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As the weakest link in the shield segment, the reinforcement and repair technology of shield segment joint has received widespread
attention. In this study, an finite element model utilizing a cohesive zone model (CZM) was constructed to simulate the mechanical
behavior of the shield segment joint during the whole fracture process. The proposed modeling method of joint allows multiple
layers of steel bars to be stacked without interference by applying cohesive elements. Cohesive elements were employed to represent
the mechanical response of potential fracture surfaces in concrete, as well as the interfaces between steel-concrete and fiber-
reinforced polymer (FRP)—concrete, by utilizing various constitutive models tailored for mixed-mode loading conditions. A group
of experiments was chosen to assess the precision of the proposed model by comparing the mechanical response and the fracture
patterns. Finally, parameter analyses were conducted to study the reinforcement effect of the FRP bonding length and width on the
shield segment joint. The results indicate that external bonding of FRP can effectively enhance the bearing capacity and stiffness of
shield segment joints. However, insufficient bonding length or width may significantly reduce the strengthening effect and

potentially decrease the ductility of the joint.

1. Introduction

With the development of subway construction, the sealing
and safety of shield tunnel segments have attracted widespread
attention and research. Tunnels in service are subjected to a
combination of factors during operation, including surround-
ing rock pressure, groundwater pressure, and surface and adja-
cent structure construction loads. The mechanical performance
of tunnel structures deteriorates over time due to the prolonged
influence of these combined loads, resulting in stress losses at
the joints [1]. When the contact stress state at the pipe segment
joints deteriorates to a certain extent, joint leakage can occur.

To investigate the mechanical behavior of the shield seg-
ment joint, in order to investigate the mechanical performance
of shield tunnel segment joints, researchers have conducted a
series of experiments and theoretical studies. For experimental

studies, researchers typically utilize a four-point bending setup
(or other experimental setup) to conduct load capacity tests on
prototype pipe segment joints [2—7]. These approaches were
employed to examine the stiffness, strength, and failure modes
of the shield segment joints. For theoretical or numerical stud-
ies, researchers primarily analyze pipe segment joints using
spring-based theoretical models or finite element (FE) models
[8-13]. These analytical methods are effective in reflecting the
macroscopic mechanical properties of the joints, such as the
moment—rotation relationship. However, for detailed fracture
behavior, existing models have certain limitations. Besides,
researchers have conducted numerous studies on the rein-
forcement and repair of pipe segment joints. However, these
studies predominantly utilize reinforcements, such as steel
plates, steel fibers, or steel pipes [14-20]. In environments
where there is water present, these steel reinforcements are
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susceptible to corrosion, which imposes certain limitations
on their practical application. Therefore, there is a promising
application potential in reinforcing segment joints using non-
corrosive fiber-reinforced polymer (FRP) materials.

To enhance the simulation of the mechanical and frac-
ture characteristics of the FRP-reinforced shield segment
joint, an adequately detailed model is required to simulta-
neously simulate concrete cracking, the slip and debonding
between steel reinforcement and concrete, as well as the
interface mechanical properties between FRP and concrete.
Traditional FE continuum element models are inadequate in
accurately representing such problems. Hence, there is a
pressing need to develop new models suitable for analyzing
systems with a large number of interface issues. Therefore,
the cohesive zone modeling (CZM) approach [21-28] is a
preferable choice, since its primary advantage lies in its abil-
ity to accurately characterize the mechanical behavior of
interfaces, such as the interaction between cracks in concrete
before and after cracking, as well as the interface mechanical
properties between different materials.

In this study, a numerical modeling approach for FRP-
reinforced shield segment joints based on CZM is proposed.
By using the zero-thickness cohesive elements, this model
can simultaneously analyze the interfaces between FRP and
concrete, steel reinforcement and concrete, concrete and con-
crete, and concrete and rubber. Additionally, through secondary

development, the constitutive relationships applicable to
different interfaces have been implemented in the model.
Experimental data have been employed to confirm the pre-
cision of the proposed model, considering aspects such as
load-bearing capacity, stiffness, ductility, and failure mode.
Finally, the strengthening effect of CFRP plate on the
shield segment joint is analyzed with different reinforcing
parameters.

