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ABSTRACT: When analysing the damage phenomenon (crack, seepage, et al.) of a segmental lining during 
tunnel construction, its movement and deformation along the longitudinal direction is a critical aspect to be stud-
ied. Since the segmental lining is assembled by segments and using connecting bolts, there are many joints in the 
lining, which are the weak part of the lining and have an obvious deformation under the application of construc-
tion loads. This paper focuses on the circular joint which has a great influence on the segmental lining deformation 
along the longitudinal direction. Firstly, the evaluation methods of the bending stiffness and shear stiffness of 
a circular joint are developed; and then, based on the interaction between the connecting bolt and its hole, the 
methods for the evaluation of the shear stiffness of a single bolt and the one of the whole circular joint are pro-
posed; finally, the segmental lining deformation along the longitudinal direction is analysed and the main factors 
are discussed.

Keywords: Tunnel segmental lining, Circular joint, Shear Stiffness, Bending Stiffness, lining behav-
iour in the longitudinal direction, Connecting Bolts, Bolt/Bolt hole interaction, Finite Element Method 
(FEM), Numerical Methods

1 INTRODUCTION

Segmental lining is widely used to support the sur-
rounding ground when the tunnel boring machines 
(TBM) is adopted for the tunnel construction. Since 
the segmental lining consists of segments and connect-
ing bolts, there are many joints that influence its behav-
iour. During the construction of the tunnel, the crack 
and seepage can be observed inside the lining (Gong 
et al., 2020; Lu, 2020), and the uplift movement of the 
segmental lining is a common phenomenon (Zhou and 
Ji, 2014).

In order to understand the reasons of the crack and 
seepage inside the lining, the segmental lining deform-
ations along the longitudinal direction are widely stud-
ied using numerical models and analytical solutions 
(Chen et al., 2018; Cheng et al., 2021). Regarding this 
type of analysis, the influence of the circular joints is 

fundamental. Shiba et al. (1988) proposed the equation 
for the joint bending stiffness. Li et al. (2019) carried 
out a laboratory test to evaluate the joint stiffness 
under the application of a normal forces and moment. 
Cheng et al. (2021) suggested the general solution for 
the segmental lining deformation. Based on laboratory 
test, researchers (Guo et al., 2023a; Guo et al., 2023b; 
Liu et al., 2018) tested the bending and shear deform-
ation of joints in the detailed; they further explained 
the nonlinear behaviour of the joint due to the non-
linear properties of the constituent materials.

In this paper the methods used to determine the 
variable joint bending and shear stiffnesses of the cir-
cular joints are introduced. Furthermore, a FEM model 
is developed to calculate the segmental lining deform-
ation along the longitudinal direction and an iterative 
procedure is proposed in order to correctly consider 
the variable joint stiffness values. Using the proposed 
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method, deformations of rings and joints can be evalu-
ated separately, and the nonlinear deformation of the 
tunnel segmental lining can be researched.

2 STIFFNESS OF THE CIRCULAR JOINT

When the tunnel segmental lining has a deformation 
along the longitudinal direction, the stiffness of the cir-
cular joints shows a nonlinear behaviour with the 
increase of the joint deformation. The methods adopted 
to calculate the bending and the shear stiffnesses of the 
circular joints are discussed in this section.

2.1  Bending stiffness

The bending stiffness of a circular joint is affected 
by the state of the joint, which can be described by 
the location of the neutral axis: it can be represented 
by the angle ’ introduced by Shiba et al. (1988) and 
is determined by the existing normal force and the 
applied moment. There are two kinds of circular 
joint states: open and closed. When the joint is 
closed, the segments are connected each other, and 
the bending stiffness of the joint is the same of the 
lining segment. The limit moment Mlim of the circu-
lar joint before opening can be determined by the 
normal force N with the following equation:

where I is the inertia moment of the ring cross- 
section, A and Re are the cross-sectional area and the 
external radius of the ring, respectively.

When the joint is open, the bending stiffness of 
the joint show a nonlinear behaviour. The influence 
of the moment and of the normal force can be repre-
sented by a parameter λ,

where De is the external diameter of the tunnel, 
t is the thickness of the lining.

