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Abstract: To fully consider the effect of elastic gasket (EG) on the segmental joint rotational behavior,
an improved analytical approach is proposed to simulate the joint rotations and obtain the rotational
stiffnesses. By comparing the analytical results with the experimental results and numerical results,
the joint compression zone should be simulated by the concrete-EG—concrete (CGC) model instead of
rigid—-EG-rigid (RGR) model or concrete—concrete (CC) model. Since the analytical approach with the
CGC model can simulate the combined work of EG and concrete well, it is a more effective approach
to obtain the joint rotational stiffnesses. According to these analytical results, the EG has a great
impact on softening the joint rotations, and this leads the rotational stiffnesses of the joint with EG
to be evidently smaller than those of the joint without EG. In addition, with decreasing the axial
force or increasing the EG thickness, this softening effect tends to be more obvious. Therefore, the EG
is a significant factor which should be fully considered during the theoretical analysis for the joint
rotation behavior, or it may lead to an unreliable design for the segmental lining.

Keywords: shield tunnel; segmental joint; rotational behavior; elastic gasket; analytical approach;
finite element model

1. Introduction

For the traffic, municipal, and water-conservancy projects extensively constructed
throughout the world in recent decades, the shield method has been widely used in tunnel
engineering. For the segmental lining, which is adapted for shield tunnels, the segmental
joint is an important structure determining the bearing performance of the lining. As shown
in Figure 1, the joint connects the adjacent segments with bolts, sealing gasket (SG), elastic
gasket (EG), etc. Whether there is an EG is an important characteristic to distinguish the
structure types of the segmental joints. For the segmental joint with EG, the EG packed
in the joint can enhance the anti-seepage, alleviate the stress concentration, improve the
flatness of the contact surface, etc. [1-3].
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Figure 1. Joint types: (a) joint without EG and (b) joint with EG.
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The segmental joint is an important factor which can evidently affect the bearing
performance of the whole lining. The mechanical mechanisms of the segmental joint are
commonly described by three kinds of stiffnesses, which are rotational stiffness, axial
stiffness, and shear stiffness in some analytical and numerical researches [4,5]. Since
the axial stiffness and shear stiffness contribute little to the bearing performance of the
segmental joint, they can be simplified or even ignored in structural analyses [6]. However,
for the rotational stiffness, some numerical simulations [6] and experimental results [7]
reveal that it can make a great contribution to the bearing performance of segmental
joint; it is a key parameter to be considered in the structural design for the segmental
lining [8]. Therefore, in recent years, an enormous amount of research effort goes into the
joint rotations from the aspects of experimental test, numerical simulation, and theoretical
analysis. These researches indicate that the joint rotations are very complex, and the joint
rotational stiffnesses present obvious nonlinear characteristics with the influences of the
complexity and diversity of segment joint types, structural dimensions, involved materials,
and environmental conditions [9-12].

