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Abstract

In recent years, with the rapid expansion of transportation infrastructure, shield tunnels have encountered increasingly severe soil and
water conditions, which present significant challenges for shield tail sealing. In this study, a comprehensive shield sealing failure test
device is developed, integrating the tail brush, sealing grease, and external water pressure. The sealing failure evolution is investigated
through quantitative analysis of leakage rates and internal pressure distribution. The results show that the leakage evolution can be cat-
egorized into three stages: the sealed stage, the micro water leakage stage, and the gushing stage. The compression force of the shield tail
brush is a direct factor affecting the breakdown pressure, and a large compression deformation model of the shield tail is proposed to
evaluate the breakdown pressure. The findings of this study offer valuable insights for preventing sealing failures, such as guiding the
selection of appropriate tail brushes and managing the tail clearance of shield machines.
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1 Introduction

The shield tunneling method is widely adopted in tunnel
construction, valued for its high mechanization level and
minimal  environmental impact (Chaipanna &
Jongpradist, 2019; Koyama, 2003; Ye et al., 2019; Yu
et al., 2019; Guo et al., 2025a). During the tunneling pro-
cess, a gap exists between the shield machine’s tail and
the tunnel lining segments, creating a passage that links
the tunnel’s interior with the surrounding soil and water.
To maintain construction safety, the shield tail sealing sys-
tem is designed to close this gap, serving as a critical barrier
that prevents water and tail grouting infiltration into the
tunnel (Liu et al., 2023; Liang et al., 2025; Liu et al.,
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2024; Min et al., 2023). Thus, the performance of the shield
tail seal system is of vital importance to the safety of tunnel
construction.

In recent years, with the rapid expansion of transporta-
tion infrastructure, shield tunnels have encountered
increasingly severe soil and water conditions, which present
significant challenges for the shield tail sealing (Cao et al.,
2020; Li et al., 2023; Xu et al., 2023; Liang et al., 2020;
Investigation Committee, 2018). A particularly notable
incident occurred during the construction of the Foshan
Rail Transit Line 2 in Guangdong Province, where the fail-
ure of the shield tail sealing system allowed soil and water
to flood the tunnel, resulting in a catastrophic ground col-
lapse (Yao et al., 2020). This tragic event led to 11 fatali-
ties, one disappearance, and eight injuries, with direct
economic losses exceeding 53 million yuan. Similar
incidents of sealing failures have also been reported in
projects such as Xi’an Metro Line 14 and the Xuefu Road
— Xinwang Section of Tianjin Rail Transit (Ye et al., 2023;
Ye et al., 2020; Chen et al., 2020). With the increasing
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development of cross-river and cross-sea shield tunnels, the
rising water pressure on shield machines is expected to
exacerbate the risk of sealing failure, further highlighting
the need for robust research on shield tail sealing perfor-
mance and failure mechanisms (Li et al., 2022; Zhou
et al., 2025).

The shield tail sealing system is inherently complex,
comprising components such as the wire brushes and seal-
ing grease. Despite its critical role in tunnel construction,
limited research has been conducted on the performance
and failure mechanisms of shield tail seals, including
numerical simulations, case studies, and laboratory tests.
Numerical simulations have proven effective in modeling
water seepage and soil stability (Li et al., 2025; Guo
et al., 2025b). Wan et al. (2024) applied computational fluid
dynamics (CFD) methods to investigate the shield tail seal-
ing system under high water pressure, examining the
impact of tail structural and grease parameters on sealing
performance and providing engineering recommendations
based on actual construction data. Jin et al. (2025a,
2025b) proposed a novel computational model that incor-
porates both wall slip and temperature effects to accurately
predict seals’ performance. Their simulation results
revealed that neglecting wall slip can lead to an underesti-
mation of the grease leakage amount and the water pres-
sure resistance of the tail seal system, highlighting the
critical importance of incorporating this effect in seal
design. In addition, with the long-distance work of the
shield tail during tunneling, the shield tail sealing system
will inevitably produce wear and even damage (Takeshi,
2005). Some researchers also use multi-field coupling
numerical methods to analyze how to safely replace the
shield tail brush after severe degradation (Xu et al., 2018;
Yang et al., 2021; X. Wang et al., 2020a). However, these
numerical models face significant challenges in simplifying
the complex shield tail structure, making it difficult to pre-
dict the sealing system’s behavior in realistic conditions
accurately.

In addition to numerical simulations, case studies of
engineering failures can offer valuable insights into the
causes of sealing failures. Yu et al. (2020) investigated the
ground collapse accident that occurred during shield tunnel
construction of Foshan Metro Line 2 in Guangdong Pro-
vince. Their analysis of the structure of the tail brush
showed that the deformation of the tail brush caused the
accident. Ye et al. (2023) investigated the leakage at the tail
of the shield machine based on an underwater tunnel pro-
ject, and pointed out two potential factors leading to the
sealing failure: one is the decrease in the tightness between
the tail brush and the segment, and the other is the increase
in the water pressure at the shield tail due to excessive
slurry pressure. While case studies provide essential infor-
mation, the number of documented incidents with detailed
data remains limited, and each case is often unique, making
it challenging to derive generalized conclusions (Fang et al.,
2023).

