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Abstract

In this paper, the authors developed a three dimensional shell-spring numerical model of a shield tunnel, in which the elastic 

shell elements were adopted to model the segments and the spring models were used for the simulation of the segmental joints. 

The highlight of this research is that the non-linearity of the joint bending stiffness was taken into consideration, which was first 

determined through the numerical simulation by using a refined 3D continuum model of the segment-joint structure. The automatic 

iteration of the joint bending stiffness was achieved through programming with the ANSYS ADPL software. Based on a specific 

engineering example, a 3D continuum-shell-spring model was established to analyze the internal forces of shield tunnel segmental 

linings subject to swelling soils. The developed numerical model and its application in the analysis of the internal forces of shield 

tunnel segmental linings in swelling ground will provide useful reference and guidance for the numerical calculation in similar  

engineering projects in future.
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1 Introduction
Swelling ground is a rock or soil material that predomi-
nantly contains the clay mineral montmorillonite sensitive 
to natural moisture content changes and has a potential to 
experience significant volume increment associated with 
increasing in moisture content [1], the volume of some 
swelling rocks or soils increases up to thirty percent or even 
more due to an increase in natural water contents [2–4].  
This increase may lead to serious damages to building 
and civil engineering structures, particularly those under-
ground structures such as tunnels. Engineering problems 
caused by swelling ground during the construction and 
long-term use of tunnels have been reported in numer-
ous case studies [5–8], as exhibited in Fig. 1. Therefore, 
studies in terms of the swelling effect on tunnel structures 
are of great significance to better design, construction and 
maintenance of tunnelling in swelling ground.

Fig. 1 Swelling ground affecting tunnel structures: (a) Deformations 
of supports in T13 tunnel, Turkey; (b) Damage to concrete linings in 

Caneva-Stevenà Quarry Tunnel, Italy

Through theoretical and experimental methods, num-
bers of researches have been carried out on tunnelling in 
swelling ground. Among them, many studies focus on the 
swelling strain and pressure, especially the prediction of the 
long-term deformation of the swelling soils or rocks [9–12]. 
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However, the influence of the swelling strain on tunnel lin-
ings receives very little attention, even less attention in 
terms of the effects on shield tunnels.

From the literatures with respect to the analysis of the 
internal forces of shield tunnel segmental linings subject to 
the swelling effect, it can be seen that the numerical mod-
elling still plays a major role by using the finite element 
method (FEM). This is mainly attributed to the fact that 
the swelling properties of the expansive soil are very hard 
to be accurately controlled to meet the designed experiment 
requirements, therefore, making it difficult to study on this 
topic through physical modelling experiments. In addition, 
currently, there are very few reports about the in-situ mon-
itoring on the internal forces of tunnel linings under the 
swelling effect. Through the numerical modelling, Wang et 
al built a two-dimensional (2D) load-structure model for the 
structural numerical analysis of the mechanical behaviors of 
shield tunnel linings [13]. Similarly, Fang et al adopted the 
same model to study the axial forces and bending moments 
of shield tunnel linings affected by expansive soils underly-
ing sandy pebble layers [14]. Seifabad et al. [15] studied the 
swelling behaviors in a tunnel excavated through rocks by 
using a 2D finite element modeling method. Aforementioned 
researches indicate that the 2D load-structure models were 
most commonly used, in which the specialized beam and 
spring elements were used for the simulation of shield tunnel 
linings while the Winkler type springs were used to represent 
the response from the swelling ground. Meanwhile, there are 
few reports in relation to the use of 3D continuum models for 
the shield tunnel linings subject to the swelling soils, in spite 
that extensive applications have been found in the refined 
3D continuum models for the segmental linings [16–19]. 
Clearly, the first approach is less computationally demanding 
than the 3D continuum modelling. However, the modelling 
of the segmental linings by beams can hardly reflect the 3D 
structural stress state, since the segment rings of shield tun-
nels are longitudinally connected through the stagger-jointed 
assembling in practice. In addition, the simulation of soils by 
springs may suffer from the lack of physical significances, 
particularly in the case of expansive soils, in which this prob-
lem can be significantly non-linear. At present, no reliable 
approach has been developed to define the constitutive rela-
tionship of spring models for the simulation of soil's swelling 
behaviors [20]. On the other hand, the refined 3D numerical 
modelling cannot easily meet practical and computational 
demands due to difficulties in sophisticated and accurate 
numerical modelling for both the complex swelling phenom-
enon and structural discontinuities of shield tunnel linings.

