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Abstract

Detailed three-dimensional numerical models considering concrete indentation, bolts, elastic gasket (EG) and sealing gasket (SG) are 

established for the segmental joint with gaskets, and the load tests of the joints with EG and without EG are simulated and compared. 

The results reveal that the bearing performance of the joint with EG is very complex. In sagging moment scenarios, it can be divided 

into four stages by three key points “EG starts to open”, “joint external edge starts to contact” and “EG fully opened”. In hogging 

moment scenarios, it can be divided into three stages by two key points “SG opened” and “EG starts to open”. The EG has a significant 

effect on the joint bearing performance. It can soften the joint, which leads to the result that the average bending stiffness and 

ultimate bearing capacity of the joint with EG are evidently smaller and weaker than those of the joint without EG. With decreasing 

the joint axial force, this softening effect tends to be more obvious. Besides, for the two joints, the ultimate states of the joints subject 

to the bending moments are both that the concrete at the joint edges yields firstly, and it is necessary to protect or strengthen the 

corresponding concrete.
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1 Introduction
In recent years, with the massive construction of the inter-
basin and long-distance water diversion projects in China, 
the shield method has been widely used in hydraulic pres-
sure tunnels such as the water conveyance tunnel for the 
Qingcaosha Water Conveyance Project [1], the Yellow River 
Crossing Tunnel for the Middle Route of South-to-North 
Water Transfer Project [2], the water conveyance tunnel for 
the water allocation project in Pearl River Delta  [3], etc. 
The segmental lining, which is adapted for shield tunnels, 
generally consists of several segments connected by bolts, 
sealing gasket (SG), elastic gasket (EG), etc. Whether there 
are gaskets is an important characteristic to distinguish 
the structure types of the segmental joints. Unlike high-
way tunnels or railway tunnels, the segmental lining for 
the water conveyance tunnel needs to bear not only exter-
nal pressure but also internal water pressure. In addition, 
it also needs to ensure the quality and quantity of the con-
veyed water. Therefore, as shown in Fig. 1, several mate-
rials (e.g., SG and EG) are packed in the segmental joint 
to enhance the anti-seepage, alleviate the stress concentra-
tion, improve the flatness of the contact surface, etc. [4–6].

In some analytical and numerical researches, the bear-
ing performance of the segmental joint for a shield tunnel 
lining is commonly simulated by three kinds of stiffnesses, 
which are rotational stiffness, axial stiffness and shear stiff-
ness [7, 8]. Since the axial stiffness and shear stiffness con-
tribute little to the bearing performance of the segmental 
joint, they can be simplified or even ignored in structure 
analyses [9]. However, the rotational stiffness has a signif-
icant influence on the bearing performance of the segmen-
tal joint, and it is a key parameter to be considered in the 
structural design of the segmental lining [9, 10]. Therefore, 
in recent years, an enormous amount of research effort 
goes into the joint rotational stiffness from the aspects of 
experimental tests, numerical simulations and theoreti-
cal analyses. These researches indicate that the mechan-
ical behavior and bearing performance of the segmental 
joint subject to bending moments and axial forces are very 
complex, and the joint rotational stiffnesses present obvi-
ous nonlinear characteristics with the influences of the 
complexity and diversity of segment joint types, structural 
dimensions and involved materials [11–15].
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Currently, the existing experimental test and numeri-
cal simulation researches on the segmental joints mainly 
forced on the segmental joints without any EG. The bear-
ing performance of the segmental joint with EG has not 
been fully clarified, and the bearing performances of the 
joint with EG and the joint without EG have not been com-
pared in detail. Some relevant researches only reveal that 
the SG has a negligible influence on the joint bearing per-
formance [12, 14]. However, the influence of EG on the 
joint bearing performance has not been clarified. In terms 
of theoretical analyses, the existing analytical models for 
calculating the rotational stiffness of 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 that of the concrete. Therefore, only the com-
pressive strains of EG are taken into consideration, while 
the compressive strains of the concrete attached to the 
EG are neglected [16–19]. In sum, this assumption only 
takes into account the stress generated by the compres-
sion of the EG structure instead of the concrete-EG-con-
crete composite structure. However, according to the con-
stitutive model of EG, the rigidity of the EG tends to be 
increased rapidly with increasing the compressive stress, 
and the EG can no longer be considered as a flexible mate-
rial in this condition [20–22]. In view of the complexity of 
the EG materials, further studies will be needed to clarify 
the bearing performance of this segmental joint with fully 
consideration of the role of EG.

