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Abstract. In order to study the lining longitudinal deformation rule under the influence of the lining 
transverse deformation in the process of long-term settlement of operating metro shield tunnel with 
straight joint, based on the field test monitoring data of Tibet Road-Zhongxing Road shield tunnel 
in the M8 of shanghai, and considering the tunnel convergence, this problem is studied by 
amending equivalent continuous model. Then there is a comparison between the existing theoretical 
methods and this calculation method. The results showed that, in the ring joints, no considering 
shearing, the maximum of ring joint open, the tension and compression stress of segment, and bolt 
stress slightly decrease with the increase of deformation of tunnel convergence under the bending. 
The smaller the curvature radius of the shield-tunnel longitudinal deformation is, the larger the ring 
joint open under the influence of tunnel convergence is. 

Introduction 

Due to the joint, the stiffness of the lining is reduced in the shield tunnel with straight joint. 
When the longitudinal differential settlement occurs, there is joint staggering and joint opening 
between the rings. These will cause the joint leakage, the segment crack and track irregularity, etc. 
endangering the safety of operational tunnel. Therefore, to ensure the safety of operational tunnel, it 
is very important of the deformation and force characteristics of the ring joint longitudinally along 
tunnel. But so far, this research is still at a preliminary stage. In the process of long-term settlement 
of operational tunnel, the transverse deformation and the longitudinal deformation often occur 
simultaneously with the longitudinal differential settlement increasing. For the reason, the influence 
of tunnel convergence should be considered when analyzing the longitudinal deformation and stress 
of the ring with straight joint. The longitudinal equivalent bending stiffness model was studied in 
the references[1, 2, 3, 4], but without having considered the relationship between the transverse 
deformation and the longitudinal deformation. To sum up, with considering the relationship 
between the transverse deformation and the longitudinal deformation, a new longitudinal equivalent 
bending stiffness model is put forward for interpreting the longitudinal deformation and force of 
shield tunnel with straight joint more accurately, and providing more valuable theoretical reference 
for the operational safety jugement of metro tunnel. 

Field Measurement Test  

Summary 

The Tibet road ~ Zhongxing Road Tunnel of Shanghai metro line No.8 is 1226m. It is mainly 
through Gray muddy clay and Gray clay. The joint segment is used in the shield tunnel. Each lining 
ring contains a key block, two adjacent blocks, two standard blocks, and an arch bottom block. The 
design strength grade of segment concrete is C55. The joint bolt is M30. The elastic gasket used for 
joint waterproofing is composed of water swelling rubber and EPDM. The main design parameters 
are shown in table 1.  
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Tab.1 The Main Design Parameters  

The segment Value The bolt Value 
Thickness(m) 0.35 diameter(m) 0.03 

Width(m) 1 The number of Ring-joint bolts  17 
Outer diameter (m) 6.2 The number of Longitudinal-joint bolts 12 
Inner diameter (m) 5.5 The tensile yield strength (MPa) 640 

Ring-joint initial deformation (m) 0 The elastic modulus of bolt (GPa) 206 
The design value of the concrete compressive 

strength (MPa) 26 length(m) 0.4 

The design value of the concrete tensile 
strength (MPa) 21   

The elastic modulus of concrete (MPa) 35500   

The field measurement test section is near the work well, standard section, and the connected 
aisle respectively, as shown in figure 1. Monitoring projects includ the tunnel convergence and the 
joint opening. Monitoring period is one year. The monitoring frequency is 3 months.  

① Miscellaneous fill
②2 Yellow clayey soil

②3-1 Grey clayey silt

⑤1-1 Gray clay

⑤1-2 Grey silty clay

③ Muddy silt clay

④ Gray muddy clay

Tibet Road station

Standard section Near the connected aisle

Uplink tunnel ring (1~5)
Downlink tunnel ring (859~863)

Uplink tunnel ring (152~156)
Downlink tunnel ring (781~785) Uplink tunnel ring (464~471)

Downlink tunnel Ring (401~407)

-6.85

-12.12
-14.8

Near the work well

 
Fig. 1 Schematic Diagram of Monitoring 

Tab. 2 Number of Points (tunnel convergence) 
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The initial coordinates is obtained by scaning fifty monitoring points on the ring with the total 
station. Then, fitting the initial coordinates gets the tunnel convergence by using for 
references[5,6,7,8,9]. The crack meter is used to survey the ring-joint opening between ring 783 and 
ring 784. One of crack meters is located in the key block, another is located in the standard block. 
The number of monitoring points is shown in table 2.  

