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1. Introduction 
 

Shield tunnel linings are composed of prefabricated 

concrete segments and joints, in which the joint sections are 

the weaker parts of the structures owing to their lower 

stiffness than the main segment sections (Zhang et al. 

2023b). Engineering experiences show that dislocations 

between adjacent segments of the joint are common in 

shield tunnels, especially when longitudinal differential 

settlement occurs, including dislocations in the 

circumferential and longitudinal joints (see Fig. 1). 

Dislocations in the operation stage reduce the contact area 

between the gaskets that are installed in the joint section to 

prevent water leakage, thus influencing the waterproof 

capability of the tunnel (Zhang et al. 2023a, Zhang et al. 

2019, Shi et al. 2019, Zou et al. 2017). An experimental test 

on the waterproof capability of the gaskets in the tunnel 

joint conducted by Zhang et al. (2020) shows that the 

ultimate water pressure for leakage decreases from 1.2 MPa 

to 0.6 MPa when the dislocation value increases from 2 mm 

to 10 mm. Therefore, it is of great significance to ascertain 

the dislocations of the tunnel joint in the operation stage to 

guide the optimal design of the waterproof gasket. 
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Many scholars have proposed analytical models to study 

the mechanical behavior of segmental tunnel joints. 

Considering the tunnel lining a half-infinite beam on an 

elastic foundation, Talmon and Bezuijen (2013) analyzed 

the relationship between the joint deformation and bending 

moment. Tvede-Jensen et al. (2017) proposed an analytical 

approach to determine the joint’s nonlinear bending 

moment–rotation relations through a mechanical analysis of 

the joint. Using similar methods, Zhang et al. (2019b) 

studied the relationship between the height of the concrete 

compression zone and the rotation angle of the joint under 

different compression-bending combinations. Using the 

Euler beam-spring model, Wang et al. (2020) studied the 

internal forces of the tunnel lining under different soil 

pressures, and the joint in his model was simulated by a set 

of linear springs with shearing, compression, and rotation 

forces. In the case where the shear stiffness of the joint is 

related to the axial force, Li et al. (2019) and Yang et al. 

(2019) adopted a contact friction model to analyze the 

relationship between the dislocation and shear force. 

However, when the dislocation reaches a certain large 

value, the bolts in the joint may yield, implying that the 

relationship is much more complex and nonlinear than that 

described in the contact friction model. 

To observe the actual failure process and characteristics 

of the tunnel joint, some scholars conducted joint tests and 

whole ring tests of a segmental tunnel with complex 

engineering geological conditions.With the designed joint 

bending tests for different axle forces, Jin et al. (2017) and 

Zuo et al. (2018) obtained the relationship between the 

opening of the joint and the bending motion. Feng et al.  
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dislocation is still less than 0.1 mm, the maximum circumferential joint dislocation is approximately 10.3 mm, which leads to 

leakage and damage of the tunnel structure. However, with concavo-convex tenons applied to circumferential joints, the 
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Fig. 1 Sketch of shield tunnel dislocations 
 

 

(2018) performed a full-scale experiment to study the  

bending stiffness of a joint under different combinations of 

compression values and bending moments. Salemi et al. 

(2015) conducted experimental direct shear tests on 

concrete samples of contact points in segments and 

developed a precise contact model for the normal and shear 

resistance of segmental tunnel linings to obtain the shear 

stiffness of the joint. Ding et al. (2020) conducted a series 

of full-scale mechanical loading tests on the joint with 

combined axis force, moment, and shear force. The effect of 

the shear force on the mechanical capacity, deformation, 

and duality of the segment joint was investigated by Ding et 

al. 

Owing to the enormous cost of experimental tests and 

the assumptions of simplified models, some scholars have 

adopted three-dimensional (3D) finite element (FE) models 

to study the mechanical behavior of the tunnel structure 

(Nawel and Salah 2015, Eskandari et al. 2018, Do et al. 

