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Abstract: When the shield machine is driving along a curve alignment or during deviation correction, the asymmetrical thrust will 

generate an additional bending moment on the head of the segmental rings, which will cause longitudinal deformation of the shield 

tunnel. Current analytical methods commonly simplify the existing tunnel as an equivalent continuous beam, which will overlook the 

weakening of the circumferential joint. In this study, a simplified longitudinal beam-spring shield tunnel model (SLBSM) is 

established, which can simultaneously consider the opening and dislocation between segmental rings. Then, the shield tunnel under 

construction is simplified as an SLBSM resting on the Winkler foundation. The shield tunnel longitudinal deformation subjected to 

the shield tail asymmetric thrust is solved using the state space method; the reliability and applicability of the proposed method are 

verified by comparing with the results from finite element analysis and two existing continuous beam model. The parametric analysis 

is further performed to investigate the influences of some parameters on the deformation of shield tunnel. The results show that the 

longitudinal displacement of shield tunnel based on the continuous beam model exhibits continuous characteristics. While the 

longitudinal displacement predicted by the proposed method exhibits discontinuous characteristics, and “gaps” appear at the joints 

between adjacent segmental rings. Through the parametric analyses, it is found that increasing the rotation stiffness of the 

circumferential joint will effectively reduce the tunnel heave and opening of joint; increasing the shearing stiffness of the 

circumferential joint will effectively lead to the decrease of dislocation between adjacent segmental rings, but it will increase the 

tunnel heave and shear force; improving the foundation stiffness will effectively reduce the tunnel heave and opening of joint, but it 

will result in the increase of the dislocation between adjacent segmental rings. The effect of the axial force at the head of the 

segmental ring on the longitudinal deformation of the tunnel cannot be ignored. Increasing the axial force will effectively reduce the 

tunnel heave, opening of joint, and dislocation between adjacent segmental rings. 

Keywords: asymmetric thrust; shield tunnel; longitudinal deformation; longitudinal beam-spring shield tunnel model; state space 

method 

 

1  Introduction 

With the rapid development of urbanization, urban 
subway transportation engineering is developing rapidly. 
Shield tunnelling method is widely used in the 
construction of subway tunnels due to its advantage of 
high efficiency, low cost, and minor impact on the 
surrounding environment[1–2]. However, curved tunneling 
and declination rectification will inevitably encountered 
while new shield tunnel is excavated in complex strata 
conditions and design requirements is very strict. 
Usually, the thrust of the oil cylinder jack in each 
partition at the tail of the shield machine is adjusted to 
carry out curved tunneling and deviation correction[3]. 
However, excessive asymmetrical jack thrust will in 
turn act on the segmental rings, causing cracks to the 
segment behind the shield tail, opening and dislocation 
between rings of tunnel, water leakage, and other 
hazards, which seriously threaten the overall safety of 

the tunnel[4−5]. Therefore, it is of great practical 
importance to reasonably evaluate the stress and 
deformation of the shield tunnel under asymmetric 
thrust.  

The influence of eccentric jack thrust on the 
mechanical properties of shield tunneling is mainly 
reflected in the local stress concentration of segments 
and the longitudinal bending behavior of shield 
tunneling[6]. Many scholars around the world have 
conducted abundant research on the local mechanical 
properties of segment linings caused by asymmetric 
thrust and made a series of achievements mainly based 
on numerical methods. Song et al. [7] used the finite 
element method to study the stress deformation chara- 
cteristics of the tunnel segments under the symmetric 
thrust of the shield tail during the construction period 
and found that the lining segment would produce local 
breakage between the 5th and 7th rings. Mo et al.[8] 
analyzed the deformation and stress of the tunnel 
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lining under four types of extrusion with different 
attitude deflections, jacking forces, grouting pressure, 
and earth pressures, and found that the attitude change 
of the shield machine would cause large dislocation 
between the segments. Chaipanna et al.[9] analyzed the 
mechanical behavior of the lining under eccentric jack 
thrust during construction based on the nonlinear ground 
spring model combined with the finite element method. 
The results showed that the jack thrust had a significant 
effect on the axial and tangential directions of the 
tunnel lining. Nogales et al. [10] used the nonlinear 
three-dimensional finite element method to analyze 
the influence of the tunnel thrust on the segments and 
found that the eccentric thrust of the shield tail 
influenced the cracking performance of the segment.  

