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Abstract

Ensuring face stability is a pressing concern in slurry shield tunneling under high water
pressure. Although slurry infiltration and filter cake formation are known to affect stabil-
ity, the governing role of seepage forces in the failure mechanisms remains insufficiently
understood, and existing models often oversimplify the regulating effect of filter cake per-
meability. To address this gap, a combined numerical-theoretical approach is developed
that explicitly incorporates seepage effects into the failure analysis. A three-dimensional
seepage model was developed to simulate transient pore water pressure distribution
ahead of the tunnel face, considering filter cake properties, stratum permeability, and ap-
plied slurry pressure. Based on the computed seepage field and a wedge-prism composite
failure mechanism, an upper-bound limit analysis model was formulated that accounts
for the work done by seepage forces. Results reveal a filter cake permeability threshold of
1.0 x 107 m/s, below which further reduction yields negligible stability improvement. Par-
ametric studies quantify the influences of internal friction angle, cohesion, depth-to-diam-
eter ratio, and permeability contrast between soil and filter cake. Validation against field
data from the Maliuzhou Tunnel demonstrated that the calculated limit pressures consist-
ently lie below the field-measured slurry pressures, confirming the model’s reliability and
its practical utility for guiding slurry pressure selection in complex ground conditions.

Keywords: limit analysis; critical support pressure; filter cake; pore pressure; numerical
simulation; face failure mechanism

1. Introduction

Slurry shield tunneling is the preferred method for constructing subaqueous tunnels
in complex hydrogeological strata due to its capability to maintain face stability under
high water pressure [1,2]. The technique relies on pressurized slurry to form a low-per-
meability filter cake on the excavation face, balancing earth and water pressures. However,
continuous cutterhead rotation causes recurring cycles of filter cake damage and refor-
mation, leading to unavoidable slurry infiltration into the ground [3,4]. This process alters
the seepage field and stress distribution ahead of the face, generating excess pore water
pressure and introducing seepage forces that critically influence stability. The governing
role of these seepage forces in the failure mechanism, particularly the coupled effect of
filter cake and stratum permeability, remains insufficiently understood.
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Face stability has been analyzed through theoretical models, numerical simulations [5—
7], and physical model tests [8-10]. Among theoretical approaches, limit equilibrium and
limit analysis are widely adopted. Horn [11] proposed the classical wedge—prism failure
mode, later extended by Anagnostou and Kovari [12,13] for slurry and earth pressure bal-
ance (EPB) shields. The upper-bound theorem offers a rigorous kinematic alternative: Leca
and Dormieux [14] introduced a conical collapse mechanism, Soubra [15] refined it into a
multi-cone mode, and Subrin and Wong [16] proposed a “Horn Tip” shape. More recently,
Liu et al. [17] developed an upper-bound mechanism for partial blowout in large slurry
shields. When applied to seepage-coupled problems, limit equilibrium typically treats seep-
age as a boundary pore pressure condition, whereas upper-bound methods enable direct
inclusion of seepage forces as external work—an advantage exploited in this study.

Recent advances have added various complexities. Sun et al. [18] and Zheng et al. [19]
employed adaptive lower-bound finite element methods; Di et al. [20] incorporated ani-
sotropic seepage; Hou et al. [21,22] analyzed unsaturated transient conditions; Li et al. [23]
and Zhang et al. [24] investigated support pressure under seepage using logarithmic spi-
ral mechanisms. Chen et al. [25] proposed a three-dimensional passive partial failure
model, while Yin et al. [26] emphasized the importance of filter cake formation for face
stability.

A critical limitation persists: most models simplify slurry pressure as a uniform sur-
face load, neglecting the three-dimensional seepage field induced by slurry infiltration
[7,24,27]. Although Broere [28] and Lee et al. [29,30] introduced excess pore pressure into
limit equilibrium frameworks, and Perazzelli and Anagnostou et al. [31,32] extended the
wedge model using a transverse-slice technique, these approaches did not fully couple
seepage force vectors into the mechanical energy balance. The upper-bound theorem has
been increasingly adopted for this purpose. Liu [33], Song [34], and Yin [26] embedded
seepage effects into three-dimensional failure mechanisms, while Lv et al. [35,36] inte-
grated numerical seepage simulations with a trapezoidal wedge model. Ning et al. [37]
recently developed a limit equilibrium model using the infinitesimally thin slice method
that explicitly incorporates slurry infiltration-induced excess pore pressure, eliminating a
priori assumptions on vertical stress distribution in the failure wedge. Most recently, Pan
et al. [38] introduced a heterogeneous dynamic filter cake into upper-bound analysis,
demonstrating that spatial and temporal permeability variations significantly affect sta-
bility. Concurrently, filter cake formation models have clarified the roles of particle clog-
ging and skeleton compression [39,40]. However, existing studies either treat the filter
cake as a perfect membrane or focus on its formation process, without quantifying the
impact of its permeability on the three-dimensional failure mode or on the critical slurry
pressure.