This study is absorbed in the bearing performance of 
the segmental joint with EG which is commonly used 
in the shield water conveyance tunnel. According to the 
detailed structural characteristics of the segmental joint 

with EG, a detailed three-dimensional (3D) finite element 
model considering the concrete indentation, bolt, SG and 
EG is established. Based on the numerical loading tests, 
the bearing performance 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 bearing perfor-
mance of the segmental joint is clarified.

2 Numerical models
2.1 Dimensions
The segmental joint with EG for the segmental lining of the 
Yellow River Crossing Tunnel is adopted as a case study, 
and its detailed structures and dimensions are presented in 
Fig. 2. The segment is made of C50 concrete and its yield 
strength is 32.4  MPa. The segment thickness is 0.4  m, 
and the width is 1.6 m. The segmental joint is formed by 
connecting adjacent segments using four M30 bolts with 
a yield strength of 420 MPa, and each bolt is applied with 
a pre-tightening force of 100 kN. A SG and a EG are packed 
in the segmental joint. The thickness of the EG is 1.5 mm. 
For the segmental joint without EG, the dimensions and 
materials of the concrete, bolts and SG are all the same as 
the segmental joint with EG, and the only difference is that 
it does not contain EG.

2.2 Materials
2.2.1 Concrete
A multilinear isotropic hardening material model and the 
von Mises yielding criterion are adapted for the concrete. 
The stress-strain relationship can be calculated by using 
the following equations [23]:

Fig. 1 Sketch of some segmental joints: (a) Joint of the Yellow River Crossing Tunnel; (b) Joint of the Qingcaosha water conveyance tunnel; 
(c) Joint of the of Shanghai Metro Line No. 13 tunnel
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where σc is the compressive stress; εc is the strain; Ec is the 
elastic modulus; and fc,r is the characteristic value of the 
axial compressive strength at the strain εc,r.

2.2.2 Bolt
A bilinear kinematic hardening material model is used for 
the bolt, and the stress-strain relationship can be calcu-
lated by using the following equations:
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where σb is the stress at any strain εb; Eb is the elastic mod-
ulus; Eb' is the plastic modulus which is considered as 
0.01 Eb; fb is the yield stress; and εb' is the yield strain.

2.2.3 Gasket
There are two gaskets involved in the segmental joint. 
The SG and EG are generally made of ethylene propylene 
diene monomer and nitrile butadiene rubber, respectively. 
According to the compressive experiments [20, 24], the 
material models of the two gaskets can be expressed as

Fs s s� �938 8 2623 2
2
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where Fs is the compressive force on the sealing gasket per 
meter (N); Δs is the compressive deformation of the sealing 
gasket (mm); σe is the compressive stress of the EG (MPa); 
and εe is the strain of the EG.

2.3 Detailed 3D numerical model
The 3D finite element analysis software ANSYS is used 
to establish detailed 3D finite element models for the seg-
mental joint with EG and the segmental joint without EG, 
respectively, as shown in Fig. 3. For the segmental joint 
with EG, 3D solid elements (SOLID 65) are used for the 
concrete, and 3D solid elements (SOLID 45) are used for 
the bolt and SG. The EG is simulated 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 inter-
action between the concrete and SG and the interaction 
between the segment edges are simulated by "face-to-
face" contact elements. In most cases, the concrete friction 
coefficients range from 0.2 to 0.5 [25, 26], and an average 
value of 0.35 is adopted in the simulation.

For the segmental joint without EG, the numerical 
model of the concrete, bolts and SG are exactly the same 
as the model of the segmental joint with EG. The only dif-
ference is that it does not contain EG, and the correspond-
ing concrete is compressed by contacts.

