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Abstract

To investigate the influence of joints on the segmental lining behavior for a shield tunnel, an analytical model incorporating the 

effect of the concrete and gaskets is proposed for the segmental joints. Based on the results of the analytical model, a beam-spring 

numerical model is established for the segmental lining, and parametric studies of the gasket and bolt are conducted to reveal the 

segmental lining behavior. The numerical results indicate that the joint has a slight influence on the axial force of the segmental 

lining but significantly affects the bending moment and deformation of the segmental lining. With increasing the gasket thickness or 

decreasing the gasket hardness, the maximum moment is decreased and the ellipticity is increased, which leads the bending capacity 

of the segmental lining to be decreased significantly. Therefore, the influence of gaskets should be an indispensable factor during 

the design of the segmental lining. However, with increasing the bolt pretightening force or the bolt cross-sectional area, the bending 

capacity of the segmental lining is improved only to a certain extent. Since the ellipticity of the segmental lining is slightly influenced 

by these bolt parameters, the improvement in the bending capacity can even be neglected.
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1 Introduction
The shield method has been widely used in metro tunnels, 
highway tunnels, water conveyance tunnels, etc. [1–4]. 
In the shield tunnel engineering, the longitudinal joint 
of the segmental lining consists of connecting bolts and 
some packing materials (e.g., sealing gasket, elastic gas-
ket, etc.), and generally has grooves on its internal and 
external edges. The joint which has unique geometric con-
structions and a variety of material interactions is closely 
related to the safety and stability of segmental lining [5–8].

In some analytical and numerical research, the effect of 
the segmental joints on the lining behavior is usually con-
sidered by indirect methods or direct methods. For the indi-
rect methods, the segmental lining is simulated by a rigid 
lining ring, and the effect of joints is usually considered by 
decreasing the rigidity of the lining [9–11]. However, these 
indirect methods are oversimplified and cannot take the 
joint stiffnesses or joint distributions into consideration 
accurately. The direct method generally uses three types 
of stiffness to model the joint, namely rotational, axial, and 
shear stiffness [12–15]. Several numerical studies have 

shown that the axial and shear stiffnesses have a very lim-
ited effect on the segmental lining performance [10, 16]. 
In contrast, segmental lining behavior is largely influ-
enced by the rotational stiffness. It is for this reason that 
the design of shield tunnels will consider the rotational 
stiffness as an important parameter. Therefore, the effect 
of the joint rotational stiffness on the mechanical perfor-
mance of the segmental lining should be incorporated in 
the numerical model of the segmental lining behavior.

Based on the direct approach, several numerical stud-
ies have uncovered that the higher the rotational stiffness 
of the joint, the larger the values of the maximum pos-
itive and maximum negative bending moments [16, 17]. 
In these methods, the rotational stiffnesses of the joints 
are always considered as constants, and the related dis-
cussions mainly focus on the influence of different con-
stant values on the lining behavior. However, the experi-
mental and numerical results show that the joint rotational 
stiffness of shows highly nonlinear characteristics in sev-
eral stages of the rotational behavior of the joint under the 
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sagging moment and hogging moment scenarios [18–23]. 
Besides, some analytical results reveal that some parame-
ters of the bolts and gaskets can affect the joint rotational 
stiffnesses significantly [23, 24]. Therefore, to investigate 
the segmental lining behavior, the nonlinear characteristic 
of the joint rotational stiffnesses should be taken into con-
sideration, and the influence of the bolts and gaskets on the 
property of the segmental lining should be clarified.