Laboratory tests, on the other hand, offer a controlled
environment to evaluate the actual sealing ability of the
shield tail and reproduce the failure process (Di et al.,
2024; S. Wang et al., 2020b). Shen et al. (2022a, 2022b)
explored the effect of temperature, seawater conditions,
and sand content on the performance of sealing grease
through a series of hydrostatic tests. They proposed an
evaluation model for the sealing performance of shield tail
grease. Li et al. (2020, 2021) collected five different types of
sealed grease samples from the construction site of the
shield tunnel and carried out hydraulic resistance tests of
the grease. It was found that with the increase of fiber con-
tent in oil, the water pressure resistance was improved, and
the micropore passing rate was decreased. Despite these
advancements, most experimental studies have focused pri-
marily on the properties of grease. In reality, the sealing
performance is influenced by a combination of factors,
including grease properties, the tail brush, and the sur-
rounding soil and water environment. Particularly, the
compression behavior of the tail brush plays a significant
role in the failure of the seal, as demonstrated by existing
studies (Ding et al., 2023; Han et al., 2017).

Therefore, this study aims to comprehensively investi-
gate the influence of the shield tail brush’s compression
behavior on overall sealing performance by developing an
integrated testing device simulating realistic conditions
and developing a predictive contact mechanics model. To
achieve this, a comprehensive shield sealing failure test
device has been developed, integrating the tail brush, seal-
ing grease, and external water pressure. This test device
allows for the adjustment of tail brush compression behav-
ior, external water pressure, and the filling of seal grease,
enabling the simulation of shield tail sealing failures under
realistic conditions. The failure evolution mechanism of the
shield tail seal is investigated through a quantitative analy-
sis of leakage rates and internal pressure distribution. It is
found that the compression behavior of the tail brush sig-
nificantly influences sealing performance. A compressive
mechanics model is established to analyze the tail brush—
lining interaction, and the critical sealing pressure thresh-
old considering brush compression is given. The findings
of this study offer valuable insights for preventing sealing
failures, such as guiding the selection of appropriate tail
brushes and managing the tail clearance of shield
machines.

2 Experimental setup and methodology

As shown in Fig. 1, the shield tail sealing system
employed in practical projects is always structured with
the shield tail brush ring zone, followed by the circular seal-
ing chamber zone, and another shield tail brush ring zone.
The circular sealing chamber zone relies on the shield tail
brush zone. Consequently, two adjacent zones of a shield
tail brush ring and the circular sealing chamber zone can
be considered a sealing ring layer. Moreover, the single
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Fig. 1. Decomposition schematic of the shield tail sealing system.

sealing ring can be subdivided into multiple sealing cham-
bers, comprising two adjacent shield tail brushes and a
grease-filled sealing chamber, based on the location and
size of the shield tail brushes. The pressure-bearing mecha-
nism of the multiple circular sealing chambers should be
identical to that of the single sealing chamber. Therefore,
the hydraulic breakdown test for the single sealing chamber
is conducted in this study.

2.1 Experimental material

2.1.1 Sealing grease

The grease specimen utilized in the test is obtained from
the JIAMIDUO brand. This sealing grease is characterized
by a uniform, fibrous, cream-colored paste-like consistency
and is odorless. The specimen has a density of 1.3 g/cm®
under ambient conditions. When tested at a controlled
temperature of 30 °C, the performance parameters mea-
sured include cone penetration values of 22 to 25 mm,
pumpability rates of 40 to 50 g/min, and creepage test
results exceeding 30 mm.

The grease’s rheological characterization is carried out
using an Anton Paar MCR 302 rheometer following
ASTM D2196-2015. First, the rheometer’s motor and rotor
undergo calibration using modular protocols. Next, a par-
allel plate fixture is installed, and the grease is evenly dis-
tributed at the fixture’s center. The grease should stand
for 5 min after preloading to eliminate loading stress. Next,
install the black thermal insulation jacket, adjust the shear
rate from 0.1 s™!' to 10% s7!, set the temperature control
module to 30 °C, and begin the test once the actual temper-
ature inside the jacket has stabilized. Finally, data on shear

rate, shear stress, and apparent viscosity are collected via
the integrated RheoCompass™ module, and raw datasets
are exported for constructing rheological curves and per-
forming viscoelastic analysis.

The effects of shear rate on the grease’s apparent viscos-
ity and shear stress are illustrated in Fig. 2. The shear stress
demonstrates a monotonic increase with rising shear rates,
exhibiting a steeper growth gradient in the low shear rate
regime. In contrast, the apparent viscosity exhibits an
inverse relationship, showing a sharper decrease in the
low shear rate condition. This rheological behavior is due
to the microstructural changes of the grease during shear
deformation. The unbroken molecular chains in the sealing
grease create reticular structures before experiencing shear

—8— Apparent viscosity

—A— Shear stress
4 20

d

Shear stress (10> Pa)

Apparent viscosity (10° Pa-s)

Shear rate (s

Fig. 2. Detection results of the rheological properties of the grease
specimen.
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at low rates, resulting in significant flow resistance. This
load-bearing structure leads to higher apparent viscosity
and a rapid increase in shear stress. As the shear rate rises,
the reticular structures are progressively broken down,
effectively lowering intermolecular friction. Consequently,
the viscosity decreases exponentially while the growth rate
of shear stress declines gradually.

2.1.2 Shield tail brush

The shield tail brush specimen comprises five primary
components: front protection plate, rear protection plate,
brush base, bristles, and installation plate. Both protection
plates are fabricated from 65Mn spring steel plates. The
bristles are divided into six layers, and the diameter of all
bristles is 0.3 mm. They are made of ZB202C material
and processed through special bending. SUS201 stainless
steel meshes are interposed between the 2nd and 3rd as well
as the 4th and 5th bristle layers to mitigate interlayer abra-
sion and enhance compressive resilience. The mechanical
parameters related to the shield tail brush are shown in
Table 1, with a length of 200 mm and a width of
200 mm. The elastic modulus of the front protective plate
is 1.97 x 10° MPa, and the thickness is 1.9 mm.

