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Abstract.

Face stability analyses provides the most probable failure mechanisms and the understanding about parameters that

need to be considered for the evaluation of ground movements caused by tunneling. After the Upper Bound Method (UBM)
solution which can consider the influence of seepage forces and depth-dependent effective cohesion is verified with the
numerical experiments, the probabilistic model is proposed to calculate the unbiased limiting tunnel collapse pressure. A
reliability analysis of a shallow circular tunnel driven by a pressurized shield in a frictional and cohesive soil is presented to
consider the inherent uncertainty in the input parameters and the proposed model. The probability of failure that exceeding a
specified applied pressure at the tunnel face is estimated. Sensitivity and importance measures are computed to identify the key

parameters and random variables in the model.
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1. Introduction

Face stability analyses are required to determine the
proper pressure to be wused for pressurized shield
construction of shallow circular tunnels. Analytical, limit
based methods have been developed (Atkinson and Potts
1977, Davis et al. 1980) to calculate the optimum
supporting pressure, which avoids face collapse (active
failure) and surface ‘blow-out’ (passive failure). Active
failure of the tunnel face is caused by surcharge and self-
weight exceeding the frictional resistance and tunnel face
pressure. Under passive conditions, the roles are reversed
and the face pressure causes blow-out with resistance being
provided by the surcharge, frictional resistance, and self-
weight. Three failure mechanisms which involve the
movement of solid conical blocks with circular cross
sections, proposed by Leca and Dormicux (1990), are
shown in Fig. 1. M1 and M2 failure mechanisms are single-
cone and dual-cone systems, respectively; where the cones
move into the excavation. An M3 failure mechanism is a
single-cone, passive mechanism, where the cone moves
outward to the surface.

In this study, the M2 collapse failure mechanism, which
is most common failure pattern in shield tunneling
(Chambon and Corte 1994), is investigated by the upper-
bound theorem. Park (2011) proposed the general solutions
for the limiting tunnel collapse pressure in a Mohr-Coulomb
(¢, @") soil which combine the depth-dependence of
effective cohesion of normally consolidated clays and the
influence of seepage.
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The stability analysis of tunnels and the computation of
soil displacements due to tunnelling were commonly
performed using deterministic approaches (Jardine et al.
1986, Yoo 2002; Mroueh and Shahrour 2003, Wong et al.
2006, Eclaircy-Caudron et al. 2007, Khezri et al. 2016,
Huang et al. 2021, Zhang et al. 2021). A reliability-based
approach for the analysis of tunnels is more rational since it
enables one to consider the inherent uncertainty in the input
parameters and the models (Mollon ef al. 2009, Binghua
Zhou et al. 2020, Pan et al. 2021, Li et al. 2021). In this
study, a reliability-based analysis of a shallow circular
tunnel driven by a pressurized shield in a Mohr-Coulomb
soil is presented. After the UBM solution is verified with
the numerical experiments using FLAC?P, the probabilistic
model that accurately predicts the limiting tunnel collapse
pressure and account for all the prevailing uncertainties is
proposed. As an application, a reliability analysis of a
shallow circular tunnel driven by a pressurized shield is
presented to consider the inherent uncertainty in the input
parameters and the proposed model. The developed
probabilistic model is used to assess the conditional
probability (fragility) of exceeding a specified applied
pressure at the tunnel face threshold. Sensitivity and
importance measures are carried out to identify the
contribution of the random variable(s) to the reliability of
the tunnel face stability.

2. Face stability analysis
2.1 Upper bound solutions
The M2 active failure state can be idealized by

considering a circular rigid tunnel of diameter (D) driven
under a depth of cover (C) in soil with an effective
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(b) M2 (c) M3
Fig. 1 Failure mechanisms of shield tunnel
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(a) Schematic cross-section (b) M2 failure mechanism
Fig. 2 Collapse mechanism of tunnel face by the two conical blocks
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where, o is the unconfined compressive strength, Kp is
the Rankine passive earth pressure coefficient, gy is the
seepage pressure acting on the tunnel face, y is the unit
weight of the soil, D is the tunnel diameter, k; is the apex
of block 1, and k, is the lowest point of the intersection
between B; and B,.

The parameters in Eq. (1) correspond to geometry and
Mohr-Coulomb soil properties except for the seepage
pressure acting on the tunnel face. To calculate the seepage
pressures acting on the tunnel face, the failure surface must
be pre-determined from the limit analysis. Given this failure
surface, seepage pressures acting on the tunnel face can be
obtained from the difference of total head between the
tunnel face and the failure surface. The average predicted
seepage pressure is calculated using numerical analyses by
FLAC?P.

