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ABSTRACT
Unlike a straight tunnel, a curved tunnel is subjected to torque in the out-of-plane direction. However, the effect
of torque is seldom considered in the structural design of curved tunnels. This paper investigates the torsional
behavior of circumferential joints in a large-diameter curved tunnel by the finite element method (FEM). The
parameters used in the three-dimensional model are verified through a prototype test. Graphs of torque vs. twist
angle for a typical tapered ring lining model are obtained and the torsion stiffness is calculated and compared
with results from a parallel ring lining model under different conditions (angle of bolts, strength grade of bolts,
residual longitudinal load). The results indicated that the structural behavior of the tapered ring lining cannot
be approximated by a parallel ring lining; the torsional stiffness depends on the working conditions. The results
of this research may provide guidance for the design of similar tunnels.
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INTRODUCTION

length spans 6.4 km. The longitudinal design of the
Shanghai North Highway tunnel poses a great challenge
to structural designers, because it features multiple
continuous sharp curves (the smallest radius of
curvature is 500 m) (Figure 1). The method for
designing very long curved tunnels has not been
improved yet, because the structural behavior differs for
curved and straight tunnels and there are no similar cases
for guidance.

With the development of urban areas, tunnels are
required to have sharp turns in both directions to avoid
underground structures; for example, in the newly built
Shanghai North Highway Tunneling project. The tunnel
is in the northern part of Shanghai, where it relieves
traffic congestion. The external diameter of the tunnel is
15 m, which is by far the largest in use and the whole

Figure (1): Plan of the newly built Shanghai North Highway Tunnel
As shown in Figure 2, there are basically two
approaches for the design of straight tunnels (JSCE,
2007; Koizumi and Guan, 2012; Oh and Moon, 2018;

Zhang et al., 2019; Cui and Ma, 2021). The first
approach treats the tunnel as a uniform beam resting on
an elastic foundation that reduces bending and shearing
stiffness, similar to the effect of a joint. This approach is
an ‘equalized’ method, because the total and local
deformations of a tunnel are the same. The second
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approach simulates the lining of the tunnel as a discrete
beam (with no reduction in stiffness), while the
circumferential joints are simulated by a series of loadbearing springs that undergo shearing, rotational and
axial movement. The value of the stiffness of each
spring is calculated before the model is used. Based on

the beam-spring model, Do et al. (2014a; 2014b)
proposed a three-dimensional shell-spring model, where
the effect of longitudinal and circumferential bolts is
also simulated by a series of load-spreading springs.
However, this method is time-consuming and requires a
high-performance computer.

Figure (2): Equivalent stiffness model and beam-spring model
However, as shown in Figure 3, the torque effect
should not be neglected if the beam-spring model is
selected for the structural design of curved tunnels
(Çalım and Akkurt, 2011; Lee and Jeong, 2016). In this
figure, T represents torque, M represents bending
moment and V is the shearing force. The core
mechanism for the torsion behavior of joints is shearing
of the bolts and friction at the concrete surface. Many
researchers have contributed to the study of the shearing
of bolts embedded in different materials (Aziz et al.,
2018; Cui et al., 2020; Ghadimi et al., 2016; Hassanieh
et al., 2018; Meng et al., 2019; Mirzaghorbanali et al.,
2017; Salemi et al., 2015). Salemi et al. (2015) studied
the normal and shear resistance of segmental tunnel
linings in prototype tests and evaluated the effectiveness
of the results by models of beams on elastic foundations.
Ghadimi et al. (2016) improved the analytical formula
for predicting the shearing behavior of rock bolts
embedded in fully grouted rock and then validated the
results by FEM testing. Mirzaghorbanali et al. (2017)
developed non-contact equipment for investigating the
double shearing behavior of cable bolts. Hassanieh et al.
(2018) modeled bolt shearing connectors in pockets of
cementitious grout and verified them by a prototype test.
Based on these studies, the FEM method is selected due
to the non-paralleled double shearing faces of tapered
ring linings.