To calculate the joint rotational stiffness, some analyt-
ical models have been proposed by establishing equilib-
rium equations for the axial force and bending moment of 
the joint contact surface. Typically, the dominant defor-
mation of the longitudinal connection is described by the 
compressive strain of the concrete and tensile strain of the 
bolts. The key to these models is the equivalent simulation 
of the stress distribution shape of the compressed con-
crete zone which can be equivalent as triangles, combi-
nations, parabolas, etc. [25–30]. In addition to the strains 
of the concrete and bolt, some analytical solutions also 
consider the strains of the gaskets, and the results reveal 
that the joint rotational stiffness is rarely influenced by 
the sealing gasket but significantly influenced by the elas-
tic gasket [23, 24, 31]. These analytical solutions for the 
segmental joint with gaskets are proposed based on the 
assumption that the concrete is much more rigid than 
the gasket, and the deformations of the gaskets are much 
greater than that of the concrete. Therefore, only the com-
pressive strains of the gaskets are taken into concertation, 
and the compressive strains of concrete attached to gas-
kets are neglected. However, according to the constitu-
tive model of the elastic gasket, the rigidity of the elastic 
gasket tends to increase rapidly with the increase of com-
pressive stress, and the elastic gasket can no longer be 
considered as a flexible material in this condition [32–34]. 
Therefore, when the joints are subject to large moments, 
the joint rotational stiffnesses calculated by the analytical 

solutions cannot be in good agreement with the numeri-
cal results [24, 31]. The deformations of the gaskets and 
attached concrete should be both taken into consideration 
during the calculation of the rotational stiffness of the 
segmental joint with gaskets.

An improved analytical model is proposed in this study 
that takes into account the combined effect of concrete and 
gasket for the segmental lining with gasket. Based on the 
results of the analytical model, a beam-spring numerical 
model is established for the segmental lining, and a para-
metric study of the gaskets and bolts was conducted to 
investigate the segmental lining performance of the shield 
tunnel in terms of the main parameters of the joint.

2 Analytical model for the joint rotational behavior
2.1 Modelling assumptions
Fig. 1 presents the details of a typical segmental joint 
which is equipped with bolts, elastic gaskets and sealing 
gaskets. According to the condition of the stress transmis-
sion, the segmental joint can be classified as a few colum-
nar utilitarian zones. In most cases, the external or inter-
nal sides of joints are not contacted in practice unless the 
joint is subjected to excessive loads [23, 27, 35]. Therefore, 
the functional zones at the external and internal edges can 
be assumed as separate zones when the joints are sub-
jected to routine loads. Since the sealing gasket stiffness is 
much smaller compared to that of the concrete and elastic 
gaskets, the joint rotational stiffness is rarely influenced 
by the sealing gasket [23, 24], and the sealing gasket trans-
fer zone can be assumed to be merged into the separation 
zone. Therefore, the most significant bearing structures 
of the joint are the bolt and elastic gasket transfer zone. 
As shown in Fig. 1 (b), the bolt is assumed to be a spring 
that can only be compressed, but not tensioned, and the 
elastic gasket transfer zone is assumed as a concrete-gas-
ket-concrete composite columnar.

Fig. 1 Modeling assumptions; (a) Segment; (b) Joint details; (c) Assumptions

              (a)          (b)          (c)
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2.2 Materials model
2.2.1 Concrete
In this model, the multi-linear isotropic hardening behav-
ior is adopted. This stress-strain relationship can be 
described by Eqs. (1)–(4) [36]:
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where σc is the compressive stress in the concrete; ε0 is 
the strain at the compressive strength (   fc ) of the concrete; 
fcu,k denotes the characteristic value of the concrete com-
pressive strength; εcu indicates the maximum compressive 
strain of the concrete.

2.2.2 Bolt
The stress-strain behavior of the bolts is simplified to 
a bilinear kinematic hardening model with 1% strain hard-
ening after yielding � �� �E Eb b0 01. ,  where Eb and ′Eb  are 
the elastic and plastic modulus, respectively. The stress-
strain relationship can be expressed by the following 
piecewise function:
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where σb and fb are the stress and yield stress of bolt, 
respectively.

2.2.3 Gasket
The constitutive model of the elastic gasket can be given 
by the following equation [33, 34], and the parameter in 
the equation can be calibrated by the compressive test of 
the elastic gasket:

� � �
e e eE� ,  (6)

where σe is the compressive stress when the elastic gasket 
strain is εe, Ee is the similar elastic module, and β is a non-
linear index number.