Therefore, in this paper, the authors developed a 3D 
ground-structure model, in which the 3D continuum 
approach was adopted to model swelling soils and a 3D 
shell-spring model was used for the simulation of segmen-
tal linings. Specifically, the swelling effect induced by 
ground moisture increments was modeled by the thermal 
expansion. Furthermore, the current researches show that 
the bending stiffness of the segmental joints, which has 
obvious non-linear characteristics, is directly related to the 
corresponding axial forces and bending moments. This has 
great influence on the calculation of the internal forces of 
the lining structures. Thus, in order to better simulate the 
real stress states of the lining structures, the corresponding 
bending stiffness of joint bolts under different axial forces 
and bending moments was taken into consideration. The 
automatic iterative process in the numerical calculation 
was achieved, which is the highlight of this paper. Based 
on the proposed ground-shell-spring model, the numerical 
analysis of the internal forces of the segmental linings sub-
ject to the swelling effect was performed.

2 Numerical calculation of the non-linear bending 
stiffness of segmental joints
In practice, the non-uniform distribution of axial forces 
and bending moments along the lining ring leads to signif-
icant differences in the joint bending stiffness. In this sec-
tion, a sophisticated 3D continuum model for a local seg-
ment-joint structure was established. The non-linear joint 
bending stiffness under different axial forces and bending 
moments was obtained through the FEM method, which 
would provide essential data for the subsequent iteration 
of the non-linear joint bending stiffness in the shell-spring 
shield tunnel model.

Since geometrically accurate modelling of segments 
requires too much meshing and computational resources, 
and the material properties and contact relationships show 
clear non-linear characteristics, therefore the following 
assumptions were made: (1) the segment concrete mate-
rial is regarded as a single and homogeneous material with 
ideal elasticity, and the reinforcing steel bars inside the 
concrete are ignored. (2) The influence of the geometry 
shape of the capping segment is considered negligible, the 
geometric size of the standard segment is adopted for the 
simulation. (3) The connection structure between the two 
adjacent segments is simplified as a straight and flat struc-
ture. (4) The embedded PVC sleeve component in the bolt 
hole is also ignored, hence, the bolt has direct squeezing 
and sliding contact with the concrete.
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Fig. 2 Segment-joint model: (a) Finite element model of the local 
segment-joint structure; (b) 2–2 cross-section view

Fig. 3 Relationship among the joint rotation angle, axial force and 
bending moment

2.1 Numerical model of segmental joints
The segment-bolt joint model is shown in Fig. 2. The solid 
element solid45 in ANSYS was adopted to model the seg-
mental lining. The value of the axial force is set to 0 kN, 
200 kN, 400 kN and 800 kN and 1000 kN, respectively. The 
value of the bending moment is set to 0 kN·m, ±50 kN·m, 
±100 kN·m, ±150 kN·m, ±200 kN·m, ±250 kN·m and 
±300 kN·m, respectively. In addition, the length, width 
and thickness of the straight segment are 2.0 m, 1.5 m and 
0.3 m, respectively. There are two bolt holes set on each 
end of the segment. The bolt was modeled by the solid 
element solid92. The diameter and length of the straight 
cylindrical bolt are 28.0 mm and 400.0 mm, respectively. 
The diameter of the nut is 50.0 mm, and the diameter 
of the bolt hole is 34.0 mm. Additionally, the Mooney-
Rivlin elastic constitutive model was adopted to simulate 
the wmechanical behaviors of the elastic sealing liner, in 
which the two controlled parameters of the rubber mate-
rial with the Shore hardness of 40 degrees, namely, C10 
and C01 are 0.195 MPa and 0.0162 MPa. Moreover, the 
boundary is restrained against its vertical displacements.

The joint bolt pre-tension was also considered due to the 
fact that the bolt always needs to be pre-stressed after its 
placement and installation. In numerical simulation, since 

the pre-loading elements cannot be used to transfer shear-
ing forces, and the shearing deformation will easily lead 
to the non-convergence of calculation. Therefore, in this 
part, the simulation of the bolt pretension was achieved by 
lowering the bolt’s temperature while keeping the other 
components’ temperature constant, thus making the bolt 
itself contract and then generate the pre-tightening force. 
Through the mathematical conversion, the bolt pre-tight-
ening loading could be obtained. The pre-tightening force 
was set to 100 kN in this part. Details see Appendix 1.

