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Abstract: The control criteria for structural deformation and the evaluation of operational safety performance for large-diameter
shield tunnel segments are not yet clearly defined. To address this issue, a refined three-dimensional finite element model was
established to analyze the transverse deformation response of a large-diameter segmental ring. By analyzing the stress, defor-
mation, and crack distribution of large-diameter segments under overload conditions, the transverse deformation of the segmental
ring could be divided into four stages. The main reasons for the decrease in segmental ring stiffness were found to be the extensive
development of cracks and the complete formation of four plastic hinges. The deformation control value for the large-diameter
shield tunnel segment is chosen as 8%o of the segment’s outer diameter, representing the transverse deformation during the for-
mation of the first semi-plastic hinge (i.e., the first yield point) in the structure. This control value can serve as a reinforcement
standard for preventing the failure of large-diameter shield tunnel segments. The flexural bearing capacity characteristic curve of
segments was used to evaluate the structural strength of a large-diameter segmental ring. It was discovered that the maximum
internal force combination of the segment did not exceed the segment ultimate bearing capacity curve (SUBC). However, the
combination of internal force at 9< 85< 161 “of the joints, and their symmetrical locations about the 0180 “axis exceeded the
joint ultimate bearing capacity curve (JUBC). The results indicate that the failure of the large-diameter segment lining was mainly
due to insufficient joint strength, leading to an instability failure. The findings from this study can be used to develop more ef-
fective maintenance strategies for large-diameter shield tunnel segments to ensure their long-term performance.
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1 Introduction

In recent decades, there has been significant
progress and remarkable development in shield tunnel
construction technology in China(Yan et al., 2022,
2023; Shen et al, 2023a). The worldwide
development of urban subway, highway and railway
tunnels has driven the use of large-diameter shield
tunnelling in construction(Han et al., 2017; Liu et al.,
2017b; Chen et al., 2019; Zhang et al., 2021).
Examples of such tunnels include the Shanghai Dapu
Road Tunnel with an outer diameter of 10.0 m, the
Shanghai Yangtze River Tunnel with an outer
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diameter of 15.0 m, and the upcoming Chunfeng
Road Tunnel with an outer diameter of 15.4 m (He et
al.,, 2021). Precast reinforced concrete segments
connected by bolts form the main load-bearing
structure of the shield segment linings. However,
large deformations of the segment lining may occur
during operation due to construction activities in the
vicinity of the tunnel, such as excavation and
overloading (Wu et al., 2020; Meng et al., 2021;
2022). Therefore, problems like excessive
convergence, concrete spalling, groundwater leakage,
and segment cracking (Chang et al., 2001; Yuan et al.,
2013; Li et al., 2014; Chen et al., 2016; Gong and
Ding, 2018; Shen et al., 2023b; Zhang et al., 2023b)
can affect the safe operation of the tunnel and even
have catastrophic consequences. There is currently
detailed research available on deformation control
standards for small-diameter shield tunnel segments.
However, it is uncertain how to evaluate operational
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safety performance and structural deformation control
criteria for large-diameter shield tunnel segments.
Therefore, the failure mechanism and deformation
law of the large-diameter shield tunnel segment lining
under external load are well worth thorough
investigation.

The methods of simplified mechanical model
analysis, full-scale experiments and numerical anal-
ysis are employed to study the mechanical behavior
and failure properties of the segment lining. For sim-
plified mechanical model analysis, previous re-
searchers have used various theoretical models to
investigate the bending stiffness of segment joints, as
in the work of Li et al. (2015); Zhang et al. (2019b);
Wang et al. (2020); Yang et al. (2020); Qiu et al.
(2021). Although these models have made significant
progress in understanding the mechanical behavior of
segment joints, there is still a lack of description of
the deformation and failure mechanism of the seg-
ment ring structure. There are two main types of
model for the segmental ring: the homogeneous cir-
cular ring method and the beam-spring model. The
homogeneous circular ring method assumes that the
segmental ring is a uniform and isotropic circular ring,
and considers the influence of bending stiffness at the
joint by introducing a reduction coefficient (Koyama
and Nishimura, 1998; Lee and Ge, 2001; Liao et al.,
2008; Huang et al., 2012). However, that model fails
to describe the mechanical effects between the seg-
ment joints. Several researchers (Murakami and
Koizumi, 1978; Ding et al., 2003; Zhao et al., 2017)
have attempted to compensate for this shortcoming by
assuming that the segments are beams and that the
joints are idealized as a series of tension and rotation
springs. In beam-spring models, it is very difficult to
determine the properties of the spring and the spring
stiffness is commonly oversimplified as a constant.

Researchers have conducted full-scale experi-
ments to investigate the deformation and failure
mechanisms of segmental ring and joint in recent
years (Blom et al., 1999; Liu et al., 2015, 2017a, 2018;
Feng et al., 2018; Qiu, et al., 2021). Zhang et al.
(2019a) conducted prototype experiments to study
and summarize the failure characteristics of a shield
tunnel segment lining with through straight joint as-
sembly and staggered joint assembly under high wa-
ter pressure. Liu et al. (2020) studied the load-bearing
capacity of peripheral unloading segmental rings

through a series of full-scale experiments. The ex-
perimental results describe the progressive failure
mechanism and ultimate load-bearing capacity of
single and multiple ring structures. Wei et al. (2022)
performed a full-scale loading experiment of a
three-ring staggered assembly of the shield tunnel
segments for the Hangzhou metro to investigate the
structural performance and failure process of the
segments under asymmetric unloading. For
large-diameter shield tunnel segments, it is extremely
challenging to conduct full-scale experiments due to
the limitations of loading equipment conditions.
Currently, some scholars have conducted joint ex-
periments on large-diameter segments, but the joint
experiments cannot analyze the overall deformation
mechanism of the segmental ring (Liu et al., 2022;
Zhang et al., 2022; Guo et al., 2023).