2.2.4 Composite
According to the materials model of the concrete and elas-
tic gasket, the stress-strain relationship of the concrete-gas-
ket-concrete composite material can be obtained by:
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where σ(ε) is the composite stress at any strain ε; as pre-
sented in Fig. 1, lc is the depth of the composite compres-
sion zone and roughly equal to the height of the compres-
sion zone (l ) [23, 27, 35]; t is the thickness of the gasket.

The maximum compressive strain (εu ) of the composite 
can be calculated by:
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2.3 Equilibrium equations
As shown in Fig. 2, the height of the composite compres-
sion zone (l ) is discretized into n equal sections, and the 
strains at the two edges are expressed as εe1 and εe2. Based 
on the linear strain distribution in Fig. 2, the strain in the 
center of each section i can be obtained by:
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The stress of each section i (σi ) can be given by the 
stress-strain behavior of the composite material.
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For the joint, from the equilibrium condition of force 
and moment we have:
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According to the joint deformation in Fig. 2, the follow-
ing formula can be obtained:
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where Δb is the joint opening at the bolt. As shown in 
Eq. (5), the bolt force (Fb ) can be calculated by:
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where lb is the length of the bolt; Ab is the cross-sectional 
area of the bolt.

Based on the above equations, εe1 and εe2 can be calcu-
lated, and the joint rotation angle can be obtained by:

�
� �

�
�2 2

1 2e c e cl l
l

.  (17)

Since the concrete contact force at the joint edge is not 
considered in this study, the joint deformation at the com-
pression edge should meet the following conditions:
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where Δe is the joint deformation at the compression side 
for the sagging moment scenario, ∆e

0  is the beginning gap 
between the two concrete sections at the outside edge, 
Δi is the joint deformation at the compression edge for the 
hogging moment scenario, and ∆i

0  is the beginning gaps 
between the two concrete sections at the inside edge.

2.4 Verification of the analytical model
2.4.1 Bending test of the segmental joint
As presented in Fig. 3, bending tests of segmented 
joints were carried out using two connected curved seg-
ments [37]. Roller support and fixed support are positioned 
on the left and right ends of the connected segments, 

respectively. During the loading process, the eccentric-
ity (e) is fixed to 100 mm, the horizontal loads ( N  ) and 
vertical loads ( P ) increase gradually, and joint deforma-
tions are observed.

The joint rotation angle (θ ) illustrated in Fig. 4 can be 
calculated by Eq. (20). The rotational stiffness of the joint 
can be thought of as the slope of the joint rotation angle 
versus the bending moment curve.

The joint rotation angle (θ ) illustrated in Fig. 4 can be 
calculated by Eq. (20). The rotational stiffness of the joint 
can be thought of as the slope of the joint rotation angle 
versus the bending moment curve:

Fig. 2 Modeling approach

Fig. 3 Sketch view of the bending test

Fig. 4 Sketch view of the joint rotation angle
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where δ1 and δ2 are the averaged deformation at the open-
ing and compression sides, respectively, and H is the thick-
ness of the segment.

2.4.2 Comparison between the analytical results and 
experimental results
The dimensions and materials related to the segmental 
joint in the experiment are listed as follows:

1. Segment and joint: B = 1200 mm, H = 300 mm, 
ha = 80 mm, hb = 120 mm, hc = 40 mm, l = 180 mm;

2. Concrete: type C50, fc = 32.4 MPa;
3. Bolt: Eb = 210 GPa, fb = 640 MPa, Lb = 431 mm, 

Ab = 452.2 mm2, n = 2, F0 = 20 kN;
4. Elastic gasket: Ee = 2480 MPa; β = 1.67; t = 4 mm for 

the sagging moment scenario; t = 6 mm for the hog-
ging moment scenario.