The compression test is conducted on the entire shield
tail brush, including the front protection plate, six layers
of bristles, rear protection plate, and other components.
The results are shown in Fig. 3. The compression amount
1s set from 30 mm to 135 mm, and it can be seen that the
compression force shows an exponential increase with
higher compression amounts. The shield tail brush exhibits
variable stiffness compression behavior. As the compres-
sion amount increases, the rear protection plate and the
bristles of the shield tail brush will contribute to resisting
deformation, thereby significantly enhancing the stiffness
of the shield tail brush and the compression force. Besides,
the initial installation angle refers to the angle between the
tail brush and the mounting plate, and the angle did not
change significantly during the compression process. This
is because the connection between the tail brush and the
mounting plate is established via pins, creating a fixed con-
straint. This configuration leads to bending deformation of
the brush during compression, but due to the influence of
the fixed constraint, the angle remains unchanged.

2.2 Experimental setup

Figure 4 depicts the hydraulic breakdown test device for
the shield tail sealing chamber, which comprises the central
test bench, the grease conveying device, and the hydraulic
pressurization device. The central test bench is constructed

with an upper, side, and bottom plate, and they are bolted
together to form an open chamber. Two shield tail brushes
are affixed to the upper plate, dividing the chamber into
sealing and water chambers. To ensure the sealing chamber
can withstand a water pressure of 2 MPa, the frame, col-
umns, and beams of the central test bench are constructed
using Q235 carbon structural steel and HW-type I-beams.
To facilitate the smooth pumping of high-viscosity sealing
grease from the grease tank into the sealing chamber, a vol-
umetric air compressor with a maximum output pressure of
0.8 MPa is used to power the high-pressure oiler of type
15A. Additionally, a booster pump with a rated power of
30 kW, a rated head of 200 m, and a pressure control accu-
racy of 0.01 MPa is employed to transfer water from the
water tank to the water chamber at a designated pressure
along the water injection tube, allowing for adjustability
of the pressure inside the water chamber.

The leakage rate of the material from the leakage port is
monitored in real time using an electronic balance. As
shown in Fig. 5, pressure cells (PCs) and water pressure
cells (WPCs) are embedded in the chamber’s bottom plate,
positioned at a safe distance from the tail brushes to elim-
inate any influence of the brush’s porosity on the sensor
readings. The PCs monitor variations in the longitudinal
total stress, while the WPCs track the process of water
intrusion. To ensure the accurate monitoring of pressure
changes within the chamber, all WPCs are calibrated prior
to the experiments. Preliminary tests have demonstrated
that the high-viscosity grease cannot penetrate the porous
stone of the sensors to trigger a response. Nevertheless,
when water intrudes into the chamber, it is still able to per-
meate the grease film, resulting in an accurate change in the
WPC readings. Furthermore, sensors integrated into the
booster pump will capture the water pressure inside the
water chamber. The data collected by all three devices
simultancously can be displayed and responded to in
real-time on a host computer via data lines.

2.3 Test procedure

In this study, the pressure-bearing behavior of the seal-
ing chamber, including the breakdown pressure, leakage
rate, and pressure inside the chamber, is investigated under
the conditions of 65, 85, 105, 120, and 125 mm compres-
sion amounts of the shield tail brush by replacing the side
plate with different heights. The success of the test hinges
on the chamber’s sealing performance. To ensure the
device’s sealing performance, waterproof rubber pads are
positioned on the contact surfaces of the side plates with
the upper and bottom plates. Adjusting the hydraulic jacks

Table 1

Related parameters of the tested brush.

Parameter name  Length (mm)  Width (mm)  Elastic modulus of the front plate Thickness of the front plate Height of base (mm)
(MPa) (mm)

Value 200 200 1.97 x 10° 1.9 40
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before the test commences brings them into close contact.
Furthermore, to ensure that leakage primarily occurs at
the underside of the shield tail brush, the sealing bound-
aries on its lateral surfaces are reinforced with polyur-
ethane. To facilitate this procedure, the independent
cover plate above the sealing chamber is designed to be
detachable, allowing for the reinforcement treatment after
the tail brush has been compressed.

Different sealing chambers at varying heights necessitate
different amounts of sealing grease to prevent over-
injection, which could lead to the brush experiencing
reverse breakdown. To ensure a consistent fill, quantifica-
tion of the injected grease volume is essential. First, consid-
ering that the injection port is adjacent to the leakage port,
the grease progressively fills the sealing chamber towards
the water chamber. Consequently, the attainment of a peak

Sealing grease
[-—

A —
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pressure reading from sensor PC-3 serves as the criterion
for a complete fill. Second, the tail brush’s resistance to
reverse breakdown is positively correlated with its com-
pression amount. The highest side plate, which induces
the minimum compression amount, is therefore selected
for preliminary experiments. In these experiments, the
grease is continuously injected, and reverse breakdown of
the tail brush is confirmed when the pressure reading from
PC-3 begins to decline. Based on these tests, the peak pres-
sure for this study is set at 0.15 MPa. Figure 6 depicts the
formal testing procedure, and the specific experimental
steps are as follows:

(1) Install the brushes. Bolt the brush to the upper plate
and attach the sealing rubber along the bolt holes on
the top side of the base plate. Then apply polyur-
ethane on both sides of the tail brush and at the cor-
responding positions on the side plates.