Considering factors such as the vast time, high
cost and limited data obtained by full-scale experi-
ments, numerical simulation has become an alterna-
tive method for investigating the mechanical behavior
of segment linings (Cavalaro et al., 2011; Arnau and
Molins, 2015; Wang et al., 2019; Chen et al., 2020;
Wu et al., 2022). The segment linings were mostly
simulated using the shell element in the beginning
because of both the hardware and software re-
strictions in the computational technology, whereas
segment joints were simulated generally using con-
tinuum medium elements or nonlinear surface ele-
ments (Arnau and Molins, 2012; Yan et al., 2018).
Such simplified numerical models can reproduce the
segment internal forces and deformations but fail to
express the realistic behavior of segment joints, such
as the joint opening, rotational angle and bending
stiffness (Li et al., 2016). Therefore, the refined 3D
finite element model was developed to study the
mechanical behavior and bearing mechanism of
shield segments linings (Chen and Mo, 2008, 2009;
Ding et al., 2014; Jin et al., 2017). At present, the
research on the failure mechanism of shield segment
lining through numerical simulation is mostly for
small-diameter segments. Only few scholars (Feng, et
al., 2018; Zhang et al., 2020, 2023a) have researched
the joint performance of large-diameter shield tunnel
segments without conducting in-depth research on the
entire segmental ring.

Compared to the small-diameter shield tunnel
segment, the large-diameter shield tunnel segments



exhibit significantly different structural characteris-

tics, which make their mechanical properties different.

The increase in the number of segment blocks and
joints in large-diameter tunnel segments not only
significantly affects the overall structural stiffness but
also has a considerable impact on the stress distribu-
tion within the structure. This is because the joints are
the vulnerable areas of the entire segment ring and
they can profoundly influence its structural stress and
deformation. Large-diameter tunnel segments typi-
cally have greater height and width, leading to a more
complex spatial distribution of internal forces and
deformations throughout the structure. Due to their
larger cross-sectional area, large-diameter tunnel
segments often need to withstand higher soil and
water loads. Consequently, the deformation mecha-
nisms of large-diameter tunnel segments are more
intricate and require in-depth research and analysis.

In this paper, a refined 3D finite element analysis
was performed on the segment lining of a
large-diameter shield tunnel to evaluate its structural
transverse deformation behavior and mechanical
mechanism. First of all, the transverse deformation,
the internal force, crack development, bolt and rein-
forcement stress, concrete compressive strain and
longitudinal joint opening of the large-diameter
segment ring were determined. Moreover, the de-
velopment process of macroscopic performance
points was analyzed, along with the reasons for the
decrease in structural stiffness of large-diameter
segmental rings under overload conditions. Finally,
the internal force of the segmental ring is brought into
the characteristic curve of the flexural bearing capac-
ity of the segment.

2 Numerical Model
2.1 Project overview

The numerical model is established based on the
Wanghai Road Highway Tunnel in Shenzhen, China.
The tunnel is constructed using precast reinforced
concrete (RC) segments with a concrete grade of C60.
The longitudinal joints between segments are con-
nected by two 8.8 grade M39 oblique bolts. The
segment lining reinforcement cage is mainly com-
posed of main bars and stirrups. The main bars are
HRB400 (GB/T 28900, 2022) with diameters of 20
mm, 25 mm and 28 mm respectively, and the stirrups
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are HPB300 with diameters of 8 mm. The outer di-
ameter of the segment is 15.7 m, the thickness is 0.65
m, and the segment ring width is 1.5 m. The segment
lining adopts the block method of “7+2+1”, that is 1
key segment, 2 adjacent segments and 7 standard
segments. The central angle of the key segment is
12°51'26", while the central angle of other segments
is 38°34'17", as shown in Fig. 1(a). We select a cer-
tain unfavorable stratum section as the external load
for the segment design, as shown in Fig. 1 (b). The
parameters of the most unfavorable stratum are
shown in Table 1. The thickness of the overlying soil
layer of the tunnel is 22.04 m, and the tunnel is lo-
cated in a sandy soil layer.

Table 1 Design parameters of the most unfavorable stra-

tum
Parameters Values Parameters Values
Buried depth 22,04 m Groundwater level 27m
H Hy
Ground over- 20 kN/m? Lateral earth pres- 0.35

load pg sure coefficient

2.2 Finite element model

Fig. 2 shows the established sophisticated 3D
solid finite-element model of the large-diameter re-
inforced concrete segment. The numerical model
includes reinforced cage, concrete and connecting
bolts. By setting appropriate material properties and
establishing the interaction between the segment and
the bolts, the real deformation behavior of the seg-
ment can be simulated. The segments and connecting
bolts are modelled as linear solid elements having
eight nodes (C3D8R). The reinforcing rebars were
modelled as 3D stress/displacement truss elements
(T3D2). The number of elements in the numerical
model of the segment is 188711, and the number of
nodes is 225326.

Referring to the boundary constraints of the en-
tire ring full-scale experiment done by Liu, et al.
(2017b), the single-ring segment was assumed to be a
simply supported beam. The boundary condition
constraints of the segment lining were realized by
fixing the displacement of the longitudinal grid node
of the outer surface in the X direction at 0= (roller
supports), the displacement of the longitudinal grid
node of the outer surface in the X and Y directions at
180°(pin supports), and the displacement of the cir-
cumferential joint surface in the Z direction is con-
strained by the roller support, as shown in Fig. 2.
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Note: K=key segments, L1, L2=adjacent segments,
B1~B7= standard segments.

(a)
Ground overload
P,=20.0 kN/n?*

v 190

(@ Plain fill, £=5.1
7.=18.5,7'=8.5

@ Stone fill, h=5.7
7,=22,y'=12

@ Silt, h=2.2
7,=16,7=6

@ Gravel,, h=2.4
7.=20,7=10

®) Silty clay,, i=2.9
7,=18,7=8

22.04 m

®) Clay, h=3.3
y,=19.2,y=9.2

(@) Gravel;, h=3.1
7,=20, =10

@) Silty clay,, h=3.3
1=16.5,7=6.5

@ Gravely, h=6.3
7,=20,7=10

15.7m

14.4m -

Note: A=The thickness of the soil layer
(m); y,=Saturation weight (kN/m’);
y'=Buoyancy Weight (kN/m?)

