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Abstract

The use of shield method in tunnel construction is limited by the engineering conditions of highwater pressure. This is mainly due to
the uncertainty of the pressure-bearing capacity of the sealing chambers of the shield tail under different grades and conditions when
subjected to different external water pressures. Therefore, it is crucial to determine the pressure-bearing capacity of the sealing chambers.
However, there is a lack of studies on the calculating method of the pressure-bearing capacity, which requires more theoretical investi-
gation. To explore the common patterns of multi-grade sealing-related parameters and quantify the pressure-bearing capacity of the seal-
ing chambers, a breakdown and leakage model of the shield tail is proposed, targeting the basic sealing unit of the system. Based on non-
Newtonian fluid dynamics and fractal theory of porous media, the model is used to calculate the breakdown pressure and grease seepage
rate corresponding to tunneling and shutdown states. In addition, a hydraulic breakdown device of the sealing unit of the static shield tail
is built to investigate the relationship between the shield tail clearance and the shield tail brush porous media area, which helps to verify
the theoretical model. Finally, the analysis of sealing chamber geometry parameters, grease rheological parameters, and an environmen-
tal parameter using the proposed theoretical model shows that the pressure-bearing capacity of the shield tail can be improved by increas-
ing the shield tail clearance and grease yield stress. It also shows that the length of the sealing chamber and the plastic viscosity of the
grease do not have a significant effect on the breakdown pressure of the shield tail. The model proposed in this paper will provide ideas
for the calculation of the pressure-bearing capacity of multi-grade sealing chambers in the future.
1 Introduction

In recent years, the shield method has been widely
applied in tunnel construction due to its advantages of
stratigraphic adaptability, construction safety, and high
efficiency (Chaipanna & Jongpradist, 2019; Koyama,
2003; Ye et al., 2019; Yu et al., 2019). During tunneling
by the shield machine, the shield tail bears the soil and water
pressure, and blocks the hydraulic connection between the
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ground and the inside of the tunnel. Therefore, the sealing
performance of the shield tail directly determines the safety
of the engineering. If the sealing system of the shield tail is
punctured, it will lead to water seepage and even cause sig-
nificant engineering accidents such as ground collapse (Cao
et al., 2020; Liang et al., 2020; Yao et al., 2020). For exam-
ple, in the construction of Guangdong Foshan Metro Line
2, the shield machine was in a water-rich silt layer which is
near the highly permeable medium-coarse sand layer. When
tunneling to the 905th ring, the shield tail sealing system was
punctured by water pressure, resulting in the collapse of the
ground (Investigation Committee, 2018). Another example
is the construction of Guangzhou Railway Transportation
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Line 2. When the shield machine was drilling under the 180-
m-wide Pearl River tributary, a sudden gushing of water
and sand was found at the shield tail, which led to the ter-
mination of the project. Additionally, similar seepage acci-
dents of the shield tail have been reported in some other
tunnel projects, such as Xi’an Metro Line 14, Chengdu Rail
Transit Line 17, Guangzhou Metro Line 13, and Nanjing
Metro Line 3 (Ye et al., 2023). With the rapid development
of cross-river or cross-sea shield tunnels, the construction of
shield tunnels will confront higher water pressures, and the
risk of breakdown of the shield tail under high water pres-
sure conditions is even greater. Therefore, there is an urgent
need to investigate the pressure-bearing capacity of the seal-
ing system of the shield tail.

To date, the pressure-bearing capacity of the sealing sys-
tem of the shield tail has attracted increasing attention. The
existing research mainly focuses on the properties of sealing
grease injected into sealing chambers of shield tail (Li &
Yang, 2021; Shen et al., 2022a, 2022b; Li et al., 2020). How-
ever, the pressure-bearing capacity of the sealing system of
the shield tail is a comprehensive problem related to various
factors such as shield tail brushes, sealing grease, water
pressure, and soil conditions. Some scholars also tried to
explore the causes of shield tail seepage through case studies
based on specific tunnel projects (Ye et al., 2019, 2023; Yu
et al., 2020). Yu et al. (2020) investigated the tunnel failure
accident during shield tunnel construction of FoshanMetro
Line 2 in China. Through a structural analysis of the brush
seals in their study, the failure mode for the Foshan tunnel
accident was identified as the failure due to the deformation
of the brush seals. Ye et al. (2023) conducted a case study of
the seepage at the shield tail and the preventive measures
based on an underwater shield tunnel project. The reasons
for the seepage of the shield tail brushes in this literature
were attributed to two aspects: (1) the decrease in the tight-
ness between the shield tail brushes and the segments, and
(2) the increase of the water pressure at the shield tail caused
by the excess slurry pressure.

