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Keywords Abstract
During an earthquake, the better performance of segmental tunnel lining, compared to
Finite Element Method the continuous in-cast concrete lining, is generally related to the joints between
segments. In order to better understand the influence of the segment joints, their effect
Segmental Lining Joint on the internal forces induced in tunnel lining simultaneously with the effects of the

other influential parameters should be considered. In this work, the segmental joints
were simulated by the representative stiffnesses and effects of these characteristics in
relation to the other parameters such as the soil-liner interface behavior, number of
segments in each ring and thickness of segments on the internal forces induced in
structure were investigated. For this purpose, 2D numerical analyses were performed
and the results obtained were discussed. Results showed that under the seismic
condition, the components that had the most significant role on the internal axial forces
induced in the segmental lining were rotational stiffness and axial stiffness of joints.
Also the bending moments were more affected by the rotational stiffness. Generally, the
radial joint stiffness had a less effect on the induced internal forces. With increase in the
number of segments and their thickness, the effect of joint stiffness on the internal forces
increases and the design of joints should be given more attention; however, the effects of
joint stiffness and frictional behavior at the soil-liner interface on the maximum induced
forces are almost independent from each other. Also in a specified joint behavior, by
variation in each one of the other parameters including the soil-liner interface condition,
number of segments and their thickness, the absolute magnitude of the maximum
induced internal forces sometimes change significantly.

Interface Friction
Tunnel Support Systems

Seismic Design

1. Introduction

Despite the better response and less vulnerability
of the underground structures compared to the
surface structures during earthquakes, many cases
of damage to these structures have been reported.
This has led to the publication of numerous
studies, guidelines and instructions for estimating
the response of tunnels and underground
structures due to seismic loads [1-6]. The current
state-of-practice of using analytical methods in the
seismic design of tunnels is limited to the
simplified geometries and tunneling construction
methodologies. At the same time, the equations
used in these methods are based upon various
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simplifying assumptions. The most important
limitations and assumptions are as follow [7]:

- Tunnel structure is assumed to be continuous
without joints.

- Limitation on the soil-lining interface
behavior.

- Soil mass is assumed to be homogenous,
isotropic, linear elastic and massless.

- Excavation is circular or rectangular and the
effect of construction sequence is not considered.
Despite the limitations mentioned above, the
analytical methods are useful tools to achieve an
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initial estimation of earthquake effects on tunnel
due to the simplicity and ease of use.

In the recent years, the continuum and
discontinuum numerical methods have been
developed as complex methods to advance the
computing power and overcome the analytical
simplifying assumptions. There are a large
number of numerical methods. For the continuum
problems, Finite Element Method (FEM), Finite
Difference Method (FDM) and Boundary Element
Method (BEM), and for the discontinuum
problems, Discrete  Element Method (DEM),
Discontinuous Deformation Analysis (DDA) and
Bonded Particle Model (BPM) are the mostly
used methods in the geomechanic problems.

The component that has the most significant
influence on the tunnel lining behavior under
seismic loading, except for the case of a tunnel
sheared by a fault, is the ovaling or racking
deformation generated by seismic shear wave
propagation [8]. Although these deformations are
also due to the arrival of horizontal or inclined
waves to the tunnel area, the shear wave that
propagates vertically will have the greatest effect
on the structure [9]. This distortion is usually
simulated in two-dimension and under the plain
strain condition. In the analytical methods, the
simulation is performed by means of replacement
of dynamic load with equivalent static load and in
numerical methods; it is possible to use both the
dynamic and quasi-static models. The quantitative
equations and qualitative descriptions are
provided for the preliminary estimation of induced
forces in lining using mathematical analyses and
closed form solutions [8-11]. Two of the most
important works done were by Wang (1993) [9]
and Penzien (2000) [8], which provided analytical
solutions for calculating the internal forces in the
structure due to earthquake-equivalent
deformations. Hashash et al. (2001) [12], by
gathering the analytical solutions presented for
study of circular tunnels supported by continuous
lining, showed the differences in the results
obtained from Penzien and Wang methods in case
of calculating axial forces in the no-slip condition
(which assumes the infinite friction and full
bonding at the soil-liner interface). In 2004,
Hashash et al. [13] studied the results of each one
of these methods with numerical modeling and
showed that the results obtained by the Wang
method, which provides a higher estimation of
axial forces in no-slip condition, are closer to
reality.