(b)
Fig. 1 Wanghai Road Tunnel reinforced concrete segment
design: (a) reinforced concrete segment block diagram; (b)
outline drawing of stratum design

(0 Gravel clay, h=7.7
7,=18.5, y =85

A surface-to-surface contact was applied to
simulate the interaction between adjacent segments.
The tangential behavior of this contact adopts a pen-
alty function, the normal behavior adopts a hard
contact, and the friction coefficient value is taken as
0.55 (Zhang, et al., 2020; Huang et al., 2021). The
maximum allowable elastic slip is 0.005 of the char-

acteristic surface dimensions. The contacts are des-
ignated non-penetration and allowed to separate, the
normal compression and tension are supported by the
contacts. The rebar was embedded as constraints in
the concrete structure to simulate the bond relation-
ship between the rebar and concrete. The contact
relationship between the bolts and the segments pri-
marily utilizes the surface-to-surface contact simula-
tion method. A friction coefficient of 0.15 has been
applied between the screws and the concrete, while
the interaction between the nut and the concrete was
set as a binding contact, as shown in Fig. 2.

Roller support (X=0)

Roller support (Z=0)

z

Pin support L"l
(X=0,Y=0)

l U in the concrete

Stirrup HPB300 ®8
2.Surface-to-surface .
contact between
segments joints /

Main rib HRB400
3. Nut of connecting bolt $20 & $25 & $28
embedded constraint ’

$25

o 20| /rue
330 ! 330
Cross section of segment

64/98 40/10s 201}

Fig. 2 3D FEA model of large-diameter shield tunnel
segment

2.3 Constitutive models and parameters

The concrete grade of the reinforced concrete
segment is taken as C60, and the concrete damage
plasticity (CDP) model is applied to the simulation.
The constitutive model uses isotropic elastic damage
combined with isotropic tension and compressive
plasticity to represent the inelastic behavior of con-
crete. It is based on the assumption of the same failure
in all directions and assumes that the primary failure
mechanisms of concrete are tension cracking and
compressive crushing (Dassault Systémes, 2016).
The CDP model of concrete material parameters is
listed in Table 2. The compression and tension failure
behavior of concrete C60 is depicted in Fig. 3. The

'1. Rebars embedded



stress-strain curve is determined according to the
Chinese Code for Design of Concrete Structured GB
50010-2010, and the plastic damage factor is calcu-
lated by reference to the method proposed by Birtel
and Mark (2006).

The main reinforcing bars are set at HRB 400
with its yield strength of 400 MPa, and the stirrup
adopts HPB 300 with its yield strength of 300 MPa.
The tensile strength of the connected high-strength
prestressed bolt M39 is 640 MPa, and the yield ratio is
0.8. The ideal elastoplastic model was selected to
describe the mechanical behavior of reinforcing re-
bars and connecting bolts. The material parameters

are shown in Table 3.
Table 2 Parameters of Concrete Damage Plasticity model
for concrete C60

Parameters Values Parameters Values
Mass Density Invariant stress ratio

» (kg/m3) 2440 K, 0.6667
Young’s Modulus Viscosity Parameter

E (GPa) 36 u 0.0005

Biaxial/uniaxial
0.2 compression plastic ~ 1.16
strain ratio fy/feo
Dilation Angle 38 Flow potential ec-

v (9 centricity

Poisson’s Ratio
\%

0.1

Table 3 Material parameters of bolts and reinforcement

Material Elastic Modulus  Poisson’s ~ Yield Strength
(GPa) Ratio v (MPa)
HPB 300 210 0.3 300
HRB 400 200 0.3 400
Bolt 200 0.3 640
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Fig. 3 Damage behavior of concrete C60: (a) compression
damage; (b) tension damage

2.4 Loading procedure

The full-scale experiment of the segmental ring
simulates water and soil pressure, soil resistance and
ground overload, by arranging a number of jacks
around the full-ring segment to apply horizontal ra-
dial loads to the specimen. The principle of experi-
mental concentrative force design is that the equiva-
lent load is applied by the jack to replace the actual
pressure on the segment. At this point, the internal
force of the key sections of the segment ring is the
same as that under the design load. The test setup is a
self-balancing loading system which includes fixed
beams, jacks, distributing beams and anchor bars. The
steel 44 bars are all anchored in the center of the lin-
ing and, for each loading point, crossbeams anchored
at the bar ends provide counter for the jacks. The
application position of the horizontal equivalent load
is depicted in Fig.4 (a). The loads acting on the lining
ring are simplified as 44 concentrated forces directed
to the center of the circle equally divided by the center
angle, including 10 loads Py, 12 loads P,, 12 loads P;
and 10 loads P,4. Actually, this principle was also used
in previous structure-level tests for segmental linings
(Nakamura et al., 2003; Lu et al., 2011). As shown in
Fig. 4(b), the loading process for the overburden
condition is divided into two stages as shown below:

(1) Stage I: Gradually P, increased from 0 to
1640 kN (passive earth pressure); P;, P, and Pj3 in-
crease simultaneously following the principles
R =1.129P,,P, =0.48(F, + P,),P, =0.446(F, +P,) .

(2) Stage II: Keeping P4 constant at 1640 kN, P,
continues to increase until it reaches the ultimate
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bearing capacity, during the loading pro-
cessP, =0.48(P, +P,),P, =0.446(P, +P,).

Pl Pl Pj
= e\ P » .