Through the literature review, it can be found that the
existing studies mainly focus on the seepage reason and
modes of shield tail by case analysis. Some other studies
also analyzed the water pressure resistance of the sealing
material used in the shield tail sealing system. However,
the pressure-bearing capacity, as well as the evolution of
the seepage behavior of the shield tail, remains unclear.
In this study, a breakdown and seepage model for the
shield tail sealing system is proposed by coupling the por-
ous media seepage and flat plate flow models. First, the
sealing grease is considered as Bingham fluid in the model.
Then, a shield tail seepage test is conducted to verify the
proposed model. Furthermore, the influence of different
factors, such as sealing grease properties, water pressure,
and geometry parameters of the shield tail, on the break-
down pressure and leakage rate is discussed. This study
provides a quantitative evaluation method for the
pressure-capacity of the shield tail, which can help
researchers and engineers better understand the seepage
evolution mechanism of the shield tail. In addition, it can
also provide some reference for preventing tail seepage
accidents in the construction of shield tunnels.

2 Breakdown and seepage model of the shield tail

A particular circular gap (shield tail clearance) exists
between the shield tail and the segments during shield tun-
neling, forming a hydraulic channel that can be directly
interconnected with the external soil and water. Therefore,
it is necessary for the sealing system of shield tail to seal the
shield tail clearance to prevent the exterior soil and water
from seeping or gushing into the shield tunnel interior.
As shown in Fig. 1, the sealing system of the shield tail is
a multifunctional sealing structure consisting of shield tail
brushes and viscous grease. The shield tail brush is a flexi-
ble sealing structure comprising of bristles and front and
rear protection plates. During shield tunneling, the shield
tail brush is in compressive contact with the segments,
which can effectively inhibit the movement of viscous
grease without affecting the operation of the shield
machine. The shield tail clearance is divided by the shield
tail brushes to form sealing chambers, and then grease is
injected into the chambers through the pipeline. The shield
tail brushes and the viscous grease in the chambers consti-
tute the multifaceted structure of the shield tail sealing sys-
tem, which jointly resists the external soil and water
pressure. Furthermore, the shield tail sealing system can
be seen as having multiple circular sealing chambers and
rings created by stitching together numerous tail brushes.
Therefore, the system can be decomposed into various seal-
ing units, each comprised of two shield tail brushes and a
sealing chamber. When exposed to soil, water, and syn-
chronized grouting slurry, the multiple circular sealing
chambers operate with the exact sealing mechanism as a
sealing unit. The paper simplifies a single unit of the shield
tail sealing system into a coupling model of porous media
and flat plate clearance. The model investigates the shield
tail brush as a porous media and the grease chamber as a
flat plate gap, and the two are copulated together, resulting
in a grease seepage channel, which can be employed to sim-
ulate the pressure-bearing and permeability of the shield
tail sealing system, as shown in Fig. 2.

2.1 Breakdown and seepage of porous media

The bristles of the shield tail brush are designed by using
a unique bending technique that makes them wavy and
porous. Studies have shown that the porous medium the-
ory accurately describes the seepage characteristics inside
brush seals (Pugachev & Deckner, 2012; Song et al.,
2023; Ha et al., 2020; Yue et al., 2020; Yang et al., 2023).
In this study, the shield tail brush is considered a porous
medium. The fractal porous medium seepage theory, which
is widely adopted to study seepage and transport properties
in porous media to activate pressure gradients (Xu et al.,
2023; Yun et al., 2008; Liu et al., 2012; Mandelbrot &
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Fig. 1. Typical multi-grade sealing system of shield tail.

