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ABSTRACT In this article, the mechanical properties of tunnel joints with curved bolts are studied and analyzed using
the research methods of full-scale testing and finite element numerical simulation. First, the experiment results were
analyzed to find out the development law of stress and strain of concrete in each part of the tunnel fragment when
bearing. The damage process of the joint of the tunnel fragment was described in stages, and the characteristic load value
that can reflect the initial bearing capacity in each stage was proposed. Afterward, using the ABAQUS three-dimensional
(3D) finite element numerical modeling software, a numerical model corresponding to the experiment was established.
The mid-span deflection was used to observe the change in loading and the destruction of each stage, comparing it to the
proposed form to verify the reasonableness of the numerical model. Finally, the numerical models were used to analyze
the change in material parameters and external loads from two aspects. It is concluded that the damage process of tunnel
joints under curved bolt connection can be divided into concrete elasticity stage, inner arc cracking stage, overall joint
damage stage, and ultimate joint damage stage, and the initial load of the adjacent stages is defined as the characteristic
load value. After concrete cracking occurs, the bolts start to become the main load-bearing components, and the bolt
stress grows rapidly in stage 1. The strain development of the concrete on the outer arc is greater than the strain value of
the concrete on the side due to mutual contact and extrusion. The parameters were changed for material properties, and it
was found that increasing the concrete strength and bolt strength could improve the shield fragment joint bearing
performance. The optimal effect of improving the mechanical properties of the shield fragment joint would be obtained
when the concrete strength grade is C60, and the bolt strength grade is 8.8. Increasing the size of the axial force and bolt
preload has the most obvious effect on the load-carrying capacity in the initial elastic phase. This can reduce the joint
angle and thus improve joint stiffness. Meanwhile, increasing the axial force has a greater effect on the performance of
the tunnel joint than the bolt preload.
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1 Introduction properties of the joints directly determine the load-

bearing capacity and safety performance of the tunnel

With the continuous development of underground space,
the shield method is widely used in urban underground
transportation construction because of its advantages of
fast, safe, and environmental protection construction
[1-4]. Shield lining consisting of reinforced concrete
(RC) precast pipe pieces and bolts [5—7]. The joint is the
weakest part of the force [8—12], and the mechanical
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structure [13—17]. Therefore, it is necessary to research
the load-bearing performance and damage mechanism of
shield tunnel segment joints.

In the segment joints test, Zhang et al. [18] studied the
mechanical damage characteristics of segment joints by
full-scale tests, divided the whole damage process of
joints into small deformation, large deformation, stable
bearing, and damage stages, and summarized the crack
expansion process. Zuo et al. [19] studied the mechanical
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behavior of segment joints under compression bending by
prototype loading tests, analyzed the relationship between
the joint opening and the internal force of the joint, and
summarized the mechanical characteristics of the joint
bolts and the development law of cracks at the tube sheet
joints. Wang et al. [20] analyzed the deformation charac-
teristics and mechanical characteristics of the pipe sheet
joints using full-scale indoor tests and numerical simula-
tion studies, analyzed the bolts’ damage characteristics,
the cracks’ development process at the joints, and the
stress change law at the pipe sheet joints. Liu et al. [21]
studied the mechanical behavior of single-ring and multi-
ring tube sheet joints by full-scale tests, clarified the joint
failure characteristics and damage mechanisms, summari-
zed the load and deformation change laws at single-ring
and multi-ring tube sheet joints, and found that the
bending moment, longitudinal and radial displacement at
the longitudinal joint of multi-ring tube sheet was
smaller. Still, the crack width was wider than the single-
ring tube sheet at the joint site. Wang et al. [22] studied
the damage performance of pipe sheet joints with straight
bolt connections by full-scale pull-out tests. They summa-
rized the load-bearing mode and damage mechanism of
ring joints with straight bolt connections by analyzing the
failure characteristics of the joints under different load
conditions and the development process of cracks in the
hand hole area. Zhang et al. [23] used full-scale tests on
pipe sheet joints to study the variation laws of joint
tension, turning angle, joint deflection, and concrete
strain. They summarized the force-deformation characteris-
tics of the joints. Liu et al. [24] and Shi et al. [25] studied
the deformation characteristics of tube joints under
unloading conditions, the effect of lateral unloading on
tube joints during lateral excavation of existing shield
tunnels, and established corresponding deformation con-
trol standards based on the overall deformation indexes of
tunnels, and also came to the conclusions that displace-
ment during tunnel unloading leads to a sharp increase in
the stresses at the joints of the tubes, cracks in the
concrete at the joints, an increase in the stresses in joint
bolts, and a decrease in the overall waterproofing perfor-
mance.In addition, numerical simulation is widely used to
study the mechanical properties of segment joints. Chen
etal. [26] used numerical simulations and engineering
examples to compare and analyze. They concluded that
the lining bulging in the soft soil shield tunneling process
includes three stages of misalignment, tension, and stable
deformation, which will inevitably lead to an increase in
the force at the lining joints. At the same time, the
longitudinal bolts will also generate stress concentrations
due to misalignment. Karami etal. [27] carried out a
study on the performance change of composite castellated
steel beam (CCSB) under fire and summarized the change
rule of the influence of each parameter on the perfor-
mance of CCSB by varying the parameters analytically
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based on a nonlinear finite element numerical model with
slab concrete thickness, beam length, castellated beam sec-
tion, and temperature separately as variables. Shishegaran
et al. [28] conducted a study on enhancing the flexural
capacity of RC frames through a combination of experi-
ments and finite element numerical simulations. The
validity of the model is evaluated by analyzing the load-
deflection results by finite element and validating them
with the experiment. The transferred stress system (TSS)
fixed beams were found to improve the load carrying
capacity of the structure and a recommendation to use
TSS fixed beams instead of normal RC beams in RC
frames was derived. Shishegaran et al. [29] analyzed the
mechanical properties of reinforced concrete panels
(RCP) by means of nonlinear finite elements and
surrogate models, and the resistance under blast loading
was investigated by varying the parametric analysis. The
optimal model of RCP under each parameter value is
summarized, and the change rule of the influence of each
parameter on RCP is explored. Bigdeli etal. [30]
investigated and analyzed reinforced concrete tunnel in
internal water pressure conditions using nonlinear finite
element with variable parameter analysis for the
compressive and tensile strength of concrete, the size of
the longitudinal reinforcement bar, the transverse bar
diameter, and the internal water pressure. The study of
the variation rule of its influence on the mechanical
properties of the structure concluded that the mechanical
properties of the concrete material as well as the internal
water pressure have the greatest influence on the RCT.
Zhao et al. [31] used numerical simulation to study the
pipe segments’ mechanical properties in the underwater
excavation surface surge and clarify the mechanical
change law of concrete strain and bolts at the joints.
Tsiampousi et al. [32] used physical tests combined with
numerical simulations to study the joint bolts, determined
the effect of positive and negative bending moments on
the bearing performance of the bolts by changing the
loading direction, and elucidated the effect of the joint
bolts on the stiffness of the joint. Shishegaran et al. [33]
studied and analyzed the reinforced concrete connections
(RCC) parameters under post-earthquake fire conditions
by finite element simulation including the parameters of
beam depth, compressive strength of the concrete, percen-
tages of beam and column longitudinal reinforcements. It
is found that the parameter that contributes the most to
RCC enhancement is ratio of longitudinal bars of column
and it helps more to enhance the performance of RCC as
compared to ratio of longitudinal bars of beam. Mean-
while, increasing the compressive strength of concrete
enhances the load carrying capacity of RCC under post-
earthquake fire conditions and the higher the temperature,
the more significant the enhancement effect is. Finally, a
reliable factor of safety for the use of RCC is
summarized. Naghsh etal. [34] used nonlinear finite
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element numerical simulation to study column-tree
moment connection (CTMC) under fire and static loads
with parametric analysis of applied temperature, number
of flange bolts, number of web bolts, length of the beam,
and applied static loads. It was finally concluded that the
change in deflection of the CTMC depends mainly on the
temperature, while the length of the beams affects the fire
resistance, which increases as the length of the structural
beams decreases, and thus, shorter beams increase the
overall fire resistance of the structure. Kou etal. [35]
used numerical simulation to study the flexural stiffness
of large-diameter shield pipe segment joints under high
water pressure and different axial loads. They analyzed
the concrete strength on the bearing capacity of the joint.
The enhancement of the flexural stiffness of the joint is
related to the strength of the connection bolts, summa-
rizing the damage characteristics of the joint and the
crack formation process.