(@
2500 T T " :
S1 S2 .
2000 | P1 5 i
- —p2 : -
> P3 b e T -
X 1500 F|= - P4l /2" ba1640 KN i
3 /)
g 3
- 4
1000 | / ’
~/ .
so0 b /A : 5 i
¢ : :
3 , . :
./ .
0 ; .
0 1 2
Loading stages
(b)

Fig. 4 Loading procedure: (a) layout of horizontal
equivalent load; (b) loading stage

The finite element model establishes reference
points at the corresponding angle of concentrated
loads at 44 points in order to avoid the problem of
stress singularity brought on by applying line load to
the solid element. The concentrated load is applied
directly to this geometric reference point, which es-
tablishes a coupling constraint relationship with the
surface of the nearest two columns of elements.

3 Analysis of simulation results

In order to standardize and scientifically study
the failure mechanism of shield tunnel linings, it is
necessary to clarify the following analysis principles:

1) If the equivalent plastic strain (PEEQ) of tensile
steel bar exceeds zero at any joint it is considered to
have yielded. 2) When the Mises stress of the bolt at
the joint reaches 640 MPa, the bolt at the joint is
considered to have yielded. 3) If the principal com-
pressive strain of the compressed concrete at a joint
first reaches the maximum value and then gradually
decreases, it is considered that the concrete at the joint
has been crushed (Chen, et al., 2020).

Chen, et al. (2020) compared the calculation
results of the established numerical model with the
experimental results of Liu, et al. (2017b). The results
revealed that the transverse deformation at the limit
bearing capacity of the shield segment, as calculated
through numerical simulations, deviates from the
experimental results by only 6.2%, with relatively
minor differences observed in bolt strains. This sug-
gests that the numerical model method is reliable and
reasonable. Therefore, this study adopts the same
finite element modeling method and a similar loading
method.

We define the difference between the top and
side loads of the structural as a generalized load
(P=P1-P4). The larger the generalized load, the
greater the upper overload. In the following, the
generalized load is used to describe the load situation
of the structure.

3.1 Overall deformation

As the upper load increases, the overall defor-
mation evolution of the segment lining structure is as
shown in Fig. 5 (a). The top of the structure is concave
inward at 0< and protrudes outward at 90<and 270 <at
the waist. The overall deformation takes the shape of
a left-right symmetrical horizontal elliptical shape.
This trend becomes more and more pronounced as the
load increases.

Fig. 5 (b) shows how the transverse deformation
of the segment changes with the gradual increase of
the generalized load P. The transverse deformation of
the segment is mainly divided into four stages. 1)
Stage | (OA, 0<<P<<112.56 kN): the structural de-
formation is in a linear growth stage, and the trans-
verse deformation of the segmental ring at the end of
this stage is 32.39 mm. 2) Stage Il (lla: AB, 112.56
kN <P <{211.56 kN; Ilb: BC, 21156 kN <P <
247.79 kN): the transverse deformation of the seg-
ment increases slowly with the increase of general-
ized load P and transitions from a quasi-linear growth



stage to a nonlinear growth stage. The points B and C
respectively indicate that the loading method changes
and the sharp intensification of segment cracks stops.
The transverse deformation of segment at points B
and C is 68.10 mm and 94.02 mm, respectively. 3)
Stage Il (CD, 247.79 kN<<P<<294.87 kN): this stage
is a nonlinear growth stage, where the transverse
deformation continues to develop rapidly. The
transverse deformation of the segment at the end of
this stage reaches 246.59 mm. 4) Stage IV (DE,
294.87 KN<<P<<300.1 kN): this state is the failure
stage, where the transverse deformation of the seg-
ment increases very quickly. The transverse defor-
mation of the segmental ring reached 313.95 mm at
this stage.

— P=0kN P=83.09 kN P=144 kN
P=202.64 kN ---:- P=229.93 kN ——- P=252.88 kN
""" P=279.68 kN — - P=290.41 kN = = P=300.10 kN

(@)

Increment of transverse deformation As /mm

5 0 5 10 15 20 25 30 35 40 45
360 T T T T T T T T T
(313.95:300.1) |y
320 7
::::::::::::::::;i;_’__e’f—’—afﬂ———” -
=280 . D ]
o L T T T T M aa Ao 947 70N . T T T T T 4
g O[ o) :
;‘j 200 /B (68.10,211.56) 1
N 160 1
@
G 190 | A (323011256) wm§ -
[<5]
O 80 F - 4
a0k — Transverse deformation I
Increment of transverse deformation
O 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400

Transverse deformation AD/mm

(b)
Fig. 5 Overall deformation of the segment ring: (a)
segment deformation mode under overload conditions; (b)
transverse deformation
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The change in the transverse deformation in-
crement further explains the variation rule of the
transverse deformation of the segmental ring. The
transverse deformation increment initially remains
unchanged, then increases nonlinearly, and finally,
the transverse deformation increment increases rap-
idly. Specifically, the transverse deformation incre-
ments corresponding to the critical loads between the
above stages are 0.339 mm, 2.212 mm, 3.965 mm,
24.342 mm and 42.671 mm, respectively.

3.2 Structural internal force

Fig. 6 shows the internal force distribution of a
large-diameter shield tunnel segmental ring under
overload. The bending moment is defined as the out-
side compression and the inside tension being posi-
tive, otherwise it is negative. The axial force is posi-
tive when pointing to the section and negative when
away from the section. In this study, the internal force
extraction sections were set at intervals of 10°with a
central angle, where the central angle (¢) was rotated
clockwise from the vault. Fig. 6 (a) and (c) show that
the bending moment and axial force of the
large-diameter lining segment are symmetrically
distributed along the line of 0~180< with the maxi-
mum positive and negative bending moments located
at 180°and 90< respectively and the maximum axial
force located at 180< The maximum positive and
negative bending moments gradually increase as the
generalized load P increases and the bending mo-
ments show a “W”-shaped distribution. The axial
force distribution at different positions becomes more
and more obvious with the increase of load and the
axial force shows a peak shaped distribution.

