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Abstract

Flexible joints represent the most vulnerable aspect of the immersed tunnel, necessitating effective waterproofing and the transmission
of forces between tunnel segments. However, the role of longitudinal limit devices in the seismic behavior of immersed tunnels is fre-
quently overlooked in contemporary research on their seismic robustness. This study develops a longitudinal force model for flexible
joints that incorporates the longitudinal limit device, building upon the beam-spring model of the immersed tunnel. Concurrently, a
scaled partial experiment on the immersed tunnel’s flexible joint is undertaken, and validated and compared to the theoretical model.
Subsequently, this model is utilized in the seismic assessment of the Ruyifang immersed tunnel. The computational findings revealed
a considerable improvement in the seismic resilience of the immersed tunnel following the integration of longitudinal limit devices. With
the incorporation of these devices, the opening of flexible joints diminished by 20% to 50% compared to scenarios lacking such devices. In
addition, the peak acceleration of the tunnel segments’ mid-point structural response decreased by approximately 50%, accompanied by a
significant reduction in the internal force response within the tunnel segments. As proposed in this research, the longitudinal force model
for flexible joints under longitudinal limit devices represents the behavior of immersed tunnels under seismic stress more accurately.
These numerical simulation outcomes also offer valuable insights for designing flexible joints in immersed tunnels.

Keywords: Immersed tunnel; Flexible joint; Force analysis model; Seismic response

1 Introduction

The concept of immersed tunnels was first introduced in
the early 19th century (Lunniss & Baber, 2013). The first
concrete-immersed tunnel, the Maas Tunnel, was con-
structed in Rotterdam, Netherlands in 1942 (Olsen et al.,
2022). Since then, the immersed tube method has gained
widespread use in underwater tunnel construction
(Bergsma et al., 2017; Lin et al., 2022; van Schie, 2022)
by offering benefits like construction quality assurance
and adaptability to soft foundations (Li, 2012). However,
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large dynamic loads, such as earthquakes, can cause catas-
trophic damage to immersed tunnels in complex water-soil
environments. The seismic performance of the tunnel seg-
ment joints, which represent the most vulnerable part of
these structures (Ding et al., 2006), cannot be overlooked.
Tunnel segment joints are generally categorized as rigid
or flexible. Currently, rigid joints are decreasing, while flex-
ible joints, which have numerous components, are becom-
ing more prevalent. Figure | illustrates the components of
a flexible joint, including the GINA gasket, OMEGA seals,
side steel shell, shear key, and longitudinal limit device. The
shear key primarily absorbs the joint’s shear force and pre-
vents damage from excessive uneven settlement. The GINA
gasket and longitudinal limit device primarily ensure water-
proof performance and transmit longitudinal force between
tunnel segments (Hu et al., 2015; Ingerslev, 2005). The side
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Fig. 1. Structure of flexible joint for the immersed tunnel.

steel shell ensures even compression of the GINA gasket.
Although OMEGA seals serve as a secondary waterproof-
ing line, they are not used as stress-bearing parts of the
joint.

Numerical simulation is the most efficient and widely
employed method to study the longitudinal seismic
response of tunnels. Compared to shaking table tests
(Chen et al., 2017; Wang et al., 2019; Yu et al., 2018), it
offers a more accurate reproduction of tunnel structures’
seismic responses (Wang et al., 2021; Zhao et al., 2021).
Zhao et al. (2023) developed a refined solid model of the
tunnel and soil and investigated the failure laws of large-
diameter submarine shield tunnels under different earth-
quake intensities. However, three-dimensional modeling
of tunnels using nonlinear foundation models is still a
time-consuming task (Vitali et al., 2018). Additionally,
given the larger number of meshes used to establish a solid
finite element model of a tunnel site, the computational
demand and corresponding cost are typically high. There-
fore, establishing a simplified tunnel model for seismic
numerical simulation has become the choice of many partic-
ipants and scholars. Miao et al. (2018) simplified the soil-
tunnel model into a beam-spring model and established a
2D free-site model to numerically simulate the longitudinal
seismic response of a shield tunnel under spatially varying
ground motions. Liu et al. (2023) combined the traditional
beam-elastic model with the three-dimensional fine link
model to establish a multi-scale beam-spring model for a
shield tunnel. Chen et al. (2024) conducted a more in-
depth study on the tunnel longitudinal equivalent stiffness
beam model in the longitudinal seismic deformation
method of shield tunnels. Yu et al. (2017) simplify tunnel
segments and joints into beam elements and springs to sim-
ulate the longitudinal seismic performance of an immersed
tunnel. Joint springs usually consist of longitudinal and ver-

tical shear springs. Although there are currently many tun-
nel simplification methods, most studies typically omit
longitudinal limit devices when simplifying flexible joints.
Anastasopoulos et al. (2007, 2008) did not consider the
influence of the longitudinal limit device when conducting
nonlinear dynamic transient analysis of tunnels through
numerical simulation using the beam-spring model. Li
et al. (2014) and Chen et al. (2018) also ignored the influence
of the longitudinal limit device when analyzing the dynamic
response of an immersed tunnel using a simplified model of
an equivalent particle-beam-spring system. Therefore,
establishing a simplified, flexible joint model including lon-
gitudinal limit devices is crucial to accurately evaluate the
seismic performance of immersed tunnels.

The effectiveness of a simplified flexible joint model is
crucial in determining the accuracy of dynamic response
calculations for immersed tunnels. Zhang et al. (2022) con-
ceptualized the flexible joint as a linear spring capable of
compression and tension, using the compressive stiffness
of the GINA gasket and the tensile stiffness of the longitu-
dinal limit device. However, they did not include a shear
spring in their model. Wu et al. (2020) and Zhang et al.
(2021) introduced Hyper-elastic and Bilinear springs, with
stiffness parameters derived from the force—displacement
curves of the GINA gasket and the joint shear key, respec-
tively. Despite various approaches for selecting simplified
spring parameters in numerical simulations of immersed
tunnels, none of these studies have substantiated their
models through experimental or numerical validation. Hu
et al. (2018b) showed, based on segmental joint model tests
on a settlement platform, that the shear displacement-shear
force curve of the shear key consists of three distinct stages.
They indicated that a tri-linear spring would more accu-
rately represent the flexible joint’s shear spring than a bi-
linear one. Consequently, conducting longitudinal mechan-
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ical tests on immersed tunnels, particularly those with
longitudinal limit devices, is imperative to validate the cho-
sen longitudinal spring parameters for flexible joints.