2.2 Numerical analysis of face stability using FLAC?P

In order to investigate the behaviour of the tunnel face
and to verify the UBM solutions, numerical analyses with
the commercially available finite-difference code FLAC3D
(FLAC?P 2009) are carried out. In the numerical model,
only one half is included due to symmetry condition. The
model is sufficiently large to allow for any possible failure
mechanism to develop and to avoid any influence from the
boundary effects. The water table is assumed to be varied
above the tunnel crown depending on the diameter of
tunnel. In order to focus the analysis on the face failure in
front of the shield machine, the excavation process was
simulated using a simplified single-step excavation scheme,
assuming that the tunnel is excavated 13 m (the general
length of the shield machine) instantaneously. A uniform
retaining pressure is applied to the tunnel face to simulate
tunneling under compressed air. The highest pressure
applied to the tunnel face for which soil collapse would
occur is computed. This collapse pressure is the one for
which the soil in front of the tunnel face undergoes
downward movement. It is called the tunnel active pressure.

A circular tunnel of diameter D = 5 m and various
cover depth C is driven in a Mohr-Coulomb soil is
considered as shown in Fig. 3. The size of the numerical
model is 20m in the X direction, 60m in the Z direction, and
40m in the Y direction.

These dimensions are chosen so as not to affect the
value of the tunnel collapse pressure. A three-dimensional
nonuniform mesh is used. The tunnel face region is
subdivided into 100 separate zones since very high stress
gradients are developed in that region. The bottom
boundary is assumed to be fixed and the vertical boundaries
are constrained in motion in the normal direction. A
conventional elastic perfectly plastic model based on the
Mohr-Coulomb failure criterion is adopted to represent the
soil. The soil elastic properties employed are Young’s

FLAC3D 4.00

Zone

Fig. 3 Numerical mesh for the tunnel face stability in
FLAC3P

modulus, E =240 MPa and Poisson’s ratio, v =0.3. The
value of the angle of internal friction and cohesion of the
soil used in the analysis are ¢y = 0~3 kPa, ¢’ = 35%,p =
0.1 kN/m?/m and cj =variable, respectively. The soil
unit weight is taken equal to 15.2 kN/m?3. It is noted that
the soil elastic properties have a negligible effect on the
collapse pressure. A concrete lining of 0.4m thickness is
used in the analysis. The lining is simulated by a shell of
linear elastic behavior. Its elastic properties are Young’s
modulus E =15 GPa and Poisson’s ratio v =0.2. The
lining is connected to the soil via interface elements that
follow Coulomb’s law. The interface is assumed to have a
friction angle equal to two-thirds of the soil angle of
internal friction and cohesion equal to zero. Normal
stiffness, K, = 10'! Pa/m and shear stiffness, K, = 10"
Pa/m are assumed to this interface. These parameters are a
function of the neighboring elements rigidity and do not
have a major influence on the collapse pressure. In terms of
the fluid property, the porosity and permeability are
assumed constant as 0.3 and 107'?m?-sec/Pa ,
respectively. The fluid density is 9.8 kN/m3and fluid bulk
modulus assumed to be 2.0 GPa. For the computation of a
tunnel collapse pressure using FLAC?P, it is used a stress
control method (Mollon et al. 2009). Fig. 4(a) shows the
collapse velocity field given by FLAC?P, and Fig. 4(b)
shows the corresponding collapse displacement field at the
time of failure. Stability against tunnel face collapse is
ensured as long as the applied pressure (Ogppiica) 18
greater than the tunnel collapse pressure (o7).

Steady-state flow occurs when at any point in a flow
field the magnitude and direction of the flow velocity are
constant with time. Transient flow occurs when at any point
in a flow field the magnitude or direction of the flow
velocity changes with time. The steady-state approach is
valid as long as the water table is not drawn down by the
existence of the tunnel. Steady-state groundwater flow
condition is assumed in the analysis. There are two different
types of the drainage condition during a tunnel construction
such as the drainage type and the water-proof type. In the
drainage type, ground water is drained through the tunnel
wall as well as the tunnel face, while in the water-proof type
drainage is allowed only through the tunnel face. After
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Fig. 4 Calculation of tunnel collapse pressure without seepage
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(a) Pore pressure distribution before tunnel excavation