In terms of theoretical analysis, Dong et al. [36] used
experiments and theoretical calculations to investigate the
mechanical behavior of pipe fragment joints. By
analyzing the effect of external load on joint stiffness,
they summarized the variation law of joint stiffness and
internal force. They analyzed the factors affecting the
internal pressure of the joint and their influence on the
law. Li etal. [37] established a theoretical, analytical
model of the pipe segment joint, analyzed the stress and
deformation characteristics of the joint under the action of
hydrostatic pressure, summarized the law of change of
joint tension with water pressure, and obtained the stress
concentration area and stress change law of the joint bolt
through bolt shear test. Zheng et al. [38] established a
tunnel safety assessment system with the damage
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characteristics of tube segments and bolts for the tunnel
collapse damage mechanism.

Nonetheless, the majority of prior research focuses on
how the segment’s load affects bearing properties and the
process of damage, with a notable absence of studies and
analyses regarding the segment joint’s impact on bearing
efficiency and damage traits. This study methodically
examines the bending damage traits of the segment joint,
focusing on material characteristics and external
structural loads, through comprehensive tests and three-
dimensional (3D) numerical simulations. A summary was
provided of how factors such as concrete and bolt
strength, axial force, and prestressing of bolts affect joint
bearing efficiency, aiding in joint design and safety
evaluations. The flowchart of the article research is
shown in Fig. 1.

2 Full-scale test

2.1 Test overview

For conducting a comprehensive test, a section of the city
metro shield was chosen, featuring a shield tunnel with an
external diameter of 6200 mm and an internal diameter of
5500 mm. Every liner ring is composed of six parts,
featuring a capping segment at a 20° circular center angle,
two neighboring segments at a 68.75° circular center
angle, and three traditional segments at a 67.5° circular
center angle. This segment measures 350 mm in
thickness, 1200 mm in width, and is linked to the
circumferential joint by a pair of M30 bending bolts, each
with a strength grade of 8.8. For this examination, the
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conventional block is chosen, with the joint’s configura-
tion depicted in Fig. 2.

As depicted in Fig. 3, the testing load system is
composed of a reaction frame, load beam, loading plate,
hydraulic jack, and a horizontal sliding support. The
vertical force of the hydraulic jack is uniformly
distributed across the component through a load
distribution beam and a cushion. The load cushion can
effectively avoid stress concentration caused by the small
contact area between the load distribution beam and the
tube sheet. The test loading method for graded loading
involves applying 10 kN at each level of loading. When
the lower part of the bolted concrete is about to fall off, it
is determined that the segment has lost its bearing
properties, and loading is immediately stopped.

The content of the test monitoring mainly includes
deflection at the joint, joint tension, horizontal displace-
ment of the segment, concrete strain, and crack width. To
reflect the damage characteristics of the segments,
concrete strain monitoring points are arranged symme-
trically on the inner and outer arcs of the segments and on
the sides. Two displacement sensors are symmetrically
placed on the tube sheet's inner arch and end face to
monitor the joint tension during joint damage. The
specific monitoring point arrangement is shown in Fig. 4.

Table 1 shows the range, accuracy, and number of
instruments used for the above measurement elements.

2.2 Test results

2.2.1 Joint destruction process

As shown in Fig. 5, the load—deflection variation curve
exhibits prominent segmentation characteristics, and the
joint damage process can be divided into four stages
according to the variation pattern. The M1 measurement
point, which is closer to the joint, can better illustrate the
damage process and characteristics of the joint, so the
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load—deflection curve of M1 is mainly used to determine
the mechanical properties of each damage stage.