This study aims to evaluate the longitudinal seismic per-
formance of an immersed tunnel, particularly considering
the longitudinal limit device. A longitudinal force model
of a flexible joint, factoring in the longitudinal limit device,
is developed based on the immersed tunnel’s beam-spring
model. This model accounts for the interaction between
the GINA gasket and the longitudinal limit device under
stress. The joint’s simplified model serves as the foundation
for seismic simulation. Initially, a localized longitudinal
tension test on the flexible joint is conducted to obtain
and compare the force-displacement curves of joints with
and without the longitudinal limit device against the model
curve. Subsequently, a simplified beam-spring model of the
Ruyifang immersed tunnel in Guangzhou, China is con-
structed. The reaction displacement method is employed
to numerically simulate the longitudinal dynamic response
of the immersed tunnel. The study also includes a compar-
ative analysis of the dynamic response calculation results,
contrasting flexible joints with and without the longitudinal
limit device. This study focuses on the impact of longitudi-
nal limit devices on the longitudinal seismic response of
immersed tunnels. The critical role of the longitudinal limit
devices in the dynamic response of the immersed tunnel is
verified based on experiments and numerical simulations.
Besides, the design of flexible joints in immersed tunnels
is enriched, and a mechanical model for dynamic response
analysis is added.

2 Longitudinal mechanical model of flexible joint

The beam-spring model is widely used in the numerical
simulation of long underground structures (Editorial
Department of China Journal of Highway and Transport,
2022; Yu et al., 2017). As shown in Fig. 2, this model sim-

Posterior segment joint control point

plifies the immersed tunnel’s flexible joints into longitudinal
and shear springs, represented by GINA gaskets and shear
keys, respectively. However, most scholars have overlooked
the longitudinal limit device (Wang et al., 2022). This over-
sight can impact the local structural performance of the
flexible joints and the overall performance of the immersed
tunnel (Hu et al., 2018a). Consequently, this section aims to
establish a longitudinal force model of the flexible joint that
incorporates the longitudinal limit device. This model is
based on force analysis of the flexible joints in immersed
tunnels and seeks to address the shortcomings of the origi-
nal model.

2.1 Longitudinal mechanical analysis of flexible joint

The primary components that bear the longitudinal
force in the immersed tunnel’s flexible joint are the GINA
gasket and the longitudinal limit device. The longitudinal
mechanical analysis process of these joints, as depicted in
Fig. 3, comprises three steps. Step 1, the installation stage,
begins with hydraulic crimping, determining the GINA
gasket’s compression based on the tunnel joint’s water
pressure. After crimping, the prestressed cables in the lon-
gitudinal limit device are pulled out and connected while a
prestressing force is applied. The cables then undergo anti-
corrosion treatment to complete the installation. Steps 2
and 3 represent the compression and tension states of the
flexible joint during use. In these states, the prestressed
cables in the longitudinal limit device can only bear the
joint’s longitudinal tension, and the GINA gasket can only
bear longitudinal pressure. However, it is essential to note
that further investigation is needed to confirm the force
coupling between the GINA gasket in compression and
the prestressed cables in tension.

The longitudinal springs in the beam-spring model’s
joints typically use a segmental equivalent method and a
uniform spatial distribution approach. Given the generally
slight fluctuation in the water pressure at the joints, this

Immersed tunnel segment

" Ground spring

/}m nt @

jmmersed Flexible joint

Fig. 2. Immersed tunnel beam-spring model.
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Fig. 3. Longitudinal force analysis of flexible joint. (a) Flexible joint installation and use stage diagram, and (b) compressions-force curves of flexible joint

at each stage.

simplification inevitably introduces errors in the mechani-
cal model. Before presenting a simplified longitudinal force
model of the flexible joints that considers the longitudinal
limit devices, it is essential to clarify the following: (a) the
initial compression amount of the flexible joint is deter-
mined by the normal water pressure at the joint’s depth,
disregarding the impact of water pressure fluctuations after
hydraulic pressure; (b) since the prestress exerted on the
longitudinal limit device is minor compared to the water
pressure, its effect on the flexible joint’s longitudinal force
is negligible.

2.2 Establishment of longitudinal force model of flexible joint

The longitudinal force curve after installing the flexible
joint is illustrated in steps 2 and 3 of Fig. 3. Fg and F¢ rep-
resent the reaction forces provided by the GINA gasket
and the prestressed cables in the flexible joint, respectively.
F 4 represents the external load on the flexible joint. The
prestressed cable’s stress deformation curve employs a
double-line model, while the GINA gasket’s compression
deformation curve utilizes power function fitting. Their

force—displacement curves are shown in Fig. 4(a). x, is
the compression amount of the GINA gasket after hydrau-
lic crimping, F, is the reaction force generated by the
hydraulic pressure connection of GINA gasket, x; is the
yield value of the prestressed cables, and F; is the tension
required for the prestressed cables to enter the yield state.
The expression of the prestressed cable is given in Eq.
(1), while the expression of the GINA gasket is given in
Eq. (2). Assuming that the water depth where the joint is
located is H, then its water pressure is defined as given in
Eq. (3), and the hydraulic pressing joint point is as shown
in Eq. (4). Therefore, the expression of the GINA gasket,
after the flexible joint in Fig. 4(b) is hydraulically pressed,
is defined using Eq. (5). The force—displacement curve of
the flexible joint in the working state of the flexible joint
in Fig. 4(c) can be obtained considering the force coupling
between the GINA gasket and the prestressed cable after
hydraulic pressure. F,; is the longitudinal force required
when the flexible joint displacements to x;. It is worth not-
ing that when the joint is under pressure, only the GINA
gasket is stressed, and when the joint is under tension,
the GINA gasket, coupled with the prestressed cable, is
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Fig. 4. Steps of establishing longitudinal force model of a flexible joint. (a) Force-displacement curves of GINA gasket and prestressed cables, (b) GINA
gasket force—displacement curve after hydraulic pressing of flexible joints, and (c) force-deformation curve of flexible joint in working state.

stressed. Thereafter, the longitudinal force model of the
flexible joint considering the longitudinal limit device is
defined using Eq. (6).