All of the mentioned methods consider tunnel
lining to be continuous and simplify frictional
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behavior between the lining and soil in only two
modes of full-slip and no-slip, while Hashash et
al. have proposed that this frictional behavior, in
reality, is between the two mentioned modes.
Considering that the frictional behavior at the
soil-liner interface has a significant effect on the
internal forces, there are several studies on the
behavior of tunnel structures, taking into account
different frictional behaviors at the soil-liner
interface and also taking into account the effect of
segmental lining joints. These studies have
generally been performed by the numerical
methods.

Sedarat et al. [7] studied the effect of frictional
condition at the soil-liner interface and due to its
significant effect on the internal forces induced in
the lining; they suggested that for each case, this
behavior should be considered using the
numerical methods. The results obtained pointed
out that the no slip condition provides the worst
case of axial forces induced in the lining. As
mentioned earlier, in these studies, the tunnel
lining is assumed to be continuous, and there is no
investigation about the joints between the
structural parts (for example, joints in segmental
lining). Similarly, Kouretzis et al. [14] conducted
a series of parametric analyses to quantify the
effect of the interface friction on the response of
continuous tunnel lining.

Due to the high flexibility achieved through the
joints between segments, segmental linings can

accommodate deformations with little or no
damage and they generally performed better than
a continuous lining during an earthquake [15, 16].
The presence of segment joints in the tunnel lining
can reduce the stresses and strains in the lining. In
various studies, this is also correct in case of static
loads. As an example, it was shown that the
bending moments are reduced when the rotational
stiffness of joints is less than the corresponding
flexural stiffness of continuous lining [17].
Kramer et al. [18] have described a detailed 3D
model of a circular tunnel that incorporates
inelastic constitutive soil behavior using the
Mohr—Coulomb model. This model was used to
predict the behavior of radial and circumferential
joints during seismic ovaling. In their model, joint
planes or contact between segments were modeled
as no tension, frictional surface that would allow
slip along and separate between these contact
surfaces. He and Koizumi (2000) [19] conducted
the shaking table model tests, seismic 2D FEM
analyses and static analyses to study the seismic
behavior in the transverse section of shield tunnel
considering the effect of segment joints. The
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results obtained indicate that the seismic
deformation method with the static FEM or the
beam spring model can be used for the seismic
design method of shield tunnels considering the
effect of segment joints. In their static FEM
analyses, the joints between segments were
simulated using short beam elements lowered in
tension—compression rigidity and bending rigidity.
In their studies, the effect of soil-lining interface
was not considered. Other studies have been done
to simulate the behavior of segmental lining joints
by numerical modeling such as Chow et al. [20]
and Hinchberger [21]. In each one of them, the
simulation procedure of these connections is
different but the condition between the lining and
soil is constant and simulation has been made only
in a certain mode. Do et al. [22] studied the
effects of axial, radial and rotational stiffness of
joints, deformation modulus of soil, coefficient of
earth pressure at rest, number of segments in each
segmental ring and joint distribution on the
maximum induced forces in segmental lining. In
their studies, the effect of soil-liner interface and
the stiffness of segmental lining joints were not
investigated simultaneously.

As mentioned earlier, in the previous research
works, the effect of joint stiffness was studied
only by assuming a specified condition at the
soil-liner interface; or vice versa, the effect of
interface was examined for continuous lining. In
this work, the effects of segmental joints and
soil-liner interface on the induced internal forces
were investigated simultaneously. Also the effect
of these joints in relation to the other parameters
such as the number of segments in each ring and
thickness of segments was studied.

2. Numerical method

2.1. Finite element method (FEM) and
ABAQUS software

To study the research subject, FEM sub-divides a
large system into smaller, simpler parts that are
called finite elements. The simple equations that
model these finite elements are then assembled
into a larger system of equations that models the
entire problem. The global system of equations
has known solution techniques and can be
calculated from the initial values of the original
problem to obtain a numerical answer. ABAQUS
is one of the most well-known finite element
analysis softwares. It provides several contact
formulations. Each formulation is based on a
choice of a contact discretization. Surface-to-
surface discretization considers the shape of both
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the slave and master surfaces in the region of
contact constraints. In general, surface-to-surface
discretization provides more accurate stress and
pressure results than node-to-surface
discretization and was chosen to simulate the
soil-liner contact interface in this work. In
ABAQUS, spring elements can be used to define
the behavior of a joint between two parts. Element
SPRING? is defined between two nodes, acting in
a fixed direction and is used to simulate the
segmental lining joints in this study. In order to
avoid prolonging the text, further details on
equations of FEM, contact surfaces and springs
are not presented here and the reader can refer to
Reference [23] for more information.