Fig. 2. Pressure-bearing model of the sealing unit of the shield tail.
Wheeler, 1983; Yu & Cheng, 2002), is used to describe the
breakdown pressure and seepage properties of grease in the
shield tail brush zone. This theory states that the
microstructure of a fractal medium, such as the distribu-
tion of pore size or particle size, statistically follows the
fractal scaling law within a specific range of scales
(Mandelbrot & Wheeler, 1983):

N d k
kmax

k

Df

1

where represents the number of pores present in the por-
ous medium with a diameter reater than the porousk

N
gd in
media, which denotes the fractal dimension of porous
media, is used to quantify the complexity of fractal geom-
etry (Yu & Li, 2001):
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When a fluid flows in a porous media, the path of its
movement is usually not straight and has random curva-
ture. The actual length of the path also satisfies the fractal
power law (Wheatcraft & Tyler, 1988; Yu, 2005):

Lt LDT
w 2r 1 DT 3

DT 1
lnC

ln Lw 2rav
4

where is the straight length in the direction of the pres-
sure gradient in the micro-section of the porous medium;

is the tortuosity fractal dimension, and its value quan-
tifies the degree of curvature of the fluid flowing path in
the porous media. For 2D space, and for 3D
space, When it means that the fluid
flow path is straight. The total number of pores in the por-
ous media zone can be obtained from Eq. (1):
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According to probability theory, the probability density
function of the pore distribution should satisfy the nor-
malization condition (Yu & Cheng, 2022; Yu & Li, 2001):
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Equation (6) shows that the application of the fractal
porous media seepage theory for porous media presup-
poses that

rmin rmax
Df 0 7

isAssuming the radius of the bristles the square
model (Fig. 3) is chosen to calculate the maximum pore
radius The average tortuosity of the fluid streamli-
nes within the porous media, the average radius of the cap-
illaries and other structural parameters within the
porous media are calculated as follows (Yu et al., 2014):
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Fig. 3. Maximum porosity model with square arrangement of bristles.
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When the external water pressure surpasses the activa-
tion pressure in the porous media, the grease seeps through
the medium. Yun et al. (2008) proposed a fractal analytic
solution to the activated pressure gradient within a por-
ous media:

J cr

J cr

LDT 1
w DT 3 DT Df s0
2DT 2 3 Df rDT

max

12

Based on Eq. (12), we obtain the breakdown pressure
(Pcr) of the shield tail brush as follows:

P cr J crLpor

LporLDT 1
w DT 3 DT Df s0
2DT 2 3 Df r
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max
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where denotes the length of the porous media zone.
The motion of a viscous fluid in a porous media can be for-
mulated in terms of the nonlinear Darcy seepage equation
(Prada & Civan, 1999) and fractal porous media seepage
theory (Sharma & Siginer, 2008):
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where is the seepage velocity in the shield tail brush
zone, s the shield tail clearance, the plastic viscosity

of the grease, is the pressure difference between the fore
and rear of the shield tail brush, and s the permeability
of the porous media zone.

l
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2.2 Seepage analysis of coupled porous media and flat plate

gap

If the shield tail brush is punctured, the seepage of the
sealing grease occurs within the shield tail sealing system.
The high viscosity of the grease and the slow tunneling
speed of the shield machine create a stable flow, which is
similar to the laminar flow, in the narrow circular space.
Therefore, for the movement of grease in the chamber after
the breakdown, the one-dimensional seepage model of the
flat plate is adopted for analysis. Since the sealing grease is
a viscoplastic non-Newtonian fluid, it will flow only when
the shear stress is more significant than its yield stress.
To reflect this characteristic, this paper hypothesizes that
the grease material conforms to the Bingham constitutive
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model (Eq. (16)), which is widely used in the investigation
of non-Newtonian fluids, for it can not only reflect charac-
teristics of the viscoplastic non-Newtonian fluid but also
display the physical meaning of each parameter clearly.

s s0 lp

du
dz

16

is0 u dIn Eq. (16), s the yield stress of the grease, and
is the shear strain rate of the grease.