Figure (3): Diagram of internal forces on a
curved out-of-plane beam
Very large torque will cause bolts to undergo shear
failure, which results in assembly errors in the tunnel.
Thus, the main purpose of this paper is to investigate the
behavior of circumferential joints under torsion, which
may serve as a key element in the beam-spring model.
MATERIALS AND METHODS
Structural Details of the Circumferential Joints
A structural schematic diagram of these two types of
linings is shown in Figure 4. The external diameter of
the lining is 15 m and its thickness is 0.65 m. A whole
ring is divided into ten segments (1 key section, 2
adjoining segments and 7 standard segments). These
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segments subtend angles from 19°to 38°. The maximum
width of the lining is summarized in Table 1. The degree
of taper increases with increasing difference between the
maximum and minimum widths. The structural details
of the circumferential joints are shown in Figure 5. A

typical circumferential joint consists of seal gaskets, two
straight bolts and an oblique hole where the bolt is
tightened. The angle between the bolt and the interface
equals 60°.

Figure (4): Structural diagram of the segments in a lining ring

Figure (5): Structural details of circumferential joints
Table 1. Structural parameters of the tapered ring lining
Lining type

a/mm

b/mm

(b-a)/mm

Inclination/x

Tapered ring lining (40 mm)

1980

2020

40

1:750

Tapered ring lining (80 mm)

1960

2040

80

1:375

Parallel ring lining

2000

2000

0

prototype model test conducted by the Shanghai Tunnel
Design and Research Institute (Li et al., 2011), (Figure
6b). According to the prototype test, the FEM model
consists of 1 segment that subtends 19° and two halfsegments that subtend 38°.

Finite Element Modeling
The software package ABAQUS 6.14 (Dassault
Systemes Simulia Corporation, 2014) is employed to set
up the three-dimensional FEM model. The threedimensional model is shown in Figure 6(a). All the
parameters in the FEM model are consistent with the 1:1
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(a) 3D FEM model

(b) Prototype test model
Figure (6): Finite element model for the lining and bolt based on a prototype model
bolts are made of class 8.8 medium carbon steel that is
tempered and quenched. For example, 8.8th grade bolts
have tensile strength and yield strength values of 800
MPa and 640 MPa, respectively. An elastoplastic
constitutive model is employed to represent the
mechanical behavior of the bolts. The modulus of
elasticity equals 200 GPa and Poisson's ratio is 0.3. The
mechanical properties of the high-strength bolts are
listed in Table 2.

Parameters Used in the Model
The strength grade of the concrete equals C60 based
on the Chinese concrete code (Chinese Ministry of
Housing and Urban Development, 2015). A plastic
damage constitutive model is employed to simulate and
represent the mechanical performance of concrete. The
mechanical properties of the concrete are shown in
Figure 7. The modulus of elasticity equals 35.5 GPa and
Poisson’s ratio is 0.18.
High-strength bolts are used in the FEM model; the

(a) Uniaxial compression
(b) Uniaxial tension
Figure (7): Stress-strain curves of concrete
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Table 2. Mechanical properties of bolts
Strength grade
of bolt/th grade

Yield
strength/MPa

Ultimate
strength/MPa

8.8
9.8
10.9
12.8

640
720
900
1080

800
900
1000
1200

according to the prototype test (Figure 8). The
longitudinal load is defined as Fh and shown in Figure
8. It simulates a residual load in the longitudinal
direction when a jack force is applied to the tunnel.
According to JSCE Standard (JSCE, 2007), the
longitudinal load is determined by the buried depth of
the tunnel. The maximum value for Fh is 1400 kPa
herein. A torque load is applied to the surface of the
middle test segment. In the ABAQUS software package,
the middle segment is loaded by the displacement
method to increase the speed of calculation.