To calculate the joint rotation stiffness accurately, some analytical approaches are pro-
posed for the segmental joints. As presented in Figure 2, in these approaches, the stresses of
the bolt and SG are commonly assumed to be concentrated forces (F, and F;), and the stress
distribution of the joint compression zone is assumed to be some simplified shapes to calcu-
late the resultant force (F;). Then, according to the equilibrium conditions of the joint axial
force and bending moment, the joint rotational stiffnesses can be calculated. Obviously, an
appropriate simplification of the stress distribution shape is the key to these approaches.
For the joint without EG, as presented in Figure 2a, the concrete stress distribution can
be assumed to be triangular, rectangular, trapezoidal, parabola, etc. [9,13-18]. The above
approaches are also sometimes used for the joint with EG, while the influence of the EG is
ignored in these cases. To take account of the EG, as presented in Figure 2b, the existing
analytical approaches for the joint with EG are mainly based on the assumption that the
concrete is much more rigid than EG, and the deformations of EG are much greater than
those of the concrete. Therefore, only the compressive strains of EG are taken into consider-
ation, while the compressive strains of the concrete attached to the EG are neglected [19-24].
In sum, this assumption only considers the stress generated by the compression of the
EG instead of the concrete-EG—concrete composite structure. However, according to the
constitutive model of EG, the rigidity of EG tends to be increased rapidly with increasing
the compressive stress, and the EG can no longer be considered as a flexible material in
this condition [16,25,26]. This leads to the result that, when the joints are subjected to large
loads, the joint rotational stiffnesses calculated by the analytical approaches cannot coincide
well with the numerical results [22-24]. Therefore, the deformations of the EG and the
attached concrete should be both taken into consideration in the analytical approach to
calculate the joint rotational stiffness.
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Figure 2. Analytical approaches for the segmental joints: (a) joint without EG and (b) joint with EG.
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This study aims to propose an improved analytical approach for the joint rotational
behavior with fully consideration of the combined work of EG and concrete. To verify the
proposed approach, the analytical results are compared with the experimental results and
numerical results. Based on the analytical results, the bearing behavior of the segmental
joint with EG is analyzed and compared with that of the segmental joint without EG, and
the effect of EG on the joint bearing performance is clarified.

2. Analytical Approach for the Joint Rotational Behavior
2.1. Modeling Assumptions

Figure 3 presents the details of a typical segmental joint which is equipped with bolts,
EG and SG. According to the condition of the stress transmission, the segmental joint can be
classified as a few columnar functional zones. In most cases, the external or internal sides
of joints can hardly be compressed in the vast majority of cases, unless the joint is subject to
excessive loads [9,13,27]. Therefore, the functional zones at the external and internal edges
can be assumed to be separate zones when the joint is subject to routine loads. In addition,
since the SG stiffness is much smaller than that of the concrete and EG, the joint rotational
stiffness is rarely influenced by the SG [9,25], and the SG transfer zone can be assumed to
be merged into the separation zone. Therefore, the most significant bearing structures of
the joint are the bolt and EG transfer zone. As shown in Figure 3b, the bolt is assumed to
be a spring that can only be compressed, but not tensioned, and the EG transfer zone is
assumed to be a concrete-EG—concrete composite columnar.
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Figure 3. Modeling assumptions: (a) segment, (b) joint details, and (c) assumptions.
2.2. Materials
2.2.1. Concrete

A multilinear isotropic hardening behavior is adopted for concrete. Its stress—strain
relationship can be described as follows [28]:

n
_ _ &

o = { fc(l (1 eo) ) (ec < €0) 1)

fc (50 <e < Scu)

1

n=2— = (fux —50) <20 @)
e = 0.002 4 0.5 x (fcu,k — 50) x 1072 < 0.002 3)
ey = 0.0033 — (fcu,k — 50) x 107 < 0.0033 4)

where o is the compressive stress in the concrete, € is the strain at the compressive strength
(fo) of the concrete, f,, x denotes the characteristic value of the concrete compressive strength,
and &, indicates the maximum compressive strain of the concrete.
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2.2.2. Bolt

The stress—strain behavior of the bolts is simplified to a bilinear kinematic hardening
model with 1% strain hardening after yielding (E; = 0.01E;,), where E;, and E; are the
elastic modulus and plastic modulus, respectively. According to the following equations,
the stress—strain relationship can be obtained.

_ Epey <€b<8/b)
% {fh+E2(€b—€’b) (e > €)) ©)

where 0}, and f;, are the stress and yield stress of the bolt, respectively.

2.2.3. Gasket

The constitutive model of the EG can be given by using the following equation [16,26],
and the parameter in the equation can be calibrated by the compressive test of the EG.

O = Eeeeﬁ (6)

where 0, is the EG compressive stress, ¢, is the EG strain, E, is the similar elastic module,
and B is a nonlinear index number.