d z

In the case of incompressible flow in a gravitational
field, the continuity and momentum equations are as
follows:
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where signifies the projection of the force per unit mass
in irection, denotes the density of the sealing grease,
and efers to the dynamic viscosity of the grease. Only
the flow of grease in the sealing chamber in the positive
direction of s considered, thus from
Eq. (17), it can be calculated that
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Equation (19) denotes that the velocity component
remains constant in the direction Intro-
ducing a broad pressure function
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Without considering the source term, it is derived from
Eq. (20):
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Equation (21) indicates that the pressure inside the seal-
ing chamber follows the hydrostatic pressure distribution
law in the y and z directions, and P x .P

As shown in Fig. 2, the skinplate of a shield is regarded
as the upper plate of the plate gap model, the tunnel seg-
ment is viewed as the lower plate, and the gap between
the plates is the shield tail clearance. Take any fluid
microelement cuboid with a length of and thickness of

in the flow field of the flat plate chamber. Among them,
the direction is the shield tunneling direction, and the
direction is the direction in tunnel diameter. When the flow
is stable, the external force on the microelement in the
direction of reaches balance, so the sealing grease flat
plate laminar flow control equation can be obtained:
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The shield machine is in constant motion during the tun-
neling process. This motion causes the upper flat plate
(skinplate) to generate forward motion relative to the bot-
tom flat plate (tunnel segment). Supposing the tunneling
speed of the shield machine is the transient boundary
condition of the flow field is

,U
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Equation (24) can be obtained by integrating the simul-
taneous constitutive equations and control equations and
then by substituting boundary conditions:
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By integrating Eq. (24), the seepage rate of grease in the
sealing chamber zone can be expressed as

V f
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isAssuming that the external water pressure the
pressure of the fluid after passing through the shield tail
brush declines to zero. By substituting Eqs. (14) and (25)
into the continuity condition an expression for
the grease seepage rate fter the breakdown of the shield
tail can be expressed as
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where refers to the length of the sealing chamber. The
fluid pressure gradient in the porous media zone and seal-
ing chamber zone can be expressed as

L
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The breakdown pressure in the tunneling state can be
obtained by Eq. (26):

P cr JLpor

6UlpL

C2
28
3 Test and analysis

3.1 Rheological detection of sealing grease

In this paper, the sealing grease of the Hedong Shuang
brand adopted by the tunnel project of Beijing East Sixth
Ring Road (BESR) is selected. The NETZSCH rotational
rheometer with a flat-panel fixture is used to examine the
rheological curve of the sealing grease specimen (Fig. 4).
The test is carried out by placing the specimen between
the rotor and the flat plate. Then, the motor speed is set
as required. Finally, the shear rate and shear stress of the
specimen are obtained by the rheometer. In actual projects,
the tunneling speed of the shield machine is slow. Thus,
only the rheological properties of the specimen at 30 �C
are examined in the range of lower shear rate in this paper.
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Fig. 4. Tools and specimens for detection. (a) NETZSCH rotational rheometer, (b) flat-panel fixture, and (c) sealing grease of the Hedong Shuang brand.
3.2 Equipment and methods for hydraulic breakdown testing

A hydraulic breakdown device of the sealing unit of the
static shield tail, as shown in Figs. 5 and 6, is designed and
fabricated to investigate the relationship between the
porosity of the porous media zone and shield tail clearance.
This experimental device is divided into three parts: the
central test platform, the grease pumping device, and the
hydraulic regulator device. To ensure that the central test
platform can withstand a maximum water pressure of
2 MPa, the bench, columns, and beam are machined
respectively from carbon structural steel of type Q235
and I beam of type HW. After assembling, the internal
chamber formed by the upper plate, side plate, and bottom
plate is divided into a sealing chamber and a water cham-
ber using two shield tail brushes. The sealing chamber
and the shield tail brushes form a sealing unit, and the
Fig. 5. Hydraulic breakdown device of th
water chamber is used to reproduce the sealing unit’s exter-
nal pressure condition. The grease pumping device gives
the oiler momentum through the air compressor and then
pumps grease from the grease storage to the sealing cham-
ber via the grease injection tube. The air compressor is a
positive displacement compressor with a maximum power
of 5040 W and a maximum output pressure of 0.8 MPa.
A high-voltage oiler, type 15 A, with a maximum pumping
pressure of 1 MPa, is used for the test. The hydraulic reg-
ulator transfers water from the water storage to the water
chamber at a given pressure along the water injection tube
by means of a booster pump. The booster pump used in the
test has a rated power of 30 kW, a rated head of 200 m, and
a pressure control accuracy of 1.0 kPa. In addition, an elec-
tronic balance continuously measures the total mass of the
substance seeping through the seepage outlet in real time,
and pressure sensors embedded in the base plate monitor
e sealing unit of the static shield tail.
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Fig. 6. Physical diagram of the hydraulic breakdown device of the sealing unit.
real-time changes of pressure inside the sealing chamber.
The data collected by both the electronic balance and pres-
sure sensors will be displayed in real time via a data line.