(2) Install the side plate. Place the lateral plate on top of
the base plate and align the bolts until connected.

(3) Ensure the sealability. Raise the hydraulic jack until
it can no longer be lifted. Activate the hydraulic jack
limit switch to tightly bolt the lateral plate to the
upper plate. Then remove the cover plate and rein-
force the side sealing boundary of the tail brush with
polyurethane.

(4) Pump the grease. Check whether the polyurethane is
completely air-dried through the leakage port. Then
activate the air compressor and continuously transfer
the grease into the sealing chamber until the sensor
PC-3 reaches the peak pressure.

(5) Apply water pressure. Switch on the water valve and
booster pump. Increase the water pressure by
0.01 MPa every 1 min.

_

AN

| Data logge; |

-
Air compressor

: — 2
| Host computer : Digital balance

Fig. 4. Physical diagram of a hydraulic breakdown device for a sealing chamber.
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(6) Collect data. Maintaining stable water pressure when
the sealing grease leaks out from the leakage outlet.
Use a scraper and spatula to remove the leaked seal-
ing grease for a specific duration and record its mass.
Then gradually increase the water pressure until a
large amount of water gushes out of the outlet, at
which point switch off the pump.

3 Results and analysis

Figure 7 demonstrates three distinct leakage phases with
the increase in water pressure. (a) Sealed stage. In this
phase, high interfacial stress between the tail brush and seg-
ment lining, along with grease saturation, effectively pre-
vents water ingress under low pressure, ensuring complete
sealing integrity. (b) Micro water leakage stage. This phase
follows as water pressure increases, during which water
gradually infiltrates through microscopic interfacial defects

with progressively rising leakage rates. (c) Grease-water
gushing stage. When the water pressure keeps increasing,
the water flow accelerates and carries out the grease, caus-
ing the grease pressure to drop and a large amount of the
sealing grease and water to gush out, eventually leading
to the complete failure of the seal.

Figure 8 depicts the evolution of the leakage rate under
different compression amounts (J) of the shield tail brush.
The curve allows for the determination of two critical
pressure thresholds that characterize the sealing failure
process. The breakdown pressure is determined from the
starting point of the curve, representing the external water
pressure at which a slight leakage begins to occur. In
contrast, the gushing pressure is identified from the first
point where the curve’s slope changes abruptly, signifying
the water pressure at which both grease and water begin
to surge out in large quantities. Besides, the compression
of the shield tail brush directly determines the sealing
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Fig. 7. Leakage evolution in the laboratory experiment. (a) Sealed stage, (b) micro water leakage stage, and (c) grease-water gushing stage.

performance of the shield tail. The smaller the compression
amount of the shield tail brush, the lower the breakdown
pressure and the gushing pressure, and accordingly, the fas-
ter the leakage rate when leakage occurs. The decrease in
brush compression can also reduce the difference between
the gushing pressure and the breakdown pressure. This is
because the sealing performance depends critically on the
interfacial stress between the brush and the segment lining.
While high compression with minimal shield tail clearance
maintains effective sealing over a wide pressure range,
reduced compression weakens interfacial resistance and
significantly shortens the transition period from micro-
leakage to grease-water gushing, thereby elevating seal fail-
ure risk. In fact, the sealing chamber is difficult to com-
pletely fill with grease, which leads to the existence of
weak points within the sealing unit. This is also a signifi-
cant factor that can induce premature leakage. However,
there is currently a lack of effective methods for monitoring
and controlling the grease fill ratio in both experimental
studies and engineering practice. Therefore, it is imperative
to conduct further research on the influence of the grease
fill ratio in future work.

The test results for the breakdown pressure of the seal-
ing chamber under conditions where the shield tail brush
has endured compressions of 65, 85, 105, 120, and
125 mm are presented in Fig. 9. Generally, the breakdown
pressure of the sealing chamber gradually increases with
the compression of the shield tail brush, indicating that

12004  4min —&— 5=125mm
—&— §=120 mm
—4— 5=105mm

—A— =85 mm

1000

r'é —=— §=65mm
3 800
o
B
o 600 -
)
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< h - .
3 400 4 14 min
o
4 -
200 - fﬂg =
=
0 T T T T T
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Fig. 8. Effect of compression amount on leakage rate.

the pressure-bearing capacity of the sealing chamber
improves as the compression amount increases. Addition-
ally, a similar trend has been observed regarding the effect
of the compression amount on the compression force. This
similarity, along with the influence of the compression
amount on the breakdown pressure, suggests that the core
of the change in breakdown pressure with compression
amount involves comparing the stress generated by the
compression force to the water pressure. Under consistent
water pressure, the greater the compression amount that
the shield tail brush endures, the larger the stress the com-
pression force produces. When the stress is sufficient to
counteract the external water pressure, the sealing chamber
can maintain an effective working state; when the stress is
insufficient to withstand the external water pressure, grease
and water will seep through the shield tail brush, resulting
in leakage.