Stage I (Concrete elastic stage). By securing the bolts
prior to loading, preload is generated, and the initial load
is minimal, ensuring that the two parts are tightly packed
in the center and resist bending. As the load escalates,
there’s a steady rise in the angle at which the inner arc
joint opens, accompanied by a minor linear increase in
deflection. Compared to the M1 measurement point, the
G1 measurement point lies at a greater distance from the
joint. At this point, the bending pattern is more gradual,
the stretchable phase endures for an extended period, and
the tube sheet’s surface lacks noticeable fissures. To
summarize, this stage is characterized by the tangible
elastic phase. As shown in Fig. 6, the force on the bolt is
almost zero.

Stage II (Inner arc cracking stage). The Ml
measurement point is closer to the joint, so concrete
cracking has an earlier and more severe effect on the
deflection of this measurement point. When the external
load reached 64 kN, the hand hole at the inner curved
surface concrete cracked, as shown in Fig. 7(a). At this
time, the concrete near the G1 measurement point did not
show cracking, but also in the elastic stage. As the load
increases, cracks develop along the width direction of the
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Fig.2 Segment joint.
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Fig.3 Test loading system.
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Fig. 4 Diagram of monitoring points: (a) outer arc monitoring point; (b) side monitoring points; (c) internal arc monitoring point (H, M,
and G represent horizontal displacement meter, near joint displacement meter, and far joint displacement meter, respectively; C represents

the strain gauge position (on the side)).

Table 1 Test instruments

Measurement content Instrument Range Accuracy Quantity
Joint deflection displacement monitor 100 mm 0.1 mm 2
Load plate deflection displacement monitor 100 mm 0.1 mm 2
Concrete strain strain gauges 1500 x 10°° 0.5%107° 34
Crack width crack monitor 20 mm 0.01 mm 1
Joint opening displacement monitor 20 mm 0.1 mm 4
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segment, marking the segment’s entry into the internal
arc damage stage, defining the initial load of this stage as
the cracking load (represented by f;). The deflection at
the M1 measurement point increases sharply at this stage,
but the deflection value at the G1 measurement point still
shows a slight trend due to the development of the crack
from the inner arc surface near the hand hole. After the
load reaches 76 kN, the lateral concrete cracks (Fig. 7(b)).
The crack development direction is consistent with the
bent bolt profile because the inner arc surface concrete
has cracked, and the outer arc surface concrete is not yet
in contact. In contrast, the bolt tension increases sharply,
causing the main load-bearing member to shift from the
inner arc surface concrete to the bolt. With the load
reaching 91 kN, a crack developed near the G1 measure-
ment point, and the deflection of this measurement point
began to increase significantly. Although the duration of
the two measurement points, M1 and G1, in phase II was
different, the overall trend of change coincided with the
damage characteristics of the test.

Stage III (Joint overall damage stage). When the
external load reaches 128 kN, the crack at the position of
the handhole on the inner arc surface runs along the width
direction of the tube sheet, as shown in Fig. 8(a), and the
concrete on the outer arc surface of the joint is closely
packed as shown in Fig. 8(b), so the characteristic loads
corresponding to M1 and G1 measurement points when
they enter stage III are the same, while the concrete strain
at the joint on the outer arc surface increases sharply, and
the external load at this time is defined as the damage
load (represented by f.). After the concrete is extruded
onto the outer arc surface, the bending resistance of the
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joint is enhanced, and the rate of deflection growth slows
down. Followed by the complete extrusion of concrete on
the outer arc surface and the gradual appearance of
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Fig. 5 Load—deflection variation diagram.
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Fig. 7 Inner arc cracking stage damage: (a) inner curved surface hand hole cracking; (b) side concrete cracking.
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Fig. 8 Overall damage of the joint: (a) hand hole for curved inner surface; (b) outer curved surface contact.
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cracks, the growth of tension of the bolts slows down,
marking the transformation of the primary load-bearing
member from bolts to concrete on the outer arc surface.

Stage IV (Joint limit damage stage). The load reaches
174 kN, the concrete on the outer arc surface begins to
crush, and the lateral concrete runs along the direction of
the bolt profile to the inner arc surface and connects with
the crack that extends at the location of the hand hole on
the inner arc surface, as shown in Figs. 9(a) and 9(b). The
concrete on the outer arc surface gradually detached from
the structure, and the bolt tension slightly increased
compared to stage III. Due to the small value of the axial
force applied in the test, the bolt did not yield during the
loading process. The load increased to 190 kN, and the
outer arc surface joints of the concrete experienced
extensive crushing and peeling. Meanwhile, on the inner
arc surface handhole, a blockage phenomenon occurred
on the side of the concrete under tension, rendering it
unable to continue supporting the load. The final damage
is determined by the crushing off of concrete on the side
and outer arc surfaces, as shown in Figs. 8(c) and 8(d),
and the initial load at this stage is defined as the ultimate
load (represented by f,). The dashed line in Fig. 5 shows
the trend of deflection with load at the end of the test
loading.

2.2.2 Concrete strains

1) Concrete strain on the outer arc
Select three positions, W1-05, W1-06, and W1-07, and
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plot the strain versus load variation curve as shown in
Fig. 10(a). The concrete is specified to have a negative
compressive stress and a positive tensile strain. Accord-
ing to the law of change, each stress—load curve can be
divided into four damage stages. The vertical load is less
than 64 kN, and the tension angle of the lower part of the
joint is slight, so the concrete strain at the location of the
three measurement points is almost 0. As the load
increases, the lower part of the joint tension increases,
leading to the upward movement of the concrete pressure
zone of the joint, and the upper half generates
compressive strain. The vertical load reaches 128 kN, the
concrete on the outer curved surface is dense, and the line
variation increases sharply. After the load reaches 175
kN, as the concrete on the outer arc of the joint starts to
crush, the trend of curve change slows down until the end
of the load, while the W1-06 measurement point is in the
middle of the bolt, there is a stress superposition
phenomenon, so W1-06 as a whole is more significant
than W1-05 and W1-07.