Fg = kgi (" — 1), (1)
Fc = ksx, (2)
Fw = pgH, 3)
Yo = k—Gll In (LkGIF W), (@)
Fg = (ka1 — Fw)e' + Fy — ka1, (5)
(kg1 — Fw)eko™ + Fy — kg, x<0

F = oc[(kGl —Fw)e"“ﬂx + Fw — kGl] + ﬁksﬂc 0<x<x,

F<X1)+ksz(x—xl) X <Xx

(6)

where F is the longitudinal force on the joint (kN); x is the
displacement of the joint (mm); kg, and kg, are the fitting
parameters of the GINA gasket compression deformation
curve using a power function; ks; and ks, are the elastic
stiffness and plastic stiffness of the prestressed cable, respec-
tively; Fw is the pressure on the GINA gasket per unit
length after hydraulic crimping; p is the density of water;
g is the acceleration due to gravity; H is the distance from
the center of the flexible joint to the water surface; « and 8
are the coupling parameters of the GINA gasket and lon-
gitudinal limit device (the default value is 1).

3 Experimental verification of longitudinal mechanical model

The force coupling between the GINA gasket and the
longitudinal limit device significantly impacts the reliability
of the flexible joint’s longitudinal force model. The axial
force—displacement curves of the flexible joints can be

obtained by conducting longitudinal mechanical tests on
flexible joints, taking into account the longitudinal limit
device under different water pressures. On the other hand,
the reliability of the coupling parameters of the GINA gas-
ket and the longitudinal limit device in the model can be
verified by comparing the test curve with the longitudinal
force model of the flexible joint. Additionally, the applica-
bility of the longitudinal force model of the flexible joint
can also be verified using the axial force-displacement
curve of the flexible joint under the actual engineering
background obtained through the test.

3.1 Uniaxial compression experiment of GINA gasket

The flexible joint’s longitudinal force model employs a
segmented simplification method. The project’s whole-
section GINA gasket differs from the joint model’s simpli-
fication approach. A uniaxial compression test on a seg-
mented GINA gasket was initially performed to assess
this method’s validity. A 1 m long, 0.25 m wide, and
0.203 m high GINA gasket model G150-125-60 was
selected for the experiment. Figure 5(a) indicates that the
GINA gasket experimental piece measures these dimen-
sions. On the other hand, Fig. 5(b) presents the standard
compression curve of the G150-125-60 GINA gasket.

The GINA gasket’s lateral constraints and shape varia-
tions minimally influence the joint’s compression perfor-
mance, as indicated in the literature (Liu & Huang, 2009).
Therefore, compression experiments were conducted on
the GINA gasket under two conditions: with and without
restraint, as shown in Fig. 6. The tests utilized a hydraulic
jack and employed a displacement control method.

The experimental results are depicted in Fig. 7. A com-
parison of the standard compression load curve for the
G150-125-60 GINA gasket with its actual test values
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Fig. 5. GINA gasket and its compression-load curve. (a) GINA water gasket, and (b) GINA gasket compression load curve.
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Fig. 6. Compression test of GINA gasket (a) without vertical constraint, and (b) with vertical constraint.

reveals significant insights. Under unconstrained condi-
tions, the compression-load curve of the GINA gasket sub-
stantially deviates from the standard curve. In contrast,
under constrained working conditions, the compression
curve aligns closely with the standard GINA gasket com-
pression curve when the compression amount is below
80 mm. Furthermore, the normal water levels at each flex-
ible joint in the Ruyifang immersed tunnel in Guangzhou
typically remain below 20 m. Based on equivalent water
pressure conversion, a 20 m high water pressure at the joint
results in an 82.3 mm compression of the GINA gasket.
This finding indicates that the segmented compression
curve of the GINA gasket in the Ruyifang Tunnel’s flexible
joints closely matches the standard curve. Therefore,

employing a segmented simplification method for the longi-
tudinal force model of flexible joints accurately reflects
real-world conditions.

3.2 Quasi-static experiment of flexible joint

3.2.1 Experimental profile

The experiment focused on the Guangzhou Ruyifang
immersed tunnel project. Figure 1 illustrates the cross-
section of the immersed tunnel’s flexible joint, measuring
9.5 m in height and 30.4 m in width. A total of 40 longitu-
dinal limit devices are strategically placed along the GINA
gasket, approximately 1 m apart. Each device encompasses
12 prestressed cables, each 15.2 mm in diameter. The exper-



Y. Li et al. | Underground Space 20 (2025) 17-32 23

1600

—O— Without vertical constraint
1400 |-[—C— With vertical constraint
—2~— Standard compression curve

1200

1000

800

600

Force (kN/m)

400

200

0 10 20 30 40 50 60 70 8 90 100 110
Compressions (mm)

Fig. 7. Compression curve of G150-125-60 GINA gasket per linear meter.

iment utilized a 1 m-long GINA gasket and a longitudinal
limit device as prototypes for a quasi-static test, validating
the longitudinal force model of the tunnel’s flexible joint.

3.2.2 Experimental set-up and materials
The testing apparatus, shown in Fig. 8(a), comprises
vertical reaction frames, 300 and 50 t hydraulic jacks,

® @ ¥ Reaction beam

and a custom-made composite steel member. The initial
phase of the test involved hydraulic crimping: positioning
the 1 m-long G150-125-60 GINA gasket at the reaction
frame’s center and compressing it to the predetermined
amount under the experimental conditions. The composite
steel member and the 2# reaction beam simulated the com-
pression of GINA gaskets in the immersed tunnel’s pipe
sections at both ends. A 50 t jack, emulating hydraulic
crimping, applied pressure; following this, the 12 pre-
stressed cables in the longitudinal limit device were divided
into four groups evenly distributed around the GINA gas-
ket. The cable ends were secured using anchors, and pre-
stress was  simultaneously applied. With these
preparations complete, the testing phase began: a 350 t jack
provided longitudinal tension to the flexible joint compo-
nents, while a 50 t jack applied longitudinal pressure.

3.2.3 Experimental scheme and measurements

The water depth at the center of the joint in the Guangz-
hou Ruyifang Tunnel is approximately 10 m under normal
water levels, and the water level at the center of the joint
under a once-in-two-hundred-year event reaches about
20 m. Consequently, this experiment considered two sce-
narios: a 10 m water level and a 20 m water level. By apply-
ing similar theories to convert the water pressure from

Fig. 8. Detailed and measuring point layout of the experimental model. (a) Experimental set-up and materials, (b) measuring point layout, and (c) base of

experimental set-up.
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actual projects, the longitudinal pressures on the joints
under normal and once-in-two-hundred-year water levels
were calculated to be 354 and 708 kN/m, respectively.
The computed compression of the GINA gasket under
these conditions is 60 and 85 mm, respectively.