2.2.4. Composite
e  Concrete—-EG—concrete (CGC) model

According to the material models of concrete and EG, the stress—strain relationship of the
concrete-EG—concrete composite material can be obtained by using the following equations:

o(e) = oc(ec) = oe(ee) ()
2¢ecl. + eot
T ®)

where o (¢) is the composite stress; ¢ is the composite strain; as presented in Figure 3c, I,
is the depth of the composite compression zone and roughly equal to the height of the
compression zone () [9,13,27]; and t is the EG thickness.

The maximum compressive strain (g,) of the composite can be calculated as follows:

. 2eculc + eect

&y = 20+t )

o Rigid-EG-rigid (RGR) model

Some existing analytical approaches for the segmental joint with EG are mainly pro-
posed based on the assumption that the concrete is much more rigid than the EG. For this
assumption, only the compressive strains of the EG are taken into concertation, and the
compressive strains of concrete attached to the EG are neglected. Therefore, the composite
in Figure 3c can be considered as a rigid—EG-rigid (RGR) model, for which the concrete
strain is approximately equal to zero. According to Equation (8), the strain of the composite

can be presented as follows:
gt
€= 2l +t (19

e  Concrete—concrete (CC) model

For the segmental joint with EG, if the influence of the EG is neglected, it is regarded
as the same as the joint without EG. Therefore, the composite in Figure 3¢ can be considered
as a concrete—concrete (CC) model. In fact, this model is just a special case of the CGC
model, and the thickness of the EG (t) in Equation (8) is equal to zero.
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2.3. Equilibrium Equations

As shown in Figure 4, the height of the composite compression zone (J) is evenly
divided into n sections, and the strains at the two edges are expressed as ¢,1 and &.;. Since
the composite strain distribution presents linear characteristics, the strain in the center of
each section i can be obtained as follows:

€ — & .
& = €0 + %(z —0.5) (11)
3 ‘ le ‘ le ‘
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Figure 4. Modeling approach.

The stress of each section 7 (¢;) can be given by the stress—strain relationship of the

composite material.
_J0 (e <0)
U’_{ o) (0<ée <ew) (12)

According to the equilibrium condition of the joint axial force and bending moment,
we obtain the following:

i (0’{?}) —nkF,—N=0 (13)

i=1

é(mil((b+c12{>i(i0.5)>>+an(I;hb)M:0 (14)

From the joint deformation distribution presented in Figure 4, the following equation

is obtained:
2¢e,11lc — 2exl, . 2e,11c + Ay

where A is the joint deformation at the bolt position. As shown in Equation (5), the bolt
force (F) can be calculated by using the following:

(15)

Ay
= 1
& =T, (16)
Fb = FO + AbU'b (17)

where Lj, is the effective length of the bolt, and A is the cross-sectional area of each bolt.
Based on the above equations, €1 and & can be calculated. Then the joint rotation
angle can be presented as the following equation:

_ 2eale — 20l

f I

(18)
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Since the concrete contact force at the joint edge was not considered in this study, the
joint deformation at the compression edge should meet the following conditions:

Ao = 2¢011c + 0hy < A? (19)

Ae = 2eplc + 0hy < A (20)

where A, is the joint deformation at the compression side for the sagging moment scenario,
A? is the initial gap between the two concrete segments at outside edges, A; is the joint
deformation at the compression edge for the hogging moment scenario, and AY is the initial
gap between the two concrete segments at the inside edges.

3. Validations of the Analytical Approach
3.1. Experimental Bending Tests

As presented in Figure 5, experimental bending tests of segmented joints were carried
out by using two connected curved segments [29]. The horizontal loads (N) were applied
by the MTS actuator, and vertical loads (P) were applied by the hydraulic jack. A roller
support was positioned on the left end of the experimental structure, and a fixed support
was positioned on the right. During the loading process, the eccentricity (e) was fixed to
150 mm, N increased gradually, and the corresponding P was calculated by the moment
equilibrium of the joint.

Reaction frame

Vertical loading

['S actuator

Reaction

pedestal

s /

Figure 5. Sketch view of the test setup [29].