The strain—load relationships at the two positions, W1-
01 and W1-02, are shown in Fig. 10(b), and their trends
are also consistent with the four damage stages. In stage 1,
the strains at W1-01 and WI1-02 are less than zero
because the two measurement points are within the
influence of the loaded beam load. Because the
measurement point is close to the load buffer pad in
stages Il and III, stress concentration will result in
compressive strain when applied, so the curve keeps

(d)

Fig.9 Terminal failure state of the joint: (a) the outer arc concrete is crushed; (b) side penetration cracks; (c) side concrete peeling;

(d) concrete peeling from the outer arc.
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Fig. 10  Outer arc surface strain—load variation diagram: (a) near joint monitoring point; (b) remote joint monitoring point.

growing faster. In stage IV, the line growth rate decreases
compared to stage III.

2) Concrete strain in inner arc hand hole

In the test, the bolt tension cracked the concrete at the
inner arc’s hand hole earlier. When the crack width is too
large, the strain gauges at this location are pulled off, and
the subsequent strain data cannot be collected. Therefore,
the strains at the inner arc of this subsection are all data
from before cracking occurred at the location. As shown
in Fig. 11. The concrete at positions N1-02 and N1-03 is
subjected to tension throughout under the action of the
bolts. Since the crack at the hand hole develops in the 45°
direction of the hand hole angle, N1-03 is located in the
main development direction of the crack. Hence, the
stress change in the concrete at this position is more
pronounced, and its tensile strain is much higher than that
of N1-02.

3) Side concrete strain

The load strain at the three measurement points, C1-03,
C1-04, and C1-05, is shown in Fig. 12. Due to the initial
bolt preload in stage I, the strain at all three measurement
points is less than 0. In stage II, the concrete compressive
strain increases with the load. Still, the fluctuation of the
upward shift of the compressive strain curve occurs in
this stage because the lower part of the joint is gradually
opening, and the concrete pressure zone at the joint is
shifting upward. After entering stage III, the concrete
contact on the outer arc surface improves the force
performance, the C1-03 curve increases, and the
compressive strain value at the end of this stage is much
higher than C1-04 and C1-05. In addition, although
cracks have occurred in the concrete on the arc surface
along the width of the tube segment in the direction of
penetration, cracks also appeared on the side because the
concrete’s compressive capacity is much greater than its
tensile capacity. The concrete in the middle part of the
joint is still in contact with pressure, so C1-04 and C1-05,
two lines in the compressive strain stage, appeared to
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Fig. 11 Strain—load variation diagram.
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Fig. 12 Side strain—load variation diagram.

decrease and then increase, showing an obvious upward
trend. In stage IV, the concrete on the outer arc is
crushed, and the growth trend of the C1-03 curve
decreases compared with stage III, while the tension of
the lower part of the joint increases, and the rise of strain
value at C1-04 and CI1-05 gradually decreases.
Furthermore, during stage III, the strain value of concrete
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at C1-03 escalates more rapidly than at the other two
measurement points due to the external arc surface’s
concrete touching and being compressed, leading to
damage on the outer arc’s concrete and a corresponding
reduction in strain value in line with the load variation
trend.

2.2.3 Joint stiffness

Figure 13 represents the relationship between the
variation of the bending moment of the tunnel segment
joints and the angle of the shield segment joints in the
experiment, with the vertical coordinate indicating the
value of the bending moment and the horizontal
coordinate indicating the value of the angle. According to
the changing law of this graph, it can be divided into four
stages of development, corresponding to the stage of
experimental destruction. At the initial stage, the increase
in tunnel joint angle with bending moment is not
significant, which is due to the small initial load applied
and the presence of friction between the fragments. At
stage II, with the increasing load, the shield fragments
cracked, and the rate of change of the joint angle of the
shield fragments with the bending moment accelerated.
After entering stage III, the concrete contact on the outer

300
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Fig. 13 Rotaional angle (§)—-moment (M) diagram.
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curved surface improves the flexural properties of the
joint, so that the curve abruptly changes when M =
195 kN'm, and the growth of the joint opening angle
slows down. When the bending moment increases to
267 kN'm in stage IV, the growth rate of the joint
opening angle decreases compared to stage III. At a
bending moment of 291 kN-m, there was a large area of
damage to the concrete on the outer arc and sides, and
most of the crack failure damage occurred on the inner
arc.

3 Numerical simulation analysis

3.1 Numerical model
Through the full-scale loading test on the shields segment
joints, the development of concrete strain and the damage
stage were analyzed. In this section, a 3D numerical
model corresponding to the experiment is established by
the numerical software of ABAQUS, as shown in Fig. 14.
The concrete grade in the model is C50, and the strength
grade of the bolts is 8.8. In the numerical simulation
process, the loading plate deformation is not considered,
and it is regarded as a rigid body with tie constraint
contact type with the outer arc of the shield segment.
Meanwhile, as shown in Fig. 15, the shield segment
concrete was used as Surface-to-Surface contact type
with attributes Tangential Behavior —Penalty with a
value of 0.6 and Normal Behavior—Hard” contact. The
concrete and the bolts used Surface-to-Surface contact
type, Tangential Behavior—Penalty with a value of 0.3
and Normal Behavior—“Hard” contact. The nuts and
bolts are of tie constraint contact type. In addition, the
boundary conditions of the model were set to allow
displacement along the X-direction at one end, limiting
displacement in the remaining directions, and an
articulated support at the other end, limiting model
displacement in the Z-axis direction as shown in Fig. 16.
In the process of numerical model meshing, in order to
obtain a higher quality amount of grid cells and improve
the calculation accuracy, the grid was first partitioned and

N

(b)

Fig. 14 Finite element model diagram: (a) segment model; (b) bolt model.
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divided, and the area was meshed sequentially one by
one. The shield segment meshes were all meshed using a
hexahedral swept-neutral axis algorithm with minimized
mesh transitions. The number of local seed cells is set to
12 for the bolt hole part. The number of local seed cells is
set to 8 and 10 according to the length of the peripheral
curved surface of the model, and the bolts, nuts, and load
plates are divided by wusing hexahedral structural
attributes. All the cell types are in the Standard-3Dstress-
C3D8SR cell model. After that, shape checking, size

Nut and shield segment
tie constraint

Joint face
Surface-to-surface contact

Ty

Loading plate and shield
segment tie constraint

&

Bolt and nut
tie constraint

s

Bolt and shield segment
Surface-to-surface contact

Fig. 15 Contact diagram of model parts.