However, limited studies have been conducted on 
the longitudinal deformation of shield tunnels due to 
asymmetric thrust. Talmon et al.[5] considered the 
tunnel under construction an Euler-Bernoulli beam 
model resting on a Winkler foundation and developed 
an analytical model of the lining response under 
asymmetric thrust during tunnel construction, but the 
Euler-Bernoulli (EB) beam did not reflect the shear 
deformation of the tunnel[11]. Wang et al.[4] further 
investigated the shear deformation of the tunnel. They 
treated the tunnel under construction as a Timoshenko 
(TM) beam model lying on the Winkler foundation and 
developed an analytical solution for the additional 
response of the shield tunnel under the asymmetric 
thrust.  

In summary, the current analytical methods associated 
with longitudinal deformation of shield tunnels under 
asymmetric thrust are the same as those for the 
longitudinal deformation of existing shield tunnels 
under adjacent construction[12−15]. These studies treated 
shield tunnels as long continuous beams (i.e. EB and 
TM beams) on the elastic or inelastic foundation soil 
and used an equivalent method to estimate longitudinal 
stiffness of the tunnel. However, the continuous beam 
model ignores the difference in stiffness between the 
segmental rings and circumferential joints. In fact, due 
to the bolt connection between the rings of the shield 
tunnel, the stiffness of the joint is lower than that of 
the ring, resulting in the circumferential joints being 
the weak part of the shield tunnels.  

Based on the limitations of the previous studies, 
the present study develops a simplified longitudinal 
beam-spring shield tunnel model (abbreviation SLBSM), 
which can consider the opening and dislocation between 
rings simultaneously. Then, the shield tunnel under 
construction is simplified as an SLBSM resting on the 
Winkler foundation. The longitudinal deformation of 
the shield tunnel subjected to the shield tail asymmetric 
jack thrust is solved using the state space method. 
Finally, the reliability and application of the proposed 
method are verified by comparing it with the results 

from the finite element method, TM continuous beam 
model, and EB continuous beam model. The sensibility 
analysis is further performed to investigate the influence 
of some parameters on the deformation of the shield 
tunnel.  

2  Simplified longitudinal beam-spring 
shield tunnel model 

Shield tunnel is a prefabricated lining structure, 
which consists of a series of segmental rings connected 
one by one by bolts to support the surrounding soil 
and prevent collapse into the tunnel. Since the bolt 
connection will make the stiffness of the joint lower 
than that of the rings, the circumferential joints are the 
weakest position of the shield tunnel, and the diseases 
of the shield segment, such as cracks, damage, dislocation, 
and water leakage, etc., all occur at the joints.  

To fully reflect the structural characteristics of 
shield tunnel, a simplified longitudinal beam-spring 
shield tunnel model that can simultaneously consider 
the joint opening and shear dislocation between rings 
are proposed, as shown in Fig.1. The basic assumptions 
of this model are as follows:  

(1) The shield tunnel consists of a series of short 
hollow beams connected by circumferential joints along 
the longitudinal direction 

(2) The deformation of segmental rings of tunnel is 
simulated using EB short beams. 

(3) Only rotation and dislocation deformation occur 
between segmental rings of tunnel, and the circumferential 
joints are simulated by rotation springs and shear springs. 

(4) The variation of joint spring stiffness during 
tunnel deformation is not considered. 

Based on the EB beam theory[16−17], the displacement, 
internal force, and geometric equations of the segmental 
rings can be obtained:  

d

d

w

y
                                    （1） 

d d
,  

d d

M
M EI Q

y y


                        （2） 

d
( )

d

Q
q y

y
                                （3） 

where  is the cross-section rotation of the tunnel; w is 
the longitudinal displacement of the tunnel; M, Q are 
the bending moment and shear force of the tunnel, 
respectively; EI is the bending rigidity of tunnel, E is 
the elasticity modulus, I is the moment of inertia; q(y) 
is the external load acting on the tunnel; and y is the 
vertical coordinates.  

As shown in Fig.1, the bending moment and shear 
force at the circumferential joints can be expressed by 

θ θ l r( )jM k k                          （4） 
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s s l r( )jQ k w k w w                         （5） 

where Mj, Qj are the moment and shear force at the 
tunnel joint j; θk , ks are the rotation stiffness and 
shear stiffness of the circumferential joints;  , Δw 
denote the relative rotation angle and shear dislocation 
of the tunnel section at both sides of the joint; r , l  
are section rotation angles at right and left sides of 
tunnel joints; and rw , lw  are section displacement at 
light and left sides of tunnel joints. 