2014, Nikadat and Marji 2016). Using a 3D FE model of 

the tunnel and joints, Shi et al. (2016) studied the 

mechanical and deformation characteristics of a tunnel 

under the effect of a nearby excavation. To further improve 

the calculation efficiency of the 3D FE model, the segment 

was simplified as a shell, and the joint structure was 

simulated by springs (Li et al. 2014). Hasan et al. (2019) 

used a pseudoshell model to investigate the effect of static 

loads and pseudoshell thickness on the crack opening 

and propagation of tunnel structures. The stiffness of the 

springs was a significant parameter for the mechanical 

analysis of the tunnel; therefore, detailed 3D FE models 

were used to describe the relationship between the bending 

and shear stiffness with internal forces (Yan et al. 2019, Shi 

et al. 2016, Wang et al. 2012, Salemi et al. 2015). 

Furthermore, the stiffness was assumed to be a constant, tri-

linear function, or other nonlinear functions (Chen et al. 

2018, Wang et al. 2019).However, the coupling relationship 

between the shear stiffness, axial force, and dislocation was 

not considered in the shell-spring model.  

In this study, a modified shell-joint model analyzes the 

dislocations of the shield tunnel during the operation stage, 

in which the configuration of the joint is considered. The 

proposed model is verified through comparison with a 

whole ring test for the mechanical behavior of the tunnel. 

The modified shell-joint model was then used to study the 

dislocation of the shied tunnel in the Shanghai Metro under 

the longitudinal differential settlement. The effects of the 

concavo-convex tenon on controlling dislocation 

development were also analyzed. 

 

 

2. Modified shell-joint model of the segmental tunnel 
lining 

 

Shell-joint models can systematically consider the 

conformation discontinuities of the longitudinal and 

circumferential joints of the tunnel, enabling the analysis of 

the dislocation behavior of the segmental joint. The 

traditional shell-joint model is modified in this study to 

consider the nonlinear shear stiffness of the joint using a 

user-defined link element. The parameters of the nonlinear 

shear stiffness in the link element are obtained using a 3D 

FE model and are assumed to be a function of both the axial 

force at the joints and the joint dislocation value. 

 
2.1 Outline of the shell-joint model 
 
As shown in Fig. 2, the concrete segments of the tunnel 

are modeled by three-dimensional shell elements, and the 
joint configurations are simulated by discretized link 
elements that are assigned with a certain stiffness obtained 
from the three-dimensional model to simulate the link 
between adjacent segments and rings. The model is 
established by the secondary development of an FE 
software, and the stiffness of the link elements is expressed 
in cylindrical coordinates. Simultaneously, the model is 
subjected to displacement constraint at one end and 
uniformly distributed load at the other end to simulate the 
thrust of the jack as boundary conditions. Axis t, r, and z in 
Fig. 2 represent the tangential, radial, and longitudinal 
directions of the cross-section of the shield tunnel, 
respectively. 

 

2.1.1 Shell elements of the tunnel lining 
The shell element in the model comprises a concrete 

layer and steel bar layer with a unified displacement 

function to consider their contributions to the element 

stiffness matrix K𝑐
e . Specifically, K𝑐

e  can be obtained based 

on the superposition of each layer’s contribution, described 

by Eq. (1) 

e e e

c sK K K   (1) 

where K𝑐
e  and Ks

e are the contributions of the concrete layer 

and steel bar layer to the element stiffness matrix, 

respectively. The elastoplastic damage constitutive model 

was adopted to describe the stress-strain relationship of 
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concrete. Parameters including the tensile damage factor dt 

and compression damage factor dc, which can be 

determined according to specifications in GB 50010-2010 

(2010), describe the different damage characteristics of the 

concrete under tension and compression conditions, as 

shown in Eqs. (2) and (3) 

   01     pl

t t t td E  (2) 

   01 pl

c c c cd E      (3) 

where ε̃t
pl

 and ε̃c
pl are the tensile and compression equivalent 

plastic strains, respectively; 𝐸0 is the initial elastic modulus; 

𝜎𝑡  and 𝜎𝑐  are the tensile and compressive stresses, 

respectively.  

A classical double line model was adopted when 

assigning the properties of steel bars. Based on the HPB300 

steel bar, which is widely used in shield tunnel segments, 

the yield strength of the steel bar in the model was 300 

MPa, and the ultimate tensile strength was 420 MPa. 