2400 F T T T T T =
ZE 1600 | P /4 —— P=0kN
3 5 pEeaSy 21- - - - P=20.98kN
s 80017 O 507 P=114.97kN
§ \ ."f", \\ s ]--- P=126.24kN
g 0 3 =7 T 7 - - P=144kN
g N i i Fi P=184.44kN
o -800F ool o I P=269.17kN
= PR g ' ,' -+ P=300.10kN
$-1600 | ' ,'270°<’L 0 g
g . .

-2400 £ ! LB . . 4

0 60 120 180 240 300 360
Angle
(a)
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Fig. 6 Distribution of internal force: (a) distribution

of bending moment; (b) variation of bending moment; (c)
distribution of axial force; (d) variation of axial force

Fig. 6 (b) and (d) are the bending moment and
axial force variations at 90 and 180 respectively. It
can be seen from the figure that the positive and
negative bending moments increase with the increase
of generalized load P and the absolute value of the
bending moment at 180 “is greater. Before the change
of loading mode, the axial force at 90<and 180 “re-

mained essentially unchanged, and as the load in-
creased, the axial force at 180 progressively ex-
ceeded the axial force at 90< Table 4 shows the in-
ternal force at the joint when the ultimate load
P=300.10 kN is in the upper overload condition. The
joint bending moments at 9< 161< 199<and 351 “are
positive, while the bending moments at other joints
are negative. The maximum positive bending moment
of the joint is at 161 < the maximum negative bending
moment is at 85< and the maximum axial force is at
123< The maximum difference of the joint axial force
is 12%, and the maximum difference of the bending
moment can reach 4.3 times.

3.3 Development of concrete cracking

Fig. 7 shows the crack development process of
the large-diameter reinforced concrete segment under
overload. In this study, the concrete tensile damage
DAMAGET was selected as the evaluation index for
concrete crack formation and development (Du et al.,
2014; Moradloo et al., 2019). The development of
concrete cracks can be divided into the following
three stages:

(i) Stage Al: no concrete crack through occurs

When 0<<P<112.56 kN, the reinforcing rebar
and the concrete of large-diameter shield segment are
in an elastic state. The inner side of the segment lining
is where the tensile strain reaches a maximum at
180° but there is no through crack in the width di-
rection.

(ii) Stage A2: the number of cracks increases
rapidly

When 112.56 kN<<P<247.79 kN, the concrete
cracks continue to develop rapidly as the generalized
load increases. As depicted in Fig. 7(a) and (b), when
the generalized load P reaches 112.56 kN, the seg-
ment lining forms the first through crack on the inner
side of the invert. When the generalized load P
reaches 177.87 kN, the first through cracks appear at
the waist. Under the overload conditions, the cracks
of large-diameter segments are mainly concentrated
on the inner side of the lining crown (F block) and
invert (B4 block) and the outer side of the spring line
(B1, B2, B6, B7 block), as shown in Fig. 7(c).

(iii) Stage A3: almost no new cracks

When 247.79 kN << P<300.10 kN, few new
concrete cracks are generated as the generalized load
increases, but the depth and width of the cracks
gradually increase, as illustrated in Fig. 7(d).
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Table 4 Internal force at joint under ultimate load (P=300.10 kN)

Location 99351° 479313° 859275° 1239237° 1619199°
Bending moment (kN m) 2131/2132 -535.4/-494.1 -2108/-2067 -804.4/-803.4 2289/2235
Axial force (kN) 7617.3/7624.8 8414.3/83735  8055.1/7907.2  8534.9/8486.2  8205.8/8131.6
DAMAGET DAMAGET
(Avg: 75%) (Avg: 75%)
+8.49e-01
+7.78e-01
+7.07e01
+6.37e-01
+5.66e-01
+4.95e-01
+4.24e-01 .
e bl First crack :
el Pl ahen
o “
Lo :
@ DAMAGET
DAMAGET B0l
(Ave: 75%) +7.07e-01
sl HE ") 7 /
13 Saie WLT S s
B il N
+3.54e-01 +7I)7§:*I702u \ - ’

~~
'~

DAMAGET (e)

Ly B el . Fig. 7 Development of concrete cracks: (a) P=112.56
e ! kN; (b) P=177.87 kN; (c) P=247.79 kN; (d) P=300.10 kN;
HEiedt (e) distribution of crack range P=300.10 kN
ga
“obosiol Fig. 7(e) is the crack distribution diagram of the

segment lining when P=300.10 kN. The external
surface cracks are mainly distributed in the range of
49.9<centered at 90°and 50.7 <centered at 270< The
internal surface cracks are mainly distributed in the
range of 46.2°with 0°as the center and 55.3°with
o 180<as the center. Almost all cracks penetrated along
g the width direction of the segment, not along the
thickness direction.

DAMAGET
(Ave: 75%)

55 % 3.4 Stress of connecting bolt

Fig. 8 shows the variation of bolt Mises stress at
different joints with the increase of generalized load
P. The node at the outer edge of the tension region of
the bolt where the Mises stress first reaches 640 MPa
was selected as the characteristic stress for quantita-
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tive analysis. As shown in the figure, the variation law
of bolt stress at joints of 9 < 85 <161 <199 < 275 ©
and 351 <is similar, and all of them eventually yield.
The bolts at joints of 47 < 123 < 237 “and 313 <did
not yield. The stress of the bolts at the joints of 9<
85< 161< 199< 275°and 351 <experience a linear
increase as the generalized load P increases (Stage |
in the Fig. 8), a quasi-linear growth (Stage Il,), a
non-linear increase (Stage Il,, Stage I1l) and a yield
phase (Phase 1V) in sequence. The bolt yield load is
shown in Table 5. Conversely, the bolt stress at the
joints of 47< 123< 237<and 313<is always in an
elastic state, and the maximum stresses are 112.32
MPa, 101.91 MPa, 102.04 MPa and 118.49 MPa,
respectively.