During testing, the hydrophobic grease films cover the
surfaces of all WPCs. Attenuation occurs as the water
propagates through localized micro-channels to reach the
sensor, resulting in a discrepancy between the measured
pressure and the actual water pressure. As a result, the
WPCs’ readings are consistently lower than the actual
water pressure. Furthermore, this paper explores the varia-
tion pattern of the sensor data based on the maximum
stress increment, defined as the most significant change in
the sensor data within one minute after the water pressure
increases from the moment it is initially loaded.
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Fig. 9. Effect of compression amount on breakdown pressure and
compression force.
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The variation pattern of the maximum stress increment  and gushing pressure. Subsequently, the patterns in each

during the water intrusion process across diverse condi-  stage across various conditions are analyzed independently.
tions is illustrated in Fig. 10. Initially, the water intrusion = The findings indicate that the change trends corresponding
process into the sealing chamber is bifurcated into two dis-  to different conditions within the same stage exhibit signif-

tinct stages, classified according to breakdown pressure  icant similarities. The first stage is the sealed stage. During
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this stage, clear increments in stress occur successively in
the three WPCs along the water pressure loading direction.
For instance, when the shield tail brushes experience a
compression amount of 125 mm, the maximum increments
of WPC-3, WPC-2, and WPC-1 begin to rise significantly
from 0.06, 0.15, and 0.23 MPa, respectively. When the
shield tail brushes face a compression amount of
120 mm, the maximum increments of WPC-3, WPC-2,
and WPC-1 begin to rise significantly from 0.05, 0.10,
and 0.22 MPa, respectively. Meanwhile, the maximum
stress increments of each WPC during the normal working
stage consistently demonstrate an upward trend. This is
because external water intrudes into the sealing chamber
through gaps, forming a “local leakage area.” As external
water pressure increases, the “local leakage area” continu-
ously expands along the longitudinal direction, eventually
leading to inconsistent moments when the maximum stress
increment of each WPC shows a significant increase and a
trend of continuously rising maximum stress increment val-
ues. As the external water pressure rises to the breakdown
pressure, the intrusion process of water enters the second
stage, referred to as the micro water leakage stage. In this
stage, the “leakage area” has penetrated longitudinally to
create a leakage channel, resulting in leakage within the
sealing chamber. With the escape of the sealing grease
and water, the height of the leakage channel continues to
increase, leading to an accelerated rise in the maximum
stress increment. As the water pressure rises further, the
leakage channel expands more, ultimately causing the
grease and water to gush.

As depicted in Fig. 11, a discrepancy exists between the
total stress within the chamber and the external water pres-
sure. This difference can be attributed to two primary fac-
tors. First, the reading for the water pressure is taken from
a sensor integrated within the booster pump. However,
minor energy losses occur as the water is transported from
the pump to the water chamber. This results in the actual
water pressure inside the chamber being slightly lower than
the recorded value. Second, the total pressure within the
sealing chamber is measured by sensors embedded in the
bottom plate. To prevent direct contact with the tail brush,
these sensors are positioned at a certain distance from the
water chamber, which introduces additional energy losses.
Consequently, the total pressure measured inside the sealed
chamber is lower than the externally applied water
pressure.

As shown in Fig. 11, during the normal working stage
and the leakage stage, the maximum increment of the lon-
gitudinal total stress within the sealing chamber has been
increasing, with the growth rate of the maximum stress
increment being faster during the leakage stage. By com-
paring Figs. 10 and 11, it can be observed that the maxi-
mum increment change of the longitudinal total stress in
the sealing chamber is nearly synchronous with the water
intrusion process. Therefore, the longitudinal total stress
increase mainly results from expanding the leakage channel
in the sealing chamber. The results in Fig. 11 also indicate

that PC-3, PC-2, and PC-1 readings decrease consecutively
along the hydrostatic loading direction. For instance, when
the shield tail brushes endure a compression amount of
125 mm, the maximum stress increments at the positions
of PC-3, PC-2, and PC-1 are 0.63, 0.52, and 0.22 MPa,
respectively, during micro leakage in the sealing chamber.
Similarly, when grease-water gushing occurs in the sealing
chamber, the maximum stress increments at these positions
are 0.77, 0.76, and 0.49 MPa, respectively. When the shield
tail brushes are subjected to a compression amount of
120 mm, the maximum stress increments at PC-3, PC-2,
and PC-1 are 0.52, 0.33, and 0.19 MPa, respectively, during
micro leakage in the sealing chamber. Similarly, when
grease-water gushing occurs in the sealing chamber, the
maximum stress increments at these positions are 0.63,
0.38, and 0.32 MPa, respectively. These data indicate that
the sealing chamber achieves sealing performance by dissi-
pating water pressure. Additionally, Fig. 11 shows that the
differences in the maximum stress increments between adja-
cent PCs are not equal. For example, under the working
condition of a compression amount of 125 mm endured
by the brushes, when leakage occurs, the maximum differ-
ence in stress increment between PC-3 and PC-2 is
0.11 MPa, and the maximum difference in stress increment
between PC-2 and PC-1 is 0.30 MPa; when gushing occurs,
the maximum difference in increment between PC-3 and
PC-2 is 0.01 MPa, and the maximum difference in incre-
ment between PC-2 and PC-1 is 0.27 MPa. Overall, the
maximum stress increment differences between PC-3 and
PC-2 are relatively close, while the maximum stress incre-
ment difference between PC-2 and PC-1 is significantly dif-
ferent. This is due to the relatively large curvature of the
leakage channel between PC-3 and PC-2, which results in
less energy loss along the water flow path, making the max-
imum stress increments at the corresponding positions of
the two relatively close. In contrast, the curvature of the
leakage channel between PC-2 and PC-1 is relatively small,
leading to greater energy loss along the water flow path,
and thus the difference in the maximum stress increments
at the corresponding positions of the two is notably large.