To address this gap, this study develops a coupled numerical-theoretical framework
that explicitly incorporates slurry infiltration effects. The objectives are: (1) to develop a
three-dimensional seepage model quantifying transient pore pressure ahead of the face
under variable filter cake and stratum permeability; (2) to formulate an upper-bound limit
analysis based on a wedge—prism composite failure mechanism, with computed seepage
forces integrated as external work; and (3) to derive a closed-form critical slurry pressure
solution and validate it against field data from a large-diameter slurry shield tunnel.

2. Methodology
2.1. Three-Dimensional Finite Element Model for the Slurry Shield Tunnel Face
Based on Darcy’s law and the assumption of homogeneous formation permeability,
a three-dimensional finite difference model was established solely for seepage analysis to
obtain the transient pore water pressure distribution ahead of the tunnel face. No mechan-
ical deformation or excavation-stage simulation is performed in this model; the resulting
https://doi.org/10.3390/buildings16132561
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seepage forces are subsequently input into the upper-bound limit analysis for stability
evaluation. The model dimensions were set to 90 m (length) x 60 m (width) x 40 m (height),
corresponding to 6D, 4D, and 4D, respectively, for a tunnel diameter of D = 15.0 m. The
tunnel burial depth was 1D, and a 0.2 m-thick filter cake was modeled on the excavation

face (see Figure 1 for geometry and mesh).
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Figure 1. Geometry and dimensions of the slurry shield tunnel model.

2.1.1. Boundary and Initial Conditions

The lateral boundaries and model bottom were set as impermeable. The ground sur-
face was defined as a fixed zero-pore-pressure boundary, with the groundwater table at
the surface. The tunnel lining was also impermeable. The excavation face was the sole
permeable boundary, assigned a constant total pressure head equivalent to the slurry
pressure. The base-case slurry pressure was 460 kPa, representing the sum of earth and
water pressures at the face center plus a 20 kPa surcharge. Comparative cases considered
slurry pressures of 440, 420, 400, and 380 kPa, as well as impermeable and zero-pressure
face conditions. Slurry pressure was applied with a gradient of 12 kPa/m to reflect its unit
weight.

The selection of these hydraulic boundary conditions is justified as follows. The lat-
eral boundaries and model bottom were treated as impermeable because the model do-
main (6D x 4D x 4D) is sufficiently large to ensure that hydraulic gradients at these bound-
aries are negligible. A boundary-effect verification confirmed that the pore water pressure
at monitoring points located 5D from the tunnel face was negligibly different from that at
the domain boundary (6D). The ground surface was defined as a fixed zero-pore-pressure
boundary, consistent with the groundwater table being at the surface. The tunnel lining
was treated as impermeable, reflecting the low permeability of the concrete segmental
lining relative to the surrounding soil. The excavation face was the sole permeable bound-
ary, assigned a constant total pressure head equivalent to the slurry pressure, which was
varied across the comparative cases to represent different support conditions [7,41].
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2.1.2. Material Parameters

The sandy stratum was assigned a baseline permeability coefficient ks=1.0 x 10~ m/s,
representative of a typical medium-to-coarse sand, and a porosity of 0.38. To evaluate
parametric sensitivity, additional stratum permeabilities of 5.0 x 105 m/s, 1.0 x 10~ m/s,
and 1.0 x 10 m/s were also analyzed, spanning the range from fine sand to silty sand. The
filter cake permeability km was varied as 1.0 x 10~ m/s (no effective cake), 1.0 x 10 m/s
(semi-permeable), and 1.0 x 10® m/s (nearly impermeable). These filter cake values are
consistent with the range reported for advanced slurry materials [41]. The slurry pressure
was applied with a gradient of 12 kPa/m, reflecting the typical unit weight of bentonite
slurry. The influence of a slurry infiltration zone was neglected in this idealized model;
the implications of this simplification are discussed in Section 2.1.4.

2.1.3. Analysis Procedure

The analysis first obtained the initial in situ pore pressure under hydrostatic condi-
tions. Tunnel excavation was then simulated by applying the transient slurry pressure
boundary at the face. Pore water pressure evolution was monitored over time at desig-
nated points ahead of the face and at the tunnel crown, center, and invert (Figure 1), cor-
responding to typical standstill periods in shield advancement.