Data Analysis  

With time increasing, the vertical compression deformation of tunnel increase gradually, as 
shown in figure 2.  

   
(a)Horizontal                            (b)Vertical 

Fig.2 Distribution Curve of Tunnel Convergence 

Because the tunnel convergence is constrained by the work well and the soil around the tunnel is 
reinforced when the shield machine got into or out of the work well, the tunnel convergence is 
relatively smaller near the work well. The soil around tunnel was disturbed in the tunneling press. 
Then with the connected aisle construction and the operating train vibration, the disturbed soil has 
been disturbed again. Compared to the other test section, the consolidation deformation of multiple 
disturbed soil is larger and the consolidation time is longer near the connected aisle. So that the 
tunnel convergence is relatively larger near here. 

Correction Calculation of Longitudinal Equivalent Bending Stiffness 

Model Calculation Assumes  

According to the reference[2], the relative rotation will occur between the two adjacent linings. 
The relative angle is . In theory, the curvature is /ls when the beam bending. The width of the 
segment is ls To solve the relationship of the bending moment and the curvature, the computational 
assumptions are as follows. The first is plane cross-section assumption. The lining ring is the 
homogeneous ring. On the cross section, the deformation of every point is proportional to the 
distance from the neutral axis. The second is not considering the joint staggering. The third, the bolt 
will bear all tension in the tension zone and the segment will bear all pressure in the compressive 
zone, when the relative rotation of the two adjacent linings appears in the joint. The fourth, to 
simplify the calculation, springs evenly distributed in the lining ring is instead of bolts. 
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In the formula (1), the average line stiffness of the bolt is Kr (kN/m). The elastic modulus of the 
bolt is Eb(MPa). The cross-sectional area of the bolt is Ab(m2), Ab=πdb

2/4. The diameter of the bolt 
is db(m).The length of the bolt is lb(m). When the cross section in the elastic state, the stress of all 
bolts is less than Py. The pretightening force of the bolt is Py. The analysis of unit stress and strain is 
shown in figure 3. The relationship between the moment and curvature of the calculating unit is 
obtained according to the deformation compatibility condition and force equilibrium relationship. 

 

Fig.3 Diagram of Elastic Stress and Strain 

Calculation Process  

The deformation compatibility condition is as follows: 
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In the formula (2) and formula (3), the semi-minor axis of elliptical lining ring is B(m), B =b+t/2. 
The long and short radius of elliptical lining ring respectively is a and b(m), a=(t+d+⊿Dl)/2, b=(t+d+
⊿Dv)/2. The inner and outer diameter of the tunnel respectively is d and D(m). the vertical and 
horizontal convergence of the tunnel is ⊿Dl and ⊿Dv(mm), ⊿Dl、⊿Dv>0. The maximum 
deformation of bolt is J(mm).The width of the lining ring is t(m). The distance from the computing 
unit to the neutral axis is x(m). φ is the angle between the straight line of the computing unit and the 
neutral axis. φ=sin-1(x/r). The tensile and compressive strain of the segment respectively is t and c.  

The force equilibrium relationship is as follows: 
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In the formula (4) and formula (5), The distance from the computing unit to the centroid is r(m), 
 22 cos1/  br . The elastic modulus of the segment is Ec (MPa); The ellipse center rate is , 

22 /1 ab . The bending moment is M (kN·m). 
The solution of simultaneous equations from the formula (1) to formula (5) is as follows: 
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With the equivalent continuous beam bending, The formula of angle θeq is as follows: 
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By comparing formula (6) with formula (7), the equivalent elastic bending rigidity of shield 
tunnel with straight joint (EI)eq is as follows: 

KtbEEI ceq
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The Elastic limit bending moment My (kN·m) of the unit is as follows: 
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The solution of simultaneous equations from the formula (2) to formula (6) is as follows: 
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The maximum compressive stress of the segment σc (MPa) is as follows: 
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The maximum tensile stress of the bolt σt (MPa) is as follows: 
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The maximum tensile stress of the bolt fT (kPa) is as follows: 
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The maximum opening of the jointδT is as follows: 
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In the above formula, the curture raduis is ρ(m). The initial joint opening of the ring is δ0 (mm). It 
is caused by assembling the segment in the process of construction. ζ is the reduction coefficient of 
the elastic modulus of the bolt sheared in the bolt hole, 0<ζ<1.  