The lateral plate is fastened to the upper and base plates
with bolts, and the three plates remain in close contact due
to the hydraulic jack’s action. The primary purpose of the
hydraulic jack is to ensure that the sealing chamber and
water chamber remain sealed. The height of the lateral
plate corresponds to the shield tail clearance. Six typical
shield tail clearance sizes are chosen to examine the rela-
tionship between breakdown pressure and shield tail clear-
ance for the machining and fabrication of the lateral plate.
These sizes are 50, 70, 75, 90, 95, and 115 mm, respectively.
The test procedures are as follows:

(1) Bolt the brush to the upper plate and attach sealing
rubber along the bolt holes on the top side of the base
plate;

(2) Place the lateral plate on top of the base plate and
align the bolts until they are all connected;

(3) Raise the hydraulic jack until it can no longer be
lifted, then activate the hydraulic jack limit switch.
Tightly bolt the lateral plate to the upper plate;

(4) Activate the air compressor and continuously trans-
fer the grease into the chamber until the pressure sen-
sor embedded in the base plate remains stable for 2
min, then turn off the pump;

(5) When dealing with sealing chambers of different
heights that require varying amounts of sealing
grease, it’s essential to prevent excessive injection that
could puncture the shield tail brush. Start with a pre-
experiment using the 115 mm lateral plate to control
the experimental variables. Activate the grease pump
and observe the reading of the pressure sensor closest
to the water chamber; the reading should steadily
decrease after reaching the peak value, indicating
that the sealing chamber is filled with grease. In the
formal experiment, the grease pump is shut down
when the pressure sensor reaches the peak value,
signifying that the sealing chamber has been filled
with grease;

(6) Switch on the water valve and booster pump.
Increase the water pressure level by level and main-
tain the pressure at each level for 1 min;

(7) When the sealing grease seeps out from the seepage
outlet, maintain stable water pressure. Use a scraper
and spatula to remove the seeped sealing grease for
a specific duration and record its mass. Then, gradu-
ally increase the water pressure until a large amount
of liquid gushes out from the seepage outlet, at which
point switch off the pump.
3.3 Test results and analysis

In this study, the shield tail wire brushes of the same
brand, which are adopted in BESR, are used to analyze
the parameters related to breakdown pressure and seepage
rate. The front/back protection plate and bristles of the
brush are made of 65Mn and ZB202C, respectively. Fig-
ure 7 shows the rheological curve of the sealing grease.
The yield stress of the grease is 110 Pa.
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The tests under different working conditions can be
observed, and it can be found that the breakdown and
seepage process of the shield tail is mainly classified into
two stages. One is the grease seepage stage (Fig. 8), in
which a small amount of grease seeps outward after the
external pressure reaches the breakdown pressure; the
other is the grease-water gushing stage (Fig. 9), in which
a large amount of grease-water mixture starts to seep out-
ward as the pressure continues to increase gradually. The
trend of seepage rate with water pressure under each test
condition is shown in Fig. 10. The pressure corresponding
to the initiation point of grease flow is taken as the break-
down pressure. The porosity of the porous media zone
under different clearances is obtained by inverse calculation
using Eq. (13), and the test results are organized as shown
in Table 1. The shield tail clearance and porosity obtained
from the test are linearly fitted, and the fitting equation
corresponds to a fitting coefficient (COD) of 0.96.