2.2. Numerical modeling

The numerical model presented in Figure 1-(a)
was prepared ABAQUS/Standard [23]. In order to
simulate soil media, the 2D plane-strain
continuum elements (type CPE4) were used and
the elastic 2D beam elements (type B21) were
adopted to model the tunnel lining. The width of
the model is 110 and its height is 45 m. The
diameter of the tunnel is different for the
verification model and sensitivity analysis models,
which are mentioned in the later sections. As
shown in the figure, and similar to the studies
carried out by Hinchberger ef al. [21], Sedarat et
al. [7], Kramer et al. [18], Zurlo [24], Kontoe et
al. [25], and Ngoc-Anh Do et al. [22], the seismic
load has been simulated by applying equivalent
triangular deformations to lateral boundaries and
uniform deformations to the surface of the model.
The transitional components of deformations
along the x and y directions at the bottom
boundary of the model have been assumed to be
Zero.

3. Model validation

In order to validate the model, the results were
compared with those from the analytical solutions.
Since the well-known analytical methods of Wang
[9] and Penzien [8] were carried out for elastic,
homogeneous, isotropic soil media and in these
methods the lining is assumed to be continuous
and does not take any gravity loads resulting from
soil mass relaxation, thus similar conditions were
provided in the numerical model to make the
comparison possible. The soil and concrete lining
properties were considered in accordance with the
design example 3 presented in Hashash et al.
(2001) [12], which have also been used in case
No.1 in Reference [13].
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Figure 1. a) Model geometry and boundary condition, b) simulation of segmental lining and joints.

The soil and concrete lining properties are
presented in Table 1. According to this example,
the prescribed displacements that correspond to a
shear strain equal to 0.252% are applied to model
boundaries. In the full-slip and no-slip conditions
where analytical solutions are available, the
numerical modeling was developed and the axial,
bending and shear forces in the lining were
determined. In the full-slip mode, the tangential
friction coefficient of soil-liner interface is zero
and in the no-slip mode, according to the
recommendation of the ABAQUS documentation
was assumed to be 100 [23]. In both cases, in
order to adapt the numerical model with the
assumptions of analytical solutions, separation of
lining from the surrounding soil under tensile
stresses was not allowed.

Figure 2 shows a comparison between the results
of the Penzien solution and the numerical method
for internal forces induced in the lining. This
figure shows that in the full-slip mode, there is a
good agreement between the results. In the no-slip
mode, there is a significant difference between the
results in terms of axial forces so that the

calculated values of the numerical model are
significantly higher than the results of Penzien
solution, which, as in other studies including
Hashash et al. [13] is also presented, the results of
the Penzien method in the no-slip mode in case of
axial forces induced in lining, are much less than
reality. Other values are well-matched and in the
worst case, they show less than a 1% difference.
The values of maximum induced forces in the
lining calculated from numerical model, the Wang
solution and the Penzien method are also given in
Table 2. This comparison also illustrates the close
proximity of the numerical solution results to the
Penzien analytical results in all cases, except for
axial forces in the no-slip mode. The table also
shows a good agreement between the results of
the numerical model and the results of the Wang
solution in all cases. In order to calculate the
maximum induced bending moment in the no-slip
mode, the equation provided by Kouretzis et al.
[11] has been used; the corresponding results are
presented in Table 2 in the column related to the
results of the Wang’s method.

Table 1. Soil and lining parameters used in the validating analysis [12].

Parameters Value Unit
Modulus of elasticity (E.,) 312 MPa
Soil Poisson ratio (vy,) 0.3 -
Bulk modulus (K, 260 MPa
Shear modulus (G,) 120 MPa
Modulus of elasticity (E ) 24800 MPa
Radius (r) 3 m
Lining Poisson ratio (v;) 0.2 -
Thickness (t) 0.3 m
Moment inertia 0.0025 m4/m
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Figure 2. Comparison between the results of numerical modeling and analytical solution for induced internal
forces across the lining.

Table 2. Comparison between numerical results and analytical solutions for maximum lining induced forces.

full slip No slip
Wang I Penzien I numerical Wang | Penzien | numerical
T max (KN/m) 62.9 62.9 62.3 1,046.5 124.6 1,294.0
M max (KN*m/m) 188.8 188.8 188.8 188.8 187.0 186.1
V max (KN/m) — 125.9 125.7 — 124.6 124.2

4. Parametric study

In this work, for sensitivity analysis, soil media
and segmental lining were simulated with elastic
behavior. The soil and lining parameters, which
are constant in all analyses are presented in Table
3. According to the dimensions of the model, the
corresponding displacements were applied to the
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lateral boundaries and surface of the model to
achieve a free field shear strain of 0.4427%. The
other parameters including the segment thickness,
number of segments in each ring and soil-liner
interface are variable in these analyses and their
values are given in each corresponding section.
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Table 3. Soil and segmental lining parameters used in the parametric study.