The equivalent bending stiffness EIð Þeq of the 
joint can be obtained by the following equation (Han 
et al., 2023a):

where Lb,p is the projection length of the bolt, and 
Kten are the tensile stiffness and compression stiff-
ness of the joint:

where Econ is the elastic modulus of concrete, Eb 
is the elastic modulus of the bolt steel, lb is the 
length of the bolt, n is the number of connecting 
bolts in the circular joint and Ab is the cross- 
sectional area of the connecting bolt.

In Equation 3, when the normal force is equal to 
0, the angle φ can be obtained by the following sim-
plified equation:

When the normal force is larger than 0, the angle 
φ can be derived on the basis of Equation 2:

where m can be determined by Kcom and Kten:

Furthermore, the equivalent bending stiffness of 
the joint also can be rewritten with the ratio between 
the equivalent bending stiffness of the joint and the 
one of the segmental lining ring:

where JBSEBoltz is the joint bending stiffness effi-
ciency based on the Boltzmann function; it is equal to 
the ratio of the bending stiffnesses between the joint 
and the ring, and it can be considered as a modifying 
parameter of the bending stiffness of the lining ring.

JBSEBoltz is a function of the λ parameter:

where A1, A2, λ0 and k are the basic parameters, α 
and Δ are the modified parameters. The detailed der-
ivation of these parameters can be found in the refer-
ence (Han et al., 2023c):

A1 is the lower value of the modified parameter 
JBSEBoltz, which can be obtained by Equation 3 and 
Equation 4 when the normal force is equal to 0;

A2 is the upper value of JBSEBoltz which is equal 
to 1;

λ0 is the specific value of λ when JBSEBoltz is 
equal to A1 þ A2ð Þ=2, where the equivalent bending 
stiffness of the joint (EI)eq can be obtained by Equa-
tion 5, the angle φ can be derived by Equation 3, and 
λ0 can be calculated by Equation 6;

q is a constant value, and can be obtained by the 
following equation:

1054



where JBSE’is the slope of the centre point (λ0, (A1 
+A2)/2), which can be obtained by two adjacent points 
with a tiny increase Δλ, where the ordinate value of 
JBSEBoltz can be obtained on the abscissa value and 
λ0 þ Δλ based on Equation 3, Equation 5 and 
Equation 8;

α and Δ are the modified parameters and can be 
obtained by the following equations:

Based on Equation 3 and Equation 8, the equiva-
lent bending stiffness of the joint can be calculated 
separately. The results are shown in Figure 1 refer-
ring to a well-known case of a shield tunnel (Zhou 
and Ji, 2014), and the results by the two methods 
show a very good consistence.

2.2  Shear stiffness

The shear stiffness of a joint is influenced by the rela-
tive displacement of segments. Since the connecting 
bolts are installed along the circular joint, the inclin-
ation angle of the bolts varies with the location of the 
bolts on the circular joint. The shear stiffnesses of 
a single bolt and of the whole circular joint are here 
discussed separately.

2.2.1 Shear stiffness of a single connecting bolt
Based on the Timoshenko theory, the equivalent shear 
stiffness of a joint k � G � Að Þeq is equal to the ratio 
between the shear force Vtotal applied on the joint and 
the corresponding relative displacement vseg together 
with the projection length of the connecting bolt Lbp.

When the segments have a relative displacement 
along the joint Δvseg, the ratio between the 

increasement of the applied shear force ΔVtotal and 
the corresponding relative displacement can be 
defined as shear stiffness Keq:

where the applied shear force on the joint ΔVtotal 
is equal to the shear force of the bolt on the cross 
section along the joint.

Furthermore, considering the inclination angle of 
the connecting bolt, the equivalent shear stiffness of 
the joint is the combination of the joint-bolt tensile 
stiffness and the joint-bolt shear stiffness when only 
the bolt is considered during the shear deformation 
(Han et al., 2023d):

where Keq,Q is the joint-bolt shear stiffness and 
Keq,N is the joint-bolt tensile stiffness, when the bolt 
is perpendicular to the plane of the joint; α is an 
inclination angle of the connecting bolt.

Based on the relative displacement direction and 
the tensile state of the bolt, there are two basic 
models for the joint shear deformation: the tensile 
model and the no tensile one, because there is no 
constraint on the bolt head when the bolt is com-
pressed along the axial direction.

