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ABSTRACT: In this paper, the seismic behavior of shield circular tunnels and surrounding granular
soils during earthquake excitations is investigated. In order to perform this study, a 2D dynamic Finite
Element model was established applying the FEM. Moreover, to determine the influence of the surrounding soil and concrete lining characteristics, a parametric study was carried out on the essential parameters
of the soil and the concrete lining. It has been shown that the ground surface settlements and the peak
point of the tunnel deformations decrease with the increase of the soil stiffness, cohesion, and damping
ratio. Furthermore, an increase of the concrete lining thickness will decrease the settlement of the upper
soil mass and the tunnel lining deformation, whereas it will increase the magnitude of the internal forces
of the lining elements.
1

INTRODUCTION

In recent years, the ever-increasing growth of the
cities and consequently development of the transportation and communication routes like the subway and other underground structures has lead
to especial and extensive studies regarding underground spaces. In addition to the existing problems
in analysis and design of the tunnels under static
loadings, evidences about the damages of such
structures during earthquakes duly reminds the
necessity of investigating the dynamic behavior of
such underground structures. Figure 1 shows the
damaged conditions observed at the Uonuma tunnel in Japan during the 2004 Mid Niigata earthquake, in which the concrete lining was broken to
fall off to a track (Shimizu & Suzuki 2007).
Hence nowadays, in addition to considering the
static conditions in the design of the section and
lining of tunnels, identifying the factors involved
in the seismic response of such structures and their
influence on the structural specifications of the
tunnels is of special importance (Goodman 1989,
Kirzhner & Rosenhouse 2000).
In the present study, with making use of Finite
Element Method, the seismic behavior of a tunnel
with 8 meters diameter during an earthquake in
plane strain conditions is investigated and then, the

influence of such loading conditions on the resulting stresses and deformations has been analyzed.
Finally, through changing some of the essential
specifications of the existing soil and concrete lining of the tunnel, the effects of those parameters
are assessed.
2

THE NUMERICAL MODELING

In order to perform the current study, a two-dimensional Finite Element model was prepared to simulate the static and dynamic behavior of circular
shield tunnels. The corresponding numerical model
contains an 8-meter-diameter tunnel centered at
12 m depth of a sandy soil with medium density.
To generate the model, after excavation of the
corresponding tunnel and installation of the tunnel lining, the volume loss has been simulated by
applying the contraction to the tunnel lining. This
contraction was defined in the staged construction
calculation in the magnitude of 2 percent. Figure 2
illustrates the Finite Element mesh and the position of the mentioned tunnel section.
The materials chosen for modeling the soil layer
and tunnel lining were considered as sandy soil and
normal structural concrete. The strength and behavioral properties of the soil used in the analyses have
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flow rule. This constitutive model is a conventional
model commonly used to represent the stress-strain
behavior and corresponding shear failure in soils
and rocks. Simulation of concrete lining behavior
in analyses was made considering Elastic model as
well. The mechanical properties of the granular soil
used in the analyses as well as the behavioral and
dimensional properties of the concrete lining elements are represented in Tables 1, 2 respectively.
3
Figure 1.

Damage of the Uonuma tunnel.

Figure 2. Finite Element model used in the static and
dynamic analyses.
Table 1. Mechanical properties of the sandy soil layer
material.
γdry

Estatic

Edynamic

Φ

C

Ψ

kN/m3
17

MPa
30

MPa
90

deg
35

kPa
0

deg
5

γdry is the dry unit weight, E is the module of elasticity,
Φ is the internal friction angle, C is the cohesion parameter, and Ψ is the dilation angle.

STATIC ANALYSES

At first, it is necessary that the initial vertical and
horizontal stresses in different points of the model be
calculated and attributed to the model as the existing initial conditions. These conditions are presented
taking into account the specific weight of the materials and applying the lateral coefficient of earth pressure at-rest (K0). Then, considering the excavation
and construction steps, the stress and deformation
values at the end of each stage have been calculated;
the results of which have been given in Figures 3–5.
As it can be seen in Figure 3, excavation of the
tunnel in the depth of the 12 m will result in some
settlement in the ground surface and the tunnel
vertex. Diagrams of the axial forces and the resulting bending moment created in the tunnel lining
due to the static overburden pressure have been
shown in Figure 5.
4

SIMULATION OF THE EARTHQUAKE
GROUND MOTION

In order to perform the dynamic analyses of the
model, the ground acceleration time history of
El-Centro earthquake (1940) was employed. The
simulated horizontal acceleration time history is
presented in Figure 6. As it can be seen, the peak

Table 2. Dimentional and mechanical properties of the
concrete lining.
t

EConcrete

EA

EI

mm
200

GPa
20

kN/m
4E + 6

kN.m2/m
1.33E + 4

t is the concrete lining thickness, E is the concrete Young
modulus, A is the area, and I is the moment of inertia of
the concrete element section.

been assigned as the medium density sandy soil. In
addition, modeling the stress-strain behavior of the
surrounding sandy soil was carried out with simulating this material as an Elasto-Plastic material with
a Mohr-Coulomb criterion and a non-associated

Figure 3. The close view of the resulted deformations
after the excavation of the tunnel and installation the
tunnel lining (Maximum settlement of the peak point of
the tunnel: 24 mm).
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Figure 4. Stress vectors after the excavation of the tunnel and installation the tunnel lining.