The experiment employed a displacement control
method, utilizing the hydraulic jack’s oil source for load
control. Throughout the experiment, measuring the com-
pression and separation of the joint was essential. In order
to ensure the reliability of experimental data, four laser
rangefinders were strategically positioned around the
GINA gasket to monitor the joint’s compression and
expansion. The collected data were averaged, with the mea-
surement points arranged as depicted in Fig. 8(b).

3.2.4 Comparative analysis of test results and longitudinal
force model of flexible joints
The experiment data of the GINA gasket from Fig. 6
and the tensile test data of the prestressed cables from
the Ruyifang immersed tunnel (Hashash et al., 2001) were
substituted into Eq. (6) to develop the longitudinal force
analysis model for the Ruyifang immersed tunnel’s flexible
joint.
—(14.62 + Fy)e % + Fy + 14.62 x<0
F=1{5223— (1462 + Fy)e "™ 4 Fy + 1462 0<x<72
F(x;) +14.11(x — 72) 72 <x

(7)

The experimental outcomes and the longitudinal force
model of the flexible joint under both 10 and 20 m water
levels are presented in Fig. 9. Employing the calculation
method for the GINA gasket’s minimum compression dur-
ing usage (Liu & Huang, 2009), the maximum safe expan-
sion of the joint under these conditions is determined to be
33 and 51 mm, respectively. The comparison of the test
data of the flexible joint in Fig. 9 shows that during the ten-
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sile loading stage, the tensile performance of the flexible
joint under the condition of considering the longitudinal
limit device is much higher than that without considering
the longitudinal limit device. During the compression load-
ing stage, the force-expansion curves of the flexible joints
under the two working conditions are basically consistent.
This indicates that the longitudinal limit device has the
smallest impact on the compressive properties of the flexi-
ble joint. However, it also has a significant effect on its lon-
gitudinal tensile mechanical properties. It can be seen, by
comparing the experimental data of the flexible joint con-
sidering the longitudinal limit device and the longitudinal
force model of the flexible joint in Fig. 9, that the experi-
mental values in the tension phase of the flexible joint with
the longitudinal limit device are closely consistent with the
longitudinal force model. However, when the joint opening
is about 10 mm, the test value fluctuates greatly, and after
20 mm, the test curve becomes consistent with the model
curve. During the compression stage, the deviation between
the test curve and the model curve gradually increases as
the compression amount increases. This is consistent with
the performance of the GINA gasket test compression
curve in Fig. 7 as the compression amount increases and
the deviation of the standard compression curve gradually
increases. This can be attributed to the fact that the test
was not conducted under ideal conditions with no error
and complete constraints along the length of the GINA
gasket. Overall, the longitudinal force model of the flexible
joint can better describe the mechanical properties of the
flexible joint considering the longitudinal limiting device
when it is subjected to axial force.

4 Numerical simulation analysis for seismic performance of
the immersed tunnel

The longitudinal seismic response analysis of the Ruyi-
fang immersed tunnel in Guangzhou involved applying a
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Fig. 9. Test results and longitudinal force model of a flexible joint in Ruyifang immersed tunnel under (a) 10 m water level condition, and (b) 20 m water

level condition.
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longitudinal force model of flexible joints, considering the
longitudinal limit device. This method was compared to
the longitudinal seismic response results of the immersed
tunnel under the traditional simplified flexible joint method.

4.1 Analytical method and overview of the Ruyifang
immersed tunnel

The longitudinal seismic response analysis of the Ruyi-
fang immersed tunnel in Guangzhou utilized the reaction
displacement method. This static analysis method was
developed by Japanese scholars in the 1970s. It features
clear physical concepts and requires relatively fewer calcu-
lations. It has gained widespread adoption among experts
and scholars (Hashash et al., 2001; Tsinidis et al., 2020)
and in the design codes for underground structures in var-
ious countries (Xu et al., 2023). The method involves two
primary steps: initially establishing an underground free-
field model of the site and selecting an appropriate seismic
load to calculate the displacement response of the model
under the chosen seismic load. Subsequently, the under-
ground structure model is built, and discrete springs are
arranged around it to input the displacement time history
curve calculated in the free field, thereby indirectly apply-
ing ground motion loads. The final calculation yields the
structure’s response to the selected earthquake motion.

The longitudinal section of the Ruyifang immersed tun-
nel site shows a varied distribution of soil layers, as
depicted in Fig. 10. The immersed tunnel section spans a
total length of 618 m, with each section measuring 103 m
and comprising five flexible joints. Apart from the E4 pipe
section, all others are inclined to some degree. The normal
water level at the center of the flexible joint lies within a
range of 10-20 m, making it the longest inland river-
immersed tunnel in Guangdong Province, China.

25

4.2 Beam-spring model of tunnel structure and selection of
ground motion

Figure 2 illustrates the beam spring model of the Ruyi-
fang tunnel. This tunnel segment was simulated using a
three-dimensional beam element. Its properties include a
density of 2600 kg/m3, an elastic modulus of 34.5 GPa, a
Poisson’s ratio of 0.2, and a damping ratio of 5%. Each
tunnel segment was interconnected through a flexible joint
consisting of 40 longitudinal springs, four vertical springs,
and two horizontal shear key springs. The longitudinal
spring parameters for the flexible joints 1#-5# were calcu-
lated using Eq. (7) based on the water depth at each joint’s
location. The shear key spring employed the stress analysis
model for horizontal concrete shear keys and vertical steel
shear keys, as proposed by Chen et al. (2019). The ground
vibration was input through the grounding springs on the
tunnel segment. The grounding springs were evenly dis-
tributed at the lower end of the tunnel section (1 m apart).
The spring stiffness was calculated according to the static
finite element method in the Standard for Seismic Design
of Underground Structures (Ministry of Housing and
Urban-Rural Development of the People’s Republic of
China, 2018).

