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Abstract: We develop assembled reinforcement structures (ARSs) composed of connection parts, connecting rods, and straight 
bolts to strengthen segmental joints in the lining of shield tunnels. Through full-scale bending experiments and numerical 
simulations, we investigate the deformation and failure characteristics of segmental joints strengthened by ARSs, and propose a 
novel optimization method for ARSs. The experimental results show that the ARSs can effectively limit the opening of a 
segmental joint, but also that separation can occur during loading if the connection between the ARSs and segments is not 
designed properly. Importantly, this connection can be improved by embedding anchor parts in the concrete. In numerical 
modeling, we investigate the failure modes of segmental joints strengthened by ARSs for both positive bending and negative 
bending loading cases. In the case of positive bending loading, first the concrete around the anchor parts cracks, and subsequently 
the concrete on the external side of the joint is crushed. The joint failure is caused by the crushing of concrete on the external 
side of the joint. While the un-strengthened segmental joint fails with an opening of 5.884 mm, the strengthened segmental joint 
only opens by 0.288 mm under the same loading, corresponding to a reduction of 95.1%. In the case of negative bending 
loading, the concrete around the anchor parts first cracks, and then the amount of joint opening exceeds a limiting value for 
waterproofing (6 mm), i.e., the joint’s failure is caused by water leakage. While the opening of the un-strengthened segmental 
joint is 9.033 mm and experiences waterproofing failure, the opening of the strengthened segmental joint is only 2.793 mm 
under the same loading, corresponding to a reduction of 69.1%. When constructing a new shield tunnel, anchor parts could be 
embedded in the concrete segments in tandem with ARSs for improved resistance to joint opening. For existing shield tunnel 
linings, anchor parts cannot be embedded in the concrete segments; therefore, the connections between the ARSs and concrete 
need to be optimized to strengthen the segmental joint.
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1 Introduction 

The shield tunneling method has become ubiqui‐
tous for the construction of tunnels in urban areas, and 
is currently used to build highways, railways, subways, 
and other forms of tunnels (Gong et al., 2015; Zhou 
et al., 2018). The design service life of shield lining 
structures is usually about 100 years. Over this long 

period, material property deterioration and changes in 
surrounding stratum loads can cause large convergence 
deformation in the lining rings of shield tunnels, which 
is often accompanied by issues of joint opening, water 
leakage, and concrete cracking (Wu et al., 2011; Huang 
et al., 2017; He et al., 2020; Wang et al., 2023; Ye 
et al., 2024).

Internal reinforcement technology is an effective 
method to control the deformation of shield lining rings 
(Lee and Ishihara, 2010). One common reinforcement 
strategy is to add steel plates inside the tunnel structure 
to form a composite system which can improve the 
structural stiffness and bearing capacity (Liu et al., 2022; 
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Li et al., 2023). In an application of this method, Huang 
and Zhang (2016) analyzed the measured convergence 
of a shield tunnel with a large convergence-to-diameter 
ratio, reinforced the tunnel by gluing steel plates to 
the inner perimeter of the lining (thus functioning as a 
secondary lining), and accordingly proposed an accept‐
able safety level. Further studying the reinforcement 
of segmental linings, Zhao et al. (2016) proposed an 
approach based on fiber-beam and discrete elements 
to model the nonlinear response of a shield lining rein‐
forced with steel plates. Building upon this, Liu et al. 
(2019) studied the interfacial failure mechanism for the 
layer between the thin steel plate and tunnel lining, 
and Zhai et al. (2020) conducted physical tests where 
deformed segmental tunnel linings were reinforced 
with steel plates, with the results showing improve‐
ments of 190% and 69% in the stiffness and bearing 
capacity of the tunnel, respectively. In the context of 
guarding against water leakage, Liu et al. (2020) pre‐
sented a case study on the structural response of shield 
tunnel lining rings when unexpected water leakage 
occurred, and proposed a solution based on reinforce‐
ment with steel plates. Furthermore, Zhang et al. (2022) 
carried out a numerical study in which a tunnel segment 
was strengthened by steel plates, and proposed that 
the resulting structural behavior of the segments is 
governed by the interfacial performance. In addition, 
Liu et al. (2017) proposed a novel strengthening meth‐
od for segmental tunnel linings with large deformation, 
which employs epoxy-bonded filament-wound profiles 
(FWPs), and used full-scale tests to study the ultimate 
bearing capacity of deformed segmental tunnel linings 
strengthened by FWPs. In a similar vein, Liu et al. 
(2018) investigated the failure mechanism of a shield 
tunnel structure strengthened by FWPs, with their re‐
sults showing that the overall failure process is trig‐
gered by the failure of concrete at segmental joints.