Figure 5. Diagrams of (a): Axial force and (b): Bending
moment in the tunnel concrete lining due to the overburden loads (Maximum axial compressive force: 115.3 kN/m
and Maximum bending moment: 44.2 kN.m/m).

Figure 7. Time-horizontal acceleration curves at the
basement of the model and ground surface.

Figure 8. Time-horizontal acceleration curves at the
basement of the model and top point of the tunnel.

Figure 9. Time-horizontal displacement curves at the
basement of the model and ground surface.
Figure 6. Horizontal acceleration time history based on
El-Centro earthquake.

horizontal component of the ground accelerations is
0.319 g.
To apply the earthquake excitation, the input
ground motion at the basement of the model was
defined by means of the dynamic multipliers provided in the corresponding Finite Element program. These multipliers are a set of scaling factors
on the prescribed unit displacement applied on the
bottom of the model to produce the actual dynamic
load magnitudes such as displacements, velocities,
and accelerations (Richart & Woods 1970). Therefore, the applied loading will result in deformations

in the soil materials as well as in the tunnel lining.
Figures 7–10 show respectively time-acceleration
and time-displacement curves created during the
dynamic analyses of the corresponding model at
the basement, ground surface, and the tunnel vertex. As it can be seen in Figures 7, 8, the peak accelerations at the top of the model are much larger
than the basement accelerations from the earthquake itself. Moreover, considering Figures 9, 10, it
could be concluded that, due to the residual deformations resulting from the nature of geomaterials,
the values of the settlements will not fall back into
the condition before applying the dynamic loads.
In other words, consideration of the curves shows
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structure response during El-Centro earthquake
excitation. It must be noted that, throughout this
series of analyses, the soil and the tunnel lining
structure specifications have been considered as
equal to the same parameters presented already in
Tables 1, 2. In other words, in any one of the cases,
only the effect of the particular parameter on the
analysis results has been assessed through changing the corresponding parameter and maintaining
other parameters constant.

Figure 10. Time-horizontal displacement curves at the
basement of the model and top point of the tunnel.
Table 3. The stiffness parameters of the sand materials
used in the studies.
Esta

Gsta

Edyn

Material type

MPa

MPa

MPa MPa m/s

m/s

Sand
Sand
Sand

30
40
50

11.5
15.4
19.2

90
110
140

264
292
329

(type1)
(type2)
(type3)

Gdyn

34.6
42.3
53.8

Vs

141
156
176

Vp

E is the Young modulus, G is the shear modulus, and V is
the wave velocity in the soil material.
11.0

Norm alized Settlem ent (S/R)

Static Settlement / R
Dynamic Settlement / R

10.5

10.0

9.5

9.0

8.5
25

30

35

40

45

50

5.1 The effect of the soil material stiffness on the
tunnel response
By changing the soil material stiffness parameter,
elasticity modulus, around the tunnel and consequently changing the shear modulus as well, the
effect of this parameter on the deformation of
the upper soil layer as well as the settlements and
internal forces created in the tunnel lining has been
investigated. The elasticity modulus of the sand
material used for static and dynamic analyses performed in this stage of the studies has been given
in Table 3 (Kramer 1995, Das 2002).
Figure 11 shows the effect of the soil Young
modulus on the maximum values of the settlements appeared in the peak point of the tunnel,
normalized to the radius of the tunnel. As it is
observed, increasing the stiffness of the soil material around the tunnel, the settlement occurred at
the peak point of the tunnel is decreased. Furthermore, considering Figures 12, 13 showing the
material stiffness changes effect on the internal
forces magnitudes induced in the tunnel lining, it
can be inferred that increasing the Young modulus
of the soil material, the maximum axial force and
bending moment produced in the concrete tunnel
lining are decreased in both static and dynamic
conditions.
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Figure 11. The effect of the soil material stiffness on the
normalized settlement of the tunnel lining.

that at the end of each cycle, the displacement
values of the desired points are increased to some
extent and the point will not return to the situation
before that cycle. In fact, some residual deformation will remain in the desired point.
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5

PARAMETRIC STUDIES
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In this section, various studies have been performed
to investigate the effect of the surrounding soil
and tunnel lining properties on the underground

Figure 12. The effect of the soil material stiffness on the
magnitude of the axial force of the tunnel lining.
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Figure 13. The effect of the soil material stiffness on the
magnitude of the bending moment of the tunnel lining.

Figure 16. The effect of the soil cohesion on the bending moment of the tunnel lining structure.