The earthquake safety evaluation report of the engineer-
ing site and the seismic ground motion parameters zona-
tion map of China (China Earthquake Administration,
2015) indicate that the peak acceleration for earthquake
defense in Guangzhou is 0.1g. Consequently, the Guangz-
hou artificial ground motion, with a 50 a exceedance prob-
ability of 10% under the fortification intensity, and the El-
Centro real earthquake record, adjusted to a peak acceler-
ation of 0.1g, were selected as input earthquakes. Figure 11
displays the acceleration time history and the Fourier spec-
trum of these earthquakes.
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Fig. 10. Site profile along the Ruyifang immersed tunnel.
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. 20
Time (s)

30

40 0

Immersed tunnels necessitate excavating a foundation
trench before laying tunnel segments, followed by backfill-
ing of the trench upon completion of sinking. The backfill

Table 1
Soil properties.

10
Frequency (Hz)

15

20

material, clayey sand, differs from the original soil layer.
Consequently, in the division of the free field, the upper soil
layer along the tunnel excavation line was replaced with
clayey sand, and the site soil layer was simplified. Table 1
presents the soil layer parameters, while Table 2 displays

Soil type Density (kg/m?) Shear wave (m/s) Poisson’s ratio Initial shear modulus (MPa)

Silty clay 1600 118 0.40 22.3

Clayey sand 2000 235 0.30 110.5

Highly weathered rock 2100 354 0.29 264.2

Intermediary weathered rock 2250 648 0.32 944.8

Weak weathered rock 2350 845 0.27 1678.0

Table 2

Soil dynamic properties.

Soil type Parameters Shear strains (%)

10* 10°? 1072 107! 1 10

Silty clay G/ Grax 0.997 0.994 0.958 0.705 0.194 0.024
¢ (%) 0.059 0.138 0.901 6.315 17.257 20.898

Clayey sand G/ Gmax 1.000 0.990 0.850 0.370 0.080 0.035
(%) 0.240 0.800 2.800 9.800 21.000 28.000

Weathered rock G/ Gmax 1.000 0.988 0.900 0.725 0.550 -
(%) 0.400 0.800 1.500 3.000 4.600 -

Note: G is the shear modulus, and ( is the damping ratio.
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the soil layer dynamic parameters (Zhou et al., 2023). The
dynamic constitutive model of the soil adopts the equiva-
lent linear viscoelastic soil constitutive model, as incorpo-
rated into relevant design specifications (Hung et al.,
2009). Viscoelastic artificial boundaries were implemented
on both sides of the free field, with the bottom boundary
fixed. Ground motions at the free field sides are introduced
as equivalent nodal loads, while those at the bottom are as
displacements. An apparent wave velocity of 1000 m/s was
chosen, considering the traveling wave effect for non-
uniform ground motion input. The free ficld grid size was
set at 1 m to comply with the requirement that the maxi-
mum grid size is between 1/10 and 1/8 of the input wave-
length (Kuhlemeyer & Lysmer, 1973). The superjacent
water overlaying the site’s soil layer was applied as a static
load to the soil’s top surface.

5 Results and discussion
5.1 Internal force response of immersed tunnel section

Figure 12 illustrates the maximum internal force varia-
tion curve of the immersed tunnel segment when subjected
to both Artificial and El-Centro wave inputs. It is evident
that the maximum axial compression force in the tunnel
segment due to earthquake vibration significantly decreases
when a longitudinal limit device is incorporated. The max-
imum axial pressure of the tunnel, with and without the lon-
gitudinal limit device under Artificial wave input, is 133.67
and 194.79 MN, respectively. For the El-Centro wave input,
the values are 133.67 and 147.50 MN, respectively. Addi-
tionally, the maximum bending moment of the tunnel seg-
ment with the longitudinal limit device is reduced under
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Fig. 12. Maximum internal forces of immersed tunnel segment under seismic excitation. (a) Maximum axial compression force of the segment, and (b)

maximum bending moment of the segment.
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Fig. 13. Opening and compression of each flexible joint under seismic excitation. (a) Artificial wave, and (b) El-Centro wave.

both Artificial and El-Centro wave inputs. This reduction is
more pronounced with the Artificial wave input, where the
maximum bending moment decreases by 36%. Notably, the
longitudinal limit device not only diminishes the axial com-
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pression force of the tunnel segment under earthquake load-
ing but also lessens its bending moment. This outcome
contrasts with the static performance of the longitudinal
limit device, which can only withstand longitudinal tension.
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Fig. 14. Maximum opening and compression for each joint with or without longitudinal limit device under seismic excitation. (a) Artificial wave, and (b)

El-Centro wave.
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5.2 Openings and compressions of the flexible joint

The flexible joint’s opening and compression were calcu-
lated from the longitudinal displacement difference at the
endpoints of the front and rear tunnel segments. This
parameter is crucial for the seismic safety of the immersed
tunnel. Figure 13 illustrates each flexible joint’s opening

0.8

and compression in the Ruyifang immersed tunnel, sub-
jected to Artificial wave and El-Centro inputs. Simultane-
ously, the joint opening changes between the flexible joint
with a longitudinal limit device and the traditional flexible
joint under the same seismic wave were compared. The
presence of a longitudinal limit device significantly reduces
both the opening and compression amounts compared to

0:- ,-“‘I"Ml' I 'J‘l"\ ‘“ n

—— Without the longitudinal limit device
= With the longitudinal limit device
= === Free field

i ,\ ')l‘

1Y ' [ '\{' WV !Q v n" WAAAARAPA

3 04|
5 Segment 5
= 0.8
L
g o
< T
| | M
A0 b M A )i | L ,
0 TR A R A A A
\ ‘ﬂii' Il ‘1' \ [ Y
—04F
. i . . : . . Segment 6
0 5 10 15 20 25 30 35 40
Time (s)
(a)
0.8
= Without the longitudinal limit device
(== With the longitudinal limit device
- - == Free field
04
[ 1§
0 l ‘ \ ’ " au Af ‘ n‘.n oA l yl ,,“ ,,. yli PR TR Aok
[ b W " ‘ l" /\ v 1’1 'b Y v
-0.4 Segment 5

Acceleration (g)

: ’ . 2 " . : Segment 6
0 5 10 15 20 25 30 35 40
Time (s)
(b)

Fig. 15. Time history curve of acceleration response at the middle point of immersed tunnel segment under seismic excitation. (a) Artificial wave, and (b)

El-Centro wave.
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conventional flexible joints. Notably, for joint 5#, adopting
the traditional flexible joint method results in an excessive
joint opening under Artificial wave and El-Centro inputs.
This causes the compression of the GINA gasket to fall
below its minimum operational compression (Liu &
Huang, 2009), potentially compromising the watertight
integrity of the flexible joint. However, with the longitudi-
nal limit device, the openings of all joints are reduced,
maintaining the GINA gasket compression within safe lim-
its. The maximum opening and compression for each joint
are detailed in Fig. 14. Under artificial wave inputs, the
longitudinal limit device reduces the joint’s maximum
opening and compression by over 50%. El-Centro wave
inputs reduce the joint’s maximum opening by approxi-
mately 20%, diminishing the maximum compression. This
reduction in joint compression lessens the tunnel segment’s
response and prevents segment crushing.