Shield tunnel linings are usually assembled using 
prefabricated reinforced concrete segments (Wu and 
Ou, 2014). Joints are the weakest points in shield 
lining structures, and thus have a significant impact 
on the stress and deformation properties of lining struc‐
tures (Do et al., 2014; Avanaki et al., 2018; Zhou et al., 
2023). Previous studies have confirmed that the failure 
process of shield lining structures exhibits progressive 
collapse characteristics, and that the failure of tunnel 
linings typically originates from the failure of joints 
(Zheng et al., 2017; Zhou et al., 2022). In existing 

reinforcement technologies, structures such as steel 
rings are installed around the entire internal side of 
the lining rings to form a composite structural system. 
This composite system covers the internal surface of 
segmental linings and causes difficulties in the obser‐
vation of water leakage, concrete cracking, and other 
undesirable effects. Considering how the failure of a 
shield tunnel usually starts with segmental joint failure, 
we develop novel assembled reinforcement structures 
(ARSs) to strengthen the lining joints. ARSs can be 
installed at joints to restrict the amount of opening and 
possess the advantage of not covering the lining sur‐
face. In this study, full-scale bending experiments were 
conducted to analyze the mechanical properties of 
segmental joints strengthened by ARSs, as well as to 
understand the ARSs’ strengthening effect. Then, 
numerical modeling was performed to understand and 
account for the weak points in the segmental joint 
strengthened by ARSs.

2 Full-scale experiment for a segmental joint 
strengthened by ARSs 

2.1 Segmental joint

In this experiment, the lining ring has an outer 
diameter of 6.4 m, an inner diameter of 5.8 m, a thick‐
ness of 0.3 m, and a width of 1.2 m. The lining ring 
consists of one key segment (K), two adjacent segments 
(L1 and L2), and three standard segments (A1, A2, 
and A3). The strength grade of the concrete in the 
lining is C50. The focus of the experiment is the seg‐
mental joint between the standard segments, whose 
dimensions are shown in Fig. 1. As we were restricted 
by the size of the loading equipment, two standard 
segments could not be assembled and placed in the 
loading equipment; therefore, the size of the joint 
specimen was reduced accordingly. The reinforcement 
cage was fabricated according to the size of the adjusted 
specimen. A steel plate was welded in the mold of a 
standard segment as shown in Fig. 2a, and then the 
concrete was cast. After the adjusted segments were 
demolded, the experimental segments were formed as 
shown in Fig. 2b. The segments are connected by two 
curved bolts of Grade 6.8, which have a diameter of 
27 mm, a yield strength of 480 MPa, and a Young’s 
modulus of 210 GPa. According to the yield stress 
and Young’s modulus of the bolts, the resulting yield 
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strain is 2286 με. Additionally, ethylene-propylene-diene 
monomer (EPDM) gaskets were put into the gasket 
groove of the segmental joint.

2.2 ARSs

The ARSs consist of connection parts, connect‐
ing rods, and straight bolts, as shown in Fig. 3. The in‐
stallation process of the ARSs is as follows. First, two 
connection parts (Fig. 4a) are mounted on the seg‐
ments at both sides of the joint using eight expansion 
anchor bolts. Second, two connecting rods (Fig. 4b) are 

connected to the two connection parts with four straight 
bolts. Considering the common types of deformation 
experienced by segmental joints, such as opening and 
dislocation over the long-term operation of a tunnel, 
the connecting rod is made to be adjustable in length. 
Each connecting rod consists of one sleeve part (Fig. 4c), 
two rod parts (Fig. 4d), and two joint parts (Fig. 4e). 
There are also threaded connections between the sleeve 
part and rod part, and between the rod part and joint part. 
The installation of ARSs at segmental joints is simple 
and convenient since ARSs can be easily replaced, 
and their production components can be standardized. 
At the same time, ARSs have the advantage of not 
covering the lining surface after installation, which 
allows easier observation of problems with the lining.