(a)
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checking and analysis checking of the delineated mesh
were carried out, and there were no erroneous cells, and
the ratio of warning cells to all cells was 3.65%, which
was in line with the requirements of the model
calculation.

3.2 Intrinsic model and parameters

The concrete in the finite element model uses the plastic
damage principal structure model [39,40], and the
strength grade of concrete is C50. According to the
concrete principal structure relationship in the Code for
the Design of Concrete Structures GB50010-2010, the
stress—strain relationship model for concrete uniaxially
stressed [41] and tensioned is obtained, as shown in
Fig. 17.

The expressions of the uniaxial compressive stress—
strain relationship model for concrete are as follows:

o.=(-d.)E.e., )
Y

d.= neit 2

O | @

. (x, =17 +x0

(b)

Fig. 16 Model constraint diagram: (a) X-direction constraint; (b) side constraints.

3 B

o

(@

Fig. 17
concrete under tension.

(b)

Concrete stress—strain diagram: (a) uniaxial compressive stress—strain diagram of concrete; (b) uniaxial stress—strain diagram of
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where a. represents the value of the falling section of the
uniaxial compressive stress—strain line in concrete; f;,
represents the uniaxial ultimate compressive strength of
concrete, taking the value of 32.4 MPa; €., represents the
peak compressive strain of concrete corresponding to the
uniaxial maximum compressive strength, takes the value
of 0.00168; d. represents the uniaxial compressive
damage evolution parameters of concrete; E. represents
the modulus of elasticity of concrete.

The expressions of the uniaxial stress—strain relation-
ship model for concrete in tension are as follows:

o =(1 _dt)Ecsu (4)
1-p[12-025], x<l
d=fi__ a0 o
a(x,— 1)+ x
Jur &
= —', = —, 6
P Ecgt,r 5 Eir ¢ )

where «, represents the parameter value of the falling
section of the uniaxial stress—strain curve of concrete; f;,
represents the uniaxial ultimate tensile strength of
concrete, taking the value of 2.64 MPa; &, represents the
peak tensile strain of concrete corresponding to the
uniaxial maximum tensile strength and takes the value of
0.000076; d, represents the uniaxial tensile damage
evolution parameters of concrete.

The bifold intrinsic structure model is chosen to
describe the mechanical behavior of the bolt, as shown in
Fig. 18. The bolts are made of No. 45 steel, which has a
yield strength of 640 MPa and a modulus of elasticity of

206 GPa.
Ee,,
ﬁ_{ﬁ+M&—&%

& K&,
E. <& KE,

(7

Fig. 18 The bifold intrinsic structure model of the bolt.
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where E; is the modulus of elasticity of the bolt material,
&., &, represent the yield strain and the peak strain of the
bolt, respectively; &, represents the strain after yielding of
the bolt material; f, is the yield strength of the bolt
material; f, is the ultimate strength of material; 7 is the
slope of the hardened section of the material with the
Jom Sy

&y~ &

value n =

3.3 Comparison of simulation and test results

3.3.1 Final damage state and process

Figure 19 compares the final damage effects between
numerical simulation and testing. From the stress cloud
diagram of the numerical model reaching the final
damage state, it can be observed that the simulated crack
development trend and the concrete breakage are similar
to the test. The measurements of plastic strain in both the
segment’s hand hole region and the lateral concrete reveal
that the fracture’s ultimate form on the segment’s side
closely aligns with the bolt’s profile, with the crack
emerging across the segment’s width in the inner arc
hand hole zone and spreading to both sides. The observed
pattern of damage aligns with the outcomes of the tests.
From the preceding analysis, it is evident that the ultimate
damage conditions of the test and the computational
simulation align closely, clearly showing the numerical
model’s effective representation of the test’s damage
traits [42—-46].

Simulated and tested joint stiffness, as well as load-
displacement changes, are also analyzed. Figure 20 shows
the comparison of joint stiffness curves, and Fig. 21
shows the comparison of load deflection. As shown in
Fig. 20, the joint angle increases with the bending
moment M. The stiffness of joint bending, denoted as
k, = dM/d6, representing the tangent line’s slope at each
curve point, exhibits an initial upward trend, a subsequent
decrease, an upward trajectory, and ultimately a down-
ward trend. In stage IV, the concrete on the outer arc is
crushed. The concrete falls off severely, resulting in
lower joint stiffness and a greater joint angle change than
in the stage III. However, the changing trend is shorter
because the joint has already started to break down and
cannot bear the bending moment radically.

The inaccuracy in Figs. 20 and 21 mainly originate
from stages I and IV. In stage I, the stress growth is
accelerated due to the cracking of the concrete when the
load reaches 64 kN, and the compression zone of the
concrete on the joint surface gradually moves upward,
and the bolt becomes the main bearing component. The
bolts will be loosened in the experiment process, resulting
in uneven forces and errors in the numerical simulation
results. In stage IV, the overall structure had been
seriously damaged, with spalling of the concrete on the
outer arc and widening of the cracks on the inner arc,
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Fig. 19 Comparison of simulated and experimental final damage state.
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Fig. 20 Comparison of joint stiffness.

which affected data collection. At the same time to ensure
the safety of the experiment, with the severe damage form
as the loading termination mark, there may be a certain
deviation from the actual tunnel joint bearing
performance of the shield segment joints in the stage of
the ultimate damage state. Generally speaking, the
numerical simulation and experimental fitting results are
in perfect accordance with each other and can represent
the damage characteristics of the shield joints.

3.3.2 Simulated characteristic load determination

According to the test results, the joint damage process
was divided into four stages, and the initial load of each
stage was defined as the characteristic load. Meanwhile,
the characteristic load values were verified using
numerical simulations.

240
—— - - - M1-Experiment — - — G1-Simulation
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Fig. 21 Load—deflection comparison diagram.