                                                (a)                                                                                                                      (b)
Fig. 2 Segmental joint with EG (mm): (a) Front view; (b) Bottom view (mm)
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3 Numerical loading tests
3.1 Test method
Loading tests performed by experimental or numerical meth-
ods are commonly used to obtain the rotational stiffness of 
the segmental joint. During the loading test, the curved seg-
ments can be replaced by the straight segments to simplify 
the tests and corresponding computations [11, 13, 27, 28]. 
The test scheme is presented in Fig. 4. A fixed support is 
positioned on the left end of the model, and a roller sup-
port is positioned on the right end. The joint axial forces 
are reproduced by the horizontal force (N), and the bending 
moments are reproduced by the vertical force (FM).

When the joint is subject to the axial force and bending 
moment, the joint rotates, which leads to the result that 
the joint internal edge or external edge is open (Fig. 5). 
In most loading tests for the segmental joint, the joint rota-
tion angles are calculated by monitoring the deformations 
of the joint external edges (points a and b) and joint inter-
nal edges (points c and d). For example, in the sagging 
moment scenario, the joint rotation angle can be obtained 
by the following equation:

� �
�S S
H

cd ab ,	 (8)

where θ is the joint rotation angle; Scd is the averaged 
deformation of the joint internal edges; Sab is the averaged 
deformation of the joint external edges; and H is the seg-
ment thickness.

However, the above calculation method of the joint rota-
tion angle is based on the assumption that the joint inter-
face is considered as a plane surface throughout the joint 
deformations. In these circumstances, the joint rotation 
angle calculated by Eq. (8) is smaller than the actual value.

Therefore, to reduce the errors of the calculation results, 
it is suggested to monitor the deformations of the joint cen-
tres (points e and f ) during the test, and the rotation angles 
of a segmental joint subject to sagging moment and hog-
ging moment can be calculated by Eq. (9) and Eq. (10), 
respectively. Then, according to the calculation results, 
the rotation angle versus the bending moment curves can 
be obtained. According to Eq. (11), the joint rotational 
stiffness (Kθ) can be obtained by the slope of the joint rota-
tion angle (θ) versus the bending moment (M) curve.

(a)                                                                                            (b)
Fig. 3 Detailed 3D finite element model of the segmental joint with EG: (a) Entirety; (b) Details

Fig. 4 Sketch of the bending test for the joint (mm)

Fig. 5 Sketch of the joint rotation angle
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where θs is the joint rotation angle corresponding to the 
sagging moment; θh is the joint rotation angle correspond-
ing to the hogging moment; Sef is the averaged deforma-
tion of the joint centres; and H is the segment thickness.

3.2 Loading 
Normally, when a segmental lining is subject to stable 
external or internal loads, the axial forces of these joints 
of the lining are more or less the same, while the bending 
moments are quite different. Therefore, the loading tests 
focus on the bearing performance of the segmental joint 
with a fixed axial force from the beginning of bending to 
the ultimate failure.

The loading process consists of the following three 
steps. For the first step, since the sealing gasket and elas-
tic gasket are compressed and deformed in the initial stage 
under the action of penetrating bolts, apply the pre-tight-
ening force to the bolt to simulate this state in this step. 
For the second step, by estimating the axial forces of the 
case studied lining under the actual conditions, the axial 
forces of the segments are about 2500 kN, and then apply 
the axial force (N) to the numerical models of the seg-
ments. For the third step, applying incremental vertical 
load (FM) to the segment by multiple substeps until the 
joint failure, and the vertical load of each substep is 20 kN.

3.3 Ultimate limit state
According to some experimental results, the joint is dam-
aged mainly because of the cracked concrete near the joint 
edges or the yield bolts [12, 13, 29, 30]. Therefore, in the 
numerical loading tests, the joint ultimate limit state is 
that either the concrete or the bolt begins to yield, and then 
the ultimate bearing capacities of the segmental joint with 
EG and the segmental joint without EG can be obtained, 
respectively.