The established mode can more reasonably reflect 
the longitudinal deformation characteristics of the shield 
tunnel in practical engineering than the equivalent 
continuous beam model.  
 

 
Fig. 1  Simplified longitudinal beam-spring shield  

tunnel model 
 

3  Analytical model and theoretical derivation 

3.1 Force analysis at the end of the tunnel 
When the shield machine is driving along a curve 

or during derivation correction, the shield tail cylinder 
jack will act on the head of tunnel with asymmetric 
trust, and the additional moment generated by the 
asymmetric thrust at the head of tunnel is the essential 
reason[4]. Therefore, the grouting pressure and slurry 
hardening are not considered in this study. For con- 
venience, the thrust of the oil cylinder in each partition 
of the shield tail is simplified as the concentrated load 
acting on the lining line of the segment, as shown in 
Fig.2. The asymmetrical thrust will lead to eccentric 
compression of the lining structure. We take the upper 
and lower the asymmetrical parallel force system as an 
example, and simplify them as the additional axial 
force Po and additional moment Me at the head of the 
tunnel. Thus, the expressions of Po and Me can be 
obtained as[18−19]  

o 1

m

ii
P P                                 （6） 

   
1/22 2/2 /2

e 1 1

m mx y
i ii i

M M M 
                 （7） 

s p( )i i iM R P P                            （8） 

where Pi denotes the thrust generated by the ith  
cylinder; m is the number of the cylinder; Mi is the 

moment generated by one pair of parallel forces Pi and 
Pip at the shield tail; x

iM  and y
iM  are the components 

of the moment Mi on the x and y axes; and Rs is the 
distance from the jack cylinder to the axis of the shield 
machine.  
 

 
Fig. 2  Simplification of force system at tunnel head under 

asymmetric thrust 
 

3.2 Shield tunnel longitudinal deformation 
The shield tunnel under construction can be treated 

an SLBSM resting on a Winkler foundation model. 
Considering the one-way action of the segmental rings 
at the shield tail by the sealing brush and sealing 
grease, and the anchoring effect of the grout at the far 
end of the tunnel on the segmental rings, the head and 
end of the tunnel are regarded as simply supported and 
fixed constraints. The additional axial force Po and 
additional bending moment Me at the head of tunnel 
are shown in Fig. 3.  
 

 
Fig. 3  Calculation model 

 
According to simplification, Eqs. (2) and (3) can 

be further written as 

o

d d

d d
M EI Nw EI P w

y y

 
                  （9） 

t

d

d

Q
kwD

y
                               （10） 

where Dt is the tunnel diameter; k is the coefficient of 
ground reaction; which is a modified value proposed 
by Liang et al.[15] considering the arbitrary buried 
depth of the shield tunnel: 

4
s s t12
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                    （11） 

where Es is the elastic modulus of ground;   is 
tunnel buried depth influence coefficients,  =1+1/ 
(1.7Ht /Dt); Ht is tunnel buried depth; and v is the 
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Poisson’s ratio of soil; Eq. (11) is only applicable for 
Ht /Dt > 0.5. 

Transform Eqs. (1), (2), (9), and (10) into the 
following matrix form:  

d

dy


X
AX                                （12） 

where X  is the tunnel section state vector; and A  
is system matrix.  

To ensure the calculation stability, Eq. (12) is 
further dimensionless, and the following state equation 
can be obtained:  

d

dy


X
AX                                （13） 

where X  is the dimensionless state vector; A  is 
dimensionless system matrix.  

w Q M   X                      （14） 

A  is expressed as  

o

t

0 1 0 0

/ 0 0 1 /

0 0 0

0 0 1 0

P I I

kD

 
  
 
 
 

A                 （15） 

Dimensionless displacement and internal force can 
be written as 

t
t

3
o

o2

, , , ,

, , ,  

Dw y Q
w y D Q

L L L EA
PM kL I

M k I P
EAL EA AL EA

    

    

       （16） 

where L is the tunnel calculation length; and A is the 
tunnel section area. 