2.2 Calculation results
Through the numerical simulation, the results of joint 
rotation angles under different axial forces and bending 
moments were obtained. Based on that, the fitted curved 
surface of the calculated data and the piecewise fitted equa-
tions were displayed in Fig. 3. The joint bending stiffness 
is the reciprocal of the slope of the curved surface. It can 
be seen from the figure that the bending moment has larger 
influences on the joint rotation angle while the effect of the 
axial force is relatively limited. The bending moment has a 
positive correlation with the angle. With the increasing of 
the bending moment, there is an upward trend of the joint 
rotation angle, and the trend becomes sharper especially 
under the negative bending moment. Additionally, when 
the bending moment is constant, the larger the axial force, 
the smaller the rotation angle of the joint.

3 Numerical modelling of shield tunnel structures
The 3D shell-spring model is essentially an extension of 
the 2D beam-spring model in the longitudinal direction 
of tunnels. It inherits the advantage of the beam-spring 
model in the computational efficiency, and can compre-
hensively consider the influences of different factors 
on the mechanical behaviors of segmental lining joints. 
Particularly after introducing the iteration of the non-lin-
earity of the joint bending stiffness, it is also capable of 
avoiding the defect that the 2D beam-spring model can-
not fully simulate the complex non-linear flexural perfor-
mances of segmental lining joints. In addition, the longi-
tudinal bending moment distribution of each segment ring 
in the shield tunnel can be clearly exhibited.

3.1 Basic assumption
In the numerical simulation of the shield tunnel lining, the 
following assumptions were made: (1) the axial pressure at 
the joint between two adjacent circular segments is borne 
by the concrete and the bolt, while the axial tension is only 
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borne by the bolt; (2) the shear stress at the joint is also 
borne together by the concrete and the bolt, and the shear-
ing stiffness is distributed evenly on the joint surface; (3) 
the bending moment at the joint is merely borne by the 
joint bolt, and the bending stiffness is distributed evenly 
on the joint surface; (4) the bending moment along the  
tunnel longitudinal direction is borne both by the concrete 
and the bolt.

3.2 Geometric parameters
The shield tunnel was modelled on the basis of the typi-
cal segmental ring of the tunnel prototype in the Chengdu 
Metro Line. As shown in Fig. 4, the outer diameter is 6.0 m, 
and the lining width and thickness are 1.5 m and 0.3 m, 
respectively. The standard C50 concrete with its compres-
sive strength larger than 50.0 Mpa is adopted for the shield 
tunnel lining. Each segmental ring is assembled by 6 circu-
lar arc blocks, including one capping block, two adjacent 
blocks and three standard blocks, with corresponding cen-
tral angles of 15.0°, 64.5° and 72.0°, respectively. In addi-
tion, the segments are connected by straight cylindrical bolts 
with the diameter of 24.0 mm and the length of 400.0 mm 
in both the circumferential and longitudinal directions.  
A total number of 12 bolts are used for 6 joints in each lin-
ing ring, evenly arranged every 36° of central angle along 
the circumferential direction, and 10 longitudinal bolts are 
used in each ring. In the assembling of segments, in order to 
enhance the structural stiffness of the shield tunnel, all the 
rings are connected through the stagger-joint assembling, 
which is achieved by rotating the central angle of the adja-
cent ring by 180° along the tunnelling direction.

3.3 Segmental lining model
The tunnel lining was modelled by the shell element 
shell63, with its thickness being set to 0.3 m. According 
to the Chinese Design Code of the Reinforced Concrete, 
the C50 reinforced concrete has an elastic modulus of 
34.5 Gpa and a Poisson's ratio of 0.2, and its unit weight 
equals 26 kN/m3. The geometric parameters of the seg-
ment were exactly determined according to the tunnel 
prototype in the Chengdu Metro Line. Each lining ring 
model consists of 10 shell element rings. Besides, the stag-
ger-joint assembling was also taken into consideration. It 
should be noted that the single segment model is indepen-
dent of each other, which means that although the shell 
element nodes and curves among segment models share 
the same spatial position, however, they do not directly 
transmit any stress or deformation.