1) Cracking load

In the test, the concrete at the location of the inner arc
hand hole cracked, marking the model as entering the
internal arc damage phase. This critical value is defined
as the cracking load. The cracking characteristics can be
determined from the concrete's equivalent plastic tensile
strain values in numerical simulations. The model uses
concrete with a strength class of C50 and an ultimate
tensile strain value of 7.6 x 107> Therefore, in the
numerical simulation, an equivalent plastic strain greater
than 7.6 x 10 indicates that the cracking load has been
reached, as shown in Fig. 22.

2) Failure load

Figure 23(a) represents a fitted comparison between
numerical simulations and experiments when the outer
curved concrete is in contact, where the vertical
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coordinates represent the joint void spacing and the
horizontal coordinates represent the load values.
According to the specimen structure, the initial joint gap
spacing of the 3D finite element numerical model was
4 mm. With the increase of load, the inner arc joint angle
gradually increases, and the joint gap spacing is reduced,
in the initial period due to the small load change.
Therefore, the curve development trend is slow. As the
load increases, the rate of change of the joint gap spacing
with the load accelerates, and when the load reaches 128
kN, contact extrusion occurs on the outer arc, at which
time the joint gap spacing is 0 mm. According to the
images, it can be seen that the numerical simulation and
experimental data fit well, and the numerical model
calculation results can reflect the experimental pheno-
mena well. In the experiment, the contact of concrete on
the outer arc surface marked the entry of the model into
the stage of the overall destruction of the joint, and this
critical load was defined as the damage load. The
numerical model, is shown in Fig. 23(a), and the cloud
representation of hand hole crack development in the
inner arc surface is shown in Fig. 23(b).

3) Ultimate load

In the test, the outer arc surface and side concrete
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appear to have large areas of falling blocks, indicating
that the model has entered the joint limit damage stage.
This critical load is defined as the ultimate load. In the
numerical simulation, the concrete damage cloud through
the outer arc surface, as well as the side, is shown in
Fig. 24, indicating that the ultimate load (f,) has been
reached.
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Fig. 23 Numerical simulation: failure load: (a) outer arc contact; (b) hand hole cracks.
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By staging the experiment damage process, the damage
characteristic load values of each stage were proposed.
The corresponding results were extracted in numerical
simulation and compared with the experiment. Some
differences existed, caused by the difference between the
location of the extracted point and the location of the
experiment monitoring point, and the inaccuracy of the
numerical simulation results and the experiment. Overall,
the tolerance range of the characteristic load values in
each stage is within 3%, which meets the tolerance
requirement, and the numerical simulation can reflect the
damage forms in each stage of the experiment. As shown
in Table 2.

4 Parametric analysis

The existence of bolt hand holes in the inner arc will
weaken the bending stiffness of the joint, and bolts

| (Average: 75%)
| +8.5¢—03 |

Fig. 24

Table 2 Comparison of simulated-test characteristic load values

|S, Mises
| (Average: 75%)
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connect the pipe segment. The lower part of the joint
gradually opens with the increase in vertical load, and the
concrete pressure zone will also move upward. Therefore,
external load, concrete strength, and the performance of
connecting bolts determine the joint’s bearing capacity.
This section focuses on the study of concrete strength,
bolt strength, axial force, and bolt pre-stressing on the
bearing performance of the joint part of the pipe segment,
addressing the material properties and external structural
loading. The base working conditions are variable, as
shown in Table 3.

4.1 Material properties

4.1.1 Concrete strength

The grade of existing domestic segment concrete is
basically between C30—C65. Due to the high cost of high-
strength concrete and the stringent manufacturing process

+6.7e+01
+6.2¢+01
+5.6e+01
+5.1e+01
+4.5e+01
+3.9e+01
+3.4e+01
+2.8e+01
+2.3e+01
+1.7e+01
+1.1e+01
+5.7e+00
+5.2¢—02

Numerical simulation: ultimate load.

Stage Characteristic load Characteristic load Tolerance

Destruction deformation characteristics

of the test (kN) of the simulation (kN) (%)
1 - - - No apparent cracks and joint deflection is unchanged.
1T 64 66 3.1 Lateral concrete cracking, the sharp increase in joint deflection, and bolt tension.
I 128 130 1.6 Cracks in the inner arc are longitudinally penetrating, and concrete extrusion is in the outer arch.
v 175 178 1.7 Side and outer curved concrete crushed off

Table 3 Variable reference base data table

Concrete strength Elastic modulus of concrete (MPa)

Bolt strength class

Axial force (kN) Bolt pre-stressing (kN)

C50 3.45 x 10*

8.8 5 8
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requirements, the application of concrete pipe pieces
above C65 is extremely rare. To investigate the
enhancement of concrete strength on the mechanical
properties of joints, a controlled variable approach was
used to vary only the concrete strength grade. At the same
time, concrete grades C30, C40, C50, C60, and C65 were
established for a total of 5 comparative working
conditions to elucidate the impact of concrete strength on
the load-bearing performance of joints.

To demonstrate more intuitively the effect of concrete
strength on the mechanical properties of joints, the joint
stiffness and rotation angle were defined using the names
of each damage phase and were used to describe the
changes in load-bearing properties for different concrete
strength levels, as shown in Fig. 25.

Figure 25 shows that with the increase in concrete
strength, the joint stiffness keeps increasing, and the joint
rotation angle gradually decreases. The most significant
difference in joint stiffness was produced by upgrading
the concrete material from C50 to C60, with about 2.06,
3.29, and 0.67 times improvement in each stage.
Additionally, due to the initial bolt pre-stressing and the
small applied load, the change in cracking angle at each
concrete strength is not apparent. Nevertheless, the
ultimate angle decreases more noticeably when the
concrete material is C40 or C60. The difference between
the ultimate corner values of C65 and C60 concrete
material is slight, indicating that C60 concrete can
sufficiently enhance the overall joint stiffness.

4.1.2 Bolt strength

The bolt is the connecting part of the tube segment, and
the strength of the bolt has a significant impact on the
mechanical properties of the joint when loaded.
Therefore, the bolt strength directly determines the
bearing performance of the joint. Five sets of calculated
working conditions were selected to systematically study
the influence of the bolt strength on the mechanical
properties: 5.8, 6.8, 8.8, 9.8, and 10.9.