Considering the structural characteristics of the 
experimental segmental joint, the design details are as 
follows. The rod part of the ARSs has an outer diameter 
of 60 mm, an inner diameter of 48 mm, and a wall 
thickness of 6 mm; the sleeve part has an outer diameter 

Fig. 4  Details of the ARS components: (a) connection part; 
(b) connecting rod; (c) sleeve part; (d) rod part; (e) joint part

Fig. 2  Segment details: (a) steel mold and reinforcement; 
(b) segment

Fig. 1  Dimensions of the segmental joint (unit: mm)

Fig. 3  Schematic diagram of the ARSs
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of 70 mm, an inner diameter of 60 mm, and a wall 
thickness of 5 mm; the thickness of the connection 
part connected to the connecting rod is 16 mm, and 
the thickness of the other parts is 10 mm. The material 
of the connecting rods and joint parts is Q345 steel, 
and the connection between the connecting rod and 
joint part is made with M36 straight bolts of Grade 
6.8. The positive bending experiments were carried out 
for segmental joints with and without ARSs, so that 
the reinforcing effect of the ARSs could be determined. 
The segmental joint system after installation of the 
ARSs is shown in Fig. 5.

2.3 Experimental setup

The mechanical behavior and failure modes of a 
segmental joint subjected to a positive bending mo‐
ment were investigated. The tests were conducted 
using a TJ-GPJ2000 loading system at Tongji Univer‐
sity, China (Fig. 6a), which enables bi-directional load‐
ing of the segmental joint. The TJ-GPJ2000 loading 
system is comprised of a self-balancing reaction frame, 
a vertical-loading actuator with a loading capacity of 
1500 kN, two horizontal-loading actuators with a load‐
ing capacity of 2000 kN, and two loading supports. 
Positive bending tests were conducted for segmental 
joints with ARSs (Specimen 1) and without ARSs 
(Specimen 2). The specimens were placed on the load‐
ing system with the external side facing upward and 
hand holes facing downward, as shown in Fig. 6a. The 
vertical load P was applied using the vertical actuator, 
and the horizontal load F was applied using the hori‐
zontal actuator. By using the positions of the vertical 
and horizontal loading actuators and the loading sup‐
ports in the experimental system shown in Fig. 6b (and 
ignoring the self-weight of the specimen), the internal 

force of the joint specimen can be calculated as: M=
(0.7 m)×P−(0.0936 m)×F and N=F. The target values 
of bending moment M and axial force N for the seg‐
mental joint specimens were 267 kN·m and 1950 kN, 

Fig. 6  Test loading: (a) loading equipment; (b) load and 
displacement boundary conditions (unit: mm); (c) bending 
moment and axial force at the joint position

Fig. 5  Segmental joint after installation of ARSs
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respectively. During the loading process, the eccen‐
tricity ratio e (defined as M/N) was kept constant at 
0.14 m (267 kN·m/1950 kN), and the bending moment 
and axial force at the joint position were increased in 
10 equal steps from 0 to 267 kN·m and from 0 to 
1950 kN, respectively. After the axial force increased 
to 1950 kN, an approximate maximum loading capacity 
of 2000 kN was reached for the horizontal loading ac‐
tuators. At this point, the bending moment at the joint 
position was kept constant at 267 kN·m, and the axial 
force was gradually reduced by 50 kN at each step 
until the specimen failed. The ultimate limit state, 
which is where the specimen can no longer support the 
applied loads and permanently loses its bearing capac‐
ity, was adopted as the failure criterion. These loading 
details are illustrated in Fig. 6c.

In the positive bending test, the internal side of 
the joint opens and the amount of joint opening is 
measured by three deformation gauges. A pair of strain 
gauges utilizing a half-bridge connection was attached 
to each curved bolt in the segmental joint to measure 
the strain. This monitoring arrangement is illustrated 
in Fig. 7. The serial numbers of the measuring points 
for joint opening and bolt strain in Specimen 1 (with 
ARSs) are TX1, TX2, and TX3, and TL1 and TL2, re‐
spectively. The joint opening and bolt strain measure‐
ment methods and locations in Specimen 2 are the 
same as those in Specimen 1. The serial numbers of 
the measuring points for joint opening and bolt strain 
in Specimen 2 (without ARSs) are ZX1, ZX2, and 
ZX3, and ZL1 and ZL2, respectively.

2.4 Experimental results and discussion

2.4.1　Joint opening and bolt strain

The resulting amount of joint opening for the speci‐
mens is shown in Fig. 8. Specimen 1 and Specimen 2 
are essentially in a closed state from load case 1 to load 
case 14 (with a bending moment of 267 kN·m and an 

axial force of 1750 kN). However, after load case 15, 
the joint specimens gradually open with a decreasing 
amount of axial force. Looking at load case 17 (which 
has a bending moment of 267 kN·m and an axial 
force of 1650 kN), the openings of Specimen 1 and 
Specimen 2 are 0.96 and 3.26 mm, respectively. Com‐
pared with Specimen 2, the opening of Specimen 1 is 
70.6% less for the same load case. When the axial 
force decreases to 1550 kN (load case 18), Specimen 2 
(without ARSs) fails with an opening of 5.48 mm, 
while Specimen 1 (with ARSs) can still bear the posi‐
tive bending moment with an opening of 1.50 mm. 
Compared to Specimen 2, the opening of Specimen 1 
is 72.6% lower (1.50 mm vs. 5.48 mm). With the bend‐
ing moment of 267 kN·m held constant, Specimen 1 
fails when the axial force decreases to 1250 kN (load 
case 24) with an opening of 9.39 mm, and the axial 
force at this failure point is 19.3% lower compared to 
Specimen 2.