Table 5 Bolt yield generalized load

Yield load of Yield load of

bolts kN -0CQUON s kN

Location

9< 294.87 294.87
85° 290.41 290.41
161< 300.10 300.10

351°
275°
199<

800

Sy
700 —e—47° = = .
85° 313° 7 [, 470
—v—123°
161° 215° [f
—<— 199°
L2370 N
—e— 275° ~
—e—313° 199°
| —e—351° |

a o
o o
o O

o
o

Bolt Mises stress/MPa
w B
o
o

N
o
o

[y

o

o
T

o
T
&

50 100 150 200 250 300 350
Generalized laod P/kN

50 0

Fig. 8 Stress distribution of bolts
3.5 Stress of tensile rebar

Fig. 9 shows the variation of tensile rebar stress
with overload. As depicted in the figure, the rebar
stress change in relation to the generalized load is
basically similar. Under the state of ultimate bearing
capacity, the rebar stress at 180 <is greater than that at
other positions. Taking the change of rebar stress at
180<as an example, when P increases from 0 to
112.56 kN, the rebar stress increases linearly to 12.52
MPa. When P increases from 112.56 kN to 247.79

kN, the rebar stress increases slowly and nonlinearly.
When P increases from 247.79 kN to 300.10 kN, the
rebar stress increases rapidly and finally reaches
306.46 MPa. That is, the tensile reinforcement has
gone through elastic stage, nonlinear growth stage
and rapid growth stage. However, the tensile rein-
forcement did not reach its yield point at the ultimate
state.

500 T T T T T T T T T T T T T

400

L¥¥]
(=]
o]

Rebar stress/MPa
.(E)J
(=]

—
(=]
o]

0 50 100 150 200 250 300 350
Generalized load P/KN

Fig. 9 Tensile rebar stress changes with overload

3.6 Compressive strain of concrete

Fig. 10 (a) shows the distribution of concrete
compression damage at P=300.10 kN. As depicted in
the figure, the concrete on the outside of the 9< 161<
199< 351 <joints and the inside of the 85< 275 ©joints
was crushed. The large-diameter segment has many
concrete crush zones, and it is easier to form a geo-
metrically variable system. The crown, invert and
haunch of the segment are the weak areas of bearing
capacity and special attention should be paid to the
overload there.

To ensure the standardization and reliability of
data extraction, the feature points for data extraction
are the nodes where the principal compressive strain
at the joint first reaches a peak, then declines or
transforms into tensile strain. As depicted in Fig.10
(b), compared with other joints, the concrete com-
pressive strain at the joints 47< 123< 237 and 313<is
much lower, and the concrete does not collapse. As
the generalized load P increases, the compressive
strain of concrete at the joints of 9 85 <161 199 <
275 <and 351 “experiences a linear increase stage, a
nonlinear increase stage and a rapid increase stage
until crushing. Under the same generalized load, the



concrete compressive strains at 161 <and 199 “of the
joints are larger than at other joints. The concrete
crushing sequence is 85° (2759, 9< (3519, 161°
(1999, and the corresponding concrete crushing
generalized loads are 271.94 kN, 288.04 kN, 293.19
kN, respectively.

DAMAGEC
(Avg: 75%)

Lox
0 .
g TO0F —=—o0 TN 1
£ 1400 | 47 : 1
< 85° Concrete crushing at
g 22100  —w— 123° the critical boundary i
% 161° | f
g 20 1990 Nl ]
€ -3500 |- 237° BL 5
3 —e—275°
% '4200 - X 3130 7
S 4900 —*—351°82 :
O o
-5600 — b
B4
_6300 1 1 1 1 1 1 1 1 1 1
-40 0 40 80 120 160 200 240 280 320 360

Generalized load P/kN

(b)

Fig. 10 Compressive damage distribution and com-
pressive strain change of segment concrete: (a) Compres-
sion distribution of large-diameter segments (DAM-
AGEC); (b) Change of concrete compressive stress at
segment joint

3.7 Longitudinal joint opening

The joints of 9 < 161 < 199 “and 351 “are in the
outer compression and inner tension state, whereas
the joints of 85 “and 275 “are in the outer tension and
inner compression state as the generalized load P
increases. The full section at the 47 <123 < 237 <and
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313 <joints is in compression without opening. The
joint opening of the segment is calculated according
to the following formula:

A:'\/I(uxm _uxn)2 + (uym _uyn)z , (2)

where, A is is the opening of the joint; uyy, is the

displacement of node m in the X direction; uy, is the

displacement of node n in the X direction; uy is the

displacement of node m in the Y direction; uy, is the
displacement of node n in the Y direction.

In Fig. 11, the joint opening extent is plotted
against the generalized load P. The specified joint
opening amount is positive for outer compression and
inner tension, otherwise it is negative. From the fig-
ure, it can be seen that the joint opening amount first
increases linearly and then nonlinearly. In the linear
stage, the opening amount of each joint is almost the
same under the same bending moment, while in the
nonlinear stage the absolute values of joint opening at
85<and 275<are greater than those at joints 9< 351<
161<and 199<

Table 6 shows the opening of the segment joints
when the bolts are yielding and when the structure is
at its ultimate load state. As can be observed, the joint
opening amount at the point where the bolt yield is
very close to the joint opening amount at the point
where the structural bearing capacity reaches the
limit. This indicates that the bearing capacity of the
structure will be lost soon after the bolt yields.

75 .

- 90

60 | a7
E 45 —e—123°
S 30F 1 161°
% 199°
£ 15F J——237°
g of —v—275°
(=]
2 313°
5 -15F T—e—1351°
=

=30 F i

-45 1 1 1

0 50 100 150 200 250 300 350

Generalized load P /kN
Fig. 11 Segment joint opening

Table 6 Opening amount at different joints of segments

Joint location Bolt yield load/kN

Jo,/mm

Opening of bolt at yield

Opening of structural ultimate

5,16,
load d,/mm

9< 294.87 8.16

11.66 69.98%
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47° -- 0
85< 290.41 11.66
123< -- 0
161< 300.10 6.95
199< 300.10 6.79
237° -- 0
275° 290.41 11.64
313° -- 0
351° 294.87 8.12

0 -
21.15 55.13%
0 -

6.95 100%
6.79 100%

0 -
21.08 55.22%
0 -

11.54 70.36%

4 Discussion

4.1 Failure mechanism of segment lining of a
large diameter shield

The failure process of large-diameter segments
is analyzed below to try to clarify how the segment
lining gradually cracks the concrete, causes the bolts
to yield and finally reaches the ultimate bearing ca-
pacity under overload. Three macroscopic perfor-
mance points are defined here to characterize the
development of the progressive failure process of the
structure.

