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Abstract 

In the construction and operation stage of shield tunnel, clarifying the mechanical characteristics of the overall 
structure is crucial for ensuring shield tunnel safety. In this paper, the shell-spring model is established by 
ABAQUS finite element software for the ultra-high water pressure submarine shield tunnel. The mechanical 
behavior of shield segment structure under varying water pressure, different key block position and different 
strata is studied and analyzed. The results show that at the same segment assembly position, the axial force of the 
segment increases greatly with the increase of water pressure, and the growth rate is as high as 150 %. The 
internal force of the segment is mainly axial force. Under the ultra-high-water pressure, the corresponding 
position of the maximum deformation of the segment is related to the position of the segment joint at the arch 
bottom. In the staggered assembly, the axial force fluctuation near the arch bottom is larger than that of the 
straight assembly, and the peak bending moment and the maximum axial force are near the invert. In addition, 
near the 120 degrees of the vault, the bending moment oscillates obviously near the joint in the stratum with 
small coefficient of soil reaction. The larger the coefficient of soil reaction is, the more uniform the axial force of 
the whole segment is. The research results provide a theoretical insight for the optimization design of shield 
tunnel segments. 
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1. Introduction 

When the cross-river tunnel is constructed, the shield segment is 
subjected to huge water and soil pressure, and the design and construction 
are faced with major technical problems (Sun et al., 2023; S. Zhang et al., 
2023). The shield tunnel is assembled by multiple segments, with segment 
joints particularly susceptible as weak points in the lining. The design of 
segment assembly method is critical in ultra-high water pressure 
conditions, impacting their mechanical properties (X. Liu et al., 2022) and 
plays an important role in the safety of segment structure (Liu et al., 2023). 

Based on the Tunnel Association's investigation, current methods for 
calculating internal forces in shield tunnel segments include the 
homogeneous ring method, modified routine method, multi-hinge ring 
method, and beam-spring model (J. Liu et al., 2022). Scholars have often 
adjusted lining joint parameters using the beam-spring model (Lei et al., 
2018; Yang et al., 2022), and developed the beam-joint model based on this 
framework (Zhu et al., 2019). However, the above models are two-
dimensional analysis models, so they cannot reflect the phenomenon of 
stress concentration at the edge of the segment. In addition, the segment 
lining is a cylindrical structure, which is assembled by many segments. The 
traditional two-dimensional model often struggles to accurately depict the 
interactions among lining rings, leading to discrepancies with the actual 
mechanical behavior of the structure. Achieving longitudinal calculations 
in practical scenarios proves challenging with this approach. Recognizing 
these limitations, scholars have explored alternative models to address 
these deficiencies and better analyze the spatial stress characteristics of 
lining structures under complex construction conditions, such as the shell-
elastic hinge model considering the bending stiffness of the longitudinal 
joint (Hu et al., 2005), and the shell-spring model considering the bending, 
shear and tensile stiffness of the longitudinal joint. These advancements 
aim to provide more accurate representations of segmental behavior in 
shield tunnels. Researchers have extensively examined the applicability of 
various models, focusing on factors such as longitudinal and 
circumferential joint stiffness (rotational and shear stiffness) and segment 
assembly methods (Guan et al., 2015; Huang et al., 2019; Kavvadas et al., 
2017). Among these models, the shell-spring calculation model offers 
notable advantages over the beam-spring model. However, it still exhibits 
shortcomings in the joint system (Kou et al., 2021; Liu et al., 2021; Xu et 
al., 2019). These deficiencies include neglecting segment stiffness 
directionality, overlooking longitudinal deformation issues, and using 
joint parameters that may not align with real-world conditions. To address 
these concerns, researchers have established the mechanical model of the 
segment joint according to the joint structure (Feng et al., 2021; L. Zhang 

et al., 2023; Zhong et al., 2006). Yan et al. (Yan et al., 2019) developed a 
three-dimensional shell spring model, and used the automatic iteration of 
the joint bending stiffness to reflect the nonlinear characteristics of the 
joint bending stiffness. However, this kind of nonlinear joint stiffness 
determination mode is usually used in the internal force analysis of lining 
with solid model, which has the characteristics of detailed modeling, large 
calculation amount and poor convergence. 