The stress and strain of the concrete-gasket-concrete 
composite material in the analytical model can be calcu-
lated using Eqs. (7) and (8). As presented in Fig. 5, it is 
obvious that the composite is much softer than the con-
crete. That means the elastic gaskets have a significant 
effect of softening the joint, and with the increase of the 
gasket thickness, this effect tends to be more obvious. 
Therefore, the elastic gasket, which is an important part 
of the joint, should be reflected in the calculation of the 
rotational stiffness.

Applying an axial force to the joint, the rotation angle 
of joint can be estimated using proposed analytical model. 
According to the analytical results in Fig. 6, in the condition 
that the eccentricity (e) is fixed to 100 mm, with the axial 
force increasing constantly, the joint rotation angles for the 
sagging moment scenario and hogging moment scenario 
both tend to increase obviously. The experimental results 

are also presented in Fig. 6 for comparison. According to 
the comparison, the curves from the proposed analytical 
model are well consistent with that from the experimen-
tal results, and the proposed analytical model for the joint 
rotation stiffness is verified.

3 Segmental tunnel lining behavior
3.1 Study case of the Yellow River Crossing Tunnel
To investigate the behavior of the segmental lining, 
the Yellow River Crossing Tunnel is studied as a case. 
As shown in Fig. 7 (a), one segment ring of the lining 
consists of 7 segments. The segment external radius is 
4350 mm, the internal radius is 3950 mm, and the width is 
1600 mm. To strictly control the tunnel deformation, pre-
poured sections are quickly installed in designated loca-
tions to resist possible earth and external water pressures 
after excavation. The loads of the normal operation con-
dition are presented in Fig. 7 (b), and the external water 
pressure in the tunnel center is 0.32 MPa.

The dimensions and materials related to the segmental 
joint of the lining are listed as follows:

Fig. 5 Stress-strain behavior for the composite

Fig. 6 Comparison between analytical results and experimental results; 
(a) Sagging moment scenario; (b) Hogging moment scenario

(a)

(b)
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1. Segment and joint: B = 1600 mm, H = 400 mm, 
ha = 104 mm, hb = 150 mm, hc = 25 mm, l = 271 mm;

2. Concrete: type C50, fc = 32.4 MPa;
3. Bolt: Eb = 210 GPa, fb = 480 MPa, Lb = 600 mm, 

Ab = 706.5 mm2, n = 4, F0 = 100 kN;
4. Elastic gasket: Ee = 378.39 MPa; β = 3.0892; 

t = 1.5 mm.

3.2 Numerical model of the segmental lining
As shown in Fig. 8, a 2D beam-spring numerical model 
is established for the segmental lining. The segment is 

modeled by the beam element, and the joint is modeled 
by a set composed of a rotational spring (Kro ), an axial 
spring (Kne ), and two radial springs (Kre and Krb ). 
The ground-structure interaction is modeled by two 
springs: one normal spring ( Kn ) and one shear spring ( Ks ). 
Normal springs can withstand compressive loads, not ten-
sile loads are introduced in the model to capture the 
ground-structure interaction.

For the ground-structure interaction springs, the stiff-
nesses can be calculated by the following equations [38–40]:

K E
R

An s�
�� �1 �

,  (21)

K Ks n=
1

3
,  (22)

where E is the soil elastic modulus; R is the tunnel radius; 
μ is the Poisson ratio; As is the area corresponding to a sin-
gle spring.

For the segmental joint springs, the axial spring ( Kne ) 
represents the compression effect of the elastic gasket, and 
the spring stiffness can be obtained by Eq. (6). The radial 
spring ( Kre ) represents the shear effect of the elastic gasket. 
The shear stress versus shear strain relationship (τe( γe )) of 
the elastic gasket is given by the experimental results [32], 
and the spring stiffness can be obtained by:

F Are e e e� � ��� � ,  (23)

� e
reD
t

� ,  (24)

Fig. 7 Segmental ling of the Yellow River Crossing Tunnel; 
(a) Segments arrangement; (b) Loading condition

(a)

(b)

Fig. 8 Beam-spring numerical model of the segmental lining
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where Fre is the spring force; τe indicates the shear stress 
of the elastic gasket; γe denotes the shear strain of the elas-
tic gasket; Ae is the shear area of the elastic gasket; Dre is 
spring shear deformation.