Fig. 4 Segmental lining structure prototype

Fig. 5 Shield tunnel model: (a) 4 different types of spring models; 
(b) Single spring joint model

3.4 Joint model
The segmental joint was simulated by a group of differ-
ent spring models, and each spring was modelled by the 
specific element in ANSYS. Three elements including the 
link10, combin39 and combin14 were employed to simu-
late the compression and tension, bending and shearing 
effects on the joint, respectively. Each joint was modelled 
by a total of five different types of spring models, namely, 
the compression spring, tension spring, radial shearing 
spring, tangential shearing spring and bending spring. A 
total of 12 circumferential joint models and 10 longitudinal 
joint models are used in each ring. The entire shield tunnel 
model consists of 4 segmental rings, as depicted in Fig. 5.

Moreover, the stiffness value of each spring in the joint 
model needs to be set according to the geometric and 
mechanical parameters of the joint prototype. With increas-
ing of the external loadings, the axial and shearing stiffness 
of the connection joint exhibit non-linear characteristics to 
a certain degree. However, its influence on the structural 
internal forces has been testified to be negligible in some 
studies [21, 22]. Hence, both the axial stiffness and the 
shearing stiffness were taken as constant values in this part.
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The stiffness of the compression spring (written as kc ) is 
calculated according to the joint face area and the mechani-
cal properties of the concrete material. Similarly, the spring 
tensile stiffness (kt ) is obtained on the basis of the cross 
cross-sectional area and the mechanical properties of the 
bolt material. As mentioned before, both the compression 
and tension springs were modelled by the link10 element, 
whose length and cross-sectional area are set to 150.0 mm 
and 1000 mm2, respectively. The elastic moduli of the con-
crete and bolt are respectively 34.5 GPa and 210 GPa. It 
can be easily calculated that the contact area between two 
adjacent segmental rings along the longitudinal direction 
and that between two adjacent circumferential segments 
are 5.37 m2 and 0.45 m2, respectively. Based on Eqs. (1) 
and (2), the compression spring stiffness in each single 
longitudinal joint model equals 1.24 × 108 kN·m–1, while 
the value in each single circumferential joint model equals 
0.52 × 108 kN·m–1. The tension spring stiffness in both lon-
gitudinal and circumferential joint models shares the same 
value, being equal to 0.95 × 106 kN·m–1.

k E A
Nlc
c c

c

= , (1)

k E A
lt
b b

b

= , (2)

where Ec and Eb denote the elastic modulus of the concrete 
and bolt materials, respectively. Ac and Ab represent the 
area of the longitudinal joint face and the cross-sectional 
area of the bolt, respectively. N represents the number of 
the compression springs. lc is the length of each spring, 
and lb is the length of the bolt.

In addition, both the radial and tangential shearing springs 
have the same value of the shearing stiffness (denoted as ks), 
which can be acquired as follows:
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where E is the elastic modulus of the segment, and I is the 
cross-sectional moment of inertia of the segment. L and l 
represent the lengths of the segment and the connection 
bolt, respectively. Gb is the shearing modulus of the bolt, Ab 
is the cross-sectional area of the bolt, and e stands for the 
shape coefficient of the segment section (e = 0.9). n is the 
total number of the radial or tangential shearing springs.

Based on Eq. (3), the shearing stiffness value of each 
radial or tangential shearing spring in the longitudinal 
joint model is 0.18 × 106 kN·m–1, which is considered to be 
equal to that in the circumferential joint model.

3.5 Segmental lining model
In view of the significant influence of the non-linear char-
acteristics of the joint bending stiffness on the structural  
internal forces of tunnel linings, the iteration of the non- 
linear joint bending stiffness can effectively improve the 
accuracy of the numerical model. The basic principle is 
that the bending stiffness value needs to be adjusted in 
real time during the iteration process based on the updated 
feedback from the joint stress states. The stiffness value 
was determined according to the relationship among the 
joint rotation angle, axial force and bending moment in the 
aforementioned content.

The iteration was achieved through the secondary devel-
opment and programming in ANSYS ADPL language. 
Basically, there are three major procedures in the entire pro-
cess: (a) Firstly, during the establishment of the numerical 
model, an initial value of the joint bending stiffness needs 
to be set, and then the computation starts. (b) Secondly, 
according to the calculated results of the internal forces at 
the joints, the stiffness value is updated based on the rela-
tionship among the joint rotation angle, axial force and 
bending moment. (c) Finally, not until is the stiffness value 
close to the updated value in the last step within an allow-
able range, the iteration process ends and the final results 
can be obtained, otherwise, the iteration continues to cycle. 
The procedure of the iteration is shown in Fig. 6, where 
kb

0 represents the initial value of the joint bending stiffness, 
and it is determined under the condition of M0 = 0 kN·m, 
N0 = 0 kN. i represents the cumulative number of iterations, 
ε is the threshold value of the convergence, and ε = 1 %.