2.1.4. Model Assumptions

To isolate the governing role of filter cake permeability, the following simplifying
assumptions are adopted:

a. Seepage-only analysis: The finite element model solves only the groundwater flow
equation (Darcy’s law). No mechanical deformation, stress redistribution, or staged
excavation is simulated, and no displacement constraints are imposed.

b. Homogeneous, isotropic, Darcian seepage: The stratum is treated as a homogeneous
isotropic porous medium, and groundwater flow obeys Darcy’s law throughout the
domain. Non-Darcy effects under high hydraulic gradients are neglected.

c.  Neglect of the slurry infiltration zone: The low-permeability transition layer formed
by bentonite particle clogging ahead of the face is not explicitly modeled. Omitting
this impedance layer yields a conservative (upper-bound) estimate of excess pore
pressure, which is prudent for a face-stability assessment.

d. Equivalent filter cake: The filter cake is represented as a thin (0.2 m) equivalent con-
tinuum with uniform permeability km. This thickness is a numerical convenience to
avoid mesh-size singularities and does not represent the physical cake (typically <1
cm). The hydraulic resistance is governed by the ratio km/dm; the modeled seepage
field remains equivalent as long as this ratio is preserved.

e. Impermeable far-field boundaries: The lateral boundaries, model bottom, and tunnel
lining are treated as impermeable. The domain size (6D x 4D x 4D) ensures boundary
hydraulic gradients are negligible, as confirmed by a sensitivity check.

f. Mesh discretization adequacy: A formal mesh convergence study with systematic
grid refinement was not performed, as the primary objective of the numerical model
is to provide the seepage force distribution as input to the upper-bound limit analysis
rather than to pursue mesh-independent absolute values. The mesh design therefore
focused on adequately resolving the steep hydraulic gradient across the filter cake,
which dominates the overall hydraulic resistance of the system. Local refinement was
applied near the excavation face, with the element size significantly smaller than the
cake thickness (on the order of 0.05 m), to ensure that the pressure drop across this
low-permeability layer is captured with sufficient resolution. The far-field region was
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discretized with a coarser mesh, as hydraulic gradients there are negligible. This dis-
cretization strategy follows typical practices in seepage finite-element modeling for
problems involving high-permeability-contrast layers, where localized refinement is
prioritized over uniform grid densification.

2.2. Upper-Bound Limit Analysis with Seepage Forces
2.2.1. Failure Mechanism and Velocity Field

Based on the failure patterns observed in particle flow simulations [10] (Figure 2a),
the failure mechanism of the excavation face remains consistent across different stages of
instability and does not vary with burial depth. Furthermore, under critical failure condi-
tions, the observed failure mode aligns with the excavation face failure model proposed
by Leca et al. [14]. A kinematically admissible failure mechanism is established for upper-
bound limit analysis. The proposed three-dimensional composite mechanism comprises
rigid blocks including an active wedge (Block a) and a passive zone subdivided into a
shear cone (Block b) and a bottom wedge (Block c), as illustrated in Figure 2b).

To apply the theoretical model, the seepage force components (fax, fay, fsx, fdy) acting
on the failure blocks must be determined quantitatively.

20\
WA -
Ly el AL ]
Is \ ground surface
h
c lva
a
O B
0 Vbl
Ot by
C
D v,
B=n/4+¢/2
G

(@) (b)

Figure 2. Schematic of the active failure zone in the upper-bound model (a) Particle flow calculation
results (adapted from [10]) and (b) Theoretical model of the upper-bound method for limit analysis.

2.2.2. Theoretical Formulation

Based on the theoretical mechanism of the upper-bound limit analysis method, the
work rate of seepage forces is incorporated into the formulation. The power Pr due to
seepage forces depends on their magnitude and spatial distribution. Under seepage con-
ditions, the forces acting on the sliding block can be described in terms of the effective
stresses on the soil skeleton, the submerged unit weight of the soil, and the resultant of
seepage forces acting on soil particles. Alternatively, the system can be simplified by con-
sidering the resultant of the saturated soil weight and the pore water pressure along the
sliding boundary. Following the approach of Lv et al. [36] for calculating the power of
seepage forces, this study computes the seepage effect via the resultant of pore water pres-
sure and buoyancy on the failure surface. The failure zone is divided into two regions: A
and B, where region A corresponds to the wedge block and region B (including block b
and block c) comprises the prismatic blocks ahead of the face. The horizontal and vertical
components of the seepage force per unit area—denoted as fax, fay, and fex, foy—in regions
A and B are expressed as Equation (1):
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Owing to the generally low permeability of the filter cake, a hydraulic gradient de-
velops across it as slurry water permeates through, inducing a relatively large horizontal
seepage force Fm acting on the cake. Given the small thickness of the filter cake, this seep-
age force Fm can be regarded as an effective support force applied to the excavation face.
Although the slurry pressure decreases significantly after passing through the filter cake,
it remains higher than the static pore water pressure, resulting in an excess pore water
pressure that continues to propagate into the stratum. Only the seepage forces within the
failure mechanism influence face stability; those outside the instability zone have no effect.