To more intuitively demonstrate the effect of bolt
strength on the mechanical properties of the joint, joint
stiffness and rotation angle were used to describe the
changes in load-bearing properties under different bolt
grades. The results are shown in Fig. 26.

From Fig. 26, it can be obtained that the joint failure
stiffness and ultimate stiffness increase as the bolt grade
increases, and the joint failure and ultimate angle of
rotation gradually decrease. Since the cracking stiffness
of the joint depends mainly on the tensile properties of
the concrete material, the cracking stiffness and the
rotation angle of the cracked joint remain the same if only
the strength of the bolts is changed. At the same time, the
difference between the damage stiffness and the ultimate
stiffness is significant, 40.1% and 42.2%, respectively,
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Fig. 26 Bolt strength—joint stiffness—rotation angle diagram.

when the bolt grade is increased from 6.8 to 8.8, and the
difference between the failure and ultimate stiffness of
the joint decreases with the increase of the bolt grade,
which indicates that there is an optimal fit between the
bolt and the concrete so that the bolt can play a more
significant role.

4.2 External loading

4.2.1 Axial force

To enhance the rigidity of joints and decelerate the
formation of their rotational angles, the impact of axial
force on the joint’s mechanical characteristics is typically
examined by exerting axial force at each end of the
sample. Therefore, the axial force applied by changing
the base working condition increases by 60% each time,
and a total of 5 sets of axial forces are set to 5, 8, 13, 20,
and 33 kN to analyze the influence of axial force on the
structure.

To demonstrate the effect of the axial force on the joint,
the variation of the axial force was analyzed using the
characteristic load values for each stage as well as the
joint stiffness and rotation angle, as shown in Figs. 27 and
28.
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Fig. 28 Axial force—joint stiffness—rotation angle diagram.

It is evident from Fig. 27 that the damage load and
ultimate load increase with the increasing axial force, but
the cracking load is the same because the concrete
material does not change. In addition, the difference
between the ultimate load and the failure load values
decreases as the axial force increases. The axial force
reaches 33 kN, and the failure load is about 93.5% of the
ultimate load, indicating that with the elevation of the
axial force, the contact time of the outer arc concrete is
delayed, and the more load it bears, the faster the failure
occurs after contact.

As shown in Fig. 28, joint stiffness gradually increases
with the continuous increase of the axial force, and the
joint rotation angle tends to decrease. Although the
concrete grade did not change, the cracking angle and
stiffness changed. The cracking stiffness changed
significantly with the increase in axial force because the
axial force can make the tube segments fit better at the
early loading stage, reduce the joint rotation angle, and
offset part of the bending moment generated by the
vertical load. Therefore, the axial force affects the
cracking angle and stiffness. Meanwhile, the difference
between failure and ultimate stiffness increases with the
increase of axial force, with a maximum difference of
11.35%. In contrast, the difference between failure and
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the ultimate angle of rotation decreases with the growth
of axial force, with a minimum difference of 0.0069 rad,
indicating that the improvement of axial force has a more
significant influence on the stiffness of the joint.

4.2.2 Bolt pre-stressing

During the assembly stage of the test, stress is generated
when tightening the bolts to secure them and prevent
them from falling off during the loading process. This
prestressing also allows for a better fit of the tube sheet
before loading, reducing the rotation angle of the joint
during the loading stage. To study the effect of
prestressing on the mechanical properties of the joint,
increase the value of prestressing in the basic parameters.
At the same time, ensure that the maximum stress
produced by prestressing the concrete in the handhole
area is not greater than 80% of the compressive strength
of concrete. Set up five groups of bolts with prestressing
of 8, 28, 48, 68, 88 kN in increments of 20 kN to
calculate the conditions and analyze the prestressing
effect on the structure.

To more intuitively demonstrate the change in the
influence of pre-stressing on the structure, the analysis of
each set of conditions is conducted through characteristic
load, joint stiffness, and rotation angle in each stage. This
is illustrated in Figs. 29 and 30.
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Fig. 29 Bolt pre-stressing—characteristic load diagram.

From Fig. 29, it can be seen that increasing the bolt pre-
stress has no pronounced effect on the concrete cracking
load, verifying that the appearance of cracks in the
concrete signifies the end of the elastic stage. As the bolt
pre-stressing force continues to increase, the failure load
and ultimate load of the joint show a gradual increase.
This is because the bolt pre-stressing force improves the
contact between tube segments at the initial stage,
requiring a higher load value for the same rotation angle.
This indicates that the bolt pre-stressing force is
beneficial for improving the bearing performance of the
joint.
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According to the calculation results, the variation of the
effect of prestressing on the joint stiffness was analyzed,
as shown in Fig. 30. From the figure, it can be seen that
the joint stiffness gradually increases, and the rotation
angle gradually decreases with the increase of bolt pre-
stress. Because the bolt pre-stress is applied before
loading, and as the load increases, the connection
between the bolt and the tube fragment will loosen,
causing the pre-stress to gradually decrease. Therefore,
the cracking stiffness and rotation angle change more
noticeably with the bolt pre-stress, while the rest of the
variables show no significant change.

5 Discussion

5.1 Concrete and bolt grade fitment

In the actual construction process, due to the difficulty
and high cost of producing excessively high-strength
concrete, choosing the proper concrete strength can
improve performance while increasing the economic
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benefits of construction. The grade of the bolts should
also match the concrete’s strength so that each com-
ponent’s performance can be enhanced. In combination
with the previous analysis, studying the concrete and bolt
adaptation in depth and using the right combination of
materials can improve each component’s performance.
Meanwhile, using the control variables method, each
concrete strength grade in the C30-C65 range and each
bolt strength grade in the 5.8-10.9 range were calculated
for 25 sets of conditions.

According to the four-stage characteristics of joint
damage, it can be seen that at the end of the stage, the
crack at the handhole determines the failure, and the
cracking load value is consistent because the tensile
properties of each grade of concrete lifting are not
prominent. After stage IlI, the external load increases
because of the outer arc’s concrete contact. Combined
with the force change law of the bolts in Fig. 6, it can be
obtained that the bolts mainly play a more prominent role
during stage II. The specific calculation results of each
parameter are as follows.