4 Tail brush and lining interaction analysis

Due to the shield machine’s attitude adjustment, the
shield tail brush becomes deformed from the combined
effects of the front and rear pressure difference and the
compression applied by the segment lining, thus creating
a contact surface between it and the segment’s outer wall.
This paper has experimentally demonstrated that the stress
generated by the compression force within the contact sur-
face is crucial to the pressure-bearing capacity of the seal-
ing chamber. To facilitate the subsequent study, this
paper refers to the combined force endured by the shield
tail brush, caused by the segment’s compression, as the
“compression force,” and the area where the shield tail
brush contacts the segment as the “contact surface.” The
maximum stress in the “contact surface” generated by the
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Fig. 11. Variation pattern of the maximum increment change of the longitudinal total stress under various working conditions. (a) 125 mm compression
amount, (b) 120 mm compression amount, (¢) 105 mm compression amount, (d) 85 mm compression amount, and (e) 65 mm compression amount.

compression force is termed the compression stress. This
paper constructs a large deformation model of the shield
tail brush in compression to calculate the compression
stress and then evaluate the breakdown pressure of the
sealing chamber. For the purpose of model development
and analysis, the following key assumptions are estab-

lished: (1) By neglecting the circumferential pressure, the
brush’s compression behavior is simplified to a two-
dimensional model. (2) The cross-section of the tail brush
and the transverse load applied to it are uniform along
its length, and the deformation of the element is deter-
mined solely by the variables in the plane perpendicular
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to the length direction. (3) The stress distribution within
the contact interface is uniform.

Theoretical models for the mechanical behavior of
shield tail brushes are notably scarce in the existing litera-
ture. Yu et al. (2020) simplified the tail brush as a beam ele-
ment and analyzed its response using small deformation
theory. However, the tail brush typically undergoes large
displacements under compression, which means that a
large deformation theory is required to more accurately
capture its actual behavior. The large deformation problem
of beams, known as the Euler-Bernoulli Law, is often
transformed into second-order nonlinear differential equa-
tions and solved using methods such as the parameter per-
turbation method (He & Chen, 2006, 2015) and elliptic
integrals (Chen et al., 2011; Yu & Zhu, 2017). He et al.
(2013) proposed a calculation method using a perturbation
approach that incorporates two small parameters: pressure
difference and elevation difference. However, the model did
not account for the influence of the initial installation
Angle and is not suitable for the deformation calculation
of the tail brush. Building upon this existing research, the
study considers both the stiffness variation of the tail brush
during large compressive deformation and the effect of the
initial installation angle. A perturbation method involving
three small parameters, including pressure difference, tail
gap, and initial installation angle, is employed for the cal-
culation, rendering the model a closer approximation of
actual conditions.

4.1 Analytical modeling of brush deformation

To establish the brush’s nonlinear large deformation
equation, a coordinate system shown in Fig. 12 is utilized.
Here, ¢ represents the pressure difference between the front
and rear sides of the brush per unit length, x denotes the
horizontal coordinate, w stands for the vertical deforma-
tion, 7 indicates the number of compressions, 6 represents
the angle between the arc of the brush and the horizontal
direction, / represents the length of the brush, and the ini-
tial installation angle of the brush is represented by .

The bending moment and shear force at the fixed end of
the brush are denoted as M, and Q,, respectively. At any
point on the brush, they are denoted as M(x) and Q(x),
respectively. The shield tail brushes undergo significant
changes in shape and position after compression deforma-
tion. Consequently, it becomes necessary to derive the equi-
librium equation applicable to the beam section after
deformation, referred to as Eqgs. (1) and (2):

57172

M, :M(x)—&—Q(x)x—/qux{l + (dw/dx)"| dx, (1)

0t = [ a[t+(@n/a’] “ar- 0, )

Eliminating Q(x) from Egs. (1) and (2), Eq. (3) can be
obtained:

1

x 272
M()C):M()—|—Q0)c—x/0 q l—l—(%> ] dx

+/qux 1+ <j§:>2rdx. (3)

According to the Bernoulli equation, the deflection at
any point on the brush can be obtained as follows:
&w
= M
e
@]

x/ox 1+<j§:>2rdx—g[
x /Oxx 1+(‘%”)de. (4)

In Eq. (4), EI represents the bending stiffness of the
shield tail brush. The two quadratic functions, My/EI
and Qy/EI, need to be determined based on boundary con-
ditions. It is worth noting that in a state of large deforma-
tion, the base end of the shield tail brush still maintains its
angle with the skinplate at the moment welding is com-
pleted, while the end of the shield tail brush moves along
the positive x-axis under compression. When the brush is
compressed to a specific shield tail clearance, as required
by the construction specifications, the movement at the
end of the brush also stops accordingly. Thus, the bound-
ary condition for the large compression deformation of the
shield tail brush is:

1

5
w=C, Ly 0, x = x, ©)

W:07%2¢7 x:07

s Al

where x, denotes the projected length of the brush on the x-
axis, and C stands for the shield tail clearance. Equation (4)
is a second-order nonlinear differential equation that will
be solved using the parameter perturbation method. First,
the following dimensionless variables are introduced:

_ ) s
_x _w ~_ Moxe _ Qoxe g% _ _C _¥
é*xc‘r w=o, m==g, Q=55 0=q, B=t, ¢=%-

The next step is to nondimensionalize Egs. (4) and (5):

a2l
()T

dw

- - ¢
digz;:—m—gmmé/
2 0

[1 n (%_g)z]

o

¢ dw\’
—12a/0 & 1+<d_§)]dé’ (7)
£=0, 8 =64, w=0,
(8)
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Fig. 12. Compression behavior of the shield tail brush.

After that, a Taylor expansion approximates the nonlin-
ear terms in Eq. (7).