The joint deformations are observed. The joint rotation angle () is illustrated in
Figure 6, and it can be calculated by using Equation (21). According to Equation (23), the
rotational stiffness (Ky) of the joint can be obtained by using the curve of the slope of the
joint rotation angle () versus the bending moment (M).

01—

o= 1)

M = Ne 22)
M

Ky = 7 (23)

where J1 is the averaged deformation at the opening edge, J; is the averaged deformation
at the compression edges, and H is the segment thickness.
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Figure 6. Sketch view of the joint rotation angle.

For the segmental joint of the experimental structure, the related dimensions and
materials are listed as the following.

Segment and joint: B = 1200 mm, H = 300 mm, k, = 80 mm, /i, = 120 mm, /i, = 40 mm,
[ =180 mm, Ag =4 mm, and A? =10 mm.

e  Concrete: Type C50, and f; = 32.4 MPa.

e Bolt: n=2,E, =210 GPa, L, =431 mm, A, = 452.2 mm?, Fy = 20 kN, and f, = 640 MPa.
EG: E, = 2480 MPa, = 1.67, t = 4 mm in the sagging-moment scenario, and t = 6 mm
in the hogging-moment scenario.

3.2. Numerical Bending Tests

A three-dimensional (3D) numerical model was established for the experimental struc-
ture to reproduce the experimental bending tests. As presented in Figure 7, the numerical
model of the joint with EG was established by using the software ANSYS. The concrete was
simulated by using SOLID 65 elements. The bolt and SG were simulated by using SOLID
45 elements. The EG was simulated by using 3D interface elements (INTER 195), which
can only be compressed in the normal direction. The contact interactions, including the
interaction between the concrete and bolt, the interaction between the concrete and SG,
and the interaction between the segment edges, were simulated by using “face-to-face”
contacts. In most cases, the concrete friction coefficients ranged from 0.2 to 0.5 [30,31], and
an average value of 0.35 was adopted in the simulation. As shown in Figure 7, to optimize
the number of elements, only the elements near the joint were refined. The whole numerical
model contains 203,912 elements and 43,148 nodes. To improve the convergence capability,
the sparse direct solver was used for these nonlinear problems, and the maximum number
of equilibrium iterations of each sub-step was increased to some extent.

Furthermore, a 3D numerical model for the segmental joint without EG was established
for supplementary bending tests. The numerical model of the concrete, bolts, and SG is
exactly the same as the model of the segmental joint with EG. The only differences are that
it does not contain EG, and the corresponding concrete is compressed by contacts during
the loading process.



Appl. Sci. 2022,12,1512 8 of 15

Sealing gasket

Elastic gasket g

Figure 7. Numerical model of the segmental joint with EG.

3.3. Comparison and Validation
3.3.1. Joint with Elastic Gasket

For the joint with EG, the stress—strain relationship of the CGC composite mate-
rial in the analytical approach can be calculated by using Equations (7) and (8), and
the stress—strain relationship of the RGR composite material can be calculated by using
Equations (7), (8) and (10). If the influence of the EG is ignored, the stress—strain relation-
ship of the composite material can be simplified as the CC model, which can be calculated
directly by Equation (1). As presented in Figure 8, it is obvious that the CGC compos-
ite material is much softer than the CC material. That means the EG can have an effect
on softening the joint, and by increasing the EG thickness, this effect tends to be more
obvious. However, if the composite is simulated by the RGR model, the equivalent com-
pression stiffness of the composite increases rapidly by increasing the compressive stress,
and this is obviously inconsistent with the actual situation. Therefore, the EG, which is
an important part of the joint, should be properly reflected in the calculation of the joint
rotational stiffness.
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Figure 8. Stress—strain relationship of the composite.
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By applying an axial force to the joint, the rotation angle of the joint can be esti-
mated by using the proposed analytical approach. According to the analytical results in
Figures 9 and 10, in the condition that the eccentricity (¢) remains at 150 mm, with increas-
ing the axial force constantly, the joint rotation angles tend to increase obviously in both
the sagging-moment scenario and hogging-moment scenario. The experimental results and
numerical results are also presented in Figures 9 and 10. It can be seen that the differences
between most of the numerical results and the corresponding experimental results are
within 10%, which validates the reliability of the numerical simulations. According to the
comparison, the curves from the analytical approach with the CGC model agree well with
those from the experimental tests, for which the differences are within 13%. However, by
increasing the axial force, the rotation angles calculated by the analytical approach with the
RGR model tend to be much smaller than the experimental results; especially when the
axial force increases to more than 500 kNN, the maximum difference exceeds 20%. Therefore,
the proposed analytical approach with the CGC model is more suitable than the RGR model
for simulating the rotational behavior of the joint with EG.