According the matrix theory, the standard solution 
of Eq. (13) is  

0 0( ) ( )y y y X T X                       （17） 

where 0X  is the state vector at the head of the tunnel; 

0y  is the position of the head of the tunnel; T  is the 
transfer matrix, and can be written as 

0( )
0( ) e y yy y   AT                        （18） 

Taking y=y1, where y1 is the end of a single tunnel 
ring, the matrix transfer relationship between the state 
vectors 0X  and 1X  at both sides of a single 
segmental ring of the tunnel can be obtained, i.e., 

1 1 0 0( )y y X T X                         （19） 

The existence of circumferential joints will lead to 
the weakening of the overall longitudinal stiffness of 
the tunnel. Figure 4 shows the deformation characteristics 
at the joints. According to the continuous conditions of 
shear and moment at the joints and combined with Eqs. 

(4) and (5), the expression of the internal force at the 
jth joint can be written as  

( 1) ( ) ( 1) ( )
0 1 θ 0 1

j j j j
jM M M k                 （20） 

( 1) ( ) ( 1) ( )
0 1 s 0 1

j j j j
jQ Q Q k w w                 （21） 

where ( 1)
0

jM  , ( )
1

jM  are the bending moments at the 
right and left tunnel rings of the jth joint; ( 1)

0
jQ  , 

( )
1

jQ  are the shear forces at the right and left tunnel 
rings of the jth joint; ( 1)

0
j  , ( )

1
j  are the rotation 

angles at the right and left tunnel ring side sections of 
the jth joint; ( 1)

0
jw  , ( )

1
jw  are the displacements at the 

right and left tunnel rings of the jth joint.  
 

 
Fig. 4  Deformation of tunnel joint unit 

 

Transform Eqs. (20) and (21) into following 
dimensionless matrix form:  

( 1) ( )
0 1

j j X JX                             （22） 

where ( 1)
0

jX , ( )
1

jX  are the state vectors of the right 
and left tunnel rings of the jth joint; and J  is the 
transfer matrix at the joint, and there is  

s

θ

1 0 1 / 0

0 1 0 1 /

0 0 1 0

0 0 0 1

k

k

 
 
 
 
 
  

J                    （23） 

sk , θk  are the dimensionless rotation and shear 
stiffness of joints: 

s θ
s θ,  

k L k
k k

EA EAL
                         （24） 

Equation (22) is the transfer relationship between 
the state vectors on the tunnel section at the left and 
right sides of the jth joint. For a shield tunnel 
containing n+1 segmental rings and n circumferential 
joints ( see Fig.5), the transfer relationship between 
the state vector at the head and end of the overall 
tunnel can be obtained by combining Eqs. (19) and 
(22): 

( +1 ( 1) ( +1 ( 1) ( (1)
1 0 1 0

n n n n n       ） ） ）X T X T JX HX   （25） 

where H  is the total transfer matrix, and there is 

j+1 j

…
 …
 

M MQ Q

j

( )

0

j

( )

1

j

( 1)

0

j   

( 1)

1

j   

( 1)

1

jw   ( 1)

0

jw   
( )

1

jw( )

0

jw

4

Rock and Soil Mechanics, Vol. 44 [2023], Iss. 1, Art. 4

https://rocksoilmech.researchcommons.org/journal/vol44/iss1/4
DOI: 10.16285/j.rsm.2022.5191



  92                        ZHANG Zhi-wei et al./ Rock and Soil Mechanics, 2023, 44(1): 8898 

 

 
Fig. 5  Transmitting route of tunnel state vector 

 
( 1) ( ) (2) (1)n n   H T JT T JT                  （26） 

Equation (25) contains eight unknown variables 
and can be solved with four boundary conditions. 
According to the calculation model, as shown in Fig.3, 
one end of the tunnel is fixed and the other end is 
simply supported, so the following boundary 
conditions can be obtained:  

(1) (1) ( 1) ( 1)
0 0 e 1 10, , 0, 0n nw M M w              （27） 

Combining Eqs. (25) and (27), the state vector of  
the section at the head of the tunnel can be obtained, 

and then the state vector at arbitrary section of the 
tunnel can be obtained according to Eqs. (17) and (22). 
Finally, the displacement and internal force at arbitrary 
section of the tunnel can be obtained according to Eq. 
(16).  
3.3 Determination of rotational and shear stiffness 
of tunnel joint 