When the joint deformation follows the no tensile 
model, the shear stiffness Keq can be obtained by the 
shear stiffness of the joint:

Based on the results of Han et al. (2023d), the joint- 
bolt tensile stiffness has a constant value (the green 
line in Figure 2), and the joint-bolt shear stiffness has 
a nonlinear trend varying the relative displacement 
between the segments (the blue lines in the figure).

Figure 1. The trend of the joint bending stiffness based on 
the Equation 3 and Equation 8 calculation for a well-known 
case of a shield tunnel (Han et al., 2023c; Zhou and Ji, 2014).

Figure 2. The joint-bolt tensile stiffness and the shear stiff-
ness when the bolt is perpendicular to the plane of the joint 
(after Han et al., 2023d).
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The tensile stiffness of the joint can be obtained 
by the following equation:

where lthread is the length of the thread part of 
the bolt which is installed inside a concrete bolt 
hole, lshank is the length of the shank part of the bolt. 
Parameter ρ can be obtained by the following 
equation:

where βc is the concrete foundation shear 
modulus, db is the diameter of the bolt.

Kx,o represents the compressive stiffness of the 
concrete surface under the application of the washer 
of the bolt head.

where dwasher and dh are the diameter of the washer 
and the bolt hole, respectively; kc is the concrete 
foundation compressive modulus. The parameters kc 
and βc can be determined by laboratory tests and are 
discussed in the references (Han et al., 2023b).

The shear stiffness of the joint has three parts, and 
also includes three key parameters: a maximum 
shear stiffness, locations of a starting point and of 
a final point. The maximum value of the shear stiff-
ness can be obtained by the following equation:

where Ib is the moment of inertia of the bolt 
cross-section, η and β are two parameter; β depends 
on the concrete foundation compression modulus:

the η parameter depends on the bolt length and on 
β: the detailed derivation of them can be seen in Han 
et al., 2023d.

The location of the starting point can be obtained 
by the following equation:

The location of the final point is equal to the sum 
of the length of part I and part II.

where LpartII is the length of part II:

where dmax,h,l, dmax,h,r, lbolt,l and lbolt,rs are geomet-
rical parameters of the bolt, δ and ω are the middle 
parameters which can be found in the reference 
(Han et al., 2023d), where the segment connected 
with the bolt head is the left one.

The representation of the connecting bolts in the 
cross section of the segmental lining rings is shown 
in Figure 3. The green rectangle is the first ring and 
the white one is the second installed segmental ring. 
The angle # represents the location of each connect-
ing bolt in the cross section.

The bolts have different angles with the circular 
joint. The equivalent inclination angle γ is used to 
represent the angle of the bolt axis with the displace-
ment vector of the lining segment.

2.2.2 Shear stiffness of a circular joint

The angle γ of the considered bolt with the location 
# can be determined by the following equation:

where α is the inclination angle of the bolt at point 
1 as shown in Figure 3, # represents the location of 
the considered bolt in the cross section (# 2 0; π½ �).

When γ > 0, the joint-bolt tensile stiffness can be 
ignored, and the joint-bolt shear stiffness can be 
obtained by Equation 16, where the angle α is 
replaced by γ. When γ � 0, the shear stiffness of the 
joint can be calculated using Equation 15 by replacing 
α with γ. Finally, the shear stiffness of the circular 
joint can be obtained by the summation of the shear 
stiffness Keq of all the bolts in the lining cross section.

Figure 3. Different axial directions of the bolts in the cross 
section (after Han et al. (2023d)).
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The calculated results of the shear stiffness of each 
bolt are shown in Figure 4 and the one of the whole 
circular joint with the increase of the relative displace-
ment is shown in Figure 5, where the joint is con-
nected by 19 bolts. The assumed material parameters 
of the bolt steel and concrete are listed in Table 1 and 
the structural parameters are listed in Table 2.

From Figure 4, the shear stiffness of all the bolts on 
the circular joint shows a uniform distribution: the 
value of the shear stiffness of the joint increases from 
the top to the bottom. With the increase of the relative 
displacements of the segments, the shear stiffness of 
each bolt increases correspondingly. Based on 
Figure 5, the shear stiffness of the circular joint shows 
a similar trend with the one of the single bolt, where 
the minimum shear stiffness of the joint is determined 
by the joint-bolt tensile stiffnesses of all the bolts.