The strain experienced by the bolts in the speci‐
mens is shown in Fig. 9. The bolt strain is effectively 
0 from load case 1 to load case 14, because the joint 
specimens are in a closed state. However, beginning 
at load case 15, the bolt strain gradually increases with 
increasing joint opening. Due to the installation of 
ARSs in Specimen 1, the bolts bear the load together 
with the ARSs, which results in less joint opening in 
Specimen 1 than in Specimen 2. Therefore, the strain 

Fig. 7  Monitoring arrangement (unit: mm)

Fig. 8  Segmental joint opening

Fig. 9  Joint bolt strain
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experienced by the bolts in Specimen 1 is less than in 
Specimen 2 for the same load case. When the bending 
moment and axial force are 267 kN·m and 1550 kN, 
respectively, Specimen 2 fails with an opening of 
5.48 mm and a maximum bolt strain of 1961 με, while 
Specimen 1 can still bear the load with an opening of 
1.50 mm and a maximum bolt strain of only 631 με. 
When the bending moment and axial force are 267 kN·m 
and 1250 kN, respectively, Specimen 1 fails with an 
opening of 9.39 mm and a maximum bolt strain of 
5180 με.

2.4.2　Joint failure characteristics

The internal and external sides of the joint open 
and close, respectively, when bearing a positive bend‐
ing moment and the compressive zone is on the exter‐
nal side of the joint. The concrete in the compressive 
zone of Specimen 1 cracks in load case 18 (bending 
moment of 267 kN·m and axial force of 1550 kN) and 
fails in load case 24 (bending moment of 267 kN·m 
and axial force of 1250 kN). The concrete in the com‐
pressive zone of Specimen 2 cracks in load case 16 
(bending moment of 267 kN·m and axial force of 
1650 kN) and fails in load case 18 (bending moment 
of 267 kN·m and axial force of 1550 kN). Both speci‐
mens eventually fail because the joint opening cannot 
be effectively restricted as bearing capacity decreases. 
The crushing of the concrete in the compressive zone 
after joint failure is shown in Fig. 10.

The security of the connection between ARSs and 
concrete segments is imperative for strengthening the 
segmental joint. For Specimen 1 (with ARSs), the con‐
nection parts in the ARSs are attached to the concrete 
surface before loading, as shown in Fig. 11a. When 
reaching load case 19 (bending moment of 267 kN·m 
and axial force of 1500 kN), the connection parts start 
to separate from the concrete surface, as shown in 

Fig. 11b. Furthermore, the concrete around the connec‐
tion parts cracks during load case 22 (bending moment 
of 267 kN·m and axial force of 1350 kN). Finally in 
load case 24 (bending moment of 267 kN·m and axial 
force of 1250 kN), the connection parts are pulled out 
and the concrete around the connection parts is broken, 
as shown in Fig. 11c. After overall failure, the speci‐
mens were removed from the loading system to ob‐
serve the degree of damage to the concrete on the in‐
ternal side, as shown in Fig. 12.

Looking at Fig. 12, the concrete on the internal 
side of Specimen 2 is intact and displays different dam‐
age patterns compared to the concrete in Specimen 1. 
According to the analyses in Section 2.4.1, under the 
action of a bending moment of 267 kN·m, the axial 
force failure point for the joint with ARSs is 19.3% 
lower than the failure point for the joint without ARSs. 
Additionally, while the joint without ARSs fails with 
an opening of 5.48 mm, the joint with ARSs only has 
an opening of 1.50 mm, corresponding to a reduction 
of 72.6%. Therefore, installing ARSs on the internal 
side of the segmental joint has a reinforcing effect, re‐
stricting the joint opening and improving the ultimate 
bearing capacity. However, it also results in concrete 
damage at the ARS connection locations. As a result, 
it is necessary to optimize the connection between 
the ARSs and the concrete segments. In Section 3, 
we propose optimizations to the ARS–concrete con‐
nections, and accordingly conduct numerical analy‐
ses to analyze the strengthening effect of ARSs after 

Fig. 10  Concrete crushing on the external side of the 
segmental joints: (a) Specimen 1; (b) Specimen 2

Fig. 11  Failure process of ARSs: (a) contact before loading; 
(b) separation during loading; (c) pulling out after joint failure

Fig. 12  Comparison of concrete damage on the internal 
side of the segmental joint: (a) Specimen 1; (b) Specimen 2
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optimizations on a segmental joint subjected to both 
positive and negative bending moments.