The additional axial force Po at the head of the 
tunnel will affect the rotation stiffness of the circumferential 
joints. According to the nonlinear equivalent bending 
stiffness theory considering the influence of longitudinal 
axial force established by Li et al. [20] and the calculation 
method of tunnel longitudinal equivalent bending stiffness 
proposed by Shiba et al. [21], the calculation formula 
for the rotation stiffness of circumferential joints 
considering longitudinal axial force is obtained. Regardless 
of the bolt pre-tightening force, there is the following 
relationship between the neutral axis angle ψ and the 
rotation angle  : 

o
3

b b s c c b e

b b s c c b

cos (π / 2 )sin

πcos (1 / ) 2π 1
sin 2

sin cos π(0.5 / )sin 2 2

P r

nE A l E A l M

nE A l E A l

  
  

   

 


         

                         （28） 

 s
3

c c

cos π 2 sin

cos

l
M

E I

  



 

            （29） 

where Ec is the elastic modulus of the lining segment; 
Ic is the longitudinal inertial moment of the tunnel; n is 
the number of bolts at the joint; kb is the average linear 
stiffness of bolts at joint, kb=EbAb /lb, Eb is the elastic 
modulus of the bolts, Ab is the section area of the bolt, 
lb is the length of the bolts; ls is the width of segmental 
rings; Ac is the section area of the segmental rings; and 
r is the position from the axis of the segment to the 
bolt.  

According Eqs. (28) and (29), the rotation stiffness 
of circumferential joints θk  can be obtained:  

3
c c

θ
s

cos
π

cos sin
2

E I
k

l


  


   
 

            （30） 

where   is the rotation stiffness influence coefficients, 
and takes the value of 1 when joint reinforcement is 
not considered.  

The joint opening   of tunnel can be obtained 
from the joint rotation angle as  

θ

tan ( sin ) ( sin )jM
r r r r

k
               （31） 

The shear stiffness of circumferential joint is 
determined according to the equivalent shear stiffness 
calculation formula proposed by Wu et al. [11], i.e.,  

s
b s b

b b b c c c

1
k

l l l

n G A G A



 





                  （32） 

where b  and c  are the Timoshenko shear coefficient 
of the bolts and segmental rings, which are taken as 
0.83 and 0.53; Gb and Gc are the shear stiffness of bolt 

and segmental ring, respectively, which are related to 
their elastic moduli, Gb =Eb /[2(1+vb)], Gc =Ec / 
[2(1+vc)]; vb and vc are poisson’s ratios of bolt and 
segmental ring, respectively; and   is the influence 
coefficient of shear stiffness, its value is 1 without 
considering joint reinforcement. 

4  Model comparison verification 

To verify the applicability of the proposed method, 
the results obtained from the present solution are 
compared with those from the numerical simulation 
and the TM model method in the literature [4], and the 
EB model method. The longitudinal length (incorporating 
50 rings) of the shield tunnel is analyzed. The width of 
each segmental ring ls = 1.2 m, i.e. the length of the 
tunnel is L=60 m, and the buried depth of the tunnel is 
Ht =15 m; the structural parameters of the linings 
segments and joint bolts are shown in Tables 1 and 2; 
the elastic modulus of the foundation soil Es =30 MPa, 
Poisson’s ratio v=0.3; according to Eqs. (30) and (32), 
the rotational stiffness θk  and shear stiffness ks of joints 
are 8.0×108 kN·m/rad and 2.2×106 kN/m; the additional 
moment Me =11.4 MN·m and additional axial force 
Po =8 MN at the head of the tunnel. Other detailed 
parameters can be found in the literature [4]. 
 