11

the mixed materials in the desired numerical model.
Figures 14–16 demonstrate the settlement variations
of the peak point of the tunnel and the internal forces
created in the tunnel lining in accordance with the
cohesion changes of the surrounding soil. As it is
shown, increasing the soil cohesion parameter magnitude, the settlement level of the peak point of the
tunnel is decreased; the effect of which could be more
obviously seen in low cohesions. Moreover, it can be
observed that by the increase of this parameter, the
maximum value of the axial forces and the bending
moment created in the concrete lining structure will
decrease in the static and dynamic analyses of the
corresponding numerical model.
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Figure 14. The effect of the soil cohesion on the normalized settlements of the tunnel lining.
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In this series of analyses, the physical damping
resulted from viscous effects existing in the materials has been considered in the model using the
Rayleigh damping. The relation of this kind of
damping is of matrix type in which a damping
matrix (C) with its matrix components of mass
(M) and stiffness (K) is used as follows:
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C = αM + βK
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Figure 15. The effect of the soil cohesion on the axial
force of the tunnel lining structure.

5.2

The effect of the soil material damping on the
tunnel behavior

The effect of the soil cohesion parameter on
the tunnel response

In order to investigate the soil shear strength parameter’s effect on the settlements and internal forces created in the tunnel lining, the soil cohesion parameter
effect has been studied through taking into account
of the cohesionless sandy soil material as well as

(1)

Where α and β are the mass and stiffness damping ratio constant respectively.
So in analyses made in this stage, attempt has been
made to study the material damping changes effects
on the deformations and internal forces created in
the model, considering sandy materials with different
damping ratios. It must be noted that, the dynamic
analyses made in this part of the study contain three
values of Rayleigh damping ratios as follows:
1 Without material damping: α = 0.0 & β = 0.0
2 α = 0.001 & β = 0.05
3 α = 0.01 & β = 0.1
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Figure 17. The effect of soil damping on the normalized settlements of the tunnel lining.
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Figure 20. The effect of the lining thickness on the normalized settlements of the tunnel lining.
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Figure 18. The effect of soil damping on the axial force
of the tunnel lining.

Figure 21. The effect of the lining thickness on the axial
force of the tunnel lining.

80
M (Static)

Maximum Moment (kN.m/m)

Maximum Moment (kN.m/m)

320
78

76

74

72

M (Dynamic)

240

160

80

70
0

0.02

0.04

0.06

0.08

0

0.1

50

Beta (Rayleigh Damping Parameter)

100

150

200

250

300

350

400

450

Lining Thickness (mm)

Figure 19. The effect of soil damping on the bending
moment of the tunnel lining.

The corresponding analyses results have been
illustrated in Figures 17–19. As it is observed,
increasing the damping values of the sandy materials around the tunnel, in addition to the decrease in
the settlement of the peak point of the tunnel, the
internal forces values formed in the concrete lining
are also decreased.

Figure 22. The effect of the lining thickness on the
bending moment of the tunnel lining.

5.4

The effect of the concrete lining thickness on
the tunnel response

In this section, the effect of the lining thickness on
the deformations and internal forces appeared in the
concrete lining of the underground structure has been
investigated. Figure 20 shows the settlement changes
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of the peak point of the tunnel with the various
thickness of the tunnel lining. As it can be noticed, by
the increase in the thickness of the tunnel lining, the
vertical settlement of the tunnel vertex is decreased.
Moreover, considering Figures 21, 22 reveal that
by the increase of the tunnel lining thickness and
thereby its stiffness, the maximum absolute values of
the axial force and the bending moment increase in
both static and dynamic analyses.
6

CONCLUSIONS

In this study, the static and dynamic behavior of an
underground structure with circular section during
a known earthquake has been investigated. Taking
notice of the analyses made, the following can be
summarized as the main results of the research:
− During application of the earthquake loading on
the base of the model, the maximum accelerations
induced at the top of the model get much larger
than the accelerations from the earthquake itself.
Moreover, due to formation of the residual deformations caused by the soil nature, the occurred
settlements values do not fall back into the situation before earthquake excitation. In other words,
at the end of each cycle, the displacement value
of the location is increased and it will not return
back to the situation before that cycle.
− By increasing the elasticity modulus and cohesion parameter value of the soil materials around
the tunnel, the settlements, the maximum axial
forces, and the bending moment created in the
tunnel lining decrease in static and dynamic
conditions.

− Increasing the damping magnitude of the soil
materials around the tunnel, in addition to the
decrease in the settlement in different points
of the tunnel, the internal forces values formed
in the concrete lining of the tunnel are also
decreased.
− By increasing the thickness of the concrete lining of the tunnel and thereby its stiffness, the
settlement occurred in the soil and tunnel lining
is decreased; meanwhile, the maximum absolute
value of the axial force and bending moment in
both static and dynamic analyses of the model is
increased.
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