3 Optimization of the connection between 
ARSs and concrete segments 

3.1 Numerical modeling

In numerical models, anchor parts were used to 
strengthen the connections between the ARSs and con‐
crete segments, as shown in Fig. 13. The ABAQUS 
software was used for this numerical modeling. The 
anchor parts were connected to the connection parts 
of the ARSs using eight M20 connecting bolts of 
Grade 6.8, for which the yield strength, Young’s mod‐
ulus, and Poisson’s ratio are 480 MPa, 210 GPa, and 
0.3, respectively. The dimensions and materials of the 
ARSs in these numerical models are the same as those 
in the full-scale bending tests. The connecting rods, 
joint parts, and anchor parts in the ARSs are all com‐
prised of Q345 steel, for which the yield strength, 
Young’s modulus, and Poisson’s ratio are 345 MPa, 
210 GPa, and 0.3, respectively. The connecting rod is 
affixed to the connection part by M36 straight bolts 
of Grade 6.8, for which the yield strength, Young’s 
modulus, and Poisson’s ratio are 480 MPa, 210 GPa, 
and 0.3, respectively. As simplifying assumptions, only 

the main reinforcement with a strength grade of HRB400 
was considered, and the stirrup was neglected. The yield 
strength, Young’s modulus, and Poisson’s ratio of the 
main reinforcement are 400 MPa, 210 GPa, and 0.3, 
respectively. This main reinforcement was embedded 
in the concrete. The strength grade of the concrete is 
C50, for which Young’s modulus and Poisson’s ratio 
are 34.5 GPa and 0.2, respectively. The plastic damage 
constitutive model was adopted for the concrete, with 
the resulting compressive and tensile damage behav‐
ior of C50 concrete (Jin et al., 2018) shown in Fig. 14.

In the numerical models, surface-to-surface con‐
tact was applied for the interactions between the con‐
nection parts, connecting rods, and M36 straight bolts. 
Also, the interactions between the connection parts 
and anchor parts, as well as those between the anchor 

Fig. 14  Plastic damage model for concrete (left: compression; right: tension): (a) stress–strain relation; (b) damage 
parameter–strain relation

Fig. 13  Optimization of the connections between ARSs and 
segments

1043



|    J Zhejiang Univ-Sci A (Appl Phys & Eng)   2024 25(12):1037-1050

parts and concrete segments, were modeled with 
surface-to-surface contact. For the bolts used to con‐
nect the anchor parts and connection parts, the inter‐
faces between the connecting bolts and connection parts 
were set to be in surface-to-surface contact, and the 
connection between the bolts and anchor parts was 
implemented with the “tie” function in the ABAQUS 
software. The connection between the sleeve parts and 
rod parts in the connecting rods was also implemented 
with the “tie” function. The two segments were con‐
nected by two curved M27 bolts of Grade 6.8, which 
have a Young’s modulus of 210 GPa, a yield strength 
of 480 MPa, and a Poisson’s ratio of 0.3. The interac‐
tions between the two segments, and between the seg‐
ments and bolts, were set as surface-to-surface contact. 
All of the surface-to-surface contact cases above were 
set as “hard contact” in the normal direction, and 
“friction contact” (with a friction coefficient of 0.5) in 
the tangential direction. T3D2 elements were used for 
the reinforcement parts, and C3D8R elements were 
used for all the other parts. To simplify the numerical 
models, EPDM gaskets were not installed at the joint 
position between concrete segments. The resulting 
numerical model is illustrated in Fig. 15a. In order to 
measure the strengthening effect of ARSs, a baseline 
numerical model of a segmental joint without ARSs 
was also constructed, as shown in Fig. 15b.