As illustrated in Figure 3, the seepage forces acting on the unstable block include the
vertical component Fay on region A, and the horizontal and vertical components Fay on
region B. Additionally, the filter cake is subjected to a horizontal seepage force Fm, which
can be simplified as a uniformly distributed horizontal load Fm applied over the instability
zone, as shown in Figure 3.

According to Equation (1), to determine the critical slurry pressure, it is necessary to
compute the horizontal and vertical seepage force components per unit area—denoted as
fax, fay, and fsx, fsy—acting on region A and B.

In a unit volume of soil, the forces ( £, fy, fz) exerted by the seepage flow on the soil
skeleton are expressed as Equation (2)

. Oh(x,y,z
fﬂwﬁ

S=r.
L=,

X
Oh(x,y,z)

y
Oh(x,y,z)

0z

2)

The head function, denoted as h(x,y,z), defines the components of the seepage stress
(fv fy, f2) in their respective directions. Determining the head distribution, which is gov-
erned by the steady-state seepage equation, is a prerequisite for calculating the seepage
force on the excavation face. The governing differential equation for steady-state seepage
is given by Equation (3):

o oh. o oh. o oh
e Iy Ce Iy D Iy
abatyb ) ey ©)

In the formulation, f, fy and fz denote the permeability coefficients of the stratum in
the x, y and z directions, respectively. As theoretical solutions for the head distribution in
such settings are often impractical, the head distribution is derived from the pore water
pressure patterns established in Section 2.1, which in turn enables the calculation of the
seepage force acting on the soil at the excavation face.

The seepage forces on the filter cake and within the failure zone are determined using
the strip method. For region A, it is divided uniformly in the horizontal direction into 10
trapezoidal segments of equal width. Using numerical analysis software, the pore water
pressure at corresponding points is computed and monitored, allowing the vertical seep-
age force within each sub-segment to be evaluated. The resulting expression for Fay is as
shown in Equation (4):

10
FAy:Zviiyw (4)
i=1

In the formula, vi represents the volume of the i-th block, i represents the hydraulic
gradient of the i-th block in the vertical direction, and yw represents the specific gravity of
water.
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Similarly, divide region B horizontally into 10 blocks of equal width and vertically
into 15 blocks of equal width for the calculation and analysis of Fsy and Fsx. Use the same
method to calculate the filter cake Fm exerted by the filter cake.

Taking into account the effects of cohesion, additional stress, effective weight and
permeability, the critical slurry pressure under seepage conditions can be obtained as
Equation (5):

o, =cN,+yN,+qN, + fNg (5)

where N¢, Ny, Nq, and Nr are the dimensionless influence coefficients for cohesion, sur-
charge, soil self-weight, and seepage force, respectively. Their values are derived from the
upper-bound energy balance and depend on the internal friction angle ¢ and the failure
geometry [14,36].

Vertical slices
/ B

/

/

Filter cake

B=n/4+¢/2
G G

(b) Discretization of region B

Figure 3. Discretization scheme of the failure region.

3. Results
3.1. Results of the Seepage Analysis for the Slurry Shield Tunnel Face
(1) Seepage field distribution and influencing factors

Figure 4 illustrates the pore water pressure distributions at the excavation face under
different filter cake permeability conditions. Figure 4a corresponds to a slurry pressure of
460 kPa without an effective filter cake, while Figure 4b shows the case with a slightly
permeable filter cake under the same pressure. In the absence of an effective filter cake,
the pore water pressure increases rapidly near the excavation face, generating significant
excess pore pressure. This excess pressure attenuates with distance from the face, with the
growth rate gradually decreasing. Although the pore pressure increases with depth due
to the slurry pressure gradient, this increase is partially offset by the initial seepage field.
When a slightly permeable filter cake is present, the cake’s sealing effect causes a marked
pressure drop within its thickness. Consequently, the resulting excess pore pressure in the
soil is substantially lower than in the no-cake scenario, demonstrating the filter cake’s ef-
fectiveness in mitigating slurry infiltration and excess pressure development.
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Figure 4. Pore water pressure distribution under various filter cake conditions.

(2) Key influencing factors and trends

The filter cake plays a dominant role in controlling face seepage. Figure 5a compares
pore pressure profiles with and without a filter cake. Without a filter cake, the 100 kPa
isobar migrates to approximately 0.3D ahead of the face after 60 s and to nearly 0.5D after
2400 s. With a slightly permeable filter cake (km = 1.0 x 10 m/s), the same isobar remains
within 0.1D of the face, confirming the cake’s sealing effect. The effect of cake permeability
exhibits a clear threshold: reducing km below 1.0 x 107 m/s brings negligible further reduc-
tion in pore pressure (Figure 5b), indicating an optimal lower limit for filter cake design.