The test results and the curve of shield tail clearance-
porosity are plotted in Fig. 11. The figure shows a positive
correlation between shield tail clearance and porosity. This
means that the longer the shield tail clearance is, the
weaker the restraining effect of the shield tail brushes’
front/rear protection plate on the bristles will be. As a
result, the fractal capillary aperture within the porous
media expands outwards, thus increasing the porosity in
the zone. The test results suggest that increased shield tail
clearance leads to decreased breakdown pressure during
the shutdown state. This indicates a negative correlation
between the gradient of activating pressure in the porous
media zone and the zone’s porosity. This conclusion is in
line with the original theory of fractal porous media.

The breakdown and seepage model of the shield tail seal
is used to calculate the variation curves of the grease seep-
age rate, which changes with different water pressures
under different clearance conditions: 50, 75, 90, and 115
Fig. 7. Fitting curves of the intrinsic equation of sealing grease.
m m. These curves are plotted with the measured curves
of the corresponding conditions in Fig. 12, where ETV
denotes the experimental test value and TCV denotes the
theoretically calculated value. As shown in Fig. 12, in the
grease seepage stage, the theoretically calculated values clo-
sely align with the experimentally tested values, with errors
of around 5%. During the transition from the grease seep-
age stage to the grease-water gushing stage, the errors of
the theoretically calculated values increase, and they are
all around 20%. The theoretically calculated values are dis-
torted as the pressure increases in the grease-water gushing
stage, which is attributed to the fact that the shield tail seal-
ing system enters the stage of grease-water gushing at this
time, and the type of flow is converted from the original
single-phase flow to the two-phase flow of grease and
water. In addition, it can be seen from Fig. 12 that with
the increase of shield tail clearance, the boundary between
the two seepage phases is increasingly inconspicuous,
which means that the grease seepage starts at the same time
that the grease-water mixture begins to gush outward in
large quantities.

4 Analysis of parameter sensitivity

To analyze the influence of different parameters on the
breakdown pressure and seepage rate of the sealing system
of shield tail, the main parameters in this study are classi-
fied into three groups: geometric parameters including
clearance of shield tail and length of sealing chamber,
grease rheological parameters including the yield stress
and plastic viscosity of the grease, and environmental
parameters, that is, the water pressure acting on the sealing
system of shield tail. Specific parameters are shown in
Table 2.

4.1 Influence of geometric parameters

Figure 13 presents the shield tail clearance of the sealing
chamber on the pressure-bearing capacity. It can be seen
from Fig. 13(a) that the breakdown pressure significantly
decreases with the increase of the shield tail clearance.
The breakdown pressure decreases by approximately 50%
(from 280 to 140 kPa). Similarly, as shown in Fig. 13(b),
the seepage rate increases with the increase of the shield tail
clearance. This trend is reasonable because the increase of
the shield tail clearance will cause the release of the interac-
tion force between the shield tail brush and the segments,
resulting in the expansion of the potential seepage chan-
nels. Due to the weakening of the motion boundary effect,
the difference in the breakdown pressure between the tun-
neling and the shutdown state also decreases with the
increase of the shield tail clearance. Taken together, it is
evident that the decrease in shield tail clearance can
enhance the breakdown pressure and reduce the seepage
rate. Therefore, reducing the shield tail clearance is an
effective way to boost the pressure-bearing capacity of
the shield tail seal system. In practical engineering, the
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Fig. 8. Stage of grease seepage.

Fig. 9. Stage of grease-water gushing.
shield posture should be well maintained to avoid excessive
shield tail clearance, thereby reducing the risk of seepage in
the shield tail.

Figure 14 gives the effect of the length of the sealing
chamber on the pressure-bearing capacity of the shield tail.
It can be seen from Fig. 14(a) that the breakdown pressure
in the shutdown state is almost unaffected by changes in the
length of the sealing chamber, while in the tunneling state,
the breakdown pressure slightly decreases with the increase
in the length of the sealing chamber, with a very small
decrease of less than 100 Pa. Correspondingly, as shown
in Fig. 14(b), the seepage rate presents a very small increase
with the increase in the length of the sealing chamber in the
tunneling state. This slight increase in the pressure-bearing
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Table 1
Hydraulic breakdown test results of the sealing unit.
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Fig. 12. Seepage rate comparison of calculated and measured values.Fig. 10. Effect of water pressure on seepage rate for each set of test.