2. CZM Model of the Shield Segment Joint

2.1. Modeling Method of the Joint. The CZM was applied to
simulate the FRP-strengthened shield segment joint. The joint
of shield segment is essentially a reinforced concrete structure.
Thus, the modeling method proposed previously [24, 27] was
adopted to build up the FE model of joint. As shown in Figure 1,
the procedure for constructing the FE model is outlined as
follows:

Step 1: Separate the concrete original mesh (solid ele-
ments), and insert concrete potential fracture
surfaces (cohesive elements with zero thickness)
to build up the CZM of concrete.

Insert the steel reinforcement (solid elements)
and steel-concrete interface (zero-thickness cohe-
sive elements) to establish the RC model.

Step 2:
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FIGURE 2: Single-mode stress—displacement relation: (a) normal direction and (b) tangential direction.

Step 3: Insert the FRP plate (beam elements) and FRP—
concrete interface (zero-thickness cohesive ele-
ments) to model the FRP-strengthened RC.

It should be noticed that in step 2, the steel was inserted
to the model by the connection of cohesive elements. There-
fore, multilayer of steel reinforcement or bolt can be inserted
together, and they will not interfere with each other.

2.2. Constitutive Models for FRP-Concrete Interface and
Concrete Potential Fracture Surfaces

2.2.1. Damage Relation under Mixed-Mode Condition. The
damage constitutive models proposed previously [24, 27]
were employed to characterize the mechanical behavior
of FRP—concrete interface and concrete potential fracture
surfaces. As shown in Figure 2, the stress—displacement
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behavior for both interfaces under single-mode conditions
can be described as follows:

(1) Normal direction:

kném 5n < 5n0
0= (I_D)knén’ 5n0<5n35nf, (1)
0, 5n>5nf

where o is the normal stress, k,, is stiffness in the normal
direction, ,, is the displacement in the normal direction, &,
and d,,are the key parameters of damage state, as shown in
Figure 2(a), and D is the damage coefficient (or damage
factor), and it can be calculated by the following equation:

6,
<—n - 1)] (8n0 < 8, < 8y¢), FRP — concrete interace

(6,,0 <6, < 6,,f), concrete potential fracture surfaces

\
where 7 is the shear stress; k; is stiffness in the tangential direc-
tion, it is a constant parameter for concrete potential fracture
surfaces, for FRP—concrete interface, k, = 7o/(8,0184)%> (15 < 8,l);
d, is the tangential displacement; 55y and Jrare the key parame-
ters of damage state, as shown in Figure 2(b).

In the tangential direction, the damage coefficient can be
calculated by the following equation:

1-—Lexp [ <— - 1)} (840 < |64] < 8¢¢), FRP — concrete interace
550 - 6sf 550

(850 <8, < 8f). concrete potential fracture surfaces



Defining the total displacements [24, 27] as follows:

6= <6n>2 + 6
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where § is the total displacement; dy is the displacement of
the damaged initial state in the mixed-mode; O is the dis-
placement of the failure state in the mixed-mode; 5y, 5, &>
and &, are the key parameters of damage state [24, 27], as
shown in Figure 2.
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2.2.2. Friction Effect. The friction effect [24, 27] was also
considered into the calculation of stress. According to the
different slip conditions, the friction stress can be calculated
as follows:

(1) Interfacial nonsliding condition.

In the interfacial nonsliding condition, the shear stress
can be transmitted normally. Thus, the friction stress Ty can
be given as follows:

. : T, max
Ty = ky (8, — 83de) ((55 — §3lide) ka_> (7)

where &9 is the interfacial slip which has been generated
during the fracture process, and Tjyay is the maximum fric-
tion stress, and it can be calculated by the following equation:

Tfmax :f<_kn5n>’ (8)

where f is the friction coefficient.

(2) Interfacial sliding condition.