Stratum permeability mainly affects the spatial decay rate of excess pore pressure. In
high-permeability strata (ks = 1.0 x 10 m/s), the pressure decays gradually, while low-
permeability strata (ks=1.0 x 106 m/s) produce a steep gradient that localizes excess pres-
sure near the face (Figure 5c). The maximum pore pressure ahead of the face increases
linearly with the applied slurry pressure.
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(a) Influence of filter cake permeability.
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Figure 5. Distribution of seepage pressure at the tunnel face.

3.2. Analysis of Seepage Forces and Influencing Factors

Based on the methodology described above, the seepage forces acting on the filter
cake and within the failure zone were calculated separately. These forces are influenced
by the permeability coefficient of the filter cake, the permeability of the stratum, and the
applied slurry pressure. Each factor was analyzed individually. To investigate the effect
of the filter cake permeability, the slurry pressure at the center of the excavation face was
set to 460 kPa, the stratum permeability coefficient was fixed at ks = 1.0 x 10 m/s, and the
filter cake permeability coefficient km was varied from 1.0 x 10 m/s to 1.0 x 10* m/s in
increasing order. The computed seepage forces under different permeability coefficients
are presented in Figure 6a. The results indicate that as the filter cake permeability in-
creases, the seepage forces acting on all three blocks in the failure zone increase, and the
force on the filter cake itself also rises. However, with increasing km, the proportion of the
total seepage force borne by the filter cake relative to that acting on the failure blocks de-
creases.

To analyze the influence of stratum permeability on the seepage forces acting on both
the filter cake and within the failure zone, the slurry pressure at the center of the excava-
tion face was set to 460 kPa, with a fixed filter cake permeability of km =1.0 x 10 m/s. The
stratum permeability coefficient ks was varied in decreasing order across the values: 1.0 x
104, 5.0 x 10-%, 1.0 x 105, 5.0 x 106, and 2.0 x 106 m/s. The resulting seepage forces under
these different permeability conditions are presented in Figure 6b. As stratum permeabil-
ity increases, the seepage forces on the two blocks in the failure zone decrease, while the
seepage force acting on the filter cake decreases more markedly. Moreover, the horizontal
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Figure 6. Seepage force at the excavation face as a function of influencing factors.

To evaluate the influence of effective slurry pressure on the seepage forces acting on
the filter cake and within the unstable zone, the filter cake permeability was set to km =1.0
x 106 m/s and the stratum permeability to ks = 1.0 x 10 m/s. The slurry pressure at the
center of the excavation face was varied as 300, 340, 380, 400, 420, 440, and 460 kPa, corre-
sponding to effective slurry pressures of 75, 115, 155, 175, 195, 215, and 235 kPa, respec-
tively. The resulting seepage forces under these different pressure conditions are shown
in Figure 6c. As the slurry pressure increases, the seepage stress fm on the filter cake, the
vertical seepage stress fay on region A, and the horizontal seepage stress fex on region B all
increase, whereas fsy remains nearly unchanged. The results indicate a clear linear rela-
tionship between each of these seepage forces and the effective slurry pressure pe. A linear
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relationship exists between the seepage forces (fm, fay and fsx) and the effective slurry pres-
sure pe, expressed as Equation (6):

£.=0.483p,
,=0.048p,
£, =0.0365p,
f4,=0.73kPa

(6)

3.3. Critical Slurry Pressure
(1) Critical slurry pressure influence coefficient Ny and N

By substituting the relationship between the seepage forces on the filter cake and
within the failure zone and the effective slurry pressure (Equation (6)) into the critical
slurry pressure equation (Equation (5)), the minimum effective slurry pressure pemin re-
quired to maintain excavation face stability — corresponding to ot in the equation—can be
obtained.

Figure 7 illustrates the variation in the parameters Ny and N., with burial depth and
internal friction angle. The soil internal friction angle ¢ was varied from 10° to 40°, and
the depth ratio C/D was considered over a range of 0.5 to 3.0. The results show that the
trends of Ny and N are generally consistent with the variations in the cover-to-diameter
ratio C/D and internal friction angle ¢. Specifically, under constant burial depth the abso-
lute values of Nyand Nc decrease gradually as C/D increases, with the rate of decrease
slowing at higher friction angles. When ¢ >20°, Ny and N. exhibit negligible dependence
on the depth ratio C/D. For ¢ = 15°and C/D > 1.0, or for ¢ = 10° and C/D > 1.5, the param-
eters also become independent of depth. Under all other conditions, Ny and N, increase
gradually with increasing C/D at a fixed internal friction angle [14].
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Figure 7. Dependence of Ny and Nc on burial depth and internal friction angle.