 

2.1.2 Link elements of the joint 
The link element of the segmental joint is proposed in 

this section to express the relationship between the internal 

force and deformation of the joint as follows 

{ } [ ]{ }F K d =  (4) 

 

 

 

where [𝐾] is the stiffness matrix of the link element, {𝛥𝑑} 
and {𝛥𝐹}  are the relative displacement and force,  

respectively, of the link element between nodes i and j, and 

they are expressed as Eq. (5). where 𝑟𝑘 , 𝑡𝑘 , 𝑧𝑘 , 𝜃𝑟𝑘 , 𝜃𝑡𝑘 ,  

and 𝜃𝑧𝑘 are the generalized displacements of node k (k = i 

or j) in and around the r, t, and z directions, respectively; 

𝐹𝑟𝑘 , 𝐹𝑡𝑘 , 𝐹𝑡𝑘 , 𝑀𝑟𝑘 , 𝑀𝑡𝑘  and 𝑀𝑧𝑘  are the generalized force 

components of node k (k = i or j) in and around the r, t, and 

z directions, respectively. 

The stiffness matrix [𝐾] of the link element is a diagonal 

matrix composed of six stiffness elements. As shown in Fig. 

3, for the longitudinal joints, Kr, Kt, and Kz correspond to 

the translational stiffness in r, t, and z directions, whereas 

Kθr, Kθt, and Kθz correspond to the rotational stiffness in r, 

t, and z directions, respectively. It should be noted that the 

longitudinal joint stiffness matrix and circumferential joint 

stiffness matrix are determined based on the same 

assumption as follows (taking the link element of the 

longitudinal joint as an example): 

(a) Kt (tensile or compression stiffness): It is assumed 

that the compression stiffness of the link element at the 

bolt’s position is set based on the compression stiffness of 

concrete, whereas the tensile stiffness is set based on the 

tensile stiffness of the bolt. Link elements at positions 

without components such as bolts are considered to only be 

able to withstand the compression force, such that the 

tensile stiffness is set to 0. 

(b) Kr (radial shear stiffness): To consider 

 the convex tenon), the shear stiffness of the link element is  

   

(a) Outline of the model (b) Details of the longitudinal joint (c) Details of the circumferential joint 

Fig. 2 Modified shell-joint model of the tunnel 

  

(a) Stiffness of the longitudinal joint (b) Stiffness of the circumferential joint 

Fig. 3 Joint stiffness levels in different directions 
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obtained by a 3D FE model, which can be described by a 
complex function of the axial force, shear force, and 
dislocation. 

(c) Kz (longitudinal shear stiffness): The longitudinal 

stiffness of the link element can also be obtained using a 3D 

FE model as the radial shear stiffness. 

(d) Kθt (tangential torsional stiffness): The tangential 

torsion of the joint generates the radial shear force between 

segments, and the corresponding torsion value is affected 

by the shear stiffness of the link element. Thus, the capacity 

of the joint against tangential torsion can be described by 

the link elements with a radial shear stiffness; therefore, the 

tangential torsional stiffness is set as 0.  

(e) Kθz (circumferential bending stiffness): The bending 

stiffness of the link element is determined based on the 

nonlinear relationship between the bending moment and 

rotation angle of the tunnel joint. 

(f) Kθr (radial bending stiffness): Because the radial 

bending moment can be described as the tensile and 

compression forces on several adjacent link elements, the 

joint’s capacity to withstand the radial bending moment can 

be represented by the tension and compression stiffness of 

the link element. Thus, the radial bending stiffness of the 

link element was set as 0. 
 

2.2 Three-dimensional finite element approach to 
obtain joint shear stiffness 
 

A 3D FE analysis was conducted to obtain the radial and 

longitudinal shear stiffnesses of the joint, as shown in Fig. 

4. The FE model comprises one whole shearing block 

(block 2 in Fig. 4), two adjacent half blocks (block 1 in Fig. 

4), and bolts between shearing blocks. Both concrete blocks 

and bolts were modeled using continuum 3D 10-node 

(C3D10) solid elements. 

The elastoplastic damage constitutive model was 

adopted to describe the stress-strain relationship of the 

concrete, whereas the double line model was used as the 

constitutive model of the bolt. All normal contacts in the 

 

 

 

 

model, including contacts between adjacent segments, were 

set as hard contacts. The tangential behavior between 
segments was set through the penalty method. Penalty 

method is a way to determine frictional forces between two 

contacted segments under dislocation. A coefficient will be 

assigned to calculate the frictional force combined with the 

normal contact force. In the 3D model, the tangential 

behaviors between of the two adjacent segments in the 

concrete region were simulated as penalty method to further 

determine the shear stiffness of the joints. 