(1 +{v’2)% -1 +%w’2 —%%’4 +o({v’6), 9)
(1 +v_t//2)3/2 =1 +%v‘v’2+§_'4+o({v'6). (10)

To simplify calculations, only the first-order approxima-
tions of Egs. (9) and (10) are used, then Eq. (7) is simplified
to

A (11)

d&
—(1) =1 o :
where w ', m ', and QO represent the first-order approxi-

mations of w, m, and Q, respectively. These approximations
necessitate resolution through the application of boundary
conditions. Twice integrating Eq. (11) gives the following
results:

d;v(l)

d¢

—(1)

- 1=
Ve-s0 @+mf 4, (12)

1 -

M (13)

In Eqgs. (12) and (13), C (k = 1, 2) represents the con-
stant of integration for the vertical deformation. Incorpo-
rating the boundary conditions into Egs. (12) and (13)
results in the following equation:

1- 1
& _EQ g +§“f4+clf+cz-

w!(0) = €, = 6¢),
w!(0) = C, =0,
—(1) —()
-0 +6a=0,
L= 10~ 4 1y 4 €y + C, = 12

_zm

The collation of equations ultimately yields a first-order
approximation solution for the deflection of the brush:

_ 3
m(l):—§a+18¢—36ﬁ, (15)
- 1
0" =Du 189+ 3065, (16)
) 3 5 |
w =G8—ﬁﬂﬁé%+a%%ﬁ@ﬁ
+ (68— 98 +3&%)¢. (17)
The derivative of dw' /d¢ is given by:
d%):ﬂa+l“2ﬁ+1"3q’>,
Flzgé_%§2+2é3a (18)

I, = 36¢ — 1882,
I3 =6— 1854 9&%

According to the mechanical equilibrium relationship,
the formula for calculating the compression force (Fpress)
acting on the brush, which results from the combined
effects of the differential pressure between the front and
rear sides and the adjustments in the shield tail clearance,
can be expressed as follows:

3 3C
o =a(1-55) (-5

The mathematical relationship described in Fig. 12 is as
follows:

dx/ds = cos 0,

(19)

— —Xe

8

(20)

cos 0 = 1/[1 v (dw/dx)z} (21)

The collation of Egs. (20) and (21) yields the relation-
ship between s and x:
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X 1 X 5 %
s _/0 Cosedx—/o [1+ (dw/de] . (22)
The dimensionless Eq. (22) is as follows:
: o
s/xe:/ (14 (dw/ae)’] ae (23)
0

If the magnitude of dw /d¢ is relatively small, it is rea-
sonable to take an approximation as follows:

[1 + (dfv/dé)z}l/2 =1 +%(d{v/dg’)2 —%(d@/df)“ o
(24)

Besides, it can be obtained from the principle of the
parameter perturbation method:

— ) _(3)
dw dw dw dw
d—g— KE + KE -‘rO( E ) (25)

In Eq. (25), fvw denotes the second-order approximate
solution of the deflection, and o(+**) denotes the infinitesi-
mal of higher order. In conventional methodologies for cal-
culating arc length, it is frequently observed that the first-
order approximation yields a level of accuracy that is gen-
erally deemed sufficient (He et al., 2013). Thus, Eq. (23) can
be simplified as

L= [ (dwh/de) de
+o(ot, 2B, 03, 02 B2, 027, o2, ap’, 0> b, af’,
ad’, BB G B B, ).
(26)

When adjusting the shield tail clearance, the length of
the brush remains unchanged, disregarding any stretch
deformation. This means that s equals /. Thus, the solution
for x. is derived from the following equation:

xi —1 % /01 (d?v(l>/dé)2dé

+0(O€47O(3ﬁ, OC3¢,O€2[327"'). (27)
The collation of Eq. (27) yields Eq. (28):
s 67 432 18 3 72
1= 2 iy 942 2 _ =
e wo* TIPS sk
+13—Oocd)+0(oc4,oc3ﬁ,oc3¢,~~). (28)

The approximate solution for the length of the contact
surface /. is derived from the following equation:

le =x. _x|w(1)zca ()C < xc)- (29)

To guarantee a sufficient margin of the brush’s seal-
ing performance, it is posited that the compression
stress is uniformly distributed across the contact sur-
face. Subsequently, the calculation of the compression
stress within the contact surface o is conducted as
follows:

F eSS
of =P (30)
Wple
where w), indicates the transverse width of the shield tail
brush.

4.2 Validation and parametric analysis

Considering the characteristics of the shield tail brush as
a plate-bristle composite flexible structure, the bending
stiffness of the brush changes during large deformation
under compression. The mechanical property test data of
the shield tail brush in Fig. 3 and Eq. (19) are used to cal-
culate the effect of the compression amount on bending
stiffness, and the results are presented in Fig. 13. The shield
tail brush’s initial bending stiffness equals that of the front
protection plate, as nearly only the front protection plate
deforms when the shield tail brush is compressed. The
bending stiffness increases faster as the compression
amount increases from 0 mm to 30 mm. This acceleration
is due to the deformation of the rear protection plate, with
the stiffnesses of both the front and rear protection plates
working together at this stage. As compression rises from
30 mm to 105 mm, the increase in bending stiffness acceler-
ates throughout this period. During this phase, the rear
protection plate is not lifted further due to the constraints
of the shield tail clearance, leading to the gradual bending
of some bristles. This bending affects the stiffness of those
bristles, which then contributes to the resistance against
deformation. As the compression amount continues to
increase beyond 105 mm, the compression of the shield tail
brush approaches its limit, causing a large number of
bristles to bend simultaneously. At this stage, the front pro-
tection plate, the rear protection plate, and numerous bris-
tles deform synergistically, leading to a significant increase
in bending stiffness. The variation in the bending stiffness
during the large deformation process of the shield tail
brush under compression is shown in Fig. 14.
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Fig. 13. Effect of compression amount on bending stiffness.
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The bending stiffness of the front and
rear protection plates are functional.