To elucidate the impact of ultra-high-water pressure on the load 
characteristics of shield segment linings, this study draws on the 
engineering context of the shield section in the Pearl River Estuary Tunnel 
of the Shenjiang Railway. Using ABAQUS finite element software, an 
analysis model is constructed to investigate the mechanical characteristics 
of shield segment structures under conditions of ultra-high-water 
pressure, staggered assembly configurations, and stratum characteristics, 
and uncover how water pressure influences the mechanical properties of 
segment structures. 

2. Project Overview 

This paper focuses on research conducted within the context of the 
Pearl River Estuary Tunnel of the Shenzhen-Jiangmen Railway. The 
Shenjiang Railway route spans from Shenzhen Xili Station in the east 
through various districts including Nanshan and Bao'an in Shenzhen, 
Humen Town and Binhai New Area in Dongguan, Nansha District in 
Guangzhou, and Jianghai and Xinhui Districts in Jiangmen, ending at 
Jiangmen Station with a total length of 116.12 km. The Pearl River Estuary 
Tunnel specifically connects Dongguan Humen and Guangzhou Nansha, 
spanning a total length of 13.69 km.as shown in Fig. 1. Notably, this tunnel 
holds the record for the deepest underwater burial depth in China at 115 
m, resulting in the highest water pressure for a shielded section globally, 
reaching 1.06 MPa. 

The tunnel is designed as a single-hole double-line, with an inner 
diameter of 11.7 m, a width of 2.0 m, and an effective clearance of 74.05 
m2. The thickness of the segment on the Humen side is 600 mm, and the 
corresponding outer diameter is 12.9 m. Each segment adopts a standard 
general-shaped ring configuration, with each segment spanning a central 
angle of 40°. Each ring is composed of standard blocks (B1 ~ B6) adjacent 
blocks (L1, L2) and key blocks (F), as illustrated in Fig. 2(a). There are 36 
bolts in the longitudinal direction of the segment ring and 27 bolts in the 
circumferential direction. The concrete lining ring is assembled in a 
staggered configuration, offering 10 distinct basic assembly positions, 
which are illustrated in Fig. 2(b). 
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Fig. 1 Plane location of Pearl River Estuary Tunnel 

 
(a) 

 
(b) 

Fig. 2 Shield tunnel segment design, (a) Segment size, (b) Stagger 
assembly segment position 

3. Numerical Model 

3.1 Segment calculation model 

In the current commonly used shield lining segment design model, the 
modified routine model cannot reflect the influence of the joint on the 
structural force. The multi-hinge ring method cannot reflect the effect of 
staggered assembly. In the study of the load characteristics of the relevant 
segments, it is pointed out that the shell spring model can truly reflect the 
situation of the whole segment ring, and in the numerical calculation, the 
bolt connection at the joint is simulated by the spring, and the actual 
mechanical behavior of the joint is simulated by the stiffness 
corresponding to different degrees of freedom of the circumferential joint 
and the longitudinal joint. 

In the beam-spring model, the beam element is used to simulate the 
segment, so the longitudinal stress difference of the segment cannot be 
reflected, and only the plane strain state is reflected. The shell-spring 
model can solve this problem well by using curved shell elements to truly 
reflect the actual stress state of the segment. Therefore, this paper uses a 
three-dimensional shell-spring model (as shown in Fig. 3), and the mesh 
element type is set to S4R. The stress characteristics of shield tunnel 
structure under ultra-high-water pressure are analyzed. Among them, the 
radial and tangential spring stiffness are set between adjacent segments 
to simulate the inter-ring force transmission effect of the longitudinal 
joint, and the joint bending, compression and shear stiffness are set 
between each ring segment to simulate the joint force transmission. 

 

Fig. 3 Three-dimensional shell-spring model 

3.2 Calculation parameters of segment design 

According to the relevant engineering geological survey report, the 
relevant stratigraphic parameters in the calculation are listed in Table 1. 
The shield segment is C60 reinforced concrete material with elastic 
modulus of 35.5 GPa and Poisson 's ratio of 0.2. 