5.3 Acceleration responses of immersed tunnel

The internal force response in segments 5 and 6 is mark-
edly higher than it is in other tunnel segments, and the
opening and compression of joint 5# are also significantly
greater. To further validate the longitudinal limit device’s
effectiveness, the structural response at the midpoints of
segments 5 and 6 is analyzed, as shown in Fig. 15. The fig-
ure indicates that the peak acceleration from the free field is
approximately 0.2g for both El-Centro and Artificial
waves. When this time history was applied to the structural
model, the peak response acceleration of the structure
without the longitudinal limit device exceeded 0.4g, with
segment 6’s midpoint reaching 0.7g. In contrast, the struc-
ture’s peak response acceleration is below 0.3g with the
longitudinal limit device. This device reduces the peak
response acceleration at the tunnel segment’s midpoint by
around 50%. Specifically, for segment 5, the peak response
acceleration decreases from 0.72g to 0.26g under Artificial
wave input, a reduction of 64%. This demonstrates that the
longitudinal limit device enhances the joint’s safety and
improves the immersed tunnel’s seismic performance.

6 Conclusions

Based on the longitudinal stress mechanism in flexible
joints of immersed tunnels, this study introduces a longitu-
dinal mechanical analysis model for these joints, incorpo-
rating the longitudinal limit device. A partial full-scale
test was conducted to validate the model’s effectiveness.
Subsequently, the Ruyifang immersed tunnel was utilized
as a case study to apply the force analysis model in seismic
response analysis, utilizing the reaction displacement
method. Additionally, the seismic response of the
immersed tunnel was calculated without considering the
longitudinal limit device for comparison. The comparative
analysis focused on the tunnel segment’s internal force
response, acceleration, and joint openings in both scenar-
i0s. The study yielded the following conclusions.

(1) The study presents a longitudinal force model for
flexible joints, factoring in the longitudinal limit
device. This model considers the entire stress process
in the immersed tunnel’s flexible joint and the forces
interplay among all longitudinal stress-bearing com-
ponents. The model’s validity was affirmed through
comparison with experimental results on the longitu-
dinal stress in the flexible joint. The test results closely
matched the mechanical model, confirming its accu-
racy. This model is, both straightforward and practi-
cal, suitable for simplified dynamic analysis of
immersed tunnels and the longitudinal mechanical
analysis of flexible joints.

(2) The quasi-static experimental outcomes indicate that
the longitudinal limit device significantly enhances
the longitudinal mechanical properties of flexible
joints. Despite its limitation to bearing only longitu-
dinal tension, the device still interacts with other axial
force-bearing components in the flexible joint during
load-bearing. This interaction should be considered
in the mechanical property analysis of flexible joints
in immersed tunnels.

(3) The findings from the longitudinal dynamic response
calculations of the immersed tunnel reveal that the
longitudinal limit device diminishes the internal force
response of the tunnel segment and reduces the flexi-
ble joint’s opening. Notably, under Artificial wave
input, the device’s presence reduced the tunnel seg-
ment’s maximum internal force response by over
30% and the maximum joint opening by more than
50%. It is important to note that the longitudinal
limit device is designed to withstand tensile force.
However, its presence reduces the longitudinal pres-
sure on the immersed tunnel segment under seismic
loads and reduces the segment’s bending moment.

Numerical calculation results verify the critical role of
the longitudinal limit device in the longitudinal seismic
response of the immersed tunnel. It is also proved that
the longitudinal force model of the flexible joint is suitable
for different and specific seismic numerical simulation cal-
culations of immersed tunnels. Finally, the calculation
results can provide a preliminary reference for the seismic
design of immersed tunnels.

Data availability

The data that support the findings of this study are avail-
able from the corresponding author upon reasonable request.
CRediT authorship contribution statement

Yadong Li: Writing — review & editing, Validation, Pro-

ject administration, Funding acquisition, Conceptualiza-
tion, Writing — original draft. Junjie Lai: Writing —



Y. Li et al. | Underground Space 20 (2025) 17-32 31

original draft, Software, Methodology, Investigation, For-
mal analysis, Visualization. Yong Yang: Formal analysis,
Resources, Visualization. Jinwen Zhou: Methodology,
Software. Yi Shan: Validation, Conceptualization, Data
curation, Funding acquisition, Writing — review & editing.
Jie Cui: Funding acquisition, Supervision.

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgement

The authors greatly acknowledge the financial support
from the National Key R&D Program of China (Grant
No. 2022YFC3003600), the Projects of International
Cooperation and Exchanges of the National Natural
Science Foundation of China (NSFC) (Grant No.
52020105002), NSFC (Grant No. 51991393), and the Basic
and Applied Basic Research of Guangzhou School (Col-
lege) Co-funded Project (Grant No. 202201020155). The
test part was guided by Professor Wei Lixin and Senior
Engineer Yang Chunshan of Guangzhou Municipal Engi-
neering Design & Research Institute Co. Ltd. and the test
materials were provided by Trelleborg Group.

References

Anastasopoulos, 1., Gerolymos, N., Drosos, V., Georgarakos, T.,
Kourkoulis, R., & Gazetas, G. (2008). Behaviour of deep immersed
tunnel under combined normal fault rupture deformation and subse-
quent seismic shaking. Bulletin of Earthquake Engineering, 6(2),
213-239.

Anastasopoulos, 1., Gerolymos, N., Drosos, V., Kourkoulis, R., Geor-
garakos, T., & Gazetas, G. (2007). Nonlinear response of deep
immersed tunnel to strong seismic shaking. Journal of Geotechnical and
Geoenvironmental Engineering, 133(9), 1067-1090.