In the interfacial sliding condition, the friction stress can
be calculated by the following equation:

5. — 5slide
! n |55 - 5ihde’ slide Tf max
(55 - 65 ) > ’ (9)
» T, k
5§hde — 55 _ 7

S

where 5319 is the slip displacement which has been updated.
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Based on the total displacements defined above, in the
mixed-mode condition, the damage coefficient D can be
defined as follows:

O 100, 1) .
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2.2.3. Expression of Stresses. Finally, incorporating the dam-
age relation and friction effect, the stress can be expressed as
follows:

(1) Normal stress:

k,5,, 85, <8,
=1 (1=D)k,5,, 8,<3,<6, (10)
0, 8,>0,;
(2) Shear stress:
kS,, 6=
TT
r= (1—D)5—:;55+D-Tf, 5y<8< 6. (11)
Tf’ 5>5f

2.3. Constitutive Models of the Steel-Concrete Interface (Ribbed).
The mixed-mode constitutive model [24, 27] considering the
influence of interfacial normal separation was adopted in this
study. According to Figure 3, a weakening factor D, can be
defined as follows:

1, 6,<0
D, = (M = 64)/hey,  0<8,<hygp, (12)
Os 511 2hrib

Where h,y, is the height of the rib of reinforcement, as
shown in Figure 3.
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FIGURE 4: Load scheme and geometry of the segment joint: (a) load scheme and (b) geometry information of the segment section.

Based on the weakening factor D,, the modified bond-slip
relation (recommended by CEB-FIP [29]) of the reinforcement—
concrete interface can be given as follows:

o

Tmax | T s
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5ss5sl
t=D, - 6, — 6 ,
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where 7,,,y is the bond strength, 7, is the residual stress, d¢
and 0, are the displacements in the tangential direction
which corresponding to the bond strength and residual stress,
and «a is the constant parameter about stiffness. For ribbed
rebar, 7., = ( fck)o'5 (f.x is the concrete compression strength),
Tres = 0.15T 0 05 =0.6mm, 5, =2.5mm, a=0.4. As for
plain rebar, 7yax = Tres=0.1 X ( fck)o's, 6,1 =0.01 mm, a=0.5.

3. Validation of the Numerical Model

To assess the precision of the FE model proposed in this study,
a group of shield segment joint experiments [30] was chosen
to be compared with the simulation results. Figure 4 shows
the simplified load scheme and geometry of the segment joint.
The outer diameter of the segment is 6.2m, and the inner
diameter of the segment is 5.5m. The center angle of each
segment is 22°, and the thickness of the segment is 1.2 m.
Concrete with a design strength of 55MPa and steel ribbed
rebar with a yield strength of 400 MPa were used to cast
the shield segment. Besides, two 30 mm-diameter bolts with
400 mm longitude and 400 MPa vyield strength were used to
connect two segments.

As shown in Figure 4, the shield segment is placed in two
concave rigid frames, where the left rigid frame is hinged on
the left and bottom sides, while the right rigid frame is sup-
ported by roller bearings at the bottom and subjected to
horizontal thrust on the right side. The upper part of the
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Ficure 5: Composition of the segment joint FE model.

TasLE 1: Material parameters for cohesive elements.

Normal direction

Tangential direction

Material kn Ft Gn ks To (T max) Gs f
(GPa/m) (MPa) (N-m) (GPa/m) (MPa) (N-m)

Concrete potential 10° 2.80 110 10° 9.80 1,100 0.35

fracture surface

Rebar—concrete 6

Interface (ribbed) 10 0.50 20 o 6.70 o _

Contact interface 10° 0 0 10° 0 0 0.35

specimen is subjected to a pair of vertical loads spaced
800 mm apart, resulting in the joint becoming a pure bend-
ing section. During the loading process, the ratio of bending
moment to horizontal load is 300 mm.

The structure of the FE model is illustrated in Figure 5.
The FE model consists of concrete, steel rebar, steel-concrete
interface, rubber, bolt, and contact interface. The constitutive
model applied to the contact interface is identical to that used
for the potential fracture surfaces of concrete, with a very low
normal and shear strength. There are about 20,000 nodes,
6,500 triangular elements (CPS3), and 12,000 cohesive ele-
ments (COH2D4) in a typical FE model. In this model, the
concrete, steel rebar, bolt, and rubber are represented by
solid elements. To ensure that the area of steel-concrete
interface is consistent with the actual one, the width of the
rebar is set to its radium R. Thus, the out-of-plane thickness
of the steel-concrete interface can be set to zR. In addition,
there is a 4 mm gap between the segments above the water-
stop rubber. In the model, although there is no gap at this

contact surface, it is set to have a contact stress after mutual
penetration of 4 mm.