(2) Influencing factors for critical slurry pressure

To investigate the influence of the internal friction angle and burial depth on the crit-
ical slurry pressure, the following parameters were adopted: a stratum permeability coef-
ficient of ks = 1.0 x 10* m/s, a slightly permeable filter cake at the excavation face with km
=1.0 x 10 m/s, a ground water level at the surface, an effective unit weight of the soil y =
10 kN/m?3, zero cohesion (¢ = 0 kPa), a burial depth ratio C/D ranging from 0.5 to 3.0, and
an internal friction angle ¢ varying from 10° to 40°. The resulting critical effective slurry
pressures are presented in Figure 8. As shown in the Figure, the variation in the critical
effective pressure with internal friction angle and burial depth ratio aligns with the be-
havior of the bearing capacity factors Ny and N.. Specifically:
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At a given burial depth, the critical effective slurry pressure decreases gradually as
the internal friction angle increases, with the rate of decrease diminishing at higher angles.

When ¢ >20°, the critical effective slurry pressure becomes independent of the burial
depth ratio.

For ¢ = 15°nd C/D > 1.0, or for ¢ = 10° and C/D > 1.5, the critical pressure remains
constant with increasing burial depth.

Under all other combinations, the critical pressure increases gradually with the burial
depth ratio for a fixed internal friction angle.
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Figure 8. Influence of key parameters on the critical slurry pressure.

The influence law of formation cohesion on the critical slurry pressure is shown in
Figure 8a. Here, the effective weight of the formation is 10 kN/m?, the burial depth ratio
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C/Dis 1.0, the internal friction angle of the soil is set between 10° and 40°, and the cohesion
is taken as 0 to 12 kPa. The formation permeability coefficient ks = 1.0 x 10 m/s, the filter
cake permeability coefficient km = 1.0 x 10 m/s, and the groundwater level line is at the
surface. From the figure, it can be seen that as the cohesion and internal friction angle
increase, the critical slurry pressure required to maintain the stability of the excavation
face gradually decreases.

To investigate the influence of stratum and filter cake permeability on the critical
slurry pressure, the following parameters were adopted: an effective unit weight of stra-
tum y = 10 kN/m?, a burial depth ratio C/D = 1.0, an internal friction angle ¢ = 30°, and
cohesion ¢ = 0 kPa. The stratum permeability coefficients were set as 1.0 x 104, 5.0 x 105,
1.0 x 105, 5.0 x 105, and 2.0 x 10-¢ m/s, while the filter cake permeability coefficients were
taken as 1.0 x 104, 1.0 x 105, 1.0 x 106, 1.0 x 107, and 1.0 x 10 m/s, respectively. The
resulting variation in the critical slurry pressure under different permeability coefficients
is shown in Figure 8b. It can be observed that under single-factor variation, the critical
slurry pressure increases gradually with the increase in the filter cake permeability. Con-
sequently, a higher effective slurry pressure is required to maintain face stability. The stra-
tum permeability also exhibits a positive correlation with the critical slurry pressure.
However, when the permeability reaches 5.0 x 10-° m/s, the critical slurry pressure shows
almost no further change with increasing stratum permeability.

3.4. Case Study— Stability Analysis and Field Validation

The validation of the proposed method follows a four-step procedure: (i) characteri-
zation of the composite strata at the selected tunnel sections and determination of equiv-
alent geotechnical parameters via a weighted-average approach; (ii) computation of the
transient seepage field using the finite element model described in Section 2.1; (iii) calcu-
lation of the seepage force components acting on the failure blocks using the strip method
(Section 2.2) and determination of the critical effective slurry pressures via Equation (5);
and (iv) comparison of the calculated limit pressures with field-measured slurry pressures.
(1) Engineering background

The Maliuzhou Transportation Tunnel, located in Zhuhai City, Guangdong Province,
China, is a large-diameter subaqueous slurry shield tunnel linking Nanwan District and
Henggin New District. The shield-driven section is approximately 1.1 km long, with an
excavation diameter of 14.5 m and a segment outer diameter of 13.3 m. The ring width is
2 m, and the cover depth varies from 7.7 m to 23.0 m along the alignment. The tunnel was
excavated using a slurry pressure balance shield machine. The groundwater table is lo-
cated about 2 m below the ground surface and is hydraulically connected to the Mali-
uzhou Waterway.

Three representative geological cross-sections within Rings 250-310 are shown in
Figure 9. The strata are composite, consisting of silt, clay, coarse sand, gravelly clay, and
completely to highly weathered granite. Soil parameters are listed in Table 1.
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Figure 9. Typical cross-sections of the shield tunnel.
Table 1. Equivalent geotechnical parameters of the composite strata.
Stratum Unit Weight  Effective Cohe-  Effective Friction = Permeability Coeffi-
(kN/m?) sion (kPa) Angle (°) cient (m/s)
Silt 16.5 9.0 8.0 6.0 x 10°
Clay 19.3 30.0 15.8 4.35 x 108
Coarse sand 19.5 0.0 28.9 5.0 x 104
Gravelly clay 18.3 19.5 18.8 1.5 x 107
Completely weathered granite 18.9 44.0 26.0 6.88 x 108
Highly weathered granite 18.9 78.0 28.9 6.88 x 108

(2) Weighted-average parameters for composite strata

Shear strength parameters were determined via consolidated undrained triaxial test-
ing of undisturbed samples, with complete geotechnical properties provided in Table 1.
Given the composite nature of the strata in all three sections, a weighted-average proce-
dure based on Perazzelli and Anagnostou [32] was applied to the unit weight and strength
parameters over the depth from the tunnel invert to the ground surface. This simplifica-
tion facilitates stratigraphic modeling, and the resulting averaged parameters are pre-
sented in Table 2.