0.022 ‘ ‘
—— Analytical result (CGC model) | ! !
0.018 F--- B T
— Analytical result (RGR model) | : : |
'g 0014 L--| —Numerical result G A
%’D —e— Experimental result : ‘
=] T T T T i
< 1
o 001 F------ ro----- Tomm Hileiite R s i e
2 ‘ ‘ ‘ ‘
8 : : ! !
© | | | |
B 0.006 |------tommmmmdemmmeedee e
0002 Lot Ll
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Figure 9. Results for the joint with EG in sagging-moment scenario.

0.012

001 b---- — Analytical result (CGC model)

—— Analytical result (RGR model)

= 0008 [---- . EEEEEEEEE am--- - Ar----o-
2 —— Numerical result i i
t/ 1 1
= 0006 |---- —e—Experimental result Loa =
g
=
2 YR (A A il ; ‘ ‘ S
g 0 : : : ‘ : ‘
S
22 i i i i i
0.002 |- P P - IR - mm e e e R 4memoee-
of e SR RS NS W N——
20.002 L i [ i [ N
-100 0 100 200 300 400 500 600 700

Axial force (kN)

Figure 10. Results for the joint with EG in hogging-moment scenario.

3.3.2. Joint without Elastic Gasket

For the joint without EG, the joint rotational behavior can be simulated by the proposed
analytical approach with CC model. It can also be considered as a special case of the
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analytical approach with CGC model, for which the thickness of EG (f) is equal to zero.
Using the analytical approach, the joint rotation angles are calculated when the joint is
subject to different axial forces in the sagging-moment scenario and hogging-moment
scenario. According to Figures 11 and 12, when the axial forces are smaller than 500 kN,
the curves from the analytical results with the CC model agree well with those from the
numerical results, and the differences are within 10%. It is noteworthy that, with the
increases of the axial forces, the differences between the analytical results and the numerical
results tend to be increased, and this is also available to the results of the joint with EG
(Figures 9 and 10). Presumably it is because the plane-strain conditions are assumed for the
proposed analytical approaches, leading to the avoidance of the three-dimensional effects.
However, since the maximum difference does not exceed 14%, the proposed analytical
approach can also be used to simulate the rotational behavior of the joint without EG.

0.018 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
—— Analytical result (CC model) : : : :
0.014 --- ERRRRREEE oo SEREEEE Fo-----
——Numerical result ! ! ! !
= ; ; ; 1
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=1 1 1 1
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= ‘ ; ;
= . 1 1
S 0.006 ‘ ; ‘
=] 1
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Axial force (kN)

Figure 11. Results for the joint without EG in sagging-moment scenario.
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Figure 12. Results for the joint without EG in hogging-moment scenario.
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4. Parametric Study

When the segmental lining is in normal operation condition, the axial forces carried by
the segmental joints are commonly stable. In this situation, according to Equation (23), the
joint rotational stiffnesses can be obtained by the slopes of the joint-rotation-angle-versus-
bending-moment curves when the joint is subject to a constant axial force. To compare the
rotational behaviors of the joint with EG and the joint without EG, some parametric studies
were performed by using the verified analytical approach, and the effect of the EG on the
joint rotational stiffness was further investigated.