Table 1  Tunnel segmental rings parameters 

Elastic modulus 
/MPa 

Poisson’s 
ratio 

External 
diameter 

/m

Internal 
diameter 

/m 

Thickness
/m Width /m

3.45×104 0.2 6.0 5.4 0.3 1.2 

 
Table 2  Longitudinal joint bolts parameters 

Elastic modulus
/MPa

Poisson’s 
ratio

Length  
/m 

Diameter 
/m 

Number of 
bolts

2.10×105 0.3 0.445 0.024 10 

··· ···

j j-1 j+1 1 2 3 n+1nn-1 

Transfer relationship 

1 2 Joint j n-1 nj-1

Segmental 
ring 
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Figure 6(a) shows the comparison of the tunnel 
heave value calculated by the present solution with the 
TM model method in the literature [4], and the EB 
model method. It can be seen from Fig.6(a) that the 
heave value calculated by the present solution is slightly 
larger than the numerical value and the continuous 
beam results (i.e. TM model method and EB model 
method). Since the EB beam model cannot consider 
the shear deformation, the heave range of the tunnel is 
wider, and the position of the maximum heave of the 
tunnel is shifted towards the tail of the shield machine. 
It is further observed that the tunnel displacement 
curve calculated by the present solution is neither 
continuous nor smooth, consisting of a series of short 
straight lines with certain inclinations, and there are 
obvious jumps at the joints. However, the displacement 
curve calculated by the continuous beam model is 
smooth and continuous. This is because the established 
SLBSM considers the difference in stiffness between 
the segmental rings and joints of tunnel. The segmental 
rings are not prone to bend and shear deformation, and 
behave as a rigid body motion, while the joints are 
prone to rotation and dislocation deformation. In general, 
the method in this study and TM model method are 
consistent in the analysis of shield tunnel displacement 
under asymmetric thrust. 

 

 
(a) Tunnel heave 

 
(b) Tunnel bending moment 

 
(c) Tunnel shear 

 
(d) Dislocation between the rings 

 
(e) Tunnel section rotation angle and joint opening between the rings 

Fig. 6  Calculation of tunnel internal forces  
and deformation 

 
Figure 6(b) gives a comparison of the bending 

moment of tunnel calculated by the present solution 
and numerical values and the TM model method in the 
literature [4], and the EB model method. It can be seen 
from the figure that the tunnel moment distribution 
obtained by the four methods is almost the same, the 
bending moment gradually decreases to zero along the 
longitudinal direction of the tunnel. In addition, the 
maximum bending moment occurs at the head of the 
tunnel, and its value is equal to the additional moment 
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Me.  
Figures 6(c) and 6(d) present the distribution of the 

shear force and dislocation between rings of tunnel 
calculated by the present solution, the EB model 
method, the numerical values and TM model method 
in the literature [4], respectively. It can be found that 
the distribution trends of the shear force and 
dislocation obtained by the present solution and TM 
model method are relatively consistent, and both 
gradually decrease to zero along the longitudinal 
direction of the tunnel, and are close to the numerical 
results.   

The above results show that the maximum shear 
force occurs at the head of the tunnel, and the 
maximum displacement occurs between the first and 
second segmental rings, which is consistent with the 
position where the maximum bending moment and 
maximum opening occur, indicating that the maximum 
joint deformation of the shield tunnel subjected to 
asymmetric thrust occurs between the first and second 
segmental rings, so the shield tunnel should be given 
sufficient attention when shield machine is driving 
along a curve alignment or during deviation correction.  

5  Parameter sensitivity analysis 

In this section, the effects of joint rotation stiffness, 
joint shear stiffness, the ground elastic modulus, and 
the additional axial force at the head of tunnel on the 
longitudinal deformation of the shield tunnel under the 
asymmetric thrust are investigated. The number of 
tunnel rings used for calculation is 100, and the other 
calculation parameters are consistent with Section 4. 
5.1 Effect of joint rotation stiffness 

Figure 7 shows the variation of opening and 
dislocation between rings of tunnel under different 
joint rotation stiffness coefficients  . As can be seen 
from the figure, with the increase of  , joint opening 
gradually decreases to zero, while the dislocation 
between rings also gradually decreases, and the influence 
ranges of dislocation increases. When  increases 
from 10−2 to 10−1, the opening and dislocation between 
the rings decrease sharply, with a maximum decrease 
of 5.5 mm and 0.38 mm. However, when   increases 
from 100 to 102, the tunnel ring opening and 
dislocation slightly decreases, the maximum reduction 
of ring opening is only 0.07 mm, and the maximum 
reduction of dislocation between the tunnel rings is 
only 0.09 mm.  

Figure 8 shows the variation of the maximum 
tunnel heave under different joint rotation stiffness 
coefficients  . It can be found that the impact of joint 
rotation stiffness on the maximum tunnel heave is 
almost the same as that of joint rotation stiffness on 
the joint opening. When   is increased from 10−2 to 
10−1, the maximum tunnel heave decreases sharply by 

4.4 mm. However, when the stiffness coefficient between 
the rings is further increased from 100 to 102, the 
maximum tunnel heave only decreases by 0.34 mm. This 
indicates that excessive reinforcement of the joint 
bending resistance has little contribution to reducing 
the heave and joint opening of tunnel. Therefore, in 
practical engineering, the circumferential joints can be 
appropriately strengthened, and excessive strengthening 
measures should not be adopted.   
 