Table 1. Main stratum property parameters of Pearl River Estuary 
Tunnel 

Strata Sandy gravel 
strongly 
weathered 
granite 

Slightly 
weathered 
gravelly 
sandstone 

Medium 
sand 

weight (kN/m3) 19.4 25.9 20 
elastic modulus 
(MPa) 

200 20000 50 

poisson 's ratio 0.25 0.23 0.3 
cohesive force 
(kPa) 

0 0 0 

friction angle (°) 40 60 32 
lateral pressure 
coefficient 

0.33 0.25 0.43 

coefficient of soil 
reaction (MPa/m) 

90 250 23 

The finite element software ABAQUS was used to establish the 
segment model for analysis. The three-dimensional shell element is used 
to simulate each segment. The elastic constitutive relation is selected for 
the concrete segment, and the effect of the bolt is simulated by setting the 
spring at the bolt position. According to the Eq. (1) (Huang, 2007), the 
stiffness of the corresponding segment joint is calculated, and the spring 
stiffness of the stratum around the segment is calculated according to the 
Eq. (2) (Arnau and Molins, 2011; Wang et al., 2011). The calculation results 
are shown in Table 2 and 3. 

                      (1) 

               

              (2) 

Where, E is elastic module, b is the section width, h is the section 
thickness, v is poisson’s ratio. 

Table 2. Stiffness of segment joint in numerical model 

Longitudinal joint stiffness 
Bending stiffness 
Kθ（kN·m/rad） 

Axial compressive 
stiffness Kn（kN/m） 

Shear stiffness Ks 

（kN/m） 
3.22×107 2×1010 1.61×105 

Ring joint stiffness 
Radial shear stiffness  

Kr（kN/m） 
Tangential shear stiffness  

Kt（kN/m） 
1.31×106 8.29×106 
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Table 3. Stiffness value of formation reaction spring 

Strata Radial stiffness of 
stratum kr 

（kN/m） 

Tangential stiffness 
of stratum ks 

（kN/m） 

Sandy gravel strongly 
weathered granite 

9e-2 3e-2 

Slightly weathered 
gravelly sandstone 

2.5e-1 8.33e-2 

Medium sand 2.5e-2 8.33e-3 

 

4. Numerical Analysis 

4.1 Calculated work condition 

According to the study of submarine shield tunnel under different 
water pressure, three kinds of external water pressure of 0.2 MPa, 0.4 MPa 
and 0.9 MPa are taken respectively. Among them, the value corresponds 
to the water load value at the horizontal arch waist of the tunnel. The water 
load considers the influence of the vertical gradient and is applied radially 
to the outer surface of the segment. To reduce the influence of other 
factors, the simulation is unified in the same buried depth of gravelly 
strongly weathered granite strata. On this basis, the load characteristics of 
the segments under staggered assembly under ultra-high-water pressure 
are compared and analyzed. In addition, the influence of ultra-high-water 
pressure on shield tunnel structure under different strata is analyzed, 
including sandy gravel strongly weathered granite, slightly weathered 
gravelly sandstone and medium sand strata, which correspond to the same 
vertical earth pressure. The horizontal earth pressure and the spring 
stiffness of the stratum around the segment are determined by the nature 
of stratum property. 

4.2 Analysis of mechanical properties under 
different water pressure 

According to the change of water pressure along the Pearl River 
Estuary Tunnel, the external water pressure is selected as 0.2MPa, 0.4MPa 
and 0.9MPa respectively, and the staggered assembly method is the same. 
The calculation results are shown in Fig. 4. The starting point of the angle 
corresponds to the vault, and the axial force and bending moment data of 
the middle ring are extracted along the clockwise direction. The results are 
shown in Fig. 5. 

 
(a) 

 
 

(b) 

 
(c) 

 
 

(d) 

 
 

(f) 

 
 

 

Fig. 4 Internal force distribution of structure, (a) Bending 
moment-0.2 MPa, (b) Axial force-0.2 MPa, (c) Bending moment-0.4 
MPa, (d) Axial force-0.4 MPa, (e) Bending moment-0.9 MPa, (f) 
Axial force-0.9 MPa      
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(a) 

 
(b) 

Fig. 5 Internal force of segments under different water pressures, 
(a) Bending moment, (b) Axial force 