4 Results and discussion
4.1 Sagging moment scenario
4.1.1 Segmental joint with EG
As seen from Figs. 6 to 8, according to the stress states of 
the concrete, SG and EG, the bearing performance of the 
segmental joint with EG can be divided into four stages by 
three key points "EG starts to open", "joint external edge 
starts to contact" and "EG fully opened" in the sagging 
moment scenario.

Stage 1: When M ≤ 120 kN·m, the SG and EG are in 
compressed states, and the concrete near the joint exter-
nal edge is not in contact. In this stage, there is no obvi-
ous deformation of the joint, and the joint rotation angles 
are much small. According to the relationship between the 
rotation angle and the sagging moment, the rotation stiff-
ness of the joint in this stage is relatively large.

Stage 2: When 120 kN·m < M ≤ 280 kN·m, the SG is 
compressed, and the concrete near the joint external edge 
is not in contact. However, the EG starts to open from its 
internal edge, and with increasing the sagging moment, 
the joint opening tends to be obvious. According to the 
relationship between the rotation angle and the sagging 

(a)                                                           (b)                                                           (c)                                                           (d)
Fig. 6 Deformations of the segmental joint with EG in sagging moment scenario; (a) Stage 1, (b) Stage 2, (c) Stage 3, (d) Stage 4
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moment, with increasing the sagging moment, the joint 
rotation stiffness is decreased gradually, and resulting in 
an obvious increase of the joint rotation angle.

Stage 3: When 280 kN·m < M ≤ 540 kN·m, the SG 
is compressed, and the EG is still partially compressed. 
While, in this stage, the concrete at the joint external edge 
starts to contact, and the concrete gradually yields from the 
external to internal with increasing the sagging moment. 
According to the relationship between the rotation angle 
and the sagging moment, the joint rotation stiffnesses in 
this stage are noticeably larger than those in the previous 
stage. It is because the concrete contact stresses begin to 
contribute to the restriction of the joint deformation, and it 
can significantly decrease the joint opening rate.

Stage 4: When M > 540 kN·m, the SG is compressed, the 
contact area of the joint external edge is further increased, 
and almost the whole EG is fully opened. According to 
the relationship between the rotation angle and the sag-
ging moment, with increasing the sagging moment, the 
joint rotation stiffness is decreased gradually, while the 
joint opening rate is increased gradually. It is because, 
in  this stage, the bolt begins to yield, and the concrete 

yield region gradually expands from the joint external 
edge, which eventually results in the increase of the joint 
opening rate and the failure of the joint.

4.1.2 Segmental joint without EG
The deformations and stresses of the segmental joint with-
out EG in the sagging moment scenario are presented in 
Figs. 9 and 10, respectively. Comparing Fig. 9 and Fig. 6, 
it can be seen that the bearing performance of the segmen-
tal joint without EG is similar to that of the joint with EG, 
and it can also be divided into four stages. For the joint 
with EG, the EG gradually opens from Stage 1 to Stage 3. 
For  the joint without EG, it is the concrete contact sur-
face gradually opens from Stage 1 to Stage 3. Therefore, 
comparing the joint rotation angle versus sagging moment 
curves of the two joints (Fig. 8), the shapes and trends of the 
two curves are similar separately. However, when the two 
joints are subject to the same sagging moment, the rotation 
angle of the joint with EG is evidently larger than that of 
the joint without EG. In addition, with increasing the sag-
ging moment, the spacing between the two curves tends to 
be increased. Besides, comparing Fig. 10 and Fig. 7, when 
the two joints are subject to the same sagging moment in 
Stage 1 to Stage 3, the concrete maximum stress of the joint 
with EG is smaller than that of the joint without EG. This 
is because the EG can play a role in alleviating the con-
crete stress concentration. However, in Stage  4, the con-
crete of the joint with EG yields earlier, and with increasing 
the sagging moment, the yield region of the joint with EG is 
slightly larger than that of the joint without EG.