Parameters Value Unit
Unit weight (y) 19 KN/m’
Shear wave velocity in soil (Cy) 461 m/s
Soil Modulus of elasticity (Em, dynamic) 1050 MPa
Poisson ratio (vy,) 0.3 -
Bulk modulus (K,) 875 MPa
Shear modulus (G,) 404 MPa
Modulus of elasticity (E ;) 25000 MPa
Radius (1) 4.55 m
Segments Poisspn ratio (v)) O..2 -
Thickness (t) Variable
number of segments in each ring (n) Variable
soil-liner interface condition variable
4.1. Effect of segmental joint stiffness indicate the compressive force and the tensile

considering soil-liner interface behavior

The numerical model was developed for different
axial, radial and rotational stiffness of segmental
joints and maximum and minimum induced forces
were determined in the structure. For each case,
the frictional behavior of the contact surface
between the structure and the soil simulated by
applying different coefficients of friction equal to
zero (equivalent to full-slip mode), 0.4 (contact
surface friction angle = 21.8 degrees), 1 (contact
surface friction angle = 45 degrees), and 100
(equivalent to no-slip mode). In the no-slip mode,
no slipping is allowed along the tangential
direction between the lining and the soil and there
is no possibility of separation (normal to contact
surface) between them. In other words, the
strength of the contact surface against tensile
stresses is assumed to be infinite. In other models
(other than the no-slip condition), there is a
possibility of separation (normal to contact
surface) between the lining and the ground. The
segment thickness is 35 cm, the number of
segments in each ring is 8, the arc length of the
segments is equal and the position of the closest
joint relative to the crown of the tunnel is 21 .

4.1.1. Rotational stiffness of joints

In order to investigate the effect of rotational
stiffness of the joints, their axial and radial
stiffness were considered to be 1 and 0.2 GN/m
(Giga Newton per meter), respectively. Figure 3
shows the variations in the minimum and
maximum induced axial forces versus the
rotational stiffness of the joints in different
coefficients of friction at the soil-liner interface.
The minimum axial force graphs representing the
maximum compressive force induced in the
segmental ring and the maximum axial force
graphs represent the maximum induced tensile
force (the negative and the positive values
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force, respectively). In order to distinguish the
difference between the curves, the no-slip graphs
are presented separately in the two bottom graphs
in the figure (due to the significant differences of
values in the no-slip mode compared to the other
modes). It should be noted that the horizontal axis
in the graphs of this figure and other figures
related to the effect of rotational stiffness of joint
indicate a non-dimensional rotational stiffness
factor called the rotational stiffness ratio (I]). This
factor indicates the relative rotational joint
stiffness over the bending stiffness of segments
(M = (EDjoint/(ED)ining)-

As shown in Figure 3, in general, by increasing
the rotational stiffness of the joints, the maximum
induced axial force tends to become a tensile-type
force and then will increase. It means that in cases
where the maximum axial force is of a
compressive type (with a negative value),
increasing the rotational joint stiffness reduces
that, and in cases where the axial force is of a
tensile type (with a positive value), increasing the
rotational joint stiffness increases this force.
These variations are sensible up to rotational joint
stiffness almost equal to the bending stiffness of
segments (I] = 1). After that, the stiffness
variation will not have a significant effect on the
maximum and minimum of axial forces. On the
other hand, according to the two graphs on the
right side of the figure, increasing the friction at
the soil-liner interface also increases the
maximum axial compressive force. In low friction
coefficients, the maximum and minimum axial
forces have a negative value. This means that all
induced axial forces are of a compressive type and
as friction increases, part of these forces will be
converted into tensile forces. In the no-slip mode
(two graphs on the bottom of the figure), the
maximum axial compressive and tensile forces are
significantly higher than their corresponding
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values in other frictional coefficients. It is
noteworthy that in different coefficients of
friction, except for the no-slip mode, the trend of
changing of maximum axial forces in relation to
the variation in rotational joint stiffness is almost
the same. This means that in each graph, the
curves corresponding to different frictional
coefficients are almost parallel. Thus it can be
said that the effect of rotational joint stiffness and
frictional coefficient at the soil-liner interface on
the maximum induced axial forces is almost
independent from each other. As mentioned
earlier, this is not the case for the no-slip
condition.