(b) Pore pressure distribution after tunnel excavation
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Fig. 5 Calculation of tunnel collapse pressure with seepage

applying the hydrostatic heads to the domain as an initial
condition, the pressure heads at the wall and the face of the
tunnel are taken to be zero in the drainage type while only
those of the face are taken to be zero in the water-proof
type. During tunnel construction below groundwater level,
flow of groundwater into the tunnel leads to total head loss
around tunnel, and causes the seepage pressure around the
tunnel. Figs. 5(a) and 5(b) show the comparison in the pore
pressure distribution between before and after tunnel

excavation. Figs. 5(c) and 5(d) show the collapse velocity
field with seepage pressure and the corresponding
displacement vector at the time of failure. We can see that
the location of a failure plane in front of the tunnel face is
somewhat changed after the consideration of seepage effect.

The analyses are conducted for 40 cases of ground
conditions as summarized in Table. 1. Each case involves
analyses with both the drainage and the water-proof type for
the seepage analysis.
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Table 1 Cases of analysis for the calculation of the limiting collapse pressure
Co
0 0.25 0.50 0.75 1.00 1.25 1.50 2.00 2.50 3.00
0 Case Case Case Case Case Case Case Case Case Case
MO1 MO02 MO03 Mo04 MO5 MO06 MO7 MO8 M09 M10
1.00 Case Case Case Case Case Case Case Case Case Case
’ M1l MI12 M13 M14 MI15 M16 M17 MI8 MI19 M20
p 1.50 Case Case Case Case Case Case Case Case Case Case
’ M21 M22 M23 M24 M25 M26 M27 M28 M29 M30
200 Case Case Case Case Case Case Case Case Case Case
) M31 M32 M33 M34 M35 M36 M37 M38 M39 M40
Table 2 The calculation of the limiting collapse pressure by UBM (C=5 m, D=5 m, H=5 m, i.e., C/D=1, H/D=1)
co
0 0.25 0.50 0.75 1.00 1.25 1.50 2.00 2.50 3.00
0 14.15 13.80 1344 13.08 12.73 1237 12.01 11.30  10.58 9.87
1.00 14.15  11.85 9.54 7.23 4.93 2.62 0.31 430 —8.92 —-13.53
P 1.50 14.14  10.87 7.59 431 1.03 -226 554 -12.10 -18.67 —25.23
2.00 14.14 9.90 5.64 1.38 287 -7.13 -11.39 -19.90 -28.42 -36.93
Table 3 The calculation of the limiting collapse pressure by UBM (C=10 m, D=5 m, H=10 m, i.e.,, C/D=2,
H/D=2)
Co
0 0.25 0.50 0.75 1.00 1.25 1.50 2.00 2.50 3.00
0 1729 1693 1658 1622 1586 15.51 15.15  14.43 13.72  13.01
1.00 17.28  13.77  10.25 6.73 3.21 -0.30 —3.82 -10.86 -17.90 -—24.94
p 1.50 17.27  12.19 7.09 1.99 -3.11 =821 -1331 -23.51 -33.71 -43091
2.00 1726 10.61 3.93 -2.75 -943 -l16.11 -22.79 -36.16 —49.52 —62.88
2.3 Comparison with UBM solution theorem is defined in Eq. (1), X =
(al .81 kll kZ) C(’)) o’) pl V; C; Dl O-S) O-S.F.) :the random

The various analysis cases are designed to understand
the effect of strength increase with depth. The parameter
ranges are chosen after considering the acceptable field
condition. The limiting collapse pressures by UBM for
various cases are calculated as summarized in Table 2 and
Table 3. When the depth-dependent rate of change
(represented as p) of effective cohesion increases, the
required face supporting pressure decreases. The negative
limiting collapse pressure values in both tables indicate that
additional face supporting pressure is unnecessary to ensure
the stability of the tunnel face.

3. Probabilistic model formulation

A probabilistic model to predict the limiting collapse

pressure of tunnel face can be written as
or(X) = 6r(X) +y(X) + se (n)

where, o =the limiting collapse pressure by the FLAC?P,
0r =the limiting collapse pressure by the upper bound

variables, y(X) =the correction term for the bias inherent
in the deterministic model that is expressed as a function of
the variables X, se =the model error, s =the unknown
standard deviation of the model error, € =a random
variable with zero mean and unit variance of standard
normal distribution. In assessing the probabilistic model,
the following assumptions are made: (a) the model variance
o? is independent of X (homoskedasticity assumption),
and (b) ¢ follows the normal distribution (normality
assumption). These assumptions are verified by using
diagnostic plots of the data or the residuals versus the model
predictions. After reviewing the diagnostic plot of the
residuals as shown in Fig. 6(a), it is introduced the constant
correction term that is independent of the random variables,
y(X) =0.075, to remove potential bias in the model. The
normality assumption is also checked in the Q-Q normal
plot of the residuals as shown in Fig. 6(b). Fig. 7 shows the
comparison in the limiting collapse pressure between by