Elastic point: The first tensile crack in the seg-
ment, or the moment when the compressed concrete
first reaches peak stress. Before the elastic point, the
material of the structure is in an elastic state, and the
structure can return to its original state after unload-
ing.

Yielding point: The moment when the rein-
forcement of the segment vyields in tension or the
concrete compression zone collapses, and the con-
necting bolts of the joints yield or there is crushing of
the concrete at the edge of the compression zone. The
plastic hinge of the segment can be produced by the
yielding of the tensile reinforcement and the crushing
of the concrete in the compression zone at this loca-
tion. The plastic hinge of the joint can be produced by
the tensile yield of the connecting bolt and the
crushing of the concrete at the edge of the compres-
sion zone at this location. A semi-plastic hinge is
defined as only one of the connection bolts yielding,
the tensile reinforcement yielding, or the concrete
crushing. The structure can continue to bear the load
after a semi-plastic hinge has been formed.

Ultimate point: The moment when the structure
undergoes overall instability or system transfor-
mation. The increasing number of plastic hinges in
the lining structure makes the original segment lining
structure form a variable system and it cannot con-
tinue to bear the load.

Fig. 12 shows the formation process of segment
macro performance points under the condition of
overload. The deformation mechanism of the
large-diameter segmental ring at each stage is ana-
lyzed as follows. 1) Stage | (OA): all steel bars, bolts
and compressed concrete are in an elastic state. At the
end of this stage, the first penetrating crack of the
segment ring is formed along the width direction of
the segment. 2) Stage Il (ll,: AB; Ily: BC): the rein-
forcement stress, bolt stress, and compressive strain
of concrete continuously increase with the increase of
load. At this stage, a large number of cracks gradually
appear in the segmental ring, until the sharp increase
in cracks at point C stops. 3) Stage Il (CD): the
concrete at the segment joints gradually collapses and
the bolts gradually yield. At the end of this stage, the
four plastic hinges are completely formed for the
large-diameter shield segmental ring, and the struc-
ture is transformed into a geometrically variable sys-
tem. 4) Stage IV (DE): the large-diameter shield
segmental ring enters a failure state, the bolts at the
joints continue to gradually yield and the concrete has
further crushing. Finally, the structure is completely
damaged, making it difficult for the structure to con-
tinue bearing the load.

Fig.12 illustrates that the transverse deformation
increases slowly with the generalized load from the
elastic point to the first yield point. After the first
semi-plastic hinge is formed in the segment lining
structure, the transverse deformation develops rapidly
and the internal force is redistributed, then new
semi-plastic hinges are formed successively at other
joints. It eventually becomes unstable due to the
gradual increase in the degree of freedom of the
structure. The failure of large-diameter shield tunnel
segments begins with the collapse of the joint con-
crete at the spring line. The plastic hinge formation
sequence of the large-diameter segmental ring is 85°
and 275 “first, then 9<and 351< and finally 161 <and
199< That is, the sequence of plastic hinge formation



of large-diameter shield tunnel segment is waist,
crown, and invert. Therefore, during the operation of
shield tunnels, significant deformation of the struc-
ture at the waist should be particularly noted. When
cracks appear in the structure, the concrete stress is
transferred to the reinforcement, resulting in the rapid
development of the transverse deformation of the
segment. The corresponding load of the segment in its
critical state is shown in Table 7. The load at which
the ultimate point is formed is very close to that at
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which the first yield point is formed. The ultimate
bearing capacity of the structure is controlled by the
timing of the formation of the first yield point.
Therefore, the transverse deformation during the
formation of the first semi-plastic hinge (i.e., the first
yield point) of the structure is selected as the defor-
mation control value for large-diameter shield tunnel
segments, with a value of 128 mm== 8%.Dy (D, rep-
resents the outer diameter of the tunnel).

350

300

Concrete crushing
at 85° and 275°

N
ul
o

Generalized load P/kN

O N | N 1

T T T T T T T T
| ®Elastic point MYielding point
|V\ Concrete crushing at 9° and 351°

T T T T
Ultimate point

Bolts of 161° and |
199° yielding

0 50 100

150 200 250 300 350

Transverse deformation AD/mm

Fig. 12 Formation process of macro performance points

Table 7 Key critical state and corresponding generalized
loads

Location Yield load of bolts Crushing load of
/KN concrete /kN

9< 294.87 288.04
85< 290.41 271.94
161< 300.10 293.19
199< 300.10 293.19
275° 290.41 271.94
351< 294.87 288.04

4.2 Evaluation of integral bearing performance of
segmental ring

The structural failure of large-diameter shield
tunnel segments is dominated by stability damage, so
it is challenging to use a single deformation index to
evaluate the bearing performance of segments. When
evaluating the bearing performance of the whole ring
structure, it is analyzed from the two aspects of
structural strength and stiffness. The strength is pri-

marily for segments and joints, while the stiffness is
mainly for the whole structure.

The ratio of the generalized load increment to the
transverse deformation increment is defined as the
stiffness of the segmental ring, which represents the
ability of the segmental ring to resist deformation.
The stiffness of the segmental ring varies with the
overload above, as shown in Fig. 13.