All the constitutive adopted in this study were implemen-
ted through ABAQUS subroutine VUMAT [31], the model
was solved with the ABAQUS/EXPLICITE solver [31] by
using a quasistatic method. The principle of this method is
to solve static problems using dynamic solution methods. Its
advantage lies in avoiding the convergence difficulties encoun-
tered in static solution.

According to the experimental results, repeat trials, and
the relative references about CZM [21-27], the material
parameters utilized in the cohesive elements are detailed in
Table 1. Additionally, concrete has an elastic modulus E of
30 GPa and a Poisson’s ratio v of 0.2. Steel has an elastic
modulus E of 30 GPa, a Poisson’s ratio v of 0.2, and a yield
strength of 390 MPa. Rubber has an elastic modulus E of
20 MPa and a Poisson’s ratio v of 0.4.

Figure 6 shows the result of the simulation. By deleting
cohesive elements with a damage factor reaching 1, the cracks
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FiGure 6: Simulation results of the joint numerical model: (a) bending moment—defletion curve; (b) fracture pattern of model; and (c) fracture

pattern of the experimental specimen [30].

in the model can be represented. The fracture process is as
follows: At first, the bending moment increased linearly with
the increment of midspan deflection; subsequently, the bolt
entered the yield stage, which leaded that the slope of the
bending moment—deflection curve undergoes a reduction.
Finally, the concrete above the rubber makes contact, and
the stiffness of the joint increases, causing the slope of the
curve to recover until the upper concrete crushed, as shown in
Figures 6(a) and 6(b). By comparing the bending moment—
deflection curve and the fracture pattern between simulation
and experiments, the simulation results closely match the
experimental data, indicating that the proposed numerical
model accurately captures the mechanical behavior of the
shield segment joint.

4. Analysis of the FRP-Strengthened Shield
Segment Joint

The strengthening effect of the FRP on the shield segment
joint is assessed based on the proposed CZM model. Due to
the varying dimensions of existing engineering shield seg-
ment, in order to facilitate the comparison of the mechanical
performance of joints before and after reinforcement, the
same joint form and material parameters as those in Section
3 were selected. The composition of the FRP-strengthened

shield segment joint is as shown in Figure 7. The FRP plate is
connected to the segment joint through FRP—concrete inter-
face (zero-thickness cohesive elements).

According to the relative references [26, 27, 32], the
CFRP plate was chosen as the external reinforcement. The
CERP plate is set to bond under the whole bottom of shield
segments. The CFRP plate has a width of 1.2m and a thick-
ness of 1.2 mm. The material parameters of the FRP—concrete
interface are listed in Table 2. It should be noted that due to
the various types of epoxy resins, the parameters of the
FRP—concrete interface also vary. Therefore, the parameters
used in this paper mainly refer to those used in previous
studies [26, 27, 32]. Besides, the CFRP plate has an elastic
modulus E of 165 GPa.

Figure 8 shows enhancement provided by the externally
bonded CFRP plate. Through the bending moment—deflection
curve, as shown in Figure 8(a), the stiffness and the bearing
capacity of the joint is significantly strengthened, the maxi-
mum bending moment and the stiffness are approximately
2.5 times and 1.7 times that of the original join. Besides, the
fracture pattern of the joint is changed. Since the bottoms of the
segments are connected by the CFRP plate (CFRP plate plays a
role similar to steel rebar, as shown in Figures 8(c) and 8(d)), the
joint is transformed into an integral RC structure. Thus, when
the joint fails, several cracks will initiate at the bottom of
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TaBLE 2: Material parameters of the FRP—concrete interface.