 
(a) Opening between the rings 

 
(b) Dislocation between the rings 

Fig. 7  Effects of coefficient of rotation stiffness on the 
opening and dislocation between rings 

 

 
Fig. 8  Variation of the maximum tunnel heave under 

different joint rotation stiffness coefficients 
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5.2 Effect of joint shear stiffness 
Figure 9 shows the variation of dislocation and 

opening between tunnel rings for different joint shear 
stiffness coefficients . It can be seen that with the 
increase of  , the dislocation between rings gradually 
decreases to zero. However, the joint opening only 
affects the range, and its maximum value is not 
affected. When   increases from 10−1 to 100, the 
dislocation between tunnel rings decreases sharply by 
0.5 mm. But when   increases from 101 to 103, the 
dislocation between rings only decreases by 0.3 mm.  

 

 
(a) Dislocation between the rings 

 
(b) Opening between the rings 

Fig. 9  Effects of coefficient of shear stiffness on dislocation 
and opening between rings 

 
Figure 10 shows the variation of maximum tunnel 

heave and shear force under different joint shear 
stiffness coefficients  . As can be seen from the 
figure, with the increase of  , the maximum shear 
shows a nonlinear increase, and the growth rate 
gradually slows down. However, it is noteworthy that 
different from the deformation law of existing shield 
tunnel due to adjacent construction, increasing the 
joint shear stiffness coefficient   will increase the 
maximum heave of the tunnel, showing a nonlinear 
increase trend, and the rate gradually slows down. 
This is consistent with the conclusion in the literature 

[4] that increasing the equivalent shear stiffness of the 
tunnel will increase the maximum heave of the tunnel. 
The above results show that enhancing the shear 
stiffness of circumferential joints can reduce the 
dislocation between the rings, but it will lead to an 
increase in tunnel heave. Therefore, the joints should be 
properly reinforced in practical engineering.  

 

 
Fig. 10  Variations of the maximum tunnel heave and 
maximum shear forces under different joint rotation 

stiffness coefficients 
 

In addition, compared with the equivalent continuous 
beam model, the proposed method can calculate the 
longitudinal deformation of the shield tunnel under the 
local reinforcement or failure at joints. The above 
calculation shows that the deformation between the 
segmental rings is dominated by dislocation, and the 
maximum dislocation deformation is located between the 
first and second rings. Therefore, to further evaluate the 
effect of local reinforcement or failure at joints on the 
longitudinal deformation of the tunnel under asymmetric 
thrust, the distribution of dislocation between the first 
and second rings when the shear stiffness of the first joint 
under three states is given in Fig.11. It can be seen that 
when the joint shear stiffness coefficient  increases from 
10−1 to 101, the dislocation between the first and second 
rings sharply decreases from 0.83 mm to 0.02 mm. 
However, the dislocations at the second to ninth joints 
increase slightly, while the other joints are almost 
unaffected. This indicates that the reinforcement of the 
joint between the first and second rings can effectively 
control the maximum dislocation deformation of the 
tunnel.  
5.3 Effect of elastic modulus of foundation soil 

Figure 12 shows the variation of the maximum 
opening and dislocation between tunnel rings under 
different ground elastic moduli Es. Note that the 
maximum opening and dislocation between the rings 
are normalized. As can be seen from the figure, with 
the increase of Es, the maximum opening and dislocation 
between the tunnel rings show opposite trends, the 
maximum opening gradually decreases with the increase 
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of Es, while the maximum dislocation gradually 
increases with the increase of Es. When Es ≤50 MPa, 
increasing Es significantly increases the maximum 
dislocation and decreases the maximum opening 
between the tunnel rings. However, when Es > 50 MPa, 
the elastic modulus of foundation soil has little effect 
on the opening and dislocation between rings of 
tunnel. 

 

 
Fig. 11  Distribution of tunnel dislocation under three shear 

stiffness states of the first joint 

 

 
Fig. 12  Effects of the ground elastic modulus on maximum 

dislocation between adjacent segmental rings and the 
maximum opening of joint 

 
Figure 13 shows the variation of tunnel heave with 

different ground elastic moduli Es. The maximum 
heave is normalized by tunnel diameter. As can be 
seen from the figure, with the increase of Es, the 
maximum tunnel heave exhibit a nonlinear decrease. 
When Es ≤50 MPa, the increase of Es can significantly 
decrease the maximum heave, and when Es increases 
from 50 MPa to 90 MPa, the increase of Es has little 
contribution to maximum tunnel heave. The above 
results indicate that increasing the elastic modulus of 
the foundation soil can reduce the opening and heave, 
but it will lead to an increase in the dislocation 
between the rings. In addition, excessive reinforcement 
has little influence on the deformation of the tunnel.  