The radial spring ( Krb ) represents the shear effect of the 
bolt, and the spring stiffness can be obtained by:

F nG D
l
Arb b

rb

b
b= ,  (25)

where Frb is the spring force; Gb is the bolt shear modulus; 
Drb is the spring shear deformation.

The rotational spring ( Kro ) represents the rotational 
behavior of the segmental joint, and the spring stiffness can 
be calculated by the proposed analytical model in Section 2. 
To calculate the rotational stiffnesses of the joints sub-
jected to different axial forces, a continuous beam model 
is established for the segmental lining, and the force and 
moment corresponding to the joint positions are estimated. 
According to the estimation, the axial forces of the joints 
①, ③, ④ and ⑦ are about 3000 kN, and these joints 
are subjected to sagging moments. The axial forces of the 
joints ⑤ and ⑥ are about 3200 kN, the axial force of the 
joint ② is about 3500 kN, and these joints are subjected 
to hogging moments. Besides, the estimated maximum 
sagging moment of the lining does not exceed 300 kN m, 
and the estimated maximum hogging moment of the lining 
does not exceed 400 kN m. It can be seen from Fig. 9 that 
the rotational stiffness of each joint is the slope of the joint 
rotation angle versus the bending moment curve.

3.3 Results and discussion
The axial forces, bending moments and deformations of 
the segmental lining calculated by the beam-spring model 
and continuous beam model are presented in Fig. 10. 
Fig. 10 (a) indicates that the joint has limited influence 
on the axial force of the segmental lining. The differ-
ences of the calculated axial forces between the two mod-
els are within 3%. However, Fig. 10 (b) and Fig. 10 (c) 
indicate that the joint has a significant influence on the 
bending moments and deformations of the segmental lin-
ing. With the influence of the joint, the maximum sagging 
moment decreases by 70.4%, and the maximum hogging 
moment decreases by 23.5%. Referring to the code of 
shield tunneling method GB 50446-2017 [41], the defor-
mation degree of the lining can be characterized by ellip-
ticity (λe ) which can be calculated by:

�e
D D

D
�

�
max min ,  (26)

where D is the diameter of the undeformed lining; Dmax is 
the maximum diameter of the deformed lining; Dmin is the 
minimum diameter of the deformed lining. According to 
the deformation results, with the influence of the joint, the 
ellipticity increases by 51.6%.

3.4 Parametric study
3.4.1 Influence of the gasket thickness
Under the same load, the segmental lining bending 
moment and deformation vary with the change of elastic 
gasket thickness. To address this issue, we designed sev-
eral examples to calculate the bending moment and defor-
mation of the segmental lining with different gasket thick-
nesses of 1 mm, 1.5 mm and 2 mm. As shown in Fig. 12, 
with the increase of the gasket thickness from 1 mm to 
2 mm, the maximum sagging moment decreases by 20.1%, 
the maximum hogging moment decreases by 14.9%, and 
the ellipticity increases by 11.8%.

According to Eqs. (7) and (8), the gasket thickness 
affects the constitutive relation of the concrete-gas-
ket-concrete composite material directly. Since the con-
crete-gasket-concrete composite is the important bearing 

Fig. 9 Variation of the joint rotation angle with bending moment; 
(a) Sagging moment scenario; (b) Hogging moment scenario

(a)

(b)
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structure for the segmental joint, the physical mechanism 
of elastic gasket thickness effect on segmental liner per-
formance requires to be revealed. Figs. 5 and 12 manifest 

that the elastic gaskets can soften the joint, i.e., reduction 
in the stiffness of the joints. With the increase of the gas-
ket thickness, this softening tends to be more obvious, and 
the bending capacity of the segmental lining is decreased, 

Fig. 10 Comparison between the beam-spring model results and 
continuous beam model results; (a) Axial force; (b) Bending moment; 

(c) Deformation

(a)

(b)

(c)

Fig. 11 Sketch view of the lining deformation

(a)

(b)

Fig. 12 Variations of the bending moment and deformation with the 
gasket thickness; (a) Bending moment; (b) Deformation
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which leads to decreased bending moments and increased 
deformations for the segmental lining.