The bending moment M and axial force N at the 
joint position in the numerical model were applied 
using a vertical load P and a horizontal load F, as 
shown in Figs. 16a and 16b. For the positive bending 
loading mode in Fig. 16a, it can be shown that M=
(0.7 m)×P−(0.0936 m)×F and N=F. For the negative 
bending loading mode in Fig. 16b, it can be shown 
that M=(0.6 m)×P+(0.07 m)×F and N=F. For joints 
under the action of positive and negative bending mo‐
ments, the target values for the bending moment M 
and axial force N were 267 kN·m and 1950 kN, and 
186 kN·m and 1640 kN, respectively. In the loading 
processes for positive and negative bending, the bend‐
ing moment and axial force were increased in 10 equal 
steps to the target values, after which the bending mo‐
ment was increased by 20 kN·m for each step while 
the axial force was kept constant; this continued until 
the joint was damaged. The loading details are shown 
in Figs. 16c and 16d.

There were four groups of numerical models as 
shown in Table 1. The models with and without ARSs 

subjected to a positive bending moment are Model 1 
and Model 2, respectively; the models with and with‐
out ARSs subjected to a negative bending moment are 
Model 3 and Model 4, respectively.

3.2 Model validation

Model 2 (Fig. 15b) was selected to validate the 
numerical models, and its loading details are shown in 
Fig. 6c. The positions of the applied vertical and hori‐
zontal loads in the model were the same as those in the 
bending experiment in Section 2. The position of the 
joint opening measurement point in Model 2 coincided 
with that of ZX2 (Fig. 7) in the experiment. The amount 
of joint opening calculated by the numerical simula‐
tion is compared to the experimental result in Fig. 17.

As shown in Fig. 17, the pattern of the joint open‐
ing in the numerical simulation follows the experi‐
mental results. Both the numerically modeled joint and 
the real joint begin to open when the bending moment 
is maintained at 267 kN·m and the axial force decreases 

Fig. 15  Numerical models: (a) with ARSs; (b) without ARSs
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to 1700 kN. The numerically modeled joint fails to bear 
the load when the axial force is reduced to 1600 kN, 
corresponding to a difference of only 3.2% from the 
experimental axial force of 1550 kN. A possible ex‐
planation for the difference in joint opening is that the 

EPDM gaskets were not considered in the numerical 
model. The distribution of the compressive and tensile 
stresses within the concrete at the time of joint failure 
is shown in Fig. 18. Note that the compressive and 
tensile strengths for C50 concrete are 32.4 and 2.64 MPa, 
respectively. As shown in Fig. 18, the concrete on the 
external side of the joint experiences stress exceeding 
the compressive and tensile strengths, thus agreeing with 
the experimental result shown in Fig. 10b. It should 
be noted that anchor parts are present in the numerical 
model (Fig. 15b) but do not bear any load during the 
loading process because the ARSs are not installed, 
meaning that the anchor parts have no impact on the 
stress and deformation properties of the modeled joint. 
Considering how the characteristics of joint opening 
and failure for concrete on the external side of the 
joint agree with experimental results, it is likely that 
the numerical model reasonably represents the stress 
and deformation states of the real joint.

3.3 Numerical simulation results and discussion

3.3.1　Joint opening

The waterproofing limit value of the joint in this 
study is 6 mm, i.e., when the joint opens more than 
6 mm, it fails to restrain water. Progressive bending 
moments and axial forces (Figs. 16c and 16d) were 
applied for the numerical models from Table 1, until 
the joints were damaged or the joint opening exceeded 
the waterproofing limit. Fig. 19 shows the results of 
these numerical tests, including the joint opening, the 
maximum value of bolt stress, the maximum value of 
stress in the ARSs and anchor parts, as well as the 
maximum value of stress experienced by the connect‐
ing bolts between the ARSs and anchor parts.

It is clear from these results that the joint with 
ARSs opens significantly less than the joint without 

Fig. 16  Loading processes for the numerical simulation: 
(a) loading mode for positive bending; (b) loading mode 
for negative bending; (c) bending moment and axial force 
for positive bending loading; (d) bending moment and axial 
force for negative bending loading

Table 1  Details of the numerical models

Model

1

2

3

4

ARS

Yes

No

Yes

No

Loading

Positive bending loading

Positive bending loading

Negative bending loading

Negative bending loading

Fig. 17  Comparison of joint opening between numerical 
and experimental results
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ARSs. The joints of Model 1 (with ARSs) and Model 2 
(without ARSs) under positive bending moments are 
damaged in load case 23 and load case 16, respectively. 
In load case 23, the joint of Model 1 fails at a bending 
moment of 527 kN·m and an axial force of 1950 kN, 
with an opening of 4.990 mm. On the other hand, for 
load case 16, the joint of Model 2 fails at a bending 
moment of 387 kN·m and an axial force of 1950 kN, 
with an opening of 5.884 mm. The bending moment 
failure point in Model 1 is thus 36.2% larger compared 
to Model 2. Furthermore, compared to the opening of 
Model 2 (without ARSs) at failure, the opening of 
Model 1 (with ARSs) is 95.1% lower (0.288 mm vs. 
5.884 mm) for the same load case (case 16).