Based on Equation 13, the shear stiffness of the 
circular joint can be determined based on the relative 
displacement of the segments together with the pro-
jection length.

The distribution of the shear stiffness on the circu-
lar joint is uneven as shown in Figure 4: there are 
different start points and final points for each bolt 
varying the equivalent inclination angle γ based on 
Equation 22, Equation 23 and Equation 25. Consid-
ering the uniform distribution of the bolts on the cir-
cular joint, a virtual bolt at the location # ¼ 45� is 
used to represent the shear stiffness of the circular 
joint together with the number of bolts. Therefore, 
the shear stiffness can be derived by Equation 15:

where n is the number of bolts on the circular 
joint, Ls;#¼45� and Lf ;#¼45� are the start point and the 
finial point when the equivalent inclination angle is 
equal to γ#¼45� at location # ¼ 45� (Equation 25):

Table 1. The assumed material parameters.

Bolt steel Elastic 
modulus (GPa)

Bolt Steel 
Poisson’s 
ratio

Concrete Elastic 
modulus (GPa)

Concrete 
Poisson’s 
ratio

Concrete foundation com-
pression modulus 
(MPa/mm)

Concrete foundation 
shear modulus 
(MPa/mm)

206 0.3 35.5 0.2 74.87 10.10

Table 2. The geometrical parameters of the bolting system.

Bolt 
diameter 
(m)

Diameter 
of gasket 
(m)

Inclination 
angle of the 
bolt (°)

Length of the 
bolt on the left 
segment (m)

Length of the bolt on the 
right segment (shank part + 
thread one) (m, m)

Max and min hole 
diameter on the left 
segment (mm, mm)

Max hole 
diameter 
(mm)

0.03 0.07 30 0.282 0.06 + 0.19 36, 40 60

Figure 4. The distribution of the shear stiffnesses on the 
joint connected by 19 bolts.

Figure 5. The shear stiffness of a circular joint connected 
by 19 bolts varying the relative displacements.
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Based on Equation 26, the shear stiffness of the 
circular joint is also shown in Figure 5: a good con-
sistence between the two curves can be seen and 
Equation 26 can be used to calculate the equivalent 
shear stiffness of a circular joint.

Based on Equation 13, the equivalent shear stiff-
ness of the joint k � G � Að Þeq can be obtained as:

On the basis of Figure 1 and Figure 5, both of the 
bending stiffness and shear stiffness of a circular 
joint show a nonlinear behaviour with the relative 
displacement of the segments on the joint. Consider-
ing a nonlinear behaviour of the circular joint, the 
segmental lining deformation along the longitudinal 
direction is discussed on the next section.

3 SEGMENTAL LINING DEFORMATION

3.1  FEM model of segmental lining deformation

During the construction of a tunnel using the Tunnel 
Boring Machines (TBMs), the applied forces on the 
segmental lining can be divided into two classes: 
the loads along the axial direction of the tunnel, and 
the ones on the cross section of the tunnel, perpendicu-
lar to the axial direction. The forces on the cross sec-
tion are produced by the slurry (the filling material) 
and the ground surrounding the tunnel; the mechanical 
behaviour of the slurry change over time, and the state 
of the slurry transforms slowly from a liquid state to 
solid one. When the slurry is in the liquid state, there 
are great buoyancy forces acting on the segmental 
lining; the buoyancy effect of the slurry decreases with 
the hardening phase (Fu et al., 2023). The slurry pres-
ence in the model is considered with a fluid zone and 
a solid one separately (Figure 6). Due to strong con-
straints by the tail brush inside the TBM tail, a fixed 

constraint is applied on the first node of the model. For 
the forces applied along the axial direction of the 
tunnel, the friction between the lining and the sur-
rounding ground is ignored, and the normal force 
(axial force in the longitudinal direction) acting on the 
segmental lining is equal to the applied normal force 
by the hydraulic jacks: these forces can affect the 

bending stiffness of the circular joint on the basis of 
Figure 1.