Figure 4 shows the maximum induced bending
moments developed in segmental ring versus
rotational joint stiffness ratio in different
coefficients of friction at the soil-liner interface.
The positive and negative signs indicate the
bending moment direction. In order to distinguish
the difference between the curves, the no-slip
graphs are presented separately in the two bottom
graphs in the figure.

The results obtained show that increasing the
rotational stiffness increases the maximum
induced bending moments (both positive and
negative). This is not the case for positive bending
moments in the no-slip mode. As shown in Figure
4, this effect decreases in a high rotational
stiffness. On the other hand, the effect of
frictional behavior at the soil-liner interface on
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maximum bending moments is less that its effect
on the maximum axial forces (see Figure 3). Also
in the no-slip mode, the effect of the rotational
stiffness on the induced bending moments is less
than its effect in the other interface conditions.

In order to normalize the shear forces and bending
moments in segmental lining, a numerical model
with continuous concrete lining, considering the
same geometry, boundary condition and
properties of concrete was built. In order to
normalize the bending moments, in each case, the
determined maximum bending moment in the
segmental ring was divided into the corresponding
determined maximum bending moment in the
continuous lining (it is also about shear forces).
As shown in Figure 5, except for the no-slip
mode, by increasing the rotational stiffness of
joints, the normalized ratio of maximum bending
moments increases. In a high rotational stiffness,
this ratio is approximately equal to one. This
means that in a high rotational joint stiffness, the
maximum bending moments in segmental lining
and continuous lining are almost equal. In the no-
slip mode, the effect of rotational stiffness on the
maximum bending moments is less. On the other
hand, in this case, the normalized ratio of
maximum bending moments is greater than one.
This means that in the no-slip mode, the
segmental lining does not reduce the maximum
induced moments and in the case of positive
bending moments increases them.
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Figure 3. Axial forces vs. rotational stiffness ratio in different coefficients of friction at the soil-liner interface.
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Figure 4. Bending moments vs. rotational stiffness ratio in different coefficients of friction at the soil-liner
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1.8
1.6
14
1.2

0.8
0.6
0.4
0.2

Positive bending moment Ratio
=

0 0.5 1 1.5 2
Rotational stiffness ratio

2.5

—o—full slip

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0
0 0.5 1 15 2

Rotational stiffness ratio

y

Negative bending moment Ratio

2.5 3

friction coefficient= .4 =>¢=friction coefficient=1 —@—no slip

Figure 5. Normalized ratio of maximum bending moments vs. rotational stiffness ratio in different coefficients of
friction at the soil-liner interface.

Figure 6 shows the maximum induced shear
forces versus rotational joint stiffness ratio in
different soil-liner frictional coefficients. The
positive and negative signs indicate the shear
force direction. In the graphs, the minimum values
for shear forces with negative signs are in fact
maximum shear forces in the opposite direction of
the positive values in the local coordinate system
of the beam element. Except for the no-slip mode,
in other cases, the rotational stiffness has no
significant effect on the maximum shear forces in
segments; although with increasing stiffness the
maximum shear forces decrease slightly at first
and then with a further increase in the rotational
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stiffness, the maximum shear forces increase. As
in the case for bending moments, except for the
no-slip mode, the change in the frictional
coefficient at the soil-liner interface does not
produce significant changes in maximum induced
shear forces.

As shown in Figure 7, although the rotational
stiffness variation has no appreciable effect on the
maximum normalized shear forces, this ratio is
still less than 1, except for the no-slip mode. This
means that the maximum induced shear forces are
reduced in comparison with continuous lining,
while in the no-slip mode, it is vice versa.
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friction at the soil-liner interface.

4.1.2. Axial stiffness of joints

For this purpose, a radial stiffness of 0.2 GN/m
and a rotational stiffness ratio (I]) of 0.5 were
considered and kept constant. As in the previous
section, Figures 8, 9, and 10 show the maximum
induced forces in segmental ring versus axial joint
stiffness in  different soil-liner  frictional
coefficients.