The bending stiffness of a section of
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together to prevent deformation.
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Fig. 14. Variation in the brush’s bending stiffness during compression.

Based on the variation rule for the bending stiffness of
the shield tail brush, the mathematical model in Fig. 13 is
adopted to fit the relationship between the compression
amount and bending stiffness. This fitting equation incor-
porates two components: the initial stiffness and the vari-
able stiffness induced by compression. The coefficient of
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Fig. 15. Comparison between the calculated and measured compression
forces.
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Fig. 16. Comparison of measured breakdown pressures with calculated
compression stresses.

determination (R?) is 0.9993, which indicates that the equa-
tion can effectively model the variation pattern of the tail
brush stiffness throughout the compression process.
Figure 15 illustrates the comparison between calculated
and measured compression forces. The maximum absolute
value of error observed between the two is 17%, demon-
strating that the model accurately calculates the compres-
sion force. Figure 16 illustrates the sealing chamber’s
breakdown pressure and compression stress. As the hydro-
static resistance of the sealing grease and its capacity to seal
gaps within the sealing chamber are not accounted for, the
compression stress remains consistently lower than the
measured breakdown pressure. The deviation between the
calculated compression stress and the measured breakdown
pressure ranges from a maximum of —15% to a minimum
of —3%, suggesting that the model demonstrates high com-
putational accuracy. Viewed from another perspective, this
finding indicates that the compression stress of the shield
tail brush plays a crucial role in the breakdown pressure
of the shield tail sealing system. As illustrated in Fig. 17,
when the compression stress is considered as a part of the
breakdown pressure, it ranges from a maximum propor-
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Fig. 17. Contribution of sealing properties of different components to
breakdown pressure.
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Fig. 18. Effect of bending stiffness and compression on stress.

tion of 97% to a minimum of 85%. Hence, enhancing the
compression stress can substantially boost the sealing per-
formance of the shield tail brushes, consequently elevating
the pressure-bearing capacity of the entire shield tail seal-
ing system.

A comprehensive analysis of the effect of compression
stress on breakdown pressure, along with the influence of
bending stiffness on compression stress, demonstrates that
selecting an appropriate shield tail brush based on the ini-
tial bending stiffness can significantly improve the pressure-
bearing capacity of the shield tail sealing system. In practi-
cal applications, it is essential to identify the maximum
water pressure in the area excavated by the shield machine,
as well as the control range for the shield tail clearance.
Subsequently, by consulting Fig. 18, an appropriate initial
bending stiffness value for the brush can be determined to
meet the water pressure resistance requirements of actual
projects, facilitating the selection of the shield tail brush
accordingly.

5 Conclusions

This study investigates the failure mechanisms of the
sealing chamber through breakdown tests, elucidating the
patterns of leakage evolution and interfacial pressure
distributions. A tail brush’s large deformation model is
established for evaluating the breakdown pressure, provid-
ing critical guidance for the selection of shield tail brushes
and the management of the shield tail clearance. The con-
clusions are as follows:

(1) The leakage evolution can be categorized into three

stages: the sealed stage, the micro water leakage
stage, and the gushing stage. During the sealed stage,
the interfacial stress between the brush and lining,
along with grease saturation, effectively prevents
water ingress under low pressure. During the micro
water leakage stage, as water pressure increases,
water gradually seeps out through interface defects.
During the grease-water gushing stage, the water
pressure keeps increasing, the water flow accelerates
and carries out the grease, causing the grease pressure
to drop and a large amount of sealing grease and
water to gush out, eventually leading to the complete
failure of the seal.

(2) The compression of the shield tail brush directly

determines the sealing performance of the shield tail.
The smaller the compression amount of the shield tail
brush, the lower the breakdown pressure and the
gushing pressure, and accordingly, the faster the leak-
age rate when leakage occurs. This is because the seal-
ing performance depends critically on the interfacial
stress between the brush and the segment lining. A
reduction in the compression can lower the interfacial
stress and significantly shorten the interval from
microleakage to grease-water gushing, thereby elevat-
ing seal failure risk.

(3) The shield tail brush exhibits variable stiffness com-

pression behavior. As the compression amount
increases, the rear protection plate and the bristles
of the shield tail brush will participate to resist defor-
mation, thereby significantly enhancing the stiffness
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of the shield tail brush. By introducing this stiffness
variation, a large compression deformation model
of the shield tail brush was established, which can
accurately evaluate the breakdown pressure of the
shield tail seal.

In this study, a deformation model for the tail brush is
proposed based on several key assumptions. First, by lever-
aging the geometric features of the structure and the pri-
mary direction of leakage, the brush’s compression
behavior is simplified into a two-dimensional beam model.
Second, the stress within the contact surface is assumed to
be uniformly distributed, which serves to underestimate the
maximum stress that the tail brush can withstand while
performing its sealing function. Although these assump-
tions deviate from actual conditions, they ultimately yield
conservative results that are beneficial for engineering
safety. Furthermore, while the proposed model has been
validated against experimental data, this approach limits
its broader applicability. Therefore, future work should
incorporate in-situ testing data to enhance the model’s reli-
ability and its practical relevance to actual tunneling pro-
jects, thereby enabling a more accurate prediction of the
pressure-bearing capacity of the shield tail sealing system.
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