Fig. 6 Flow chart of the iteration process
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It should be noted that the iteration was merely per-
formed aimed at the non-linear stiffness of the bending 
spring at the circumferential joint. Although the bending 
spring was set at the longitudinal joint as well, the strati-
graphic loadings were considered to be distributed evenly 
along the tunnelling direction, which makes the bending 
effect on the longitudinal joint neglected. Currently, there 
are few reliable theoretical or empirical equations referring 
to the calculation of the bending stiffness of the circum-
ferential or longitudinal joints, and the bending stiffness 
was generally determined by the model test or numer-
ical simulation in most cases. According to the experi-
ments conducted by Feng et al. [23], the bending stiffness 
of the joint in typical metro shield tunnel approximately 
ranges from 3.0 × 104 kN·m·rad–1 to 1.8 × 105 kN·m·rad–1.
Therefore, in this part, the stiffness of the bending spring 
at the longitudinal joint model was set to a fixed value of 
1.5 × 105 kN·m·rad–1.

4 Numerical modelling of the swelling ground
According to the related researches, the gravimetric mois-
ture content change is considered as the soil swelling strain 
driver in the modelling of the swelling behavior [24, 25]. 
The swelling behavior can be simulated by the thermal-in-
duced expansion since the volume change caused by wet-
ting in the swelling ground is similar to that by the thermal 
effect of a material, although the physical mechanism is 
quite different [26].

The swelling behavior is assumed to be linear, and some 
strong evidences can be found to support this behavior [27]. 
The potential linear swelling strain is related to the change 
in the gravimetric moisture content through a linear expan-
sion coefficient as given below [28]:

∆ ∆ε βδij ij w= , (4)

where Δεij is the swelling strain, Δw is the moisture con-
tent change variable, δij represents the Kronecker delta, 
and β stands for the one-dimensional linear expansion 
coefficient which generally depends on the current void 
ratio and the net isotropic stress level. Due to the assumed 
isotropy of swelling, the potential swelling strain is one 
third of the potential volumetric strain.

Rajeev and Kodikara [20] provided an available approach 
to calculate the linear expansion coefficient, which is given 
as follows:

β
β

=
+( )
*G
e
s

3 1
, (5)

where β is the one-dimensional linear expansion coeffi-
cient, e is the void ratio, Gs is the specific gravity of soil 
particle, and β* can be calculated using Eq. (6) according to 
the void ratio-water content diagram, as depicted in Fig. 7.

β * =
∆

∆
e
wGs

. (6)

According to the thermodynamics theory, the strain 
induced by the change in temperature is written as:

∆ ∆ε αδij ij T= , (7)

where α is the thermal expansion coefficient, and ΔT rep-
resents the temperature change variable.

It is obvious that the mathematical expression of the 
thermal-induced expansion is consistent with that of the 
swelling expansion of the soil as it sucks up humility. 
Combining Eqs. (4) and (7), the thermal expansion coeffi-
cient α can be obtained as follows:

α
β

=
∆
∆
w
T

. (8)

In the numerical simulation of the swelling ground, the 
entire formation is assumed to be an isotropic and homo-
geneous material. In addition, it should be noted that this 
study did not consider the uneven distribution of the grav-
imetric moisture content caused by the water seepage in 
ground, thus, the swelling effect is assumed to be isotropic 
and homogeneous as well. The 8-node three dimensional 
continuum element solid45 was used to simulate the soil 
mass, its failure behaviors follow the elastic-plastic Mohr-
Coulomb Failure Criterion. The simulation of the swell-
ing soil as it sucks up water was achieved by applying an 
increasing temperature to the soil element.

Fig. 7 Void ratio-water content diagram
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Fig. 8 Plane location and stratigraphic section of the swelling zone

Fig. 9 Calculation model

Taking Chengdu Metro Line 2 as the engineering back- 
ground, the 3D continuum model of the ground was 
established. Related ground properties were determined 
according to the engineering geologic investigation data, 
which show that the layer that the shield tunnel goes 
through is mainly highly weathered mudstone with strong 
swelling characteristics and poor mechanical properties.  
The plane position of the swelling zone and its vertical 
stratigraphic section are displayed in Fig. 8. This mud-
stone layer possesses relatively high strength under the 
natural water content condition. However, once the mois-
ture content increases, the mudstone shows strong expan-
sion and clear deterioration of the mechanical properties 
according to some ground sample tests. This behavior 
caused serious engineering problems during the construc-
tion of the shield tunnel in the swelling area, particularly 
the construction happened to be in the rainy season. It can 
continuously bring potential threats to the future operation  
of the shield tunnel.