Example Analysis  

In field test, the minimum longitudinal deformation curvature radius of the tunnel is ρmin, ρmin 
=3.33×105m. Axial tensile deformation is 0.079mm. δ0=0, ζ=1. For the ring-joint opening, the 
monitoring data and caculation results are compared in table 3. The comparison results is almost the 
same. It shows that the calculation method can reflect accurately the longitudinal deformation 
characteristic of shield tunnel with the straight joint. 

Tab. 3 Comparative Analysis of the Ring-joint Opening 

 Key block Standard block Arch bottom block 
Field measurement test (mm) 0.079 0.096 0.101 

This method (mm) 0.079 0.086 0.097 

Parameter Analysis 

Analyzed parameters includ the tunnel convergence, the curvature radius, the tensile and 
compressive stress of the segment, the tensile stress, and the ring-joint opening, as shown from 
figure 4 to figure 7. For the pure bending tunnel, the ring-joint opening and the internal force of the 
segment and the bolt slightly reduce with With the increase of the tunnel convergence. When the 
longitudinal curvature radius of the tunnel is small, the tunnel convergence has an obvious effect on 
the internal force of the segment and the bolt. 
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    Fig.4 The Curve of Ring Joint Open and          

Tunnel Convergence 
Fig.5 The Curve of Segment Stress and Tunnel 

Convergence 
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Fig. 6 The Curve of Segment Tensile Stress and 

Tunnel Convergence 
Fig. 7 The Curve of Longitudinal Tensile Stress 

in Bolts and Tunnel Convergence 

Comparison and Analysis 

In the analysis and calculation, according to the code for construction and acceptance of shield 
tunnel (GB50446-2008), ρmin=15000m, fT=6.4×105kPa, ⊿Dl =⊿Dv=31mm, δ0=0, ζ=1. Comparing 
this method with the method of references[2,3,4], the analysis result is as shown in table 4. 

When the longitudinal curvature of the shiled tunnel with the straight joint is the same, the 
comparative analysis of the ring-joint opening: the reference[4]＜this article＜the reference[3]＜the 
reference[2]; the comparative analysis of the tensile stress of the bolt: this article＜the reference[3]
＜the reference[2]＜the reference[4].  

When the maximum tensile stress of the bolt is the same, the comparative analysis of the 
ring-joint opening: the reference[4] ＜ the reference[3] ＜ this article ＜ the reference[2]; the 
comparative analysis of the longitudinal curvature of the tunnel: the reference[2] ＜this article＜
the reference[3]＜the reference[4]. 

Tab. 4 Comparison Table 

Acceptance criteria Differential calculation methods δT (mm) fT (105kPa) 

ρmin=15000m 

This method 0.34 1.77 
Reference[2] 0.4 3.84 
Reference[3] 0.35 2.48 
Reference[4] 0.32 3.97 

Acceptance criteria Differential calculation methods ρ(m) δT (mm) 

fT=6.4×105kPa 

This method 4149 1.24 
Reference[2] 3193 2.06 
Reference[3] 4682 1.11 
Reference[4] 8694 0.55 

Conclusion 

With the relationship between the transverse deformation and the longitudinal deformation 
considered, the existing longitudinal equivalent bending stiffness model is amended in this article. 
Then, based on the field test monitoring data of Tibet Road-Zhongxing Road shield tunnel in the 
M8 of shanghai, the analysis results of this method and the referenc[2,3,4] is compared. The main 
analysis conclusion is as follows: 

For the pure bending tunnel, the ring-joint opening and the internal force of the segment and the 
bolt slightly reduce with With the increase of the tunnel convergence. When the longitudinal 
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curvature radius of the tunnel is small, the tunnel convergence has an obvious effect on the internal 
force of the segment and the bolt. 

In the process of long-term settlement of operational tunnel, the transverse deformation and the 
longitudinal deformation often occur simultaneously with the longitudinal differential settlement 
increasing. In this article, the deformation and force of the ring joint is only analyzed under the pure 
bending state. The longitudinal equivalent stiffness model of the shear and tension should be 
studied in the future research. 
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