Bergsma, J. G., Bakker, K. J., & ‘T Hart, C. M. P. (2017). Immersed
tunnel design in subarctic rivers. Tunnelling and Underground Space
Technology, 67, 158-166.

Chen, G. X., Sun, R. R., Zhao, D. F., & Ruan, B. (2019). Longitudinal
seismic response characteristics of seabed shield tunnels using sub-
modeling analysis. Chinese Journal of Geotechnical Engineering, 11(41),
1983-1991 (in Chinese).

Chen, H. J., Li, X. J., Yan, W. M., Chen, S. C., & Zhang, X. M. (2017).
Shaking table test of immersed tunnel considering the geological
condition. Engineering Geology, 227, 93-107.

Chen, P. L., Geng, P., Chen, J. B., & Yang, Q. (2024). Deformation-based
longitudinal equivalent stiffness beam model for shield tunnel and its
application in seismic deformation method. Underground Space, 17,
280-299.

Chen, Z. Y., Liang, S. B., & He, C. (2018). Seismic performance of an
immersed tunnel considering random soil properties and wave passage
effects. Structure and Infrastructure Engineering, 14(1), 89-103.

China Earthquake Administration (2015). Seismic ground motion param-
eters zonation map of China GB 18306-2015. Beijing: Chinese Speci-
fication Press (in Chinese).

Ding, J. H., Jin, X. L., Guo, Y. Z., & Li, G. G. (2006). Numerical
simulation for large-scale seismic response analysis of immersed
tunnel. Engineering Structures, 28(10), 1367-1377.

Editorial Department of China Journal of Highway and Transport (2022).
Review on China’s Traffic Tunnel Engineering Research: 2022. China
Journal of Highway and Transport, 04(35), 1-40 (in Chinese).

Hashash, Y. M. A., Hook, J. J., Schmidt, B., & I-Chiang Yao, J. (2001).
Seismic design and analysis of underground structures. Tunnelling and
Underground Space Technology, 16(4), 247-293.

Hu, Z. N., Xie, Y. L., & Wang, J. (2015). Challenges and strategies
involved in designing and constructing a 6 km immersed tunnel: a case
study of the Hong Kong-Zhuhai-Macao Bridge. Tunnelling and
Underground Space Technology, 50, 171-177.

Hu, Z. N., Xie, Y. L., Xu, G. P., Bin, S. L., Liu, H. Z., & Lai, J. X.
(2018a). Advantages and potential challenges of applying semi-rigid
elements in an immersed tunnel: a case study of the Hong Kong-
Zhuhai-Macao Bridge. Tunnelling and Underground Space Technology,
79, 143-149.

Hu, Z. N., Xie, Y. L., Xu, G. P., Bin, S. L., Zhang, H. G., Lai, H. P., Liu,
H., & Yan, C. G. (2018b). Segmental joint model tests of immersed
tunnel on a settlement platform: a case study of the Hong Kong-
Zhuhai-Macao Bridge. Tunnelling and Underground Space Technology,
78, 188-200.

Hung, C. J., Wisniewski, J., Monsees, J., & Munfah, N. (2009). Technical
manual for design and construction of road tunnels—civil elements.
Washington D.C., U.S: Department of transportation, Federal High-
way Administration, Publication No. FHWA-NHI-10-034.

Ingerslev, L. C. F. (2005). Considerations and strategies behind the design
and construction requirements of the Istanbul Strait immersed tunnel.
Tunnelling and Underground Space Technology, 20(6), 604—608.

Kuhlemeyer, R. L., & Lysmer, J. (1973). Finite element method accuracy
for wave propagation problems. Journal of the Soil Mechanics and
Foundations Division, 99(5), 421-427.

Li, C., Yuan, J. Y., Yu, H. T., Su, Q. K., & Yuan, Y. (2014). Seismic
response analysis of long immersed tunnel to longitudinal non-uniform
excitation. In Proceedings of the 11th World Congress on Computational
Mechanics, Barcelona, Spain, 20-25 July 2014 (pp. 1416-1424).

Li, S. Y. (2012). The construction technology development of immersed
tunnel. Applied Mechanics and Materials, 204-208, 1385-1388.

Lin, W., Lin, M., Liu, X. D., Yin, H. Q., & Gao, J. B. (2022). Novelties in
the islands and tunnel project of the Hong Kong-Zhuhai-
Macao Bridge. Tunnelling and Underground Space Technology, 120,
104287.

Liu, L., Xu, C. S., Du, X. L., & Igbal, K. (2023). Longitudinal seismic
response of shield tunnel: a multi-scale numerical analysis. Tunnelling
and Underground Space Technology, 138, 105163.

Liu, Z. G., & Huang, H. W. (2009). Performance evaluation and safety
prewarning of GINA in immersed tube tunnel. Chinese Journal of
Underground Space and Engineering, 5(2), 347-353 (in Chinese).

Lunniss, R., & Baber, J. (2013). Immersed tunnels (1st ed.) (Chapter 2).
London: CRC Press.

Miao, Y., Yao, E. L., Ruan, B., & Zhuang, H. Y. (2018). Seismic response
of shield tunnel subjected to spatially varying earthquake
ground motions. Tunnelling and Underground Space Technology, 77,
216-226.

Ministry of Housing and Urban-Rural Development of the People’s
Republic of China (2018). Standard for Seismic Design of Underground
Structures GB 51336-2018. Beijing: China Architecture & Building
Press (in Chinese).

Olsen, T., Kasper, T., & De Wit, J. (2022). Immersed tunnels in soft soil
conditions experience from the last 20 years. Tunnelling and Under-
ground Space Technology, 121, 104315.

Tsinidis, G., De Silva, F., Anastasopoulos, 1., Bilotta, E., Bobet, A.,
Hashash, Y. M. A., He, C., Kampas, G., Knappett, J., Madabhushi,
G., Nikitas, N., Pitilakis, K., Silvestri, F., Viggiani, G., & Fuentes, R.
(2020). Seismic behaviour of tunnels: from experiments to analysis.
Tunnelling and Underground Space Technology, 99, 103334.

van Schie, A. (2022). Challenges during construction of Bjervika senke-
tunnelen. Tunnelling and Underground Space Technology, 120, 104302.

Vitali, O. P. M., Celestino, T. B., & Bobet, A. (2018). 3D finite element
modelling optimization for deep tunnels with material nonlinearity.
Underground Space, 3(2), 125-139.