4.1. Effect of the Axial Force

The axial force (N) is always an important factor affecting the joint rotational behav-
ior [6,9,32]. To investigate the effect of N on the rotational stiffnesses of the joint with EG
and the joint without EG, the joint-rotation-angle-versus-bending-moment relationships
with conditions that subject the joint to different axial forces are obtained. The joint-rotation-
angle-versus-sagging-moment relationships with the axial forces of 500, 1000 and 1500 kN
are presented in Figure 13. The joint-rotation-angle versus hogging-moment relationships
with axial forces of 500, 1000 and 1500 kN are presented in Figure 14. According to the
results in the two scenarios, by decreasing the axial force, the calculated rotation angles in
the condition of the same bending moment are increased significantly. Therefore, according
to Equation (23), the rotational stiffnesses of the two joints both tend to be significantly
decreased. Moreover, with the condition of the same axial force, since the EG can have an
effect on softening the joint rotational behavior, the average rotational stiffness of the joint
with EG is smaller than that of the joint without EG. Moreover, with decreasing the axial
force, the average distance between the rotation-angle-versus-bending-moment curves of
the two joints subject to the same bending moment is increased gradually, thus indicating
that the softening effect tends to be more significant.

0.03
0.026 L Joint with EG (N=500 kN)
R B BT EES Joint without EG (N=500 kN)
0022 L Joint with EG (N=1000 kN)
o T ] e Joint without EG (N=1000 kN)
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- ‘
g : ‘ ‘ ‘ ! :
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k=) : : : : : : :
5
B 001 b A Py A AN A
0~
1 T R S A f A S s IR
0.002 p---emedmmme e T __’_’_';"—'—"‘:'—:T ’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’
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Figure 13. Effect of N in sagging-moment scenario.
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Figure 14. Effect of N in hogging-moment scenario.

4.2. Effect of the EG Thickness

The effects of the EG thickness (f) on the joint rotational stiffnesses in the two scenarios
were investigated for when the joint is subject to a constant axial force of 1000 kN. The
joint-rotation-angle-versus-sagging-moment relationships with different thicknesses of
0 mm, 2 mm, 4 mm and 6 mm are presented in Figure 15. The joint-rotation-angle-versus-
hogging-moment relationships with different thicknesses of 0 mm, 2 mm, 4 mm and 6 mm
are presented in Figure 16. According to Figures 15 and 16, in both the two scenarios, when
the joint is subject to the same bending moment, the larger the EG thickness, the larger the
joint rotation angle, and the smaller the rotational stiffness. Therefore, with increasing EG
thickness, the effect of the EG on softening the joint rotational behavior tends to be more
obvious in the two scenarios.
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Figure 15. Effect of ¢ in sagging-moment scenario.
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Figure 16. Effect of ¢ in hogging-moment scenario.

5. Conclusions

An improved analytical approach was proposed to simulate the segmental joint ro-
tational behavior. The analytical results were compared with the experimental results
and the numerical results. Using the analytical approach, the rotational stiffnesses of the
joint with EG and the joint without EG were investigated, and the following conclusions
were obtained.

(1) For the joint with EG, to fully consider the combined work of EG and concrete,
the joint compression zone should be simulated by using the CGC model instead of the
RGR model or CC model. Therefore, the proposed analytical approach with CGC model,
which is verified by the experimental tests and numerical simulations, is a more effective
approach to obtain the rotational stiffness of the joint with EG. Meanwhile, the proposed
analytical approach with the CGC model can also be adapted to the joint without EG, since
it can be assumed to be a special case that the thickness of EG is equal to zero.

(2) The EG has a significant effect on softening the joint rotational behavior, which can
lead to the result that the average rotational stiffness of the joint with EG is evidently smaller
than that of the joint without EG. Moreover, by decreasing the axial force or increasing the
EG thickness, this softening effect tends to be more obvious. Therefore, there is a need to
fully take into account the influence of EG on the joint rotational stiffness during the design
of segment lining, or it will lead to larger designed joint rotational stiffness and potentially
dangerous situations
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