Therefore, in order to study the internal forces of the 
tunnel in this case, the authors developed a 3D continu-
um-shell-spring model. The diagram of the calculation 
model is exhibited in Fig. 9. The 3D finite element meshes 
for the model are shown in Fig. 10. As is shown, the mesh 
comprising 11150 zones reproduced the ground domain, 
while 12000 shell elements as well as 2200 spring elements 
were used to model the shield tunnel linings. Moreover, in 
order to consider the normal extrusion and tangential fric-
tion at the interface between the ground and the tunnel rings, 
a 3D face-to-face connection was established. The internal 
MPC-based approach in ANSYS was utilized to achieve the 
soil-shell assembly by introducing CONTA175 units to the 
contact surface on the shell element side and TARGE170 
units to that on the solid element side, respectively. In addi-
tion, the horizontal movements were restrained at the verti-
cal boundaries of the model, and the bottom boundary was 
restrained against the vertical deformation.

The detailed data concerning the ground properties are 
given in Table 1. The upper layer of sandy cobble was 
assumed to be completely non-expansive, and its properties  
were regarded to be invariable. In addition, the properties 
of the mudstone swelling layer were marginal and could be  
assumed to be unaffected with variation of the water con-
tent. The one-dimensional linear expansion coefficient (β) 
of the mudstone layer was calculated according to Eqs. (5) 
and (6), the calculated value of β equals 0.24 (β* value 
equals 0.45). The thermal expansion coefficient α was obta-
ined on the basis of Eq. (8), being equal to 3.84 × 10-4.

Table 1 Detailed ground properties

Layer Property Value

Sandy cobble

Unit weight (kN/m3) 19.00

Cohesion (kPa) 21.20

Internal friction angle (°) 18.00

Elastic modulus (Mpa) 34.50

Poisson’s ratio 0.20

Mudstone

Unit weight (kN/m3) 18.20

Specific gravity of soil particle 2.70

Cohesion (kPa) 28.50

Friction angle (°) 17.00

Elastic modulus (Mpa) 30.50

Poisson’s ratio 0.30

Initial gravimetric water content (%) 16.00

Extreme gravimetric water content (%) 36.00

Initial void ratio 0.72

Final void ratio 0.97

Initial saturation (%) 60.00

Final saturation (%) 100.00
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Fig. 10 Finite element meshes: (a) Continuum-shell-spring model;  
(b) Shell-spring model of shield tunnel linings

Fig. 11 Internal forces from the constant stiffness model under initial 
gravity loadings: (a) Axial forces; (b) Bending moments

Fig. 12 Internal forces from the proposed iteration model under initial 
gravity loadings: (a) Axial forces; (b) Bending moments

5 Results and analysis
The internal forces of the 4 assembled lining rings were 
obtained. Fig. 11 and Fig. 12 respectively show the contour 
figures of internal forces with and without considering the 
iteration of the non-linear joint bending stiffness under the 
condition of the initial ground gravity loadings, where no 
external expansion was applied. As shown in the figures, 
the 1st lining ring shares similar axial forces and bending 
moments to that of the 3rd lining ring both in distribution 
and magnitude due to the fact that the segment arrange-
ments of the two rings are basically the same, while the 
internal forces of the 2nd ring are quite close to that of the 
4th ring. Therefore, in this part, the results of the internal 
forces of the 2nd and 3rd rings were analyzed.

Fig. 13 and Fig. 14 depict the calculated internal forces 
in the 2nd and 3rd rings, respectively. It can be seen from 
Fig. 13 that the segmental lining bears pure compressive 
axial forces that are distributed along the tunnel perimeter.  
In addition, the value at the tunnel invert is obviously larger 