Based on the Timoshenko theory, a FEM model is 
adopted to analyse the lining deformation along the 
longitudinal direction: it represents both the segmental 
lining rings and circular joints using standard elem-
ents and joint elements as shown in Figure 6. With 
the FEM model, the behaviours of joints and rings 
can be separately analysed considering the nonlinear 
behaviour of joints as previously introduced.

On the FEM model (Figure 6), the external forces 
on each node [F] are equal to the global stiffness 
matrix [K] multiplied by the corresponding nodal 
displacements [S]:

The global stiffness matrix can be obtained by 
composing the local stiffness matrices on each 
element:

Figure 6. The numerical elements of the segmental lining model with the applied constraints (after Han et al., 2023c).
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where the terms of the stiffness matrix depend on 
the element stiffness matrix:

where � is the ratio between the bending stiffness 
(EI) and shear stiffness (kGA) of elements based on 
Timoshenko theory:

For the standard element, the bending stiffness and 
shear stiffness depend on the material of the seg-

mental ring (concrete),, kGAð Þ ¼ k � Gcon � Að Þ, k is 
the shear coefficient based on the Timoshenko theory.

For the joint element, the bending stiffness (EI) 
can be determined based on Figure 1 and the shear 
stiffness kGAð Þ depends on Figure 5 with the relative 
displacement of segments.

Before the hardening of the slurry, the state of 
slurry is liquid. The length of the liquid zone is 
determined by the speed of the TBM excavation v 
and by the hardening time of slurry t0:

The buoyancy force can be quickly evaluated 
with the Archimedes’ principle based on the specific 
weight of the slurry γsl and of the concrete ring γcon:

In the FEM model, the influence of the solid 
slurry and of the surrounding ground can be con-
sidered by adding a series of additional springs con-
nected to the nodes in the global stiffness matrix [K] 
along the main diagonal (Oreste, 2007). The add-
itional terms can be obtained by the following 
equation:

where lav;i is the average length of the elements 
around the node i, and kw is the spring stiffness con-
sidering the stiffness of the solid slurry and of the 
ground; it can be determined by the following equa-
tion (Han et al., 2023c):

where γG is the bulk density of the ground, h0 is 
the depth of the tunnel axis from the ground surface.

Based on Equation 8 and Equation 28, the bend-
ing stiffness of the joint depends on the bending 
moment and on the normal force acting on the joint; 

the shear stiffness of the joint depends on the relative 
displacement of segments on the joint. An iterative 
procedure needs to be adopted to analyse the 
deformations of the segmental lining along the longi-
tudinal direction.

The FEM model can be calculated on the basis of 
the following procedure:

Step 1: calculating the moment M0 and the rela-
tive displacement v0 of each joint considering JBSE 
equal to 1 and the shear stiffness of the joint at its 
maximum value;

Step 2: based on Equation 8 and Equation 28, cal-
culating the new bending stiffness and the shear 
stiffness of each joint, and also the new moment M1 
and the relative displacement v1; furthermore, the 
new average value of the moment between M0 and 
M1, and the relative displacement v1 can be 
obtained;

Step 3: calculating the new bending stiffness and 
new shear stiffness by Equation 8 and Equation 28, 
and also the moment Mi and the relative displace-
ment vi, where i ¼ 2; 3; 4 . . . :

Step 4: comparing the new moment Mi and rela-
tive displacement vi with the corresponding average 
values Mi� 1 and vi� 1; when the biggest differences 
of the moments and the relative displacements are 
larger than a specific value, the average value Mi 
and vi can be obtained and substituted into the step 
3 and so on; otherwise, finishing the iterative 
procedure.

3.2  The influence of the circular joint stiffnesses

Based on the developed FEM model, the segmental 
lining deformation along the longitudinal direction can 
be obtained for a real case, with an external diameter 
of the tunnel of 8.5m, a thickness of the lining of 0.4m 
and a length of the ring 1.6m. The densities of the 
slurry and of the segmental lining are 1938kg/m3 and 
2500kg/m3, respectively; the density of the ground is 
1800kg/m3 and the depth of the tunnel from ground 
surface is 15m. The assumed advancing speed of the 
TBM is 0.5m/h, and the hardening time of the slurry is 
15h. The material and structural parameters of the con-
necting bolt and of the bolt hole is the same as Table 1 
and Table 2. The JBSE and the shear stiffness of the 
joints along the longitudinal direction are shown in 
Figure 7 and Figure 8.