Shield tail clearance (mm) Breakdown pressure (kPa) Porosity

50 400 0.20
70 300 0.27
75 276 0.30
90 200 0.42
95 196 0.44
115 176 0.49

Fig. 11. Effect of shield tail clearance on breakdown pressure and
porosity.
capacity is due to the increase in boundary friction caused
by the lengthening of the dynamic boundary. The direction
of the boundary frictional resistance is consistent with the
direction of sealing grease and water movement, which
can contribute to the shield tail seepage. This inspires that
the design of the shield tail sealing system does not require
too much attention to the length of the sealing chamber,
due to its limited impact on the pressure bearing capacity.

4.2 Effect of grease rheological parameters

The yield stress of grease characterizes the strength of its
internal mesh structure which obstructs the fluid from flow-
ing. Therefore, higher water pressure is required to activate
the grease to flow as the yield stress increases. Figure 15
demonstrates the pressure-bearing capacity under different
yield stresses of the sealing grease. As shown in Fig. 15(a),
the breakdown pressure increases significantly with the
increase of the yield stress. The breakdown pressure
increases from 170 to 290 kPa as the yield stress increases
from 89.1 to 151.9 Pa. The difference in the pressure-
bearing capacity between the tunneling and shutdown
states remains the same under different grease yield stresses.
As shown in Fig. 15(b), the seepage rate decreases with the
increase of the yield stress of the sealing grease. It can be
concluded that the sealing grease with relatively high yield
stress is important for the blocking of the seepage channel,
not only helping to improve the breakdown pressure of the
shield tail but also preventing the seepage expansion.

Figure 16 shows the effect of different grease plastic vis-
cosities on the pressure-bearing capacity. It can be seen
that the increase in the plastic viscosity of the grease has
nearly no influence on the improvement of the breakdown
pressure. Especially during the driving of the shield tunnel-
ing machine, the increase in the plastic viscosity can lead to
a slight decrease in breakdown pressure (about 60 Pa), and
correspondingly, a slight decrease in seepage rate. In addi-
tion, as the plastic viscosity of the grease increases, the dif-
ference in breakdown pressure between tunneling and
shutdown states also increases. This is because the increase
of the plastic viscosity can increase the adhesion between
the grease and the boundary, promoting the tendency of
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Table 2
Values of variables for sensitivity analysis.
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Condition number Geometric parameters Grease rheological parameters Environmental
parameters
Water pressure (kPa)

Clearance of shield tail
(mm)

Length of the chamber
(mm)

Yielding stress
(Pa)

Plastic
viscosity
(Pa∙s)

1 (Comparison
group)

90.0 400.0 110.0 457.5 300.0

2 70.0 400.0 110.0 457.5 300.0
3 110.0 400.0 110.0 457.5 300.0
4 130.0 400.0 110.0 457.5 300.0
5 90.0 200.0 110.0 457.5 300.0
6 90.0 600.0 110.0 457.5 300.0
7 90.0 800.0 110.0 457.5 300.0
8 90.0 400.0 89.1 457.5 300.0
9 90.0 400.0 131.0 457.5 300.0
10 90.0 400.0 152.0 457.5 300.0
11 90.0 400.0 110.0 307.0 300.0
12 90.0 400.0 110.0 608.0 300.0
13 90.0 400.0 110.0 758.5 300.0
14 90.0 400.0 110.0 457.5 300.0
15 90.0 400.0 110.0 457.5 300.0
16 90.0 400.0 110.0 457.5 300.0
seepage. In addition, excessive plastic viscosity of the
grease can also cause grease to easily adhere to the tunnel
segments, thereby increasing the consumption of the seal-
ing grease. Taken together, grease plastic viscosity is not
a suitable factor for adjusting the pressure-bearing capacity
of the shield tail.