Table 2. Weighted-average parameters of the composite strata.

Section Unit Weight (kN/m3)  Cohesion (kPa) Internal Friction Angle (°)
Section 1 17.91 8.85 16.19
Section 2 17.30 12.28 11.83
Section 3 17.71 15.13 14.14
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(3) Critical effective slurry pressures

Using the finite element model described in Section 2.1 [7], the seepage fields for the
three sections were computed. The filter cake permeability was set to km =1.0 x 10 m/s,
consistent with the slurry mix design. The seepage force components fa, fex, and fsy were
calculated via the strip method (Equation (6)).

Substituting the computed seepage forces and averaged soil parameters into Equa-
tion (5) yields the minimum critical effective slurry pressures: 149.75 kPa (Section 1),
140.37 kPa (Section 2), and 139.31 kPa (Section 3).

(4) Comparison with field-measured slurry pressures

Critical effective slurry pressures are compared with the field-measured effective
slurry pressures (180-240 kPa) for Rings 250-310 in Figure 10. The measured values con-
sistently exceed the theoretical limits, with a safety margin of 1.2-1.7. This confirms that
the applied slurry pressure was sufficient to ensure face stability throughout this tunnel
segment.

The safety margin reflects both operational practice (operators apply a margin above
the theoretical minimum) and the conservative nature of the model (neglecting soil arch-
ing and partial filter cake healing [32]). Field monitoring of excavation parameters and
riverbed deformation showed no signs of face instability, further supporting the model’s
reliability as a lower-bound estimator.
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Figure 10. Measured versus theoretical slurry pressures.

4. Discussion

Compared with classical limit equilibrium methods (e.g., the wedge—prism model
proposed by Horn [11] and later extended by Anagnostou and Kovari [12,13]), the present
upper-bound framework offers three distinct advantages. First, it directly incorporates the
work done by three-dimensional seepage force vectors into the energy balance (Equation
(5)), rather than through simplified surcharge terms or a priori assumptions on vertical
stress distribution [10,32]. This provides a more rigorous treatment of the seepage—stabil-
ity coupling. Second, the model explicitly quantifies the permeability threshold effects of
both the filter cake and the stratum —specifically, a filter cake permeability threshold of
1.0 x 107 m/s (below which further reduction yields negligible pore pressure decrease)
and a stratum permeability ceiling effect at 5.0 x 10> m/s (beyond which the critical pres-
sure becomes insensitive to stratum permeability). These quantitative insights are inac-
cessible in conventional wedge models that treat the filter cake as either perfectly imper-
meable or neglect its permeability altogether. Third, the model provides a conservative
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yet practical lower-bound estimate of the critical support pressure. As demonstrated in
the Maliuzhou Tunnel case study, the calculated limit pressures (139-150 kPa) consist-
ently lie below the field-measured values (180-240 kPa), with a safety margin of 1.2-1.7,
confirming its reliability as a design tool for guiding slurry pressure selection in complex
ground conditions.

The permeability threshold of the filter cake—below 1.0 x 107 m/s, further reduction
yields negligible pore pressure decrease —results from the dominant hydraulic resistance
of the cake relative to the stratum. When knm is sufficiently lower than ks, the total head loss
is governed almost entirely by the filter cake, and further reducing km yields diminishing
returns. This mechanism also explains why the critical slurry pressure becomes insensi-
tive to stratum permeability beyond 5.0 x 10-° m/s (Figure 8b): in highly permeable strata,
the hydraulic resistance is overwhelmingly concentrated in the filter cake. The greater
sensitivity of horizontal seepage forces to ks arises because horizontal gradients are con-
trolled by the contrast between slurry pressure and in situ pore pressure, whereas vertical
gradients are partly gravity-driven and less permeability-dependent.