Under the action of a negative bending moment, 
the joint opening of Model 3 (with ARSs) reaches 
8.493 mm with a bending moment of 326 kN·m and 
an axial force of 1640 kN (load case 17), thus exceed‐
ing the limit value of 6 mm. Concordantly, the joint 
opening of Model 4 (without ARSs) reaches 9.033 mm 
with a bending moment of 266 kN·m and an axial 
force of 1640 kN (load case 14), exceeding the limit 
value as shown in Fig. 19b. When the opening limit 
value of 6 mm is reached, the bending moment applied 
on the joint of Model 3 is 22.6% larger compared to 
Model 4. When the joint opening of Model 4 (without 
ARSs) reaches 9.033 mm and the waterproofing fails, 
the joint opening of Model 3 (with ARSs) is 69.1% 
lower (2.793 mm vs. 9.033 mm) for the same load case 
(load case 14).

3.3.2　Structure stress and failure characteristics

The joints of Model 1 and Model 2 fail after the 
crushing of concrete on the external side of the joint, 
due to the influence of positive bending moments. 
Fig. 19a shows that the stress of the curved bolts con‐
necting the two segments in both Model 1 and Model 2 
exceeds the yield strength of 480 MPa at failure 
(551.3 and 534.2 MPa for Model 1 and Model 2, re‐
spectively). For the joint of Model 1 (with ARSs), the 
first components to enter the plastic yield state are the 
connecting bolts between the anchor parts and the 
ARSs. These connecting bolts yield at load case 22 
(bending moment of 507 kN·m and axial force of 
1950 kN) with the maximum stress reaching 515.9 MPa 
(note that the yield strength of the connecting bolts is 
480 MPa). In fact, before the connecting bolts yield, 
the maximum compressive and tensile stresses in the 

Fig. 19  Joint opening and stresses of bolts, ARSs, and anchor 
parts (M1, M2, M3, and M4 are Model 1, Model 2, Model 3, 
and Model 4, respectively): (a) positive bending loading; 
(b) negative bending loading

Fig. 18  Concrete stress distribution in the numerical model: 
(a) compressive stress; (b) tensile stress
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concrete around the anchor parts exceed the com‐
pressive strength of 32.4 MPa and tensile strength of 
2.64 MPa for C50 concrete, respectively, at load case 
21 (bending moment of 487 kN·m and axial force of 
1950 kN). This result is shown in Figs. 20a and 20b, 
and indicates that the concrete around the anchor parts 
is the first to be damaged. Since the internal side of 
the joint opens under a positive bending moment, the 
ARSs are in a tensional state, which results in the con‐
crete in contact with the anchor parts (close to the hand 
holes) being damaged by the squeezing of the anchor 
parts (Fig. 20a). As we reach load case 23 (bending 
moment of 527 kN·m and axial force of 1950 kN), 
joint failure occurs due to the crushing of concrete on 
the external side of the joint, and the curved bolts con‐
necting the two segments, the ARSs, and the anchor 
parts all enter the plastic yield state. The stress distri‐
bution of the concrete, the ARSs, the anchor parts, 
and the connecting bolts at the point of joint failure is 
shown in Fig. 21a.

Fig. 19b shows that when subjected to a negative 
bending moment, the joints of Model 3 (with ARSs) 
and Model 4 (without ARSs) experience waterproof‐
ing failure because the joint opening exceeds the limit 

value of 6 mm. The stress of the curved bolts connect‐
ing the segments does not exceed the yield strength of 
480 MPa (400.3 and 463.8 MPa for Model 3 and 
Model 4, respectively) when water leakage occurs in 
the joints. For the joint of Model 3 (with ARSs), the 
connecting bolts between the anchor parts and the 
ARSs are the first to enter the plastic yield state. The 
connecting bolts yield at load case 16 (bending mo‐
ment of 306 kN·m and axial force of 1640 kN) with 
the maximum stress reaching 490.2 MPa (note that 
the yield strength of the connecting bolts is 480 MPa). 
Importantly, before the connecting bolts yield, the 
maximum compressive stress in the concrete around 
the anchor parts exceeds the compressive strength of 
32.4 MPa for C50 concrete at load case 15 (bending 
moment of 286 kN·m and axial force of 1640 kN), as 
shown in Figs. 20c and 20d. This indicates that the 
concrete around the anchor parts is the first to be dam‐
aged in the numerical model. Since the external side 
of the joint opens under a negative bending moment, 
the ARSs are in a compression state, which results in 
the concrete in contact with the anchor parts (away 
from the hand holes) being damaged by the squeezing 
of the anchor parts (Fig. 20c). After reaching load case 