Wang, T. T., Kwok, O. L. A., & Jeng, F. S. (2021). Seismic response of
tunnels revealed in two decades following the 1999 Chi-Chi earthquake
(Mw 7.6) in Taiwan: a review. Engineering Geology, 287, 106090.


http://refhub.elsevier.com/S2467-9674(24)00079-5/h0005
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0005
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0005
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0005
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0005
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0005
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0010
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0010
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0010
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0010
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0010
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0015
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0015
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0015
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0015
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0020
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0020
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0020
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0020
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0020
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0025
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0025
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0025
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0025
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0030
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0030
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0030
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0030
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0030
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0035
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0035
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0035
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0035
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0040
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0040
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0040
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0040
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0045
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0045
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0045
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0045
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0050
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0050
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0050
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0050
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0055
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0055
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0055
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0055
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0060
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0060
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0060
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0060
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0060
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0065
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0065
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0065
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0065
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0065
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0065
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0070
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0070
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0070
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0070
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0070
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0070
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0075
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0075
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0075
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0075
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0075
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0080
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0080
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0080
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0080
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0085
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0085
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0085
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0085
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0090
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0090
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0090
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0090
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0090
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0095
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0095
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0095
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0100
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0100
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0100
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0100
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0100
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0105
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0105
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0105
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0105
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0110
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0110
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0110
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0110
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0115
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0115
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0115
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0120
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0120
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0120
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0120
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0120
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0125
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0125
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0125
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0125
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0125
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0130
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0130
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0130
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0130
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0135
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0135
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0135
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0135
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0135
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0135
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0140
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0140
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0140
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0145
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0145
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0145
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0145
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0150
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0150
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0150
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0150

32 Y. Li et al. | Underground Space 20 (2025) 17-32

Wang, Y. N., Zhou, H. Z., & Min, X. H. (2022). Modelling the
performance of immersed tunnel via considering variation of subsoil
property. Ocean Engineering, 266, 113114.

Wang, Z. Z., Jiang, L., & Gao, Y. (2019). Shaking table test of seismic
response of immersed tunnels under effect of water. Soil Dynamics and
Earthquake Engineering, 116, 436-445.

Wu, W. F., Ding, W. Q., Ge, S. P., Lu, X. B., & Zhao, T. C. (2020).
Seismic and sealant behaviour of segmental joint gaskets in shallow
immersed tunnel. IOP Conference Series: Materials Science and
Engineering, 741(1), 012017.

Xu, Z. G, Ding, L. L., Du, X. L., Xu, C. S., & Zhuang, H. Y. (2023).
Generalized response displacement methods for seismic analysis of
underground structures with complex cross section. FEarthquake
Engineering and Engineering Vibration, 22(4), 979-993.

Yu, H. T., Yuan, Y., & Bobet, A. (2017). Seismic analysis of long tunnels: a
review of simplified and unified methods. Underground Space, 2(2),
73-87.

Yu, H. T., Yuan, Y., Xu, G. P., Su, Q. K., Yan, X., & Li, C. (2018). Multi-
point shaking table test for long tunnels subjected to non-uniform
seismic loadings - part II: application to the HZM immersed tunnel.
Soil Dynamics and Earthquake Engineering, 108, 187-195.

Zhang, S. H., Yuan, Y., Li, C,, Chen, H., & Chen, Z. J. (2021). Seismic
responses of long segmental immersed tunnel under unfavorable loads
combination. Transportation Geotechnics, 30, 100621.

Zhang, X. M., Song, L. L., Chen, H. J., Chen, S. C., Hu, Z. N., & Li, Y.
(2022). Shaking table test investigation on seismic performance of joint
model of immersed tunnel. Shock and Vibration, 2022, 1-18.

Zhao, K., Zhu, S. D., Bai, X. X., Wang, Q. Z., Chen, S., Zhuang, H. Y., &
Chen, G. X. (2021). Seismic response of immersed tunnel in liquefiable
seabed considering ocean environmental loads. Tunnelling and Under-
ground Space Technology, 115, 104066.

Zhao, Z. Y., Cui, J., Liu, C., Liu, H., Rehman, M. U., Chen, W. Y., &
Peng, Z. H. (2023). Seismic damage characteristics of large-diameter
shield tunnel lining under extreme-intensity earthquake. Soil Dynamics
and Earthquake Engineering, 171, 107958.

Zhou, J., Cui, J., Li, Y. D., Shan, Y., Dona, M., & Yang, K. Z. (2023).
Prediction of the seismic behavior and backfilling scheme optimization
of immersed tunnel based on the Ruyifang project. Soil Dynamics and
Earthquake Engineering, 171, 107961.


http://refhub.elsevier.com/S2467-9674(24)00079-5/h0155
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0155
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0155
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0155
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0160
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0160
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0160
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0160
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0165
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0165
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0165
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0165
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0165
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0170
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0170
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0170
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0170
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0170
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0175
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0175
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0175
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0175
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0175
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0180
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0180
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0180
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0180
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0180
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0185
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0185
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0185
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0185
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0190
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0190
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0190
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0190
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0195
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0195
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0195
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0195
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0195
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0200
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0200
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0200
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0200
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0200
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0205
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0205
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0205
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0205
http://refhub.elsevier.com/S2467-9674(24)00079-5/h0205

	Seismic performance study of immersed tunnel with longitudinal �limit device of flexible joint
	1 Introduction
	2 Longitudinal mechanical model of flexible joint
	2.1 Longitudinal mechanical analysis of flexible joint
	2.2 Establishment of longitudinal force model of flexible joint

	3 Experimental verification of longitudinal mechanical model
	3.1 Uniaxial compression experiment of GINA gasket
	3.2 Quasi-static experiment of flexible joint
	3.2.1 Experimental profile
	3.2.2 Experimental set-up and materials
	3.2.3 Experimental scheme and measurements
	3.2.4 Comparative analysis of test results and longitudinal force model of flexible joints


	4 Numerical simulation analysis for seismic performance of the immersed tunnel
	4.1 Analytical method and overview of the Ruyifang immersed tunnel
	4.2 Beam-spring model of tunnel structure and selection of ground motion
	4.3 Free-field analysis

	5 Results and discussion
	5.1 Internal force response of immersed tunnel section
	5.2 Openings and compressions of the flexible joint
	5.3 Acceleration responses of immersed tunnel

	6 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgement
	References