Figure 31(a) reflects the effect of concrete strength on
the characteristic load values at each stage for different
strength bolts. The vertical coordinate represents the
characteristic load difference between adjacent damage
stages, which illustrates the degree of contribution of
different concrete strengths to the characteristic loads of
shield segment joints under the same bolt grade. The
horizontal coordinate represents the bolt strength grade,
and each curve indicates the size of the difference in the
characteristic load of the adjacent damage stage under the
same concrete strength grade and different bolt strength
grades, and the larger the difference is, the better the
fitness of the concrete strength grade and the bolt strength
grade. It is obtained in Fig. 31(a) that the difference
increases continuously with the increase of concrete and
bolt strength class, and the most significant variation of
the difference is observed when the bolt class is increased
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Fig. 31 Bolt and concrete diagrams for each grade: (a) bolt-concrete grade diagram; (b) concrete-bolts grade diagram.
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from 6.8 to 8.8. Figure 31(b) reflects the effect of bolt
strength on the values of characteristic loads at various
stages for different concrete strength classes. The vertical
coordinate represents the characteristic load difference
between adjacent damage stages, which illustrates the
contribution of different bolt strengths to the characte-
ristic loads of shield segment joints under the same
concrete strength by the characteristic load difference.
The horizontal coordinate represents the concrete strength
grade, and each curve indicates the size of the difference
between the characteristic loads of adjacent damage
stages at different concrete strength grades under the
same bolt strength, and the larger the difference, the
better the fitness of the concrete strength grade and the
bolt strength grade. From Fig. 31(b), it can be seen that
when the bolt grade is raised from 6.8 to 8.8, the
difference is about 53.95 kN. Although the corresponding
value for C65 concrete is larger, the difference is only
11.37% smaller compared to that for C60 concrete with
the strength of C65 concrete and the difference is nearly
raised by a factor of 3.7 in comparison to that for C50
concrete with the strength of C60 concrete.

5.2 Axial force and bolt pre-stress contribution

During construction, pre-stress is applied to the bolts to
ensure a better connection between the bolts and the
segments. To study the effect of axial force and bolt pre-
stress on joint performance, the initial axial force of 5 kN
and bolt pre-stress of 8.2 kN were used as the base
variables. According to the optimal concrete and bolt
strength grades discussed in Subsection 6.1, the
parameters were used to increase the two variables of
axial force and bolt pre-stress by 20%, 40%, 60%, and
80% simultaneously, and eight groups of comparison data
were set, as shown in Table 4.

To demonstrate more clearly the effects produced by
axial forces and bolt pre-stressing, the characteristic loads
of each damage stage are cited for description, as shown
in Fig. 32.

The percentage increase in Fig. 32 is based on an axial
force of 5 kN and a bolt pre-stress of 8.2 kN. The figure

Table 4 Calculation parameters

Added value Axial force (kN) Bolt pre-stressing (kN)
20% 6 8.2
5 9.84
40% 7 8.2
5 11.48
60% 8 8.2
5 13.12
80% 9 8.2
5 14.76
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Fig. 32 Axial force and bolt pre-stressing—characteristic load
diagram.

shows that both can increase the failure load and the
ultimate load, and the axial force has a more significant
effect on the failure load and the ultimate load than the
bolt pre-stressing. At the same time, the characteristic
load value increased by each level of bolt pre-stressing is
very small, so in the construction process, the minimum
required value of the bolt pre-stressing can be considered
based on economic efficiency and ease of application.
Concurrently, the typical load value escalates with every
stage of bolt prestressing, remaining minimal. Conse-
quently, during construction, the least necessary amount
of bolt pre-stressing should be evaluated due to its cost-
effectiveness and simplicity of use.

6 Conclusions

This article investigates the mechanical characteristics of
joints with curved bolts in shield lining by combining
full-scale experiments and numerical simulation. The
damage law of tunnel joints and the development law of
concrete strain in each part of tunnel joints are analyzed.
Moreover, considering the material properties and
external load, the parametric analysis came up with the
influence of concrete strength, bolt strength, axial force,
bolt preload and other factors on the mechanical
properties of tunnel joints. The main conclusions are as
follows.

1) The damage process of shield joints with curved bolt
connections can be divided into four stages: concrete
elasticity (stage I), concrete cracking (stage II), overall
joint damage (stage III), and ultimate joint damage (stage
IV). The initial loads of the adjacent damage stages are
defined as the characteristic loads of cracking, the
damage and the ultimate load.

2) The bearing performance of the shield joint weakens
after the concrete cracking while enhanced after the
contact of concrete on the outer arc surface. Improving
the strength of concrete and bolts has a pronounced effect
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on the bearing performance of the joint, which
strengthens the mechanical bearing performance of each
component itself, thus greatly helping the stiffness and
bearing capacity of the joint. At the same time, in the
bearing process, the pressure zone of the concrete in the
joint area shifted upward with the increasing tension
angle of the inner arc surface, the bolt became the main
bearing component in stage II, and the stress growth rate
was accelerated, and after the concrete contact of the
outer arc surface, the concrete became the main bearing
component again.

3) The concrete strength has a more significant
influence on the mechanical properties of the shield joints
than the bolt strength, while the rest of the parameters
remain constant. The C60 concrete and the 8.8-grade
bolts are the optimal combination to enhance the load-
bearing performance of shield joints, which can maximize
the mechanical load-bearing performance of shield joints.

4) When the difference between the axial force and the
bolt preload is less than 3 times, the enhancement effect
of the axial force on the shield joint is more obvious, and
the higher the axial force, the greater the enhancement
effect on the stiffness of the shield joint. At the same
time, when both values are less than one loaded tenth, the
axial force and bolt preload have essentially the same
effect on shield joint lifting.

5) The article thoroughly investigated the mechanical
properties of segment joints connected by curved bolts.
However, there are still some lacks, such as neglecting
shield joints with inclined bolts and straight bolts, and
further comparing the three types of traditional bolts. On
the other hand, the bearing situation of the joints among
the whole ring lining remains exploration. Future research
is expected to deepen the aforementioned directions.
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