From the deformation cloud diagram, it is evident that the tunnel 
exhibits inward extrusion deformation under external loads. The 
staggered assembly of the segment lining leads to varying bending 
moments and axial forces between adjacent front and rear rings. Despite 
this, the axial force cloud diagram reveals a uniform transition of axial 
forces between the front and rear rings, indicating consistent axial force 
transmission along the longitudinal direction of the segments. 
Interestingly, under identical earth pressure and assembly methods, 
segments subjected to different water pressures exhibit remarkably 
similar distributions of bending moments and axial forces. In the analysis, 
it is observed that the distribution of bending moments and axial forces 
shows approximate symmetry along the connection line between the vault 
and the arch bottom. For segments under medium to low water pressure 
(0.2 MPa to 0.4 MPa), increasing the water pressure does not significantly 
alter the form or magnitude of the bending moment distribution. Notably, 
the segment ring positioned at the arch bottom (180°) experiences higher 
bending moments compared to other segments. As the external water 
pressure increases, the axial force in the segment also rises. Specifically, 
from 6000 kN/m to 8500 kN/m, there is a growth rate of 41.67%. In ultra-
high water pressure conditions (0.9 MPa), the bending moment increases 
notably at the arch shoulder and foot, with a 60% increase near the 
spandrel. The axial force experiences a more pronounced increase from 
0.2 MPa to 0.9 MPa, rising significantly from 6000 kN/m to 15000 kN/m, 
which corresponds to a 150% increase. This highlights that under ultra-
high-water pressure, the predominant internal force in the segment is 
axial force. 

From the above figure, the segment is mainly subjected to 
compression. To further analyze the safety and stability of the structure of 
the segment under different water loads, the safety factor of the concrete 
segment structure is analyzed in combination with Equation (3). The 
results at different positions are shown in the Fig. 6. 

    (3) 

Where, K is the safety factor, N is the axial force, φ is the longitudinal 
bending coefficient, which can be taken as 1 for the tunnel lining, α is the 
eccentric influence coefficient of axial force, Ra is the ultimate compressive 
strength of concrete, b is the section width, h is the section thickness. 

 

Fig. 6 Safety factor distribution of segments 

The safety factor of the segment under load under different water 
pressures is greater than 2, indicating that the structure is safe under 
different working conditions. Due to the action of external water pressure, 
the overall load of the segment is uniform, and the corresponding safety 
factor is close. However, under different water pressure loads, the safety 
factor of the segment is quite different. The greater the external water 
load, the smaller the safety factor. 

Analysis of mechanical properties under different assembly positions 
According to the change of the assembly point position of the Pearl 

River Estuary Tunnel (Fig. 3), 10 assembly positions of the key blocks are 
selected for numerical simulation calculation. The corresponding water 
pressure is 0.9 MPa, and the corresponding segment displacement 
deformation results are shown in Fig. 7. 

 

Fig. 7 Segment deformation under different assembly positions 

It can be found that the overall deformation displacement of the 
segment is different under different assembly positions of the key block. 
Asymmetric deformation occurs, and the main deformation position is at 
the arch foot, about 4mm.At the same time, by comparing with the position 
of the key block in Fig. 2, the position where the maximum deformation 
occurs is related to the position of the segment joint at the arch bottom. 
When the lowest position of the joint appears on the right side, the 
corresponding inward displacement of the right arch foot is larger. The 
position of the key block in staggered assembly 5 is aligned with the arch 
waist, which leads to the difference in structural deformation, but the 
displacement value is still close. 

Fig. 8 shows the internal force of the segment after partial staggered 
and straight assembly. By extracting the axial force and bending moment 
data of the middle ring, the specific results are shown in Fig. 9. There are 
obvious differences in the internal force distribution of segments under 
staggered and straight assembly. Under the straight assembly segment, 
the stress of the adjacent ring segment is coordinated, and the axial force 
and bending moment are basically the same along the longitudinal 
direction. Due to the discontinuity of adjacent longitudinal joints under 
staggered assembly, the internal load of some segments cannot be 
transmitted, which is more obvious in the bending moment cloud diagram. 
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Fig. 8 The bending moment distribution of segments at different assembly positions (0.9 MPa) 

 

 
(a) 

 
(b) 

Fig. 9 Internal force of segments at different assembly positions, 
(a) Bending moment, (b) Axial force 

Overall, the internal force distribution of different assembly methods 
is consistent. The peak value of positive and negative bending moment and 

the maximum axial force are near the invert. In terms of bending moment, 
the overall bending moment fluctuation of the straight assembly segment 
is small, and the symmetry along the connection between the vault and the 
arch bottom is better. However, due to the influence of staggered 
assembly, the structural symmetry is relatively poor, and the fluctuation 
range of bending moment is improved, especially near the arch foot and 
arch bottom. It is worth noting that the influence of different staggered 
assembly on the bending moment of the structure is different. The bending 
moment at the arch foot of staggered assembly 5 is further improved than 
that of staggered assembly 1. Under the influence of ultra-high-water 
pressure (0.9 MPa), the segment is dominated by axial force. There is little 
difference in axial force span between staggered and straight assembly. 
The minimum arch crown is 12400 kN, and the maximum arch bottom is 
13500 kN. However, in the staggered assembly, the axial force fluctuation 
near the arch bottom is larger than that of the straight assembly segment. 