3.4.2 Influence of the gasket hardness
According to some experimental results, the constitutive 
model of the elastic gasket is complex and diverse [32–34]. 
The bending moments and the deformations of the seg-
mental lining with different gasket hardness of hard 
� �e e�� �1892 0

3 1
. ,

.  moderate � �e e�� �378 4
3 1

. ,
.  soft 

� �e e�� �75 7
3 1

.
.  are calculated to investigate the impact of 

the elastic gasket hardness on the segmental lining perfor-
mance. Fig. 13 indicates that, with the decrease of the gasket 
hardness from hard to soft, the maximum sagging moment 
decreases by 29.8%, the maximum hogging moment 
decreases by 22.5%, and the ellipticity increases by 20.3%.

As shown in Fig. 1, the gasket and concrete together 
form the load-bearing structure of the joint. Therefore, 
the change in gasket hardness directly affects the stress 
and deformation of the concrete-gasket-concrete com-
posite. This variation in the stress-strain relationship of 
the composite further produces different segmental lining 
behaviors. Similarly, with the decrease of the gasket hard-
ness, this softening effect of the gasket on the segmental 
joint tends to be more obvious, and the bending capacity of 
the segmental lining is decreased, which leads the bend-
ing moments to be decreased and the deformations to be 
increased for the segmental lining.

3.4.3 Influence of the bolt pretightening force
To investigate the influence of the bolt pretightening 
force (F0 ) on the segmental lining behavior, the bending 
moments and the deformations of the segmental lining with 
different bolt pretightening forces of 0 kN, 50 kN, 100 kN 
and 150 kN are calculated. As presented in Fig. 14, with 
the increase of the pretightening force from 0 to 150 kN, 
the maximum sagging moment increases by 19.6%, the 
maximum hogging moment increases by 10.1%, and the 
ellipticity decreases by only 4.4%.

Fig. 14 indicates that, with the increase of the bolt pre-
tightening force, the bending capacity of the segmen-
tal lining is improved, which leads to increased bending 
moments and decreased deformations for the segmental 
lining. However, compared with the axial force of the seg-
mental joint and the resultant force of the concrete-gas-
ket-concrete composite, the bolt pretightening force is 
much smaller. Therefore, according to Eqs. (12) and (13), 
the bolt pretightening force can affect the lining behav-
ior but only to a certain extent, especially for the lining 

deformation which is rarely influenced by the bolt pre-
tightening force.

3.4.4 Influence of the bolt type
The bending moments and the deformations of the segmen-
tal lining with different bolt types of M27 (Ab = 572.3 mm2), 
M30 (Ab = 706.5 mm2), M33 (Ab = 854.9 mm2) and 
M36 (Ab = 1017.4 mm2) are calculated to investigate the 
influence of the bolt type on the segmental lining behavior. 
As shown in Fig. 15, with the increase of the bolt cross-sec-
tional area from 572.3 mm2 to 1017.4 mm2, the maximum 
sagging moment increases by only 3.2%, the maximum 

Fig. 13 Variations of the bending moment and deformation with the 
gasket hardness; (a) Bending moment; (b) Deformation

(a)

(b)
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hogging moment increases by only 3.6%, and the elliptic-
ity decreases by only 1.4%.

As shown in Fig. 15, with the increase of the bolt 
cross-sectional area, the bending moments go up, and 
the deformations decline, which implies that the bending 
capacity of the segmental lining improved. However, since 
the joint opening is very small when the lining is subject to 
the routine loads, the bolts are not significantly tensioned. 
Compared with the axial force of the segmental joint and 
the resultant force of the concrete-gasket-concrete com-
posite, the bolt force is much smaller. Therefore, the 
increase of the bolt cross-sectional area can improve the 

bending capacity of the segmental lining only to a certain 
extent. However, the enhancement in the bending capacity 
can largely be ignored, for the reason that the increased 
maximum bending moments and the decreased ellipticity 
are all within 4%.