Stage I: The stiffness increases significantly as a
result of the numerical instability brought on by the
initial calculation iteration. After the segmental ring
stiffness is stabilized, it is selected as the initial
stiffness of the segmental ring, Ky=30.63 MN/m.
When P=112.56 kN, the concrete in the tension zone
begins to enter a plastic state, and the stiffness of the
segmental ring begins to decrease. Its structural
stiffness is K=29.73 MN/m, which is 97.1% of its
initial stiffness. The stiffness loss of the segmental
ring at this stage is mainly caused by the plastic de-
formation of the concrete in the tensile zone.
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Stage Il,: As the load increases, the stiffness of
the segmental ring gradually decreases to 24.35
MN/m, which is 79.5% of the initial segmental stiff-
ness. The progressive development of segment cracks
is the primary cause of the loss of segmental stiffness
in this stage.

Stage Il During this stage, concrete cracks have
increased significantly, and the concrete strain has
gradually shifted to bolts and reinforcement. The
stiffness of the segmental ring has decreased to
K=21.23 MN/m, which is 69.3% of the initial seg-
mental ring stiffness. The reason for the decrease in
stiffness at this stage is the sharp increase in seg-
mental ring cracks.

Stage Ill: The plastic hinges have formed suc-
cessively in the segmental ring, resulting in a signif-
icant decrease in structural stiffness. When P=294.87
kN, the segmental ring stiffness dropped to 1.98
MN/m, which was 6.46% of the initial segmental ring
stiffness. The continuous formation of semi-plastic
hinges is what causes the stiffness loss of the seg-
mental ring.

Stage IV: The plastic hinges of the segmental
ring continue to develop successively, and eventually
the structure reaches its ultimate bearing capacity.
When P=300.10 kN, the segmental ring stiffness
decreases to 0.988 MN/m, which is 3.22% of the
initial stiffness. The decrease in stiffness is mainly
due to the continuous development of the semi-plastic
hinges into complete plastic hinges at this stage.
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The failure of the entire ring structure of the
segment is divided into segment failure and joint
failure. It is generally considered that the segment
joint is a weak part and is more prone to be damaged.
However, the stiffness of the joint is relatively low
and the internal force of the joint is generally small.
Zhang, et al. (2019a) established a theory of com-
pression-bending bearing capacity based on a me-
chanical model of segment joints. Therefore, based on
the segment size, reinforcement and the joint struc-
tural parameters of the Wanghai Road Tunnel, the
segment ultimate bearing capacity curve (SUBC) and
the joint ultimate bearing capacity curve (JUBC) are



calculated. Using these two curves can comprehen-
sively characterize the local flexural bearing capacity
of the segment structure. These two kinds of curves
are collectively referred to as the flexural bearing
capacity characteristic curve of a segment structure.

The internal force at the maximum positive and
negative bending moments of the segment section is
brought into the segment ultimate bearing capacity
curve, as shown in Fig. 14(a). The internal force
combination of the segment does not exceed the ul-
timate bearing capacity of its section, indicating that
the segment is not damaged. As shown in Fig. 14(b),
the internal force combination of the segment joint is
included in the ultimate bearing capacity curve. The
internal force combinations of the 9< 85< 161 “of the
joint and their symmetrical locations have exceeded
the joint ultimate bearing capacity curve, indicating
that these joints have finally been damaged. Since the
segmental lining is left and right symmetrical, the
corresponding joints have also been damaged. The
failure of the large-diameter segment ring lining
structure is mainly caused by the loss of the bearing
capacity of the joint. After the joint loses its bearing
capacity, the overall stiffness and bearing capacity of
the structure decrease, and the structure cannot meet
the bearing requirements.

5 Conclusions

In this study, a refined 3D finite element analysis
was conducted on a large-diameter shield tunnel
segment to investigate its transverse deformation
behavior and mechanical mechanism under overload.
The following conclusions can be drawn:

(1) The transverse deformation of a
large-diameter shield segmental ring can be divided
into four stages: i) linear growth stage (Stage 1); ii)
quasi-linear growth stage (Stage Il,, Stage llp); iii)
nonlinear growth stage (Stage Il1); iv) failure stage
(Stage V).

(2) During stage I, the reinforcement, bolts and
concrete are all in an elastic state, and no crack
through occurs. In stage 11, and 11y, the stress of bolts,
reinforcement, and compressive strain of concrete
begin to increase, and a large number of cracks appear
in the segment, gradually reducing the stiffness of the
segmental ring. In stage Ill, semi-plastic hinges are
formed successively and develop towards complete
plastic hinges in the structure, resulting in a sharp
decrease in the stiffness of the segmental ring. In
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stage 1V, the complete plastic hinge of the structure
continues to form, and ultimately the structure cannot
continue to bear the load. The extensive development
of cracks and the complete formation of four plastic
hinges are the main reasons for the decrease in stiff-
ness of the segmental ring.

(3) The transverse deformation during the for-
mation of the first semi-plastic hinge (i.e., the first
yield point) of the structure is selected as the defor-
mation control value for large-diameter shield tunnel
segments and is equal to 8%o of the segment’s outer
diameter. This control value can serve as a rein-
forcement standard for preventing the failure of large
diameter shield tunnel segments.

(4) The calculated internal force is substituted
into the flexural bearing capacity characteristic curve
of the segmental ring and it is discovered that the
maximum internal force combination of the segment
does not exceed the segment ultimate bearing capac-
ity curve (SUBC). However, the combination of in-
ternal forces at 9< 85< 161<of the joint and their
symmetrical locations about the 0 =180 “axis exceeds
the joint ultimate bearing capacity curve (JUBC).
This indicates that the failure of a large-diameter
segmental ring is mainly due to insufficient joint
strength, resulting in structural instability. When three
or more bolts in the segment ring joint yield, rapid
destabilization and failure of the large-diameter
segment ring occur.

Although this study conducted a detailed analy-
sis of the failure process of large-diameter segments,
it mainly focused on the typical 15 m-level
large-diameter shield tunnel with a specific joint
structure. Many influencing factors such as partition
methods, bolt connection forms, joint details, tunnel
depth, and soil types have not been thoroughly in-
vestigated. Future research can delve into these in-
fluencing factors to develop more applicable defor-
mation control standards for large-diameter shield
tunnel segments.
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