4.3 Effect of water pressure

Figure 17 shows the seepage rate under different water
pressure conditions. It can be known that the higher the
external water pressure, the faster the seepage rate, and
the seepage rate shows a linear growth trend with the
increase of water pressure. The seepage rate in the tunnel-
ing state is a little higher than that in the shutdown state,
which is because of the promoting effect of dynamic bound-
aries on the seepage. When the seepage of the shield tail
occurs during the advance of the shield tunneling machine,
immediately stopping the tunneling advance can help alle-
viate seepage to some extent. In practical engineering,
higher water pressure can lead to a greater risk of the shield
tail seepage. Hence, the attitude of the shield machine and
the selection of grease materials should be more carefully
controlled in projects with high water pressure.

5 Conclusions

This study proposes a breakdown and seepage model of
the sealing unit of the shield tail and explores the relation-
ship between the porosity of the porous media zone of the
shield tail brush and the shield tail clearance by using
experimental methods. Then, the theoretical model and test
results are synthesized to analyze the geometric parameters
of the sealing chamber, the rheological parameters of the
 the shield tail.

grease, and environmental parameters, all of which affect
the breakdown pressure and the seepage rate. The follow-
ing conclusions can be drawn.

(1) The seepage process of the shield tail sealing system is
mainly divided into two stages: grease seepage and
grease-water gushing. As the shield tail clearance
increases, the boundary between the two phases
becomes less distinct, and the probability of seal fail-
ure becomes higher.

(2) The breakdown pressure is lower in the tunneling
state than that in the shutdown state, and the seepage
rate is higher in the former than in the latter. Conse-
quently, the dynamic boundary weakens the pressure-
bearing capacity of the sealing system of the
shield tail. Therefore, it raises the likelihood of seal
failure.

(3) The relationship between the shield tail clearance and
the porosity of the porous media zone conforms to
the linear positive correlation. Reducing the clearance
of the shield tail can efficiently improve the break-
down pressure while reducing the seepage rate.
Therefore, reducing the shield tail clearance is an
effective way to improve the pressure-bearing capac-
ity of the sealing system of the shield tail.

(4) An increase in the yield stress of the grease signifi-
cantly increases the breakdown pressure while
decreasing the seepage rate. However, the increase
in the plastic viscosity of grease reduces the break-
down pressure slightly in the tunneling state. There-
fore, the selection of a grease brand with higher
yield stress is an effective method to increase the
pressure-bearing capacity of the sealing system of
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Fig. 13. Effect of shield tail clearance on pressure-bearing capacity of the shield tail. (a) Effect of shield tail clearance on breakdown pressure, and (b) effect
of shield tail clearance on seepage rate.

Fig. 14. Effect of length of sealing chamber on pressure-bearing capacity of the shield tail. (a) Effect of length of sealing chamber on breakdown pressure,
and (b) effect of length of sealing chamber on seepage rate.

Fig. 15. Effect of yield stress on pressure-bearing capacity of the shield tail. (a) Effect of yield stress on breakdown pressure, and (b) effect of yield stress on
seepage rate.
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Fig. 16. Effect of plastic viscosity on pressure-bearing capacity of the shield tail. (a) Effect of plastic viscosity on breakdown pressure, and (b) effect of
plastic viscosity on seepage rate.
(5) This study demonstrates the applicability of the frac-
tal porous medium seepage theory to the study of the
breakdown and seepage characteristics of the shield
tail sealing system, then the multistage shield tail seal-
ing system can be regarded as the linkage and over-
lapping of coupling model of porous media and flat
plate clearance. If the linkage relationship can be
quantified, the breakdown and seepage characteris-
tics of the multistage shield tail sealing will be
revealed.

The shield tail brush of the shield tail is a flexible struc-
ture composed of steel plates and brush wires, which has a
complex deformation due to the interaction between the
shield and the tunnel segments. In this study, the shield tail
brush is simplified as a porous medium, which cannot com-
prehensively describe its complex mechanical behavior and
the sealing performance. This limitation should be further
studied and addressed in the future.
Fig. 17. Effect of water pressure on seepage rate.
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