According to Figure 8, an increase in the axial
stiffness of joints increases the maximum axial
compressive type forces (with a negative sign).
Except for the no-slip mode, in different
coefficients of friction at the interface, the trend of
changing of maximum axial forces (both in
compression and tension) in relation to the
variation in axial joint stiffness is almost same.
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Thus the effect of axial joint stiffness and
frictional coefficient at the soil-liner interface on
maximum induced axial forces 1is almost
independent of each other. Here too, in the no-slip
mode, the trend of changing of maximum axial
forces is different from that of the other modes.
On the other hand, in the case of maximum axial
forces, in low frictional coefficients of the soil-
liner interface, these forces are also of
compressive type. Thus all the induced forces are
of compressive type in low friction angles of the
interface. With increase in the friction, the
maximum axial force tends to become a
tensile-type force. Thus in this case, part of the
axial forces is of tensile type and another part is of
compressive type.
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As shown in Figure 9, except for the no-slip
mode, in other frictional coefficients, the variation
in the axial stiffness does not result in noticeable
changes in maximum induced bending moments.
Under the no-slip condition, increasing the axial
joint stiffness increases the maximum bending
moment (either with a positive or a negative sign).
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According to Figure 10, the same results are valid
about the maximum induced shear forces in
segmental ring. It means that the variation in the
axial stiffness does not significantly change the
maximum shear forces induced in the segmental
structure.
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Figure 8. Axial forces vs. axial stiffness of joints in different coefficients of friction at the soil-liner interface.
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Figure 9. Bending moments vs. axial stiffness of joints in different coefficients of friction at the soil-liner
interface.
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Figure 10. Shear forces vs. axial stiffness of joints in different coefficients of friction at the soil-liner interface.

According to Figures 11 and 12, except for the
no-slip mode, the variation in the axial stiffness
does not result in noticeable changes in maximum
normalized bending moments and maximum
normalized shear forces. In the no-slip mode, with
increase in the axial joint stiffness, the normalized

ratio increases and then reaches an almost
constant amount greater than one. This means that
in the no-slip mode, the segmental lining does not
reduce the maximum induced shear forces and
moments and in the case of positive shear forces
and bending moments increases them.
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4.1.3. Radial stiffness of joints

In this case, the axial stiffness and the rotational
stiffness ratio (I]) are constant and are
respectively 1 GN/m and 0.5. Different degrees
of radial stiffness were considered in each model.
Figures 13, 14, and 15 show the maximum
induced forces in segmental ring versus radial
joint stiffness in different soil-liner frictional
coefficients.

According to the graphs in Figure 13, the
significant difference in curves of the graphs
shows that the frictional behavior at the soil-liner
interface has a significant effect on the maximum
axial forces induced in segments but the variation
in radial stiffness of the joints does not cause
significant changes in the maximum tensile and
compressive axial forces. In low frictional
coefficients of soil-liner interface, all axial forces
are of compressive type (with a negative value).
With increasing friction, the maximum axial force
tends to become a tensile-type force (thus in this
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case, part of the axial forces is of tensile type and
another part is of compressive type).

As shown in Figure 14, first, increasing the radial
joint stiffness slightly increases the maximum
bending moments, and then the effect of a further
increase is negligible. According to Figure 15, the
same result was obtained for induced shear forces
in the segmental ring. This means that increasing
the radial stiffness slightly increases the
maximum shear forces at first, and then the effect
of its further increase is not significant.

Figures 16 and 17 show maximum normalized
bending moments and shear forces versus radial
joint stiffness. Similar to Section 4.1.2, except for
the no-slip mode, the variation in the radial
stiffness does not result in noticeable changes in
maximum normalized bending moments and
maximum normalized shear forces. In the no-slip
mode, with increase in the radial joint stiffness,
the normalized ratio increases to some extent and
reaches an almost constant amount.
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Figure 13. Axial forces vs. radial stiffness of joints in different coefficients of friction at the soil-liner interface.
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Figure 15. Shear forces versus radial stiffness of joints in different coefficients of friction at the soil-liner
interface.
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4.2. Effect of segmental joint stiffness
considering number of segments

In order to study this, in the model, the number of
segments in each segmental ring was considered
to be 6 and 8. The soil-liner interface behavior
was simulated in two ways: one considering
frictional behavior in tangential direction with
friction coefficient of 0.4 and the possibility of
separation of segmental parts from the
surrounding soil and the other in the no-slip mode.
In the no-slip condition, no slipping was allowed
along the tangential direction and there was no
possibility of separation of segmental parts from
the surrounding soil (i.e. the tensile strength of the
contact surface was assumed to be infinite). The
numerical models were prepared for different
axial, radial and rotational stiffnesses of
segmental joints, and maximum and minimum
induced forces were determined in the structure.
In all cases, the thickness of segments is 35 cm,
the arc length of segments is equal and the angular
position of the closest segmental joint related to
the tunnel crown is 21°. Also in the study of the
effect of each type of joint stiffness, the other two
were kept constant, similar to the previous
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sections. Figure 18 shows the variation in the
minimum and maximum induced axial forces
versus the rotational, axial and radial stiffness of
joints in different numbers of segments and
considering the frictional behavior at the soil-liner
interface. Maximum axial forces with positive
values are related to the maximum tensile-type
axial forces and minimum axial forces with
negative values are related to the maximum
compressive type axial forces. Figure 19 shows
the results for the no-slip mode.