According to the above discussions, the EG has a sig-
nificant effect on softening the joint, and with increas-
ing the bending moment, the softening effect tends to be 
more obvious. According to Eq. 11 and Fig. 8, the average 
rotational stiffness of each joint can be calculated by the 
average value of the slopes at these substeps. Compared 

(a)                                                           (b)                                                           (c)                                                           (d)
Fig. 7 Von Mises stresses of the segmental joint with EG in sagging moment scenario (MPa); (a) Stage 1 (M = 60 kNm), (b) Stage 2 (M = 200 kNm), 

(c) Stage 3 (M = 360 kNm), (d) Stage 4 (M = 560 kNm)

Fig. 8 Joint rotation angle versus sagging moment
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with the joint without EG, with the softening effect of the 
EG, the average rotational stiffness of the joint with EG 
is decreased by about 55%. In addition, the opening rate 
of the joint without EG is significantly increased, which 
leads the concrete and bolt to yield earlier. Thus, com-
pared with the joint without EG, the ultimate bearing 
capacity of the joint with EG is decreased by about 18%.

4.2 Hogging moment scenario
4.2.1 Segmental joint with EG
As seen from Figs. 11 to 13, according to the stress states 
of the SG and EG, the bearing performance of the joint 
with EG can be divided into three stages by the two key 
points "SG opened" and "EG starts to open" in the hogging 
moment scenario.

Stage 1: When M ≤ 220 kN·m, both the SG and EG 
are in compressed states. The joint deformation and stress 
state in this stage are similar to those in Stage 1 of the 
sagging moment scenario. In this stage, the joint rotation 
angle is small, the joint opening is negligible, and the joint 
rotation stiffness is relatively large.

Stage 2: When 220 kN·m < M ≤ 300 kN·m, the joint 
starts to open from the external edge, the SG is no lon-
ger compressed, and the EG is still entirely compressed. 
According to the relationship between the rotation angle 
and the hogging moment, the joint rotation stiffness is still 
relatively large, which is similar to that in the previous 
stage. It also indicates that the SG has a negligible influ-
ence on the joint rotation stiffness.

Stage 3: When M > 300 kN·m, the EG starts to open 
from its external edge, and it is partially compressed. 
With increasing the hogging moment, the contact sur-
face between the concrete and EG is decreased gradually, 
which leads to the result that the compressive stress of 
the corresponding concrete gradually increases and tends 
to yield from the joint internal edge. According to the 
relationship between the rotation angle and the hogging 
moment, the joint rotation stiffness gradually becomes 
smaller, the bolt begins to yield, and the concrete yield 
region expands from the joint internal edge, and at last the 
joint is damaged.

(a)                                                           (b)                                                           (c)                                                           (d)
Fig. 9 Deformations of the segmental joint without EG in sagging moment scenario; (a) Stage 1, (b) Stage 2, (c) Stage 3, (d) Stage 4

(a)                                                           (b)                                                           (c)                                                           (d)
Fig. 10 Von Mises stresses of the segmental joint without EG in sagging moment scenario (MPa); (a) Stage 1 (M = 60 kNm), (b) Stage 2 

(M = 200 kNm), (c) Stage 3 (M = 360 kNm), (d) Stage 4 (M = 560 kNm)
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4.2.2 Segmental joint without EG
The deformations and stresses of the segmental joint with-
out EG in the hogging moment scenario are presented 
in Figs.  14 and 15, respectively. Comparing Fig.  14 and 
Fig. 11, the bearing performances of the two kinds of the 
segmental joints are similar, and both can be divided into 
three stages. For the joint without EG, the joint axial force 
and hogging moment are borne mainly by the contacted 
concrete, and the contact surface gradually opens from 
Stage 1 to Stage 3. Comparing Fig. 15 and Fig. 12, with the 
impact of the same hogging moment in Stage 1 to Stage 2, 
since the EG can alleviate the concrete stress concentra-
tion, the concrete maximum stress of the joint with EG 
is smaller than that of the joint without EG. However, in 
Stage 3, the concrete and bolt of the joint with EG yield 

(a)                                                                                  (b)                                                                                  (c)
Fig. 11 Deformations of the segmental joint with EG in hogging moment scenario; (a) Stage 1, (b) Stage 2, (c) Stage 3