From Figure 7, the normal force has a significant 
influence on the joint bending stiffness. When the 
normal force is equal to 0, the joint has a low bending 
stiffness. With the increase of the normal force, the 
bending stiffness of the joint also increases. However, 
the distribution of the bending stiffness is not uniform, 
and the joints close to the fluid slurry zone have low 
stiffness values. When the normal force is larger than 
5MN, only the first joints have a lower bending stiff-
ness than the rings; most of the bending stiffness 
values of joints are close to the one of the ring.

Based on Figure 8, the shear stiffnesses decrease 
from the first joint within the fluid slurry zone, and the 
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values keep as a constant in the solid slurry zone; the 
normal force has no effect on the shear stiffness. 
Therefore, the thrust force has a slight influence on the 
vertical displacements of the segmental lining, while 
influencing the bending deformation; the fluid slurry 
zone has a significant effect on the uplift displacement. 
The influence of the length of the fluid slurry zone is 
shown in Figure 9 and Figure 10, where the hardening 
times of slurry are taken 1h, 5h, 10h and 15h 
separately.

In Figure 9 the joints show a significant displace-
ment than rings: it means that the uplift displacement 
of segmental linings is caused by the relative displace-
ments of joints in the fluid slurry zone. In Figure 9 the 
hardening time of the slurry has a significant influence 
on the vertical displacements of segmental lining. 
When the hardening time of the slurry is reduced, the 
buoyancy phenomenon in the liquid slurry decreases 
(Figure 10): it causes a reduction of the relative dis-
placement of the first joint as shown in Figure 9.

The density of the slurry is another factor affecting 
the buoyancy phenomenon. The vertical displacement 
of the segmental lining along the longitudinal direction 
is shown in Figure 11 with different slurry densities.

From Figure 11, the vertical displacements of the 
segmental lining along the longitudinal direction 

decrease with the decrease of the slurry density in the 
fluid slurry zone. The reduction of the vertical displace-
ment increases when the density of the slurry varies 
from 1600 to 1200kg/m3 and from 1200 to 800kg/m3.

Based on the results of Figure 9 and Figure 11, 
reducing the hardening time and the density of the 
slurry is a useful technique to decrease the uplift dis-
placement of the tunnel lining.

4 CONCLUSIONS

Focusing on the nonlinear behaviour of segmental 
lining joints, calculation methods for the bending 
stiffness and shear stiffness of circular joints are dis-
cussed, and the effect of the slurry presence on the 
segmental lining deformation along the longitudinal 
direction is analysed.

1. The bending stiffness of joints is discussed, and 
the a calculation method is developed. The bend-
ing stiffness of joints is determined by the normal 
forces and the moment applied on the joint: the 

Figure 7. The JBSE value of the joint along the longitu-
dinal direction, for different values of normal forces.

Figure 8. The shear stiffness of the circular joint along the 
longitudinal direction, for different values of normal forces.

Figure 9. Vertical displacements of the segmental lining 
for different slurry hardening times varying the distance 
from the TBM tail.

Figure 10. The shear forces on the segmental lining for dif-
ferent slurry hardening times varying the distance from the 
TBM tail.
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value of the bending stiffness decreases with the 
increase of the moment.

2. A simplified method for the evaluation of the 
joint shear stiffness with a single bolt is devel-
oped. Considering that the shear stiffnesses of 
inclined bolts are not uniform, the equation of the 
shear stiffness of a circular joint is proposed. 
Based on the calculated results of the shear stiff-
ness, the joint shear stiffness increases with the 
relative displacement of the joint.

3. Considering the nonlinear behaviour of joints, 
a FEM model based on the Timoshenko beam 
theory is introduced and an iterative procedure is 
adopted to calculate the segmental lining deform-
ation along the longitudinal direction. The FEM 
model can successfully evaluate the deformation 
of the rings and the joint separately.

4. Based on the calculated results, the normal force 
shows an obvious influence on the bending stiffness 
of joints, but no effect on their shear stiffness. The 
vertical displacements of the lining are mainly 
influenced by the relative displacements of the 
joints. Furthermore, decreasing the hardening time 
and the density of the slurry the vertical displace-
ments of the segmental lining can be reduced.
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