Fig. 20  Damage of concrete around anchor parts: (a) compressive stress, positive bending loading; (b) tensile stress, 
positive bending loading; (c) compressive stress, negative bending loading; (d) tensile stress, negative bending loading
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17 (bending moment of 326 kN·m and axial force of 
1640 kN), the joint is open by 8.493 mm and experi‐
ences waterproofing failure; meanwhile, both the ARSs 
and the anchor parts enter the plastic yield state. The 
stress distribution in the concrete, the ARSs, the anchor 
parts, and the connecting bolts at the point of joint 
waterproofing failure is shown in Fig. 21b.

Looking at the numerical results, it is clear that 
after anchor parts are used to optimize the ARS–
concrete connections, the opening of the segmental joint 
with ARSs is significantly less than the joint without 
ARSs, under both positive and negative bending load‐
ing conditions. This means that ARSs help limit the 
opening of segmental joints subjected to both positive 
and negative bending moments. Additionally, with ARSs, 
the values of positive bending and negative bending 
moments at the points of failure are both larger than 
those without ARSs. However, it should be noted that 
in the case of positive bending loading, the concrete 
around the anchor parts cracks before the joint failure, 
and in the case of negative bending loading, it cracks 

before the joint waterproofing failure. ARSs can be used 
to strengthen a shield segmental joint when potential 
opening is a concern and reinforcement is required. 
ARSs could be particularly useful when only a few 
joints in the tunnel structures need strengthening, and 
there is no need to deploy steel plates to reinforce all 
the lining rings. For shield tunnels which have not yet 
been constructed, anchor parts can be embedded in the 
concrete segments in tandem with ARSs to safeguard 
against potential joint opening. For existing shield lining 
structures, anchor parts unfortunately cannot be em‐
bedded in the concrete segments. In this case, further 
work would need to be done to optimize the connec‐
tion between the ARSs and the concrete.

4 Conclusions 

Optimized ARSs were developed to strengthen 
segmental joints in the lining structures of shield tunnels. 
The installation of ARSs at lining joints is convenient, 

Fig. 21  Stress of concrete, ARSs, anchor parts, and connecting bolts in Model 1 and Model 3 after joint failure (unit: 
MPa): (a) Model 1, positive bending loading; (b) Model 3, negative bending loading
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as they are easily replaceable and their components 
can be standardized in production. At the same time, 
ARSs have the advantage of not covering the lining 
surface after installation, thereby allowing visual obser‐
vation of problems with the lining. The deformation and 
failure characteristics of segmental joints strengthened 
by ARSs were investigated using full-scale bending ex‐
periments and numerical modeling, and an optimization 
method for ARSs was proposed. A key finding from the 
experiment was that the amount of joint opening can be 
limited by ARSs. While an un-strengthened segmental 
joint failed under the action of positive bending loading 
with an opening of 5.48 mm, the opening of the strength‐
ened joint was only 1.50 mm under the same loading.

However, ARSs can also separate from the con‐
crete segments during loading if the connection is not 
designed properly. Thus, numerical modeling was con‐
ducted with anchor parts that enhanced the connection 
between the ARSs and concrete segments. The results 
showed that an un-strengthened segmental joint failed 
with an opening of 5.884 mm under the action of a 
positive bending moment, while the strengthened joint 
was only opened by 0.228 mm under the same load‐
ing. Concordantly, under the action of a negative bend‐
ing moment, when the opening of the un-strengthened 
joint was 9.033 mm and the waterproofing failure 
threshold of 6 mm was significantly exceeded, the 
strengthened joint was only opened by 2.793 mm under 
the same loading conditions.

Significantly, it was shown that the failure modes 
of segmental joints strengthened by ARSs were differ‐
ent under the actions of positive versus negative bend‐
ing loading. In the case of positive bending loading, 
first the concrete around the anchor parts cracks, and 
subsequently the concrete on the external side of the 
joint crushes. This failure is caused by the crushing of 
concrete on the external side of the joint, but at the 
point when the joint is damaged, the amount of open‐
ing is still under the waterproofing failure limit. In the 
case of negative bending loading, the concrete around 
the anchor parts first cracks, and then the amount of 
opening exceeds the waterproofing failure limit, i.e., 
the joint failure is caused by the water leakage.
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