5.4 Effect of additional axial force at the beginning 
of tunnel segments 

The additional axial force at the head of tunnel will 
affect the bending resistance of the circumferential joints, 
thereby affecting the longitudinal deformation of the 
tunnel under the action of asymmetric thrust. Fig. 14 
shows the variation of maximum opening and dislocation 
between segmental rings under different additional 
axial forces Po. It can be seen that with the increase of 
Po, the maximum opening and dislocation between the 
rings gradually decrease and trend to a constant, and 
both show the same change. When the axial force Po 
increases from 0 MN to 6 MN, the opening and 
dislocation between the tunnel rings decrease sharply, 
with variations of 2.12 mm and 0.38 mm, respectively. 
As Po continues to increase, the reductions of the 
maximum opening and dislocation between the rings 
gradually slow down and tend to 0 mm and 0.2 mm.  
 

 
Fig. 13  Effects of ground elastic modulus on the  

maximum tunnel heave 
 

 
Fig. 14  Effects of additional axial force on the maximum 

dislocation between adjacent segmental rings and the 
maximum opening of joint 

 
Figure 15 further shows the variation of tunnel 

heave under different additional axial forces Po. When 
Po <6 MN, increasing Po can sharply decrease the 
maximum heave of the tunnel, however, continuing to 
increase Po has little contribution to further reduce the 
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maximum heave of the tunnel. This indicates that 
increasing the axial force at the head of tunnel can 
significantly reduce the tunnel heave, the joint opening 
and the dislocation between rings. However, with the 
further increase of the axial force, it has little effect on 
the deformation of the tunnel. 

 

 
Fig. 15  Effects of the additional axial force on the 

maximum tunnel heave 
 

6  Conclusion 

(1) In this study, a simplified longitudinal beam- 
spring shield tunnel model is first established, which 
can simultaneously consider the opening and dislocation 
between segmental rings. Then, based on the SLBSM 
and Winkler foundation, the shield tunnel longitudinal 
deformation subjected to asymmetric jack thrusts is 
obtained using the state space method. The present 
solution is applicable to analyze the longitudinal 
deformation of the shield tunnel under the asymmetric 
jack thrusts without considering the variation of joint 
stiffness, or considering the reinforcement or failure of 
the local circumferential joints.  

(2) The tunnel displacement obtained from the 
present solution is slightly larger than that from the 
Timoshenko beam model. Both the above two methods 
can reasonably predict the tunnel heave and joint 
deformations. However, a wider range of the tunnel 
displacement is obtained by the Euler-Bernoulli beam 
model, and the position of the maximum heave lean 
towards the shield tail that other methods. Moreover, the 
tunnel displacement curves calculated by the equivalent 
continuous beam models are continuous. However, the 
displacement curve of the tunnel obtained by the present 
solution is discontinuous, and the displacement will 
suddenly change at the joints.  

(3) Increasing the rotation stiffness of circumferential 
joints can effectively reduce the opening between 
rings and heave of tunnel, but further increasing the 
rotation stiffness of joints will not contribute a lot to 
reducing the tunnel heave and opening between rings. 

In practical engineering, it is not appropriate to take 
excessive reinforcement measures for the joints.  

(4) Increasing the shear stiffness of tunnel joints 
can effectively reduce the dislocation between segmental 
rings, but it will lead to an increase in heave and shear 
force of tunnel. In practical engineering, it is not 
advisable to strengthen only the joints at the largest 
dislocation position, and the joints within a certain 
range should be properly reinforced.  

(5) Increasing the stiffness of the foundation soil 
can significantly reduce the gap between the tunnel 
rings and tunnel heave, but it will lead to an increase 
in the dislocation between the segmental rings, and 
excessive reinforcement does not further reduce tunnel 
deformation.  

(6) The influence of the axial force at the head of 
tunnel on the tunnel deformation cannot be ignored. 
Increasing the axial force can significantly reduce the 
tunnel heave, joint opening and dislocation between 
rings. However, with the further increase of the axial 
force, its influence on the tunnel deformation is not 
significant.  
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