Torsion Load and Boundary Conditions
The bolts are embedded in the concrete. The
boundary condition of the side concrete is fixed

Figure (8): Load and boundary conditions

Figure 11 illustrates the curves of the torque and
twist angle when the strength grade of the bolt is 8.8th,
the angle of the bolts is 60° and the longitudinal load is
1400 kPa. All curves exhibit a two-stage tendency in the
process of loading. In the first stage, the torque increases
sharply with the increase in twist angle. In the second
stage, the torque increases gradually with increasing
twist angle. A peak can be found at the end of the first
stage. This indicates that the bolts undergo shear failure
and the circumferential joints cannot sustain any torque
load. Meanwhile, all the curves show almost linear
tendencies in these two stages. Torsion stiffness k is
defined as the slope of the curve, as shown in Figure 11.
The first and second stages of torsion stiffness, k1 and k2,
will be discussed in the following section. According to
the figure, the torsion stiffness is larger for the tapered
ring lining than the parallel ring lining model.

Verification of the Parameters
According to the prototype test, the strength grade of
the bolts is 8.8th. Figure 9 presents the comparison of the
measured value and simulated value of the shear force
under 2 load conditions. The results for the measured
data and simulated values are in good agreement
(variation≤ 10%).
RESULTS
Figure 10 presents the stress contour for the
concrete. This figure shows that there is a stress
concentration in the area where the bolts and the
concrete are connected. During the process of twisting,
the stresses for the tapered lining models are relatively
great compared with those of the parallel ring lining
model.
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(a) Fh=700kN

(b) Fh=1400kN
Figure (9): Comparison of the simulated and measured values of the shear force vs. dislocation

(a) Parallel ring lining

(b) Tapered ring lining (40 mm)

(c) Tapered ring lining (80 mm)
Figure (10): Stress contours of the test segments (kPa)
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Figure (11): Curves of torque vs. twist angle
bolt angles. The case occurs when the bolt strength is
8.8th grade and the longitudinal load is 1400 kPa. The
first-stage torsion stiffness decreases with increasing
angle. However, the second stage torsion stiffness shows
the opposite tendency. It can be inferred from the figure
that the torsion stiffness increases with increasing taper
for the lining model under different bolt angles.

DISCUSSION
Influence of Bolt Angles
Bolts are generally not installed perpendicular to the
joint surface to mitigate differential settlement. The
angle of a bolt is defined as the inclination of the bolt
axis with reference to the shearing face. Figure 12
illustrates the torsion stiffnesses k1 and k2 under different

(a)k1

(b)k2
Figure (12): Torsion stiffness under different bolt angles
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while the second-stage torsion stiffness increases with
increasing strength grade. It can be inferred from the
figure that the torsion stiffness increases with increasing
taper for the lining model under different bolt strength
grades.

Influence of Bolt Strength Grades
Figure 13 illustrates the torsion stiffnesses k1 and k2
under different bolt strength grades. The case occurs
when the angle is 60° and the longitudinal load is 1400
kPa. The first-stage torsion stiffness does not change,

(a)k1

(b)k2
Figure (13): Torsion stiffness under different bolt strength grades

considerably, while the second-stage torsion stiffness
decreases with increasing longitudinal load. It can also
be concluded that when the degree of taper is greater,
then the torsion stiffness value is higher.

Influence of Longitudinal Loads
Figure 14 presents torsion stiffnesses k1 and k2 under
different residual longitudinal loads. The case is when
the strength grade is 8.8th grade and the angle is 60°. The
first-stage torsion stiffness increases relatively
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(a)k1

(b)k2
Figure (14): Torsion stiffness under different longitudinal loads
for the tapered ring lining are greater than those for
a parallel ring lining model.
Thus, if the beam-spring model is selected for the
design of curved tunnels, the torsion stiffness value
should not be neglected and must be selected with great
care.

CONCLUSIONS
This paper presents a finite element analysis of the
effects of torque on the structural behavior of
circumferential joints with tapered and parallel ring
linings. The graphs of load and displacement are
obtained from the tests and the torsion stiffness values
are derived from the curves. Conclusions are listed as
follows:
(a) The graphs of torque vs. twist angle display a twostage trend for these two types of lining.
(b) The torsion stiffness changes with the change in the
angle and strength grade of the bolts as well as the
residual longitudinal load.
(c) The torsion stiffness values during the two stages
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