In the case of the circumferential and longitudinal joints 

with bolts, the preload force of the bolts was applied to the 

model during simulation, as shown in Eq. (7) 

=
s s s s

F C Aσ
 

(7) 

where 𝜎𝑠  and 𝐴𝑠  are the yield strength and the cross-

sectional area of the bolt, respectively; 𝐶𝑠  is the safety 

coefficient of the bolt preload force, which is assumed as 

0.5, in this study. 

As illustrated in Fig. 4(a), the horizontal force F is 

applied to the cross-sections at the two ends of the blocks in 

the load-controlled mode to simulate the compression or 

tensile force between adjacent segments or lining rings in 

step 1. In step 2, the vertical force P is applied to the top of 

shearing block 2 in the displacement-controlled mode to 

simulate the shear process of the joint. It should be noted 

that the vertical force P should be replaced by the 

longitudinal force when determining the longitudinal shear 

stiffness of the joint. Subsequently, the relationship between 

the shear force and dislocation at the joint under certain 

axial forces can be obtained. 
To analyze the mechanical behavior of the joint when 

subjected to shear force, a 3D FE model was used to 
simulate the shear process of a longitudinal joint with two 
M33 straight bolts. The diameter of bolt holes is designed 
based on actual conditions, as shown in Fig. 5(a). The 
parameters of the FE model are listed in Table 1, where the 
width and thickness of shearing block 2 were designed  

  
(a) Horizontal force F in step 1 (b) Vertical force P in step 2 

Fig. 4 Forces applied on the concrete blocks in the FE model 

   
T

ri rj ti tj zi zj ri rj ti tj zi zjF F F F F F F M M M M M M         (5) 

   
T

i j i j i j ri rj ti tj zi zjd r r t t z z               (6) 
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(a) Dimensions of shear block and bolt hole 

 

(b) Shear Force-Dislocation curves from FE simulations 

and the shearing test 

Fig. 5 Results of FE simulations and shearing test 
 
 

Table 1 Parameters of the FE model 

Concrete 

grade 
Bolt grade 

Dimensions of shearing block 2 

Length Width Thickness 

C50 M33 1250 mm 1200 mm 450 mm 

 
 

based on the actual segments used in the shield tunnels in 
Shanghai. The length of the shear block 2 is determined 
based on commonly used joint shear tests. The shear force-
dislocation curve calculated by the FE model was compared 
to that from a joint shear test by Liu et al. (2016), as shown 
in Fig. 5(b). It can be observed from the figure that the trend 
of the calculated shear force – dislocation curve coincides 
with the experimental result. Both the calculated and 
measured data show a three-stage characteristic of the shear 
process, as follows:  

Stage Ⅰ (friction shearing stage): When the shear force is 

smaller than the static frictional force on the joint surface, 

there is virtually no relative displacement between the bolt 

and the hole. 

Stage Ⅱ: Obvious dislocation starts occurring between 

adjacent shearing blocks when the shear force exceeds the 

static frictional force.However, the two ends of the bolt 

made no contact with the holes. 

Stage Ⅲ: The two ends of the bolt contact the holes of 

the adjacent shearing blocks, and the stress concentration 

starts appearing in the middle of the bolt. 
 
 

3. Verification of the modified shell-joint model 
 

The proposed modified shell-joint model was verified 

against a full-ring experiment for the Shanghai Yangtze 

River tunnel and the corresponding 3D FE simulations  

 

Fig. 6 Sketch of the full-scaled experiment 

 

Table 2 Compression and tensile stiffness of the link 

element 

Concrete 

grade 

Spacing 

between link 

elements 

(mm) 

Elastic 

modulus of 

concrete 

(N/mm2) 

Length of 

link elements 

(mm) 

Compression 

stiffness 

(N/mm) 

C50 100 3.45E+04 10 2.24E+08 

Bolt Grade 

Diameter of 

bolts 

(mm) 

Elastic 

modulus of 

bolts 

(N/mm2) 

Length of 

link elements 

(mm) 

Tensile 

stiffness 

(N/mm) 

M30 30 2.10E+05 10 1.48E+07 

M36 39 2.10E+05 10 2.51E+07 

 