than that at the tunnel crown. And the axial forces on the 
left and right sides of the lining structure are symmetri-
cally distributed about the midline of the cross section.  
It is observed from Fig. 13b that the distribution of the 
bending moments shapes like a "butterfly". The bending 
moments at the tunnel vault and spandrel reach the max-
imum negative and positive values, respectively. The val-
ues are very small at joints, which are close to zero. Fig. 13 
also presents the results of internal forces without consid-
ering the iteration of the non-linear bending stiffness. In 
that case, the stiffness of the bending spring at the circum-
ferential joint model was assumed to be constant (denoted 
as the constant stiffness model). By comparison between 
results calculated from the constant stiffness model and 
the iterative stiffness model, it is found that the influence 
of the iteration on the axial force is not noteworthy since 
these two results almost show no big differences. However, 
the influence on the bending moment is more obvious. The 
magnitude of the bending moment obtained from the itera-
tive stiffness model is relatively smaller than that obtained 
from the constant stiffness model, especially at the tunnel 
vault, invert as well as spandrel locations.

As shown in Fig. 14, axial forces of the 2nd and 3rd rings 
are roughly at equal levels both in the magnitude and dis-
tribution, while the bending moments of these two rings 
display an obvious difference. However, similar trends 
between the calculated internal forces from the constant 
stiffness model and the iterative stiffness model have been 
observed. Axial forces show no obvious change, while 
bending moments obtained from the iteration model pres-
ent a slight decline compared with that from the constant 
stiffness model.

Fig. 13 Internal forces of the 2nd ring under initial gravity loadings:  
(a) Axial forces; (b) Bending moments
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Fig. 14 Internal forces of the 3rd ring under initial gravity loadings:  
(a) Axial forces; (b) Bending moments

Fig. 15 Internal forces of the 2nd ring under the soil saturated state: (a) 
Axial forces; (b) Bending moments

Fig. 16 Internal forces of the 3rd ring under the soil saturated state: (a) 
Axial forces; (b) Bending moments

Under the circumstance that the external expansion 
loadings were applied to the tunnel structure apart from 
ground gravity loadings, it can be observed that the influ-
ences of the iteration of the non-linear bending stiffness on 

the lining internal forces are much more significant. As the 
ground temperature was set to be 225 K in calculation, the 
thermal-induced swelling effect in this case was equiva-
lent to that generated in the moisture content of 36 %, the 
results of the internal forces of the 2nd and 3rd rings were 
exhibited in Fig. 15 and Fig. 16, respectively. Compared 
with Figs. 13 and 14, it is seen from Figs. 15 and 16 that 
the axial forces of the two lining rings both increase dra-
matically in magnitude while remain almost unchanged in 
distribution after the additional thermal expansion acts on 
the tunnel structure. The bending moments show no clear 
change either in magnitude or distribution, which is mainly 
attributed to the fact that the ground swelling loadings are 
distributed approximately evenly along the tunnel perim-
eter. In addition, it can be concluded that the influence of 
the iteration is clearly more significant when extra loadings 
especially swelling loadings are applied to tunnel linings.

 (a) Axial forces

(b) Bending moments
Fig. 17 Trend of internal forces of the 2nd lining ring with the moisture 

content.
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(a) Axial forces

(b) Bending moments
Fig. 18 Trend of internal forces of the 3rd lining ring with the 

 moisture content

Based on the proposed model, the internal forces with 
variation of the ground water content at different locations 
in the lining cross section were analyzed. Figs. 17 and 18 
demonstrate the trends of the internal forces with the 
ground humidity at 4 different locations in the cross sec-
tions of the 2nd and 3rd rings, respectively.

According to Fig. 17, the value of the axial force at the 
tunnel vault (location A) is the smallest in the 2nd lining 
ring, while the value at the location C, which is close to 
the tunnel invert, is the largest. Moreover, the maximum 
positive and negative values of bending moments locate 
at the tunnel spandrel (location B) and vault (location A), 
respectively. In addition, the magnitude of the maximum 
negative bending moment is larger than that of the max-
imum positive bending moment. With the growth of the 
ground moisture content, the axial force gradually goes up 
with a decreasing growth rate. It reaches to the maximum 

value when the ground moisture content is at the extreme 
towards the saturated state, with the moisture content 
being equal to 36 %. Moreover, the axial forces pres-
ent nearly the same trend with increasing of humidity at 
these 4 different locations. It is obvious that the increase 
of the ground moisture content hardly affect the bending 
moments of the tunnel linings, as shown in Fig. 17b, the 
bending moments at the 4 different locations basically 
remain steady with increasing of the moisture content. It 
should be mentioned that the zero moisture content in the 
figures does not represent the real ground humidity, which 
only means that in this situation no any other additional 
swelling loadings are applied to the tunnel linings.

