 3D. This indi-
cates that the rise of arching effect with the cover depth
can induce the soil failure evolving from global to local
mechanisms. On the other hand, the size of the failure zone
obviously decreases with the increasing cover depth, which
is also attributed to a larger arching effect at deeper cover
depths.
o. (a) Displacement of tunnel face with release of support pressure, and (b)



Fig. 9. Failure mechanisms of tunnel face under the cutterhead opening ratio of 30% under various cover depths: (a) C = D; (b) C = 2D; (c) C = 3D.
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Based on Eq. (3), the calculated stability factors (Nc) can
be obtained in Fig. 10 with various opening ratios and
cover depths. The numerical solutions without considering
the cutterhead (i.e., n = 100%) from Mollon et al. (2013b)
are also plotted in Fig. 10 for comparison. It can be stated
that Nc for n = 100% obtained in this study matches well
with the analytical solutions from Mollon et al. (2013b).
When the cutterhead is considered, enlarging the opening
ratio will dramatically decease the face stability. This is
because the section area of cutterhead decreases with the
enlargement of the opening ratio, leading to a reduction
of the total support pressure provided by the cutterhead.
This indicates that ignorance of cutterhead will underesti-
mate the face stability during the stoppage of shield
machines. This highlights the necessity of considering the
cutterhead configuration.
3.2 Tunnelling in non-uniform soils

3.2.1 Effect of non-uniform strength

The impacts of soil heterogeneity on the critical support
pressure and soil arching effect are investigated by random
FE analyses. Figure 11 shows the evolution process of face
Fig. 10. Effects of cutterhead opening ratio and cover depth on the
stability factor.
stability and soil arching ratio for n = 30% in the uniform
soil and two typical random samples of Nos. 31 and 60.
For the sample of No. 31, the critical value of P/P0 is
0.51, which is approximately 1.7 times of the solution
(0.304) in the uniform soil. On the other hand, the maxi-
mum soil arching ratio is only 1.03 in this sample, which
is smaller than the value of 1.06 in the uniform case. On
the contrary, the sample of No. 60 obtains an obviously
lower P/P0 of 0.1 and a greater g of 1.11. The results above
imply that the sample of No. 31 has a lower face stability
while the sample of No. 6 has a higher face stability.

The conspicuous discrepancy of the critical face pressure
and soil arching ratio among various random samples can
be explained by the soil spatial variability. As plotted in
Fig. 12, the shear strength in the 3D space varies remark-
ably from one random sample to another. For the sample
of No. 31 in Fig. 12(b), a zone with weaker soils (su �
6 kPa) is located at the bottom of the tunnel face, which
requires a larger support pressure (P/P0 = 0.51) to main-
tain the face stability as the shear failure of soil usually ini-
tials and spreads along weaker paths. However, compared
to the sample of No. 31, the sample of No. 60 in Fig. 12(c)
has stronger soils with the shear strength larger than
30 kPa distributed ahead of the face. As a result, a small
face pressure (P = 0.1P0) can resist the face failure.
3.2.2 Effect of cutterhead opening ratio

To illustrate the influence of opening ratio (n) on face
stability and soil arching effect in non-uniform clayey soils,
random FE analyses are conducted with four different
opening ratios of n = 15%, 30%, 50% and 100%. Figure 13
shows the evolution process of face stability and soil arch-
ing ratio for a typical sample of No. 80. The ultimate nor-
malized support pressure (P/P0) and the maximum soil
arching ratio are observed to increase significantly with
the enlargement of opening ratio as expected. For example,
the ultimate support pressure (P/P0) rises from 0.160 to
0.424 with the opening ratio varying from 15% to 100%.
It can be observed in Fig. 14(a) that a layer of weaker soils
exits at the tunnel crown, which results in a partial face fail-
ure developing at the upper part of tunnel face in Fig. 14
(b). The partial failure zone enlarges with the increasing
opening ratio from 15% to 50% in Fig. 14(b)–(d), leading



Fig. 11. Tunnel face stability and soil arching evolution in the uniform soil and two typical random field samples of Nos. 31 and 60. (a) Evolution of face
displacement with the release of support pressure, and (b) evolution of soil arching with the release of support pressure.

Fig. 12. Undrained shear strength (su) contours and displacement fields in the uniform soil and two typical random field samples of Nos. 31 and 60.
(a–c) Undrained shear strength contours, and (d–f) displacement fields.
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to the decrease of stability factor (Nc) from 13.05 to 10.24.
Until the opening ratio reduces to 100% in Fig. 14(e), the
soil failure occurs at the whole face and the stability factor
drops to the lowest value of 8.12. It can be concluded
above that the cutterhead with a smaller opening ratio
can effectively decrease the risk of face failure and increase
the face stability in non-uniform soils.