 

(Wang 2007). The shield tunnel is staggered-fabricated with 

10 lining blocks per segmental ring, with an inner diameter 

of 13.7 m and an outer diameter of 15 m. The width of a 

single segmental ring is 2 m. Each longitudinal joint adopts 

two M39 oblique bolts with a spacing of 1 m, and the 

circumferential joint adopted 38 M30 bolts. In the full-ring 

experiment, a whole ring and its two adjacent half rings 

were chosen for testing with 44 concentrated forces applied, 

as shown in Fig. 6. 
In the proposed modified shell-joint model, the bending 

and shear stiffness matrix of the link element are based on 
the experiments of Chen et al. (2010) and Li et al. (2011) 
for the same tunnel structures. The compression and tensile 
stiffness values of the link elements are listed in Table 2, 
where the length of the link element is determined as 10 
mm, based on the clearance control of shield tunnels in the 
Shanghai, China. 

The bending moment and radial displacement of the 

segmental ring and radial dislocation of the circumferential 

joint were calculated using the proposed shell joint model 

and compared with those obtained from the full-scale 

experiment and the 3D FE simulation, with the results 

illustrated in Fig. 7. It can be observed from the figure that 

the maximum positive bending moment, which is 

approximately 600 kN·m, appears at the top and bottom of 

the tunnel, whereas the negative bending moment appears at  
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the arch waist. Under the effect of this bending moment, the 

segments at the top and bottom of the tunnel move inward, 

as shown in Fig. 7(b), and the segments at the arch waist 

move outward, making the tunnel ring a horizontal ellipse 

shape. However, the radial dislocations of the 

circumferential joints in Fig. 7 (c) are all less than 0.4 mm 

because the loads applied on the tunnel rings are consistent 

in the longitudinal direction. 

While the proposed model and the solid FEM model 

showed minimal differences in the bending moment, 

notable discrepancies can be observed when compared to 

experimental results at 0-30° and 330-360° of the tunnel. It 

can be explained that the bending moments of the lining  

segment in Wang's experiment are approximated based on 

concrete strain and steel bar stress measurement results. 

Due to the complex structure assembly and multiple 

interfaces around the key segment, installation space for 

measurement devices is limited, potentially resulting in 

significant testing errors at this location. In summary, the 

figure demonstrates a good agreement between the bending 

moment, radial displacement, and dislocations obtained by 

the modified shell-joint model and the full-scale experiment 

in the majority of tunnel positions, implying the 

applicability of the modified shell-joint model. 

 

 

4. Effect of the longitudinal differential settlement on 
dislocations of the tunnel 
 

 
 
4.1 Joint dislocation under the longitudinal differential 

settlement 
 

In the operation stage, many factors can affect the 

displacement and deformation of the tunnel structure (Yoo 

et al. 2020, Wang et al. 2010, Zaid 2021). Among these 

factors, longitudinal differential settlement is frequently 

encountered and has a significant effect on joint 

dislocations during the operation stage (Gong et al. 2015, 

Kim et al. 2020). However, the traditional longitudinal 

structural model simplifies the tunnel as an Euler-Bernoulli 

beam and ignores the dislocations between adjacent tunnel 

rings (Wu et al. 2018). In this section, the modified shell- 

joint model is used in studying the joint dislocation 

behaviors of a circular shield tunnel in Shanghai Metro Line 

2 when longitudinal differential settlement occurs (see Fig. 

8). 

The shield tunnel comprises six lining blocks per 

segmental ring, with an inner diameter of 5.5 m and an 

outer diameter of 6.2 m. The width of a single segmental 

ring is 1.2 m. Adjacent segmental rings are connected by 

bolts with a diameter of 30 mm. As illustrated in Fig. 9, an 

11-ring lining model was established using FE software, 

adopting a three-dimensional shell element with an 

elastoplastic damage constitutive model to simulate the 

concrete segments. The parts used in the three-dimensional 

model to obtain the shear stiffness of the joints are shown in 

Fig. 10. 

  
(a) Bending moment of the tunnel ring (b) Radial displacement of the tunnel ring 

 

(c) Radial dislocation of the circumferential joint 

Fig. 7 Comparison between measured data and simulation results 
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(a) Isometric view of the 11-ring model 

 
(b) Lateral view of the 11-ring model 

Fig. 9 Finite element model for the eleven segmental rings 

 

 

The shear stiffness function of the link element was 

obtained using a solid FE model, as shown in Fig. 11(a). 