(a)                                                                                (b)                                                                                (c)
Fig. 12 Joint rotation angle versus hogging moment; (a) Stage 1 (M = 80 kNm), (b) Stage 2 (M = 240 kNm), (c) Stage 3 (M = 440 kNm)

Fig. 13 Deformations of the segmental joint without EG in hogging 
moment scenario
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earlier than those of the joint without EG. In addition, with 
the softening effect of the EG on the joint, the average rota-
tional stiffness of the joint with EG calculated by Eq. 11 
and Fig. 12 is decreased by about 56%, which leads to the 
fact that the deformations of the joint with EG are larger 
than that of the joint without EG, and the ultimate bearing 
capacity of the joint with EG is decreased by about 13%.

4.3 Influence of the axial force
The axial force of the joint has always been an import-
ant parameter affecting the joint rotational stiffness [9, 12]. 
As shown in Fig. 16 and Fig. 17, with decreasing the axial 
force, the rotational stiffnesses of the two joints both tend 

to be significantly decreased. Besides, with the condition 
of different axial forces, the rotation angle versus bending 
moment curves of the two joints still conform to the above 
results that the curves can be divided into four stages in 
the sagging moment scenario and three stages in the  hog-
ging moment scenario. Meanwhile, with the condition of 
the same axial force, since the EG have a softening effect 
on the joint behavior, the average rotational stiffness of the 
joint with EG is smaller than that of the joint without EG. 
In addition, with decreasing the axial force, the average 
distance between the curves of the two joints subject to 
the same axial force is increased gradually, which indi-
cates that the softening effect tends to be more significant.

(a)                                                                                  (b)                                                                                  (c)
Fig. 14 Von Mises stresses of the segmental joint without EG in hogging moment scenario (MPa); (a) Stage 1, (b) Stage 2, (c) Stage 3

(a)                                                                                (b)                                                                                (c)
Fig. 15 Von Mises stresses of the segmental joint with EG in hogging moment scenario (MPa); (a) Stage 1 (M = 80 kNm), 

(b) Stage 2 (M = 240 kNm), (c) Stage 3 (M = 440 kNm)
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5 Conclusions
Detailed three-dimensional numerical models considering 
the stress conditions of the concrete, bolt, EG and SG are 
established to perform the loading tests of the segmental 
joint with EG and segmental joint without EG. By analyz-
ing and comparing the bearing performance and progres-
sive failure of the two joints, the following conclusions 
are obtained.

1.	 The bearing performance of the segmental joint with EG 
is very complex, and it presents obvious nonlinear char-
acteristics. In the sagging moment scenario, the bearing 
performance of the joint with EG can be divided into 
four stages by the three key points "EG starts to open", 
"joint external edge starts to contact" and "EG fully 
opened". In the hogging moment scenario, the bearing 
performance can be divided into three stages by the two 
key points "SG opened" and "EG starts to open".

2.	 Although the EG can alleviate the concentration of the 
concrete stress to a certain extent, it has a significant 
influence on softening the joint, which can lead to the 
result that the average rotational stiffness and ultimate 
bearing capacity of the joint with EG are evidently 
samller and weaker than those of the segmental joint 
without EG separately. In addition, with decreasing 
the axial force, this softening effect tends to be more 
obvious. Therefore, it is necessary to fully consider 
the influence of EG on the joint rotational stiffness and 
ultimate bearing capacity during the design of segment 
lining, or it will lead to dangerous design situations.

3.	 Whether for the joint with EG or for the joint without 
EG, with increasing the bending moment, the con-
crete at joint edges yields firstly, then the rate of the 
joint opening increases rapidly, and finally, it leads 
to bolt yield and joint failure. Therefore, during the 
production, transportation and assembly of the seg-
ments, enough attention should be paid to the protec-
tion of the concrete at the joint edges. If necessary, 
increasing the strength of the corresponding con-
crete will be an effective way to improve the ultimate 
bearing capacity of the segmental joint.
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Fig. 16 Influence of axial forces on the rotation angle versus sagging 
moment 

Fig. 17 Influence of axial forces on the rotation angle versus hogging 
moment
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