Frictional  coefficient —at  the  soil-liner
interface= 0.4 and separation at the interface is
allowed. As it can be seen in these two figures,
with a change the number of segments in each
segmental ring, the trend of changing of
maximum axial forces in relation to the variation
in rotational, axial and radial joint stiffness (in the
case of a certain type of stiffness) is almost same.
This means that in each graph, the two curves
corresponding to different numbers of segments
have similar trends. This suggests that the effect
of joint stiffness and number of segments on
maximum induced axial forces is almost
independent from each other but in a certain value
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of joint stiffness, a change in the number of
segments affects the values of these forces in such
a way that increasing the number of segments
decreases the maximum tensile and compressive
forces. On the other hand, the greatest effect of
the number of segmental parts on the axial forces
is in the no-slip mode and in the case of induced
tensile forces so that the reduction in the number
of parts from 8 to 6 has increased the maximum
induced tensile force for approximately two times.
Figure 20 shows the variations in the minimum
and maximum induced bending moments versus
the rotational, axial and radial stiffness of joints in
different numbers of segments (6 and 8),
considering the frictional behavior at the soil-liner
interface. Due to the similarity of the results
obtained, the graphs for the no-slip mode are not
presented.

Figure 20 indicates the number of segments
affecting the trend of changing of maximum
bending moments in relation to the variation in
joint stiffness. With increase in the number of
segments in each ring, the effect of variation in
rotational, axial and radial stiffness on bending
moments increases. Thus if more segmental parts
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are used, the design of the joints should be
considered more carefully. Also in a certain joint
stiffness, the number of parts affects the values for
these moments.

Figure 21 shows maximum normalized bending
moments versus rotational stiffness of joints in
different numbers of segments (6 and 8). In this
Figure, the graphs are plotted only by considering
the friction coefficient of 0.4 for the soil-liner
interface. As it can be seen, with increase in the
rotational stiffness of joints, for both numbers of
segments, the normalized ratio of maximum
bending moments increase and the two curves
(related to different numbers of segments) get
closer together. In a high rotational stiffness, this
ratio is approximately equal to one for both
numbers of segments. This means that in a high
rotational joint stiffness, the maximum bending
moments in segmental lining and continuous
lining are almost equal. In the case of axial and
radial stiffness of joints, the normalized bending
moments are not presented because of their
similar trends corresponding to different numbers
of segments.
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Figure 18. Axial forces versus rotational, axial and radial stiffness of joints in different numbers of segments.
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Figure 22 shows the variations in the minimum
and maximum induced shear forces versus the
rotational, axial and radial stiffness of joints in
different numbers of segments and considering
the frictional behavior at the soil-liner interface.

In different numbers of segments, the trends of
changing of maximum shear forces in relation to
the variation in joint stiffness are approximately
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the same. This means that in each graph two
curves corresponding to different numbers of
segments have similar trends. This suggests that
the effects of joint stiffness and number of
segments on the maximum induced shear forces
are almost independent from each other but in a
certain value of joint stiffness, a change in the
number of parts affects the values of these forces.
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Figure 22. Shear forces versus rotational, axial and radial stiffness of joints in different numbers of segments.
Frictional coefficient at the soil-liner interface = 0.4 and separation at the interface is allowed.
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4.3. Effect of segmental stiffness
considering segment thickness

In order to evaluate the effect of segment
thickness on the relation between joint stiffness
and induced forces; modeling was done for
segment thicknesses of 35 and 55 cm. For each
case, the condition at the soil-liner interface was
simulated considering the frictional coefficient of
0.4 and possibility of separation of segmental ring
from the surrounding soil. Numerical modeling
was carried out for different axial, radial and
rotational stiffnesses of segmental joints, and
maximum and minimum induced forces were
determined in the structure. Figures 23, 24 and 25
show the variations in minimum and maximum
induced forces versus the rotational, axial and
radial stiffness of joints in different segment
thicknesses. In these models, the number of
segments in each ring is 8, the arc lengths of
segments are equal, and the angular position of
the closest segmental joint related to the tunnel
crown is 21

Changing the segment thickness affects the trend
of changing of maximum axial forces and bending
moments in relation to the variation in the joint
stiffness. By increasing the thickness, the effect of
joint stiffness variation on induced axial forces
and bending moments increases, especially in the

joint
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case of variation in rotational stiffness of joints.
Therefore, design and choosing of joints should
be considered more carefully when segments with
a high thickness are used. The effect of thickness
variation on the relation between the stiffness of
joints and the maximum shear forces is
approximately negligible, and in each graph, the
curves corresponding to different thicknesses have
the same trend. By increasing the thickness of the
segments, in a specified joint stiffness, the
maximum compressive and tensile axial forces
induced in the structure increase. This is also
correct, in accordance with Figures 24 and 25, for
maximum bending moments and shear forces.