The bending stiffness function of the link element in Fig. 

11(b) adopts the trilinear elastoplastic bending moment-

rotation angle curve, which is referred to in a study by Liu 

et al. (2016) on the flexural capacity of the tunnel joint. The 

compression and tensile stiffness values of the link elements 

are listed in Table 2. 

Soil loads corresponding to a buried depth of 20 m were 

applied to the tunnel to achieve an accurate initial state 

before applying a longitudinal differential settlement. Based 

on the research by Wu et al. (2015), there exist a 

longitudinal shear transfer effect and circumferential 

flattening effect when a tunnel’s longitudinal deformation  

 
(a) Schematic of the three-dimensional model 

 
(b) Bolt in the three-dimensional model 

 
(c) Half shear block in the three-dimensional model 

 
(d) Shear block in the three-dimensional model 

Fig. 10 Three-dimensional model for obtaining the shear 

stiffness of the joint without the concavo-convex tenon 

 

Table 3 Displacements at the arch waist under longitudinal 

differential settlements 

Curve 

radius(m) 

Deflections at arch waist (mm) 

Ring 1, 

11 

Ring 2, 

10 
Ring 3, 9 Ring 4, 8 Ring 5, 7 Ring 6 

300 0.00 21.60 38.40 50.40 57.61 60.01 

500 0.00 12.96 23.04 30.24 34.56 36.00 

1000 0.00 6.48 11.52 15.12 17.28 18.00 

2000 0.00 3.24 5.76 7.56 8.64 9.00 

3000 0.00 2.16 3.84 5.04 5.76 6.00 

5000 0.00 1.30 2.30 3.02 3.46 3.60 

10000 0.00 0.65 1.15 1.51 1.73 1.80 

15000 0.00 0.43 0.77 1.01 1.15 1.20 

 

 

occurs. To avoid the influence of unreasonable loading 

mode on the flattening effect, a mandatory displacement 

was applied to the arch waist of each segment ring to  

simulate the longitudinal differential settlement of the 

shield tunnel, as shown in Fig. 12. 

The longitudinal cumulative settlement curve can be 

fitted based on the measured tunnel data. The curve radius  

 
Fig. 8 Cross-section and details of the shield tunnel in 

Shanghai Metro Line 2 
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Fig. 12 Longitudinal differential settlement applied on 

the tunnel linings 
 

 

in this section is set from 300 m to 15000 m, and the 

corresponding mandatory displacements are applied to the 

arch waist of the segment rings, as listed in Table 3. 

The dislocations in the longitudinal and circumferential 

joints subjected solely to the soil load are shown in Fig. 13. 

It can be observed from the figure that the maximum 

dislocations in different circumferential joints are all less 

than 0.24 × 10-3 mm, which can be explained by the fact  

that the soil pressure is evenly distributed on the 11 

rings. The maximum circumferential dislocation appears at 

335° and 25°, which is around the position of the 

longitudinal bolt in the adjacent segment. However, 

dislocations of the circumferential joint between different 

lining rings differ from each other, and the largest one 

appears at the circumferential joint between rings 5 and 6. 

In the case of the dislocation of the longitudinal joint in 

a lining ring, the maximum value is less than 0.21 × 10-3 

mm. In a segmental ring, the dislocations at the longitudinal 

joints between the standard segment and adjacent segment 

(i.e., joints at TL1-TB1 and TL2-TB2) are approximately 

six times those at the other longitudinal joints. Under the 

condition of bearing only soil loads, the maximum 

deformation of the lining ring occurs at the waist, while the 

joints at TL1-TB1 and TL2-TB2 are close to the waist, 

resulting in relatively large dislocation at these locations. 

However, the dislocation of the longitudinal joints in the 

different lining rings is generally unchanged. 