Material

Mode I

kn Ft
(GPa/m) (MPa)

Mode I1

Gn ks 7o (T max)
(N-m) (GPa/m) (MPa)

FRP—concrete
interface

200 1.10

60 — 3.30

0.35

450 T

joint
360 |

Bending moment (kN-m)

90

- FRP-strengthened

Original joint

—— Simulation

10 15 20 25
Midspan deflection (mm)

- - - Experiment

S. Mises

Bottom (fraction = -1.0)
+2.168e + 08
+1.987e + 08
+1.806e + 08
+1.626e + 08
+1.445e + 08
+1.264e + 08
+1.084e + 08
+9.032¢ + 07
+7.225e + 07
+5.419¢ + 07
+3.613e + 07
+1.806e + 07
+5.049¢ + 01

(a)

30

CFRP plate
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Ficure 8: Continued.
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FiGure 10: Simulation results with different bonding length: (a) bending moment—deflection curves and (b) typical fracture pattern of the
joint with insufficient bonding length.

segment concrete and propagate upward, with the crush of the  4.1. Influence of the Bonding Length. In this section, the effect
top concrete. This fracture pattern is very similar to the tradi-  of the CFRP bonding length on the segment joint is investi-
tional RC beam. However, it should be noticed the application ~ gated. As shown in Figure 9, three types of segment joints
of CFRP plate will reduce the ductility of the joint. with different bonding length (entire length, 2/3 length, and
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FiGURE 11: Simulation results with different bonding width: (a) bending moment-deflection curves; and (b) typical fracture pattern of the joint

with insufficient bonding width.

1/3 length) were simulated. All the material parameters are
the same to Sections 3 and 4.

Figure 10 shows the simulation results of the FRP-
strengthened segment joint with different bonding lengths.
The joint with the entire bonding length has the best
strengthening effect. However, with the 2/3 and 1/3 bonding
length, both the bearing capacity and ductility of the joint are
substantially decreased, as shown in Figure 10(a). Besides,
with the insufficient bonding length, the fracture pattern will
also be changed. As shown in Figure 10(b), when the joint
fails, the concrete cover will peel off, and this ultimately leads
to the failure of the CFRP strengthening effect.

4.2. Influence of the Bonding Width. In this section, the
effect of the CFRP bonding width on the segment joint is
investigated. The CFRP-strengthened joint with different
bonding width (1.2, 0.8, and 0.4 m corresponding to entire
width, 2/3 width, 1/3 width) were simulated. Figure 11
shows the influence of the bonding width of CFRP plate.
Reduced bonding width leads to a significant decrease
in joint stiffness, bearing capacity, and ductility. Further-
more, as depicted in Figure 11(b), the fracture pattern
with insufficient CFRP width appears similar to the one
without an externally bonded CFRP plate. These results
indicates that when the CFRP plate’s cross-sectional stiffness
is insufficient, its reinforcement effectiveness is significantly
compromised.

5. Conclusions

This study introduces a FE model for simulating the FRP-
strengthened shield segment joint using the CZM. Cohesive
elements were utilized to characterize the concrete potential
fracture surfaces, as well as the interfaces between FRP and
concrete, and between steel and concrete. The corresponding
constitutive models were adopted to characterize these com-
ponents. A group of experiments of segment joint was chosen

to evaluate the simulation accuracy. The simulation results fit
well with the experimental one.

Based on the proposed model, the efficacy of the exter-
nally bonded CFRP plate for reinforcement was studied. In
summary:

(1) By externally bonding the CFRP plate (with entire
length and width), the stiffness and bearing capac-
ity of the joint can be significantly increased
(approximately 2.5 times and 1.7 times that of the
original joint, respectively). Thus, the CFRP plate
has a good potential for the application in segment
joint reinforcement.

(2) The bonding length and width have a great influence
on the strengthening effect. The insufficient bonding
length and bonding width will lead to a significant
weakening of the strengthening effect. According to
the analysis results, it is recommended to adhere the
CFRP plate to the entire area at the bottom as much
as possible.

Through this study, it has been demonstrated that CFRP
plates have the capability to reinforce shield segment joints
from a mechanical perspective. Additionally, due to the
excellent corrosion resistance of CFRP compared to steel, it
has great potential for engineering applications.

It should be noticed that this paper only studied the
strengthening effect of CFRP plates on joints under positive
bending moments. The reinforcing effect of CFRP under
negative bending moments still needs to be further investi-
gated in subsequent research.

Data Availability

The data are available from the corresponding author upon
reasonable request.
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