4.3 Analysis of mechanical properties under 
different strata 

According to the changes of the strata along the Pearl River Estuary 
Tunnel, the sandy gravel strongly weathered granite, slightly weathered 
gravelly sandstone and medium sand strata are selected respectively. The 
influence of ultra-high-water pressure on segment stress under different 
strata is analyzed, and the calculation results are shown in Fig.10. The axial 
force and bending moment data of the middle ring are extracted and listed 
in Fig.11. 

In different strata, the response form of segment internal force to 
ultra-high-water pressure is similar, but the response degree is quite 
different. In terms of bending moment, the maximum bending moment of 
segments under different strata is located near the inverted arch, and its 
maximum value is not directly linearly related to the hardness of the 
stratum. At the inverted arch, the bending moment of the medium sand 
stratum is the largest, followed by the slightly weathered gravelly 
sandstone, and the sandy gravel strongly weathered granite is the 
smallest. In addition, near the 120° of the vaults, in the stratum with low 
formation strength (medium sand, sandy gravel strongly weathered 
granite), the bending moment oscillates obviously near the joint. In terms 
of axial force, different strata have a significant effect on the axial force of 
the segment, and the distribution form is close, and the axial force at the 
inverted arch is larger. The larger the soil reaction coefficient is, the more 
uniform the axial force of the whole segment is. This is mainly since the 
larger the coefficient of soil reaction, the greater the passive resistance 
provided by the deformed stratum of the segment, which improves the 
anti-deformation ability of the overall structure of the segment. 
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(a)                                   (b) 

Fig. 10 Internal force of segment under 0.9 MPa water pressure (medium sand stratum), (a) Bending moment, (b) Axial force 

 
(a) 

 
(b) 

Fig. 11 Internal force of segment under different strata, (a) 
Bending moment, (b) Axial force 

In general, the increase of the water pressure outside the stratum has 
a great influence on the axial force distribution of the segment. Under the 
same external load, different assembly methods and the position of the key 
block have a great influence on the bending moment distribution of the 
segment. The influence of different stratum environments on the axial 
force of the structure is higher than that of the bending moment. The above 
research shows that in the stratum with low stiffness of ultra-high water 
pressure environment, the segment is mainly axial force, and the axial 
force of the arch bottom is higher than that of the vault, and different 
staggered assembly methods have a certain influence on the bending 
moment distribution of the segment, which provides ideas and guidance 
for the subsequent segment design. 

 
 

5. Conclusions 

In this paper, the shell-spring model is established by ABAQUS finite 
element software for the submarine shield tunnel under ultra-high-water 
pressure. The mechanical behavior of shield tunnel segment structure 
under different water pressure, different key block position and different 
soil reaction coefficient is studied and analyzed. The main conclusions are 
as follows. 

1. Under the same assembly segment position, with the increase of 
water pressure, the fluctuation of segment bending moment is 
small, and its axial force is greatly improved, with an increase of up 
to 150 %. The internal force of the segment is mainly axial force.  

2. In the ultra-high water pressure environment, the corresponding 
position of the maximum deformation of the segment is related to 
the position of the segment joint at the arch bottom. Compared with 
the straight assembly, the axial force fluctuation near the arch 
bottom is larger under the staggered assembly, and the peak 
bending moment and the maximum axial force are near the inverted 
arch.  

3. The stratum with different soil reaction coefficients has a great 
influence on the axial force and bending moment distribution of the 
segment. As the stratum changes from hard to soft, the bending 
moment oscillates more obviously near the joint in the range of 120 
° of the vault, and the axial force difference between the vault and 
the arch bottom of the segment is greater.  

4. In the soft stratum with ultra-high-water pressure, the axial force of 
the segment is mainly axial force, and the axial force of the arch 
bottom is higher than that of the vault. In the design of segment 
assembly, attention should be paid to the selection of the position of 
the key block, the most unfavorable position should be avoided as 
far as possible, and the most favorable staggered assembly method 
under the given external load should be given priority. 
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