For uniform clayey soils, the stability factor (Nc) and the
soil arching ratio (g) are earlier derived from Eqs. (3) and
(2), respectively. Similarly, the stability factor (Nc,ran) and
arching ratio (gran) in spatially non-uniform clayey soils
are calculated as
N c;ran ¼ c C þ D=2ð Þ � P ran

su
; ð4Þ

gran ¼
F ran

F 0

¼ F ran

k0c C þ D=2ð ÞA0

; ð5Þ

where Pran and Fran are the critical support pressure and
the total soil force exerting on the cutterhead in non-
uniform soils. For the 100 random field samples, all the sta-
bility factors (Nc,ran) and soil arching ratios (gran) can be
obtained based on Eqs. (4) and (5). Figure 15 compares
the load factors and the maximum soil arching ratios from
100 Monte–Carlo simulations for each opening ratio. For



Fig. 13. Face stability and soil arching in the random sample of No. 80 with different opening ratios. (a) Displacement of tunnel face, and (b) evolution of
soil arching.

Fig. 14. Soil strength contour and face failure mechanisms for the random soil sample of No. 80 with different opening ratios. (a) Soil strength contour, (b)
soil failure mechanism for n = 15%, (c) soil failure mechanism for n = 30%, (d) soil failure mechanism for n = 50%, and (e) soil failure mechanism for
n = 100%.

Fig. 15. Effect of cutterhead opening ratio on stability factor and soil arching ratio in non-uniform clayey soils. (a) Stability factor, and (b) soil arching
ratio.
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each random field sample, the stability factor for n = 30%
is observed to be consistently lower than that for n = 15%
and larger than that for n = 50% or n = 100%, which
means a smaller opening ratio can effectively increase the
face stability in the non-uniform soils. As for the maximum
arching ratio in Fig. 15(b), it is observed to rise sharply
with the opening ratio. This is mainly attributed to a larger
average soil pressure exerting on the cutterhead for a larger
opening ratio. Moreover, for each opening ratio, the stabil-
ity factor Nc is found to be linearly increased with the arch-
ing ratio in spatially non-uniform soils, expressed as Eq.
(6). Such a formula can facilitate the quantification of the
influence of soil arching effect on face stability during tun-
nelling in non-uniform soils.

For n ¼ 15%; Nc ¼ 158:04g� 149:95

For n ¼ 30%; Nc ¼ 70:55g� 63:21

For n ¼ 50%; Nc ¼ 34:27g� 27:53

ð6Þ
3.3 Interpretation of probability of face instability

Figure 16 depicts the mean value, standard deviation
(std) and frequency distribution of the stability factors
Fig. 16. Histograms of stability factors for four opening ratio
for n = 15%, 30%, 50% and 100%. The normality check
for the calculated sample data is conducted using the Kol-
mogorov–Smirnov (K–S) test. In K–S tests, the critical
statistic D0 at 5% significance level is 0.136 for 100 sample
data. The Dmax value, representing the largest difference in
the cumulative probability density between the normal
function and the sample data, is lower than 0.136 for each
opening ratio, indicating all samples of Nc,ran can be con-
sidered to follow the normal distribution. The convergence
analysis in Fig. 17 implies that 100 Monte–Carlo simula-
tions can obtain reliable statistics of the stability factor.

Table 2 lists the statistics of Nc. For each opening ratio,
non-uniform soil exhibits a lower average stability factor
than the uniform soil, as the soil failure usually initials
and spreads along weaker strength paths in non-uniform
soils. The COV of stability factor in Table 2 is generally
lower than the specified COV of soil strength (i.e., 0.3),
which results from the spatial averaging of the shear
strength of the mobilized soil. The tunnel stability factor
is dependent on the averaging performance of the soil shear
strength in the failure zone, which results in the variability
of the stability factor being lower than that of the shear
strength itself. Furthermore, the COV of stability factor
is observed to decrease significantly with the enlargement
s: (a) n = 15%; (b) n = 30%; (c) n = 50%; (d) n = 100%.



Fig. 17. Convergence analysis of Monte–Carlo simulation number on the
statistics of stability factor.

Table 3
Probability of failure for various cutterhead opening ratios at different
levels of FOS.

FOS Probability of failure (%)

Opening ratio, n

15% 30% 50% 100%

1.0 80.553 79.271 77.720 80.372
1.2 22.867 20.177 17.989 16.840
1.4 2.941 2.197 1.722 1.200
1.6 0.299 0.187 0.129 0.062
1.8 0.032 0.017 0.010 0.003
2.0 0.004 0.002 0.001 0

Table 4
FOS values for different opening ratios at various probabilities of failure.

Probability of failure (%) FOS

n = 15% n = 30% n = 50% n = 100%

1 1.50 1.47 1.45 1.41
0.1 1.70 1.65 1.62 1.57

0.01 1.90 1.85 1.80 1.73
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of the opening ratio. This is caused by the fact that the sec-
tion area of the cutterhead opening increases with enlarg-
ing the opening ratio, which results in a larger averaging
effect of soil strength in 3D space and hence a smaller
COV of the stability factor.