Compared with results presented in Fig. 17, it can be 
seen from Fig. 18 that the internal forces of the 3rd lining 
ring follow a similar trend with the ground moisture con-
tent. The maximum values of the axial forces and bending 
moments are exactly at the same locations as those in the 
2nd lining ring, although internal forces of these two lining 
rings are different in magnitude.

6 Conclusions and future works
This research is aimed at the enhancement of the numer-
ical simulation of internal forces of shield tunnel linings 
subject to the swelling effect. A developed 3D shell-spring 
model of segmental linings was highlighted, in which 
the iteration of the non-linear joint bending stiffness was 
achieved. Furthermore, based on a real engineering case, 
the proposed model was applied to the FEM calculation 
and analysis of internal forces of the shield tunnel under 
the effect of swelling soil. Corresponding to the objective 
of this research, some conclusions can be drawn as follows:

1. The relationship among the joint bending stiff-
ness, axial force and bending moment was obtained 
through the numerical simulation using a refined three 
dimensional continuum model for the segment-joint 
structure. It is found that the bending moment has a 
larger influence on the joint bending stiffness than the 
axial force.

2. By comparison between the results from the pro-
posed iteration model and the constant stiffness 
model, it is concluded that the nonlinearity of the 
joint bending stiffness has a significant influence on 
the magnitude of internal forces but almost no influ-
ence on the distribution, especially under swelling 
loadings. This illustrates that the proposed model 
has the advantage of avoiding the over-estimation of 
internal forces of shield tunnel linings.
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3. The swelling effect induced by the growing ground 
gravimetric moisture content is relatively significant 
and has a large influence on the lining axial forces. The 
axial forces of segmental linings in the swelling soil at 
the extreme saturated state are almost twice as large 
as that at the initial state. However, in this case, it is 
revealed that the increase in the ground moisture content 
hardly affects the bending moment of tunnel linings.

In this paper, the performances of shield tunnel linings 
under the swelling effect, especially during the tunnel oper-
ation period was emphasized. The real-life tunnel excava-
tion and lining installation were not simulated. Based on the 
proposed model of the tunnel linings, a further numerical 
simulation considering the step-by-step excavation process 
will be of great significance. Additionally, the response of 
lining behaviors to the swelling ground really depends on 
the homogeneous and isotropic assumption, which can dif-
fer a lot from that in the heterogeneous model. Therefore,  

a more reasonable and refined soil model needs to be estab-
lished in future works, especially taking consideration of the 
uneven swelling. Moreover, further researches on this topic 
through the physical model experiment and related in-situ 
monitoring are of great significance for the improvement 
and validation of the proposed model. All these mentioned 
aspects will contribute to a better understanding of structural  
behaviors of shield tunnel linings in the swelling ground.
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The deformation of the joint bolt subject to the external 
loading can be calculated as follows:

∆l Q
K

Ql
EAb

1 = = . (1)

The deformation of the segment concrete connected 
through the joint bolt can be obtained as follows:

∆l Q
Kc

2 = , (2)

where Q denotes the external loading applied to the bolt, 
l and A represent the length and sectional area of the bolt 
component, respectively, E is the elastic modulus of the 
bolt, Kb and Kc are the stiffness of the bolt and concrete, 
respectively.

The total deformation of the bolt and segment concrete 
is as follows:

∆ ∆ ∆l l l= +1 2 . (3)

In addition, the deformation induced by the tempera-
ture decrease can be expressed as follows:

∆ ∆l a Tl= , (4)

∆T T Tc= −0
, (5)

where a is the expansion coefficient of the bolt, ΔT rep-
resents the temperature variable of the bolt, T0 and Tc 
denote the initial and current temperatures, respectively.

Let T0 equals zero, then there is:

T l
lc = − ⋅

∆
α

. (6)

Therefore, based on the above equations, the bolt 
pre-tightening loading can be equivalent to the temperature 
variable. The initial temperature is assumed to be 273.0 K, 
and the bolt temperature is set to reduce by 100 K. Through 
the numerical calculation, the axial stress of the joint bolt 
under different temperature strain was calculated, and the 
bolt pre-tightening force was further obtained. The results 
shows that the bolt pre-tightening force presents a linear 
relationship with the temperature strain. When the axial 
strain induced by the temperature change is 0.0012, the 
pre-tightening force exactly equals 100 kN.

Appendix 1: Determination of the bolt pre-tightening force
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