UBM solutions and FLAC?P numerical models.
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Fig. 7 Comparison in the limiting collapse pressure
between UBM and FLAC3P numerical models

4. Reliability analysis

The limit state function, g(X), with respect to the
collapse of tunnel face in the ultimate limit state (ULS) can
be described as

g(X) = Ogpplied ™ JT(X) (12)

where, Ogppiieq = the applied pressure on the tunnel face
and o7 (X) =the limiting collapse pressure calculated by
the FLAC?P as described in the previous section.

When a probabilistic stability analysis is conducted, the
failure probability for the tunnel face collapse can be
defined as

pr=Pla <01= [ fo0ax (13)

gX)=0

where, f(X) is the joint probability density function of the
basic variable vectors X =
(a,B, ki, ky, 5,0, 0,v,C,D,05,055). The reliability
analyses using first-order reliability method (FORM), the
second-order reliability method (SORM), and Monte Carlo
simulations (MCS) are performed based on the parameters
summarized in Table 4. In this case, some of the parameters
(C,D, 0s,05) are assumed to be constant values.

8.0

Reliability Index ()

4.0 4 } } } }

0 20 40 60 80 100
Applied pressure on the tunnel face (kPa)

Fig. 8 Reliability index for the different applied pressure
values

Table 4 Parameters for the reliability analysis

P D en covs
0<ch<o Lognormal 1.00 0.20
0<P <o Lognormal 35.0 0.20
0<p<o Lognormal 0.50 0.20
0<y<o Lognormal 15.2 0.20

C =10.0m,D = 5.0m,
o5 = 10kN/m? a5 = 34.9kN/m?
*COV= coefficient of variation=standard deviation/mean

The reliability index for the different applied pressure
values can be obtained as shown in Fig. 8. As the applied
pressure on the tunnel face increase, the reliability index
also increases and it also means that the probability of
failure will decrease.

5. Sensitivity and importance measures

In a reliability analysis, sensitivity measures are used to
determine the effects on the reliability of changes in the
parameters in the limit state function or in the distribution
of the random variables. Fig. 9 shows the sensitivity
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measures as a function of the applied pressure on the tunnel
face. It is observed that @' has larger effects on the
reliability. As the applied pressure increases, the tunnel face
stability is most sensitive to @'. Fig. 10 shows the
importance measures of all random variables for the tunnel
face stability. Observations similar to those made for the
sensitivity analysis can be made for the importance
measures. The positive signs of the importance measures
indicate that these are “load” (demand) variables. The
negative sign of the importance measure indicates that this
random variable acts as a “resistance” (capacity) variable in
the limit state function. It can be seen that @' is the most
important variable and y is the second most important
variable.

5. Conclusions

The settlement profiles in shallow tunnel construction in
an urban area are mainly affected by the face stability.
Face stability analysis provides the most probable failure
mechanisms and the understanding about parameters that
need to be considered for the evaluation of ground
movements caused by tunneling. The limiting tunnel
collapse pressure in a Mohr-Coulomb (c', @') soil from the
upper bound method (UBM) of limit analysis theory which

can consider the effect of seepage into the tunnel face and
strength increase with depth.

The influence of seepage forces and depth-dependent
effective cohesion is investigated for a dual-cone failure
mechanism using the UBM implemented by numerical
analysis. The upper bound analytical derivation for depth-
dependent effective cohesion and corresponding numerical
results are presented and compared to those presented by
previous authors. In addition, the numerical analysis
demonstrated the influence of tunnel diameter on required
face supporting pressure.

After the UBM solution is verified with the numerical
experiments, the probabilistic model is proposed to
calculate the unbiased limiting tunnel collapse pressure. A
reliability analysis of a shallow circular tunnel driven by a
pressurized shield in a frictional and cohesive soil is
presented to consider the inherent uncertainty in the input
parameters and the proposed model. The ultimate limit state
(ULS) for the face stability is considered in the analysis.
The probability of failure that exceeding a specified applied
pressure at the tunnel face is estimated. Sensitivity and
importance measures are computed to identify the key
parameters and random variables in the model.
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