4 Conclusions
An improved analytical model that incorporates the effect 
of the concrete and gaskets is proposed in this research 
for the segmental joint rotational behavior. Based on the 
rotational stiffness calculated by the analytical model, 
a beam-spring numerical model is established for the seg-
mental lining to investigate the influence of the joint on 

Fig. 14 Variations of the bending moment and deformation with the bolt 
pretightening forces; (a) Bending moment; (b) Deformation

(a)

(b) Fig. 15 Variations of the bending moment and deformation with the bolt 
cross-sectional area; (a) Bending moment; (b) Deformation

(a)

(b)
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the segmental lining behavior, and the following conclu-
sions can be drawn.

The concrete-gasket-concrete composite acting as 
a primary load-bearing structure is common in segmen-
tal joints with gaskets. The proposed analytical model for 
the segmental joint, which is verified by the experimental 
results, can take the combined work of the concrete and 
gasket into consideration, and the complex nonlinear char-
acteristic of the joint rotational stiffnesses can be calcu-
lated. It is a simplified and feasible method to figure up the 
rotational stiffness of the concrete-gasket-concrete com-
posite in the segmental joint.

The elastic gasket located between the concrete struc-
tures has a significant effect of softening the segmental 
joint, and with the increase of the gasket thickness, this 
effect tends to be more obvious. Since it plays an import-
ant role in the joint rotational behavior, it should not be 
neglected during the design of the segmental joint, includ-
ing calculating the joint rotational stiffnesses and analyz-
ing the influence of the joint component on the segmental 
lining performance.

Based on the analytical model for the joint, the joint 
rotational stiffnesses can be obtained and simulated by the 
rotational spring of the beam-spring model established 
for the segmental lining. The numerical results indicate 
that the joint has a small influence on the axial forces of 
the segmental lining but significantly affects the bending 
moments and deformations of the segmental lining. With 
the influence of the joint, the maximum sagging moment 
decreases by 70.4%, the maximum hogging moment 
decreases by 23.5%, and the ellipticity increases by 51.6%.

With the increase of the gasket thickness from 1 mm to 
2 mm, the maximum sagging moment decreases by 20.1%, 
the maximum hogging moment decreases by 14.9%, and 
the ellipticity increases by 11.8%. With the decrease of 

the gasket hardness from hard � �e e�� �1892 0
3 1

.
.  to soft 

� �e e�� �75 7
3 1

. ,
.  the maximum sagging moment decreases 

by 29.8%, the maximum hogging moment decreases by 
22.5%, and the ellipticity increases by 20.3%. Therefore, 
the gasket has a significant influence on the segmental lin-
ing behavior. With the increase of the gasket thickness or 
the decrease of the gasket hardness, the bending capacity 
of the segmental lining is decreased obviously.

When the pretightening force rises from 0 to 150 kN, the 
maximum sagging moment increases by 19.6%, the maxi-
mum hogging moment increases by 10.1%, and the ellip-
ticity decreases by only 4.4%. As the bolt cross-sectional 
area changes from 572.3 mm2 to 1017.4 mm2, the maxi-
mum sagging moment increases by only 3.2%, the max-
imum hogging moment increases by only 3.6%, and the 
ellipticity decreases by only 1.4%. Therefore, the increase 
of the bolt pretightening force and the bolt cross-sectional 
area can improve the bending capacity of the segmental 
lining only to a certain extent. However, this improve-
ment can even be neglected because the decreased ellip-
ticity of the segmental lining caused by the increase of the 
bolt pretightening force and the bolt cross-sectional area 
are both within only 5%.

In sum, for the segmental lining under normal operation 
conditions, the joint elastic gasket has an even greater impact 
than the bolt on the lining bending capacity, and the com-
bined effect of the concrete and gasket should be fully taken 
into account during the calculation of the joint rotational 
stiffness and analysis of the overall lining performance.
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