The conventional design of face support pressure is
based on a deterministic stability factor without consider-
ing soil heterogeneity. Hence, the face failure occurs when
the random stability factor (Nc,ran) of the non-uniform soil
is lower than the deterministic value in the uniform soil.
The factor of safety (FOS) is commonly incorporated to
consider the effect of soil uncertainty on the support pres-
sure. As the random stability factor follows the normal dis-
tribution, the probability of face instability can be
evaluated as

P N c;ran < N c=FOSð Þ ¼ U
N c=FOS� lN c;ran

rN c;ran

� �
; ð7Þ

where lN c;ran
and rN c;ran represent the mean value and stan-

dard deviation of Nc,ran; U is the cumulative probability
density of normal distribution; FOS is introduced to con-
sider the safety margin. Table 3 lists the probability of face
failure at different levels of FOS for four different opening
ratios. It is found that the face has a large probability of
instability (more than 50%) for any opening ratio if the
safety margin is not considered (i.e., FOS = 1). However,
Table 2
Statistic parameters of the stability factor.

Opening ratio
n

Deterministic value
Nc

M
u

15% 14.33 1
30% 12.52 1
50% 11.23 1
100% 8.91
the increment of FOS greatly decreases the probability of
face instability. For instance, the probability of failure
for n = 50% is reduced from 77.72% to 0.13% when FOS
increases from 1.0 to 1.6. Table 4 lists the FOS for different
opening ratios at various levels of probability of failure.
The required FOS is 1.70, which can limit the probability
of face instability no more than 0.1% for any opening ratio
of cutterhead.
3.4 Framework for determining factor of safety

As stated before, when the deterministic stability factor
is adopted in the design of support pressure, the face stabil-
ity cannot be guaranteed and the probability of failure is
considerably large in spatially non-uniform soils for each
opening ratio. The introduction of FOS is able to effec-
tively decrease probability of failure and ensure the safety
of tunnel face. A flowchart of the proposed framework is
depicted in Fig. 18 to determine FOS based on Monte–
Carlo simulations. This approach can facilitate the estima-
tion of the probability of face instability at different safety
margins (i.e., FOS).

Although the FOS can be determined by the methodol-
ogy described above using repetitive Monte–Carlo simula-
ean

Nc,ran

Standard deviation
rNc,ran

COV

Nc,ran

3.05 1.49 0.114
1.49 1.26 0.110
0.38 1.12 0.107
8.21 0.82 0.099



Fig. 18. Flowchart of the implemented methodology.
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tions, this approach appears prohibitively time-consuming
for engineering design. Moreover, the 3D analysis con-
ducted in this study aggravates the problem. One typical
random realization requires approximately 6 h to complete
the calculation on a workstation with Intel Xeon W-2255
CPU.

As probability of face instability can be affected by the
random strength parameters (Cheng et al., 2019; Li et al.,
2021), further research is required to establish a compre-
hensive relationship between probability of face instability
and random soil parameters (such as mean, COV, HH, and
HV), which can serve as a guideline for the face pressure
design in practical engineering without Monte–Carlo simu-
lations. However, this study focuses on exploring the phy-
sics of non-uniform soil behaviour on the soil arching effect
and face stability and providing a practice framework to
evaluate probability of face failure considering the com-
bined effect of cutterhead opening ratio and random soil
property, rather than parametric sensitivity investigation
on how random field parameters affect probability of face
failure.

On the other hand, this study focuses on the face stabil-
ity and soil arching effect during the stoppage of shield
machines. However, in the operation condition, the
dynamic excavation process such as cutterhead rotation,
may destroy the soil arch and hence influence the face sta-
bility. This is the limitation of the current work. Further
studies are required to reveal the face failure mechanism
and soil arching evolution process under the dynamic exca-
vation condition by the advanced numerical techniques
(such as large-deformation approaches).
4 Conclusions

3D random FE analyses were undertaken to explore the
combined effect of cutterhead opening ratio and soil non-
uniformity on face stability and soil arching evolution.
The results imply that the face stability is strongly associ-
ated with the soil arching effect. Main conclusions are
drawn as follows:

(1) The decrease of opening ratio increases the face sta-
bility, indicating that ignoring the cutterhead will
lead to the underestimation of face stability during
the stoppage of shield machines. Obtained stability
factors can serve as a reference for the design of sup-
port pressure in practical tunnelling engineering.
These stability factors account for various cutterhead
opening ratios and cover depth of tunnel.

(2) An approach is proposed to quantify the effect of soil
arching on the face stability. The arching effect is
observed to increase with the cover depth and open-
ing ratio.

(3) Non-uniform soils exhibit a smaller stability factor
than uniform soils, which implies that the latter likely
yields an underestimated probability of face failure.
This observation underscores the importance of con-
sidering non-uniform strength of natural soils.

(4) A practical framework is established to determine
factor of safety corresponding to different levels of
probability of face failure considering various open-
ing ratios in non-uniform soils. This approach can
facilitate the prediction of probability of face instabil-
ity in the conventionally deterministic design of sup-
port pressure.
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