The same as the previous sections, for different
thicknesses, the internal forces in segmental lining
are normalized to the continuous lining forces. It
is worth noting that in all cases, the normalized
curves related to higher thicknesses are below the
curves corresponding to lower thicknesses. This
means that by increasing the segment thickness,
the relative reduction in the internal forces relative
to the continuous lining (with the same thickness)
decreases. As an example, to demonstrate the
correctness of this, the maximum normalized
bending moments versus the rotational stiffness of
joints in different thicknesses of segmental ring
are shown in Figure 26.
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Figure 23. Axial forces versus rotational, axial and radial stiffness of joints in different segment thicknesses.
Frictional coefficient at the soil-liner interface = 0.4, allowing separation at the interface.
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Figure 24. Bending moments versus rotational, axial and radial stiffness of joints in different segment
thicknesses. Frictional coefficient at the soil-liner interface = 0.4, allowing separation at the interface.
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Figure 25. Shear forces versus rotational, axial and radial stiffness of joints in different segment thicknesses.
Frictional coefficient at the soil-liner interface = 0.4, allowing separation at the interface.
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Figure 26. Normalized ratio of maximum bending moments versus rotational stiffness of joints in different
segment thicknesses. Frictional coefficient at the soil-liner interface = 0.4, allowing separation at the interface.

5. Conclusions

The effect of segmental joints on the internal
forces induced in the lining due to seismic loading
was investigated numerically. In the previous
research works, the effect of joints has been
studied only by assuming a specified condition at
the soil-liner interface. In this work, the effects of
segmental joints and the soil-liner interface on the
induced internal forces were investigated
simultaneously and in relation to each other.

In addition, this paper highlighted the effect
intensity of these joints in different thicknesses of
segments and different numbers of segments in
each ring. For this purpose, the 2D numerical
analyses were performed using the ABAQUS
software. The main conclusions of this work can
be summarized as follow:

e By increasing the rotational stiffness of
joints, the maximum compressive axial forces
reduce and tend to become tensile, and then these
tensile forces increase. Also increasing the
rotational stiffness increases the maximum
induced bending moment. These variations are
sensible and significant up to the rotational joint
stiffness, almost equal to the bending stiffness of
segments (I] = 1). In the case of axial stiffness of
the joints, the results obtained show that by
increasing the stiffness, the maximum tensile axial
forces reduce and tend to become compressive
and then rise in the compressive type. However,
its effect on the maximum bending moments and
shear forces is less important. The radial stiffness
of the segmental joints generally has a less effect
than the effect of the rotational and axial stiffness.
It should be noted that by using the segmental
joint connections with a higher axial stiffness and
less rotational stiffness, generally, the tensile axial
forces (that most of the time are more important in
design) will decrease. In addition, by using the
joints with less rotational stiffness, the maximum
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bending moments and maximum tensile axial
forces reduce.

o  About the effect of the soil-liner interface
properties on the relation between joint stiffness
and induced forces, in different coefficients of
friction at the interface, except for the no-slip
mode, the trend of changing of maximum internal
forces and bending moments in relation to the
variation in joint stiffness (in the case of a certain
type of stiffness) is approximately the same. In
fact, the effect of joint stiffness and frictional
coefficient at the soil-liner interface on maximum
induced forces is almost independent from each
other, so it can be said that in the design of the
segmental joints, the properties of the soil-liner
interface do not have much effect.

e  Variation in the number of segments in
each ring, except for the case of bending
moments, does not make a significant change in
the effect of stiffness on the maximum induced
forces. Changing the number of segments affects
the trend of changing of maximum bending
moments in relation to the variation in the joint
stiffness. By increasing the number of segments in
each ring, the effect of joint stiffness on bending
moments increases. Thus if more segmental parts
are used, design of the joints should be considered
more carefully.

e By increasing the thickness of segments,
the effects of variation in rotational, axial and
radial stiffness on the induced axial forces and
bending moments increase, especially in the case
of variation in the rotational stiffness of joints.
Therefore, the design of joints should be
considered more carefully when segments with a
high thickness are used. Also by increasing the
thickness of segments in a specified joint
stiffness, the forces induced in the structure
increase.
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