For engineering practice, the identified threshold provides a quantitative target for slurry
mix design, indicating that pursuing ultralow filter cake permeability is unnecessary; re-
sources are better directed toward ensuring rapid filter cake formation and maintaining cake
integrity against cutterhead disturbance. For highly permeable strata, optimizing slurry ma-
terial properties is more effective than further increasing the applied pressure. The closed-
form critical pressure expression (Equation (5)) and the seepage force—pressure relationship
(Equation (6)) offer a practical estimation tool, and the 1.2-1.7 safety margin observed at the
Maliuzhou Tunnel reflects both operational conservatism and the conservative nature of the
model, which omits stabilizing factors such as soil arching and partial filter cake healing [32].
In complex construction scenarios, a well-validated theoretical model can provide valuable
guidance for parameter selection when its limitations are clearly understood.

Several limitations arising from the modeling assumptions should be acknowledged.
First, the model assumes a homogeneous isotropic stratum obeying Darcy’s law; in practice,
natural soils are often layered or anisotropic, and non-Darcy flow may occur in coarse granu-
lar soils under the high hydraulic gradients that develop across the thin filter cake. Second, the
slurry infiltration zone is not explicitly modeled. As discussed in Section 2.1.4, omitting this
low-permeability transition layer yields a conservative (upper-bound) estimate of excess pore
pressure, which is prudent for face-stability assessment; however, the degree of conservatism
cannot be quantified without explicit infiltration modeling. Third, the filter cake is treated as
a uniform equivalent layer with constant permeability, without resolving its time-dependent
growth or the cyclic damage and non-uniformity induced by cutterhead rotation. Fourth, the
stability assessment is quasi-static and does not capture transient pressure fluctuations during
shield advance. Finally, a formal mesh convergence study was not performed; the element
sizes were selected based on established criteria for seepage finite element analysis (Section
2.1.4), and while the consistency with field observations (Section 3.4) provides indirect support,
the numerical accuracy cannot be rigorously quantified without systematic grid refinement.
All numerical and analytical models of geotechnical construction processes necessarily adopt
simplifying assumptions, and the key is to identify which simplifications are conservative and
which may lead to unconservative estimates. Future work should address these limitations
through heterogeneous and anisotropic modeling, non-Darcy flow formulations, transient
cutterhead —cake interaction, fully three-dimensional limit analysis, and controlled experi-
mental validation.

5. Conclusions

Based on theoretical analysis incorporating a three-dimensional failure mechanism
and comprehensive numerical simulations, this study develops an upper-bound limit
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analysis model for slurry shield tunnel face stability that explicitly accounts for slurry in-
filtration and the resulting seepage forces. The main findings are summarized as follows:

(1) The filter cake permeability controls the pore pressure ahead of the face. Its influence
diminishes below a threshold of 1.0 x 107 m/s. Pore pressure increases with stratum
permeability and slurry pressure, exhibiting gradual variation in permeable strata
and sharper gradients in low-permeability layers.

(2) Seepage forces on the failure blocks and filter cake increase linearly with slurry pres-
sure and filter cake permeability, but decrease with stratum permeability. As filter
cake permeability rises, its share of the total seepage force decreases.

(3) A closed-form solution for the limit slurry pressure is derived by incorporating seep-
age work into a kinematically admissible failure mechanism. The solution explicitly
includes the effects of cohesion, surcharge, soil weight, and seepage.

(4) The limit pressure decreases with higher cohesion and internal friction angle, shows
little dependence on burial depth, and increases with both filter cake and stratum
permeability.

(5) Field data from the Maliuzhou Tunnel (Rings 250-310) show applied slurry pressures
(180-240 kPa) consistently above the calculated limit values (139-150 kPa), confirm-
ing face stability and validating the model.

The present model assumes homogeneous strata and Darcy-type seepage, and does not
incorporate dynamic construction effects or cutterhead-soil interaction. Future studies should
address non-homogeneous/permeable formations, non-Darcy flow under high gradients, and
the transient coupling between advancing excavation and seepage-stability evolution.
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Nomenclature

Symbol Definition Unit
C Cover depth from ground surface to tunnel crown m

D Tunnel diameter m

C/D Cover-to-diameter ratio -

ks Permeability coefficient of stratum m/s

km Permeability coefficient of filter cake m/s

pe Effective slurry pressure at the tunnel face center kPa
Pemin Minimum critical effective slurry pressure kPa
fax, fay  Horizontal/vertical component of seepage force per unit area on Region A kN/m3
fBx, foy Horizontal/vertical component of seepage force per unit area on Region B kN/m3
Fay Total vertical seepage force on Region A kN
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Fsx, Fey ~ Total horizontal/vertical seepage force on Region B kN
Fm Seepage force on filter cake kN
h Hydraulic head m
Yw Unit weight of water kN/m3
Effective unit weight of soil kN/m3
c Effective cohesion kPa
@ Effective internal friction angle °
Ne Bearing capacity factor for cohesion -
Ny Bearing capacity factor for soil weight -
Nq Bearing capacity factor for surcharge -
Nr Influence coefficient for seepage force -
t Time S
dm Thickness of the filter cake m
i Hydraulic gradient -
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