 

 

When the longitudinal differential settlement occurs, the 

dislocations of the circumferential joints become enlarged 

for all considered radii of the differential settlement, 

whereas the dislocations of the longitudinal joints remain 

generally unchanged. Fig. 14 shows the dislocations of the 

circumferential and longitudinal joints under a longitudinal 

differential settlement with a 300 m radius of the settlement 

curve. Based on the symmetry of the 11-rings model and the 

boundary effect in the simulation, dislocations of the joint 

from rings 5 to 10 were selected for analysis. It can be 

observed from Figs. 14(a) and 14(b) that the dislocation of 

the circumference joint between rings 5 and 6 is a butterfly-

shaped curve, whereas the maximum values occur around 

the longitudinal joints (i.e., TL1-TB1, TD-TB1, TD-TB2, 

and TB2-TL2). However, the distribution of the dislocation 

in the circumferential joint between rings 9 and 10 is in the 

form of two attached circles, and the maximum dislocation 

occurs at the top and bottom of the circumferential joint.  

The different distributions of dislocations in the 

circumferential joint can be explained by the fact that both 

differential settlement and differential cross-sectional 

deformation between two adjacent segmental rings can 

contribute to the dislocation of the circumferential joint. For 

a large differential settlement (such as that assigned to rings 

9 and 10 in this simulation), the key factor affecting the 

dislocation is the differential settlement, whereas the 

differential cross-sectional deformation plays a more 

important role in the small differential settlement cases.   

As shown in Figs. 14(c) and 14(d), there is a little 

difference between the dislocation values of each 

longitudinal joint in ring 5, whereas the dislocations of 

TL1-TF and TL2-TF are much larger than those of the other 

longitudinal joints in ring 9. However, the maximum 

dislocation of the longitudinal joint is less than 0.05 mm. 

Both dislocations of the circumferential and longitudinal 

joints were much larger than those solely subjected to soil 

pressure.  

  

(a) Shear stiffness function (b) Bending stiffness function 

 

 

(c) Deformation direction of link element 

Fig. 11 Stiffness function of the link element 
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(a) Dislocations of the circumferential joint between ring 5 

and ring 6 

(b) Dislocations of the circumferential joint between ring 9 

and ring 10 

  
(c) Dislocations of the longitudinal joints in ring 5 (d) Dislocations of the longitudinal joints in ring 9 

Fig. 13 Dislocations of the tunnel solely subjected to the soil load 

  

(a) Dislocations of the circumferential joint between ring 5 

and ring 6 

(b) Dislocations of the circumferential joint between ring 9 

and ring 10 

  
(c) Dislocations of the longitudinal joints in ring 5 (d) Dislocations of the longitudinal joints in ring 9 

Fig. 14 Dislocations of the tunnel under a differential settlement with a curvature radius of 300 m 
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Fig. 15 Relationship between the longitudinal differential 

settlement curve radius and the maximum dislocation of 

the circumferential joint 
 

 
(a) Radial deformation 

 
(b) Bending moment 

 

(c) Lining ring radial deformation 

Fig. 16 Bending moment and radial deformation of ring 1 

before and after applying the longitudinal differential 

settlement 

 

The relationship between the longitudinal differential 

settlement curvature radius and maximum dislocation of the 

circumferential joint is shown in Fig. 15. It can be observed 

that the dislocation of the circumferential joint increases 

rapidly when the differential settlement curve radius is less 

than 1000 m. Maximum dislocation of the circumferential 

joint is approximately 10.6 mm when the differential 

settlement curve radius reaches 300 m. Because the 

waterproof capacity of gaskets is closely related to joint 

dislocations, more attention should be focused on the top 

and bottom of the circumferential joints where the 

maximum dislocation occurs. 

The bending moment and radial deformation of ring 1 

before and after applying the longitudinal differential 

settlement with a curvature radius of 300 m are shown in 

Fig. 16. It can be observed that the longitudinal differential 

settlement induces an increase in the bending moment as 

well as the deformation of the tunnel ring. It should be 

noted that when the curvature radius of the longitudinal 

differential settlement is 300 m, the additional bending 
moment at the top of the tunnel ring can be at most 1.9 

times the initial one, and the additional radial deformation 

can be at most twice that of the initial condition, which will 

probably affect the safety of the tunnel structure. 
 
4.2 Effect of the concavo-convex tenon on the 

dislocation 
 
The concavo-convex tenon can contribute to improving 

the integrity and rigidity of the joint, thereby optimizing the 
bearing performance of the tunnel structure. To study its 
effect on the control of circumferential joint dislocations of 
the tunnel, the shear stiffness of the circumferential joints in 
the 11-ring model was updated based on the configuration 
of the joint with the concavo-convex tenon, which is 
commonly used in Shanghai Metro lines, as shown in Fig. 
17. The other parameters and boundary conditions of the 
model remained unchanged. 

Using the 3D FE model (see Fig. 18), the shear stiffness 
values of the circumferential joint with and without the 
concavo-convex tenon were obtained, and the function 
curves are shown in Fig. 19. It should be noted that positive 
axial deformation in the figure indicates that adjacent 
elements are compressed. The figure illustrates that the 
shear force increases with the axial deformation, and the 
shear force-dislocation curve of the joint with the concavo-
convex tenon can be divided into three stages with different 
characteristics. 

 

 

 
Fig. 17 Sketch of joints with the concavo-convex tenon 

and bolts 
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In Stage 1, the shear force is less than the static friction 

of the joint surface, and the increase in the dislocation is 

relatively small. In stage 2, the dislocation increases rapidly 

with the shear force until it reaches 4 mm, which is the 

width of the void designed between the concave and convex 

tenons. The gap between the bolt and bolt holes also 

decreases in this stage. In stage 3, the shear stiffness of the 

joint increases rapidly as the side walls of the concave and 

convex tenons as well as the bolt with the bolt hole start to 

contact. 

By applying the joint shear stiffness to the 11-ring 

model, the corresponding dislocations under longitudinal 

differential settlement could be obtained, as shown in Fig. 

20. It can be concluded through a comparison of Fig. 14 and 

Fig. 20 that the distribution forms of the circumferential and 

longitudinal joint dislocations vary slightly with and 

without the concavo-convex tenons. However, the 

maximum value of the circumferential joint dislocations for 

the condition with the concavo-convex tenon is 4.5 mm, at 

the circumferential joint between ring 9 and ring 10, which 

is only 42% of the one without the concavo-convex tenon. 

The maximum longitudinal joint dislocation in the 11-ring 

model decreases from 0.05 mm to 0.02 mm, with concavo-

convex tenon applied to the joints. 

Therefore, the use of concavo-convex tenons in 

circumferential and longitudinal joints of the tunnel  can 

effectively reduce the dislocations, thereby improving the 

waterproof capacity of the tunnel in the operation stage, 

especially when longitudinal differential settlement occurs. 

 

 
 

5. Conclusions 
 
A modified shell-joint model is proposed in this study, 

based on the nonlinear shear stiffness of the joint, which is a 
function of the axial force and dislocation value. The 
proposed model was verified and subsequently adopted to 
study the joint dislocation behaviors of a shield tunnel in 
Shanghai under the longitudinal differential settlement, and 
the following conclusions were drawn: 
• A 3D FE model was employed to simulate the shear 
process of a longitudinal joint with bolts, which exhibited 
three distinct stages. During the first two stages, the bolts 
did not experience stress concentration. However, when the 
relative displacement between adjacent specimens reached 
5 mm, stress concentration began to occur in the bolts. 
• When the tunnel is solely subjected to the soil load, the 
dislocation that occurs in the longitudinal and 
circumferential joints is quite small, with values less than 
1×10-3 mm. The maximum circumferential dislocation 
appears at 335° and 25°, which is around the position of the 
longitudinal bolt in the adjacent segment. 
• Differential settlement and cross-sectional deformation 
can contribute to the dislocation of the circumferential joint. 
Circumferential joint dislocations increased rapidly when 
the differential settlement curvature radius was less than 
1000 m. When the curvature radius of the longitudinal 
differential settlement reached 300 m, the maximum 
circumferential joint dislocation in the 11-ring model was 
10.3 mm, which might lead to leakage and even waterproof  
failure of the tunnel structure. 

 

Fig. 18 Three-dimensional model for obtaining the shear stiffness joint with concavo-convex tenon 

 

Fig. 19 Shear stiffness of the link element based on the concavo-convex tenon 
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• With concavo-convex tenon applied to the longitudinal 

and circumferential joints, the difference of different joint 

dislocation of the same segment ring is reduced. The 

maximum circumferential joint dislocation decreased from 

10.3 mm to 4.5 mm and the maximum longitudinal joint 

dislocation decreased from 0.05 mm to 0.02 mm, which will 

improve the waterproof capacity of the tunnel in the 

operation stage. 
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