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Abstract

In order to study the effects of a seismically induced tunnel–
ground interaction, two-dimensional numerical analyses are 
performed using the sofware ANSYS. The study employs a 
coupled beam–spring model subjected to earthquake loading 
that is simulated under pure shear conditions and determined by 
a free-field ground-response analysis using the code EERA. The 
properties of the soil material are considered as both linear and 
nonlinear. The results obtained by linear dynamic analyses are 
compared with state-of-practice analytical elastic solutions. A 
comparison of the results of both linear and nonlinear analyses is 
also performed, and significant differences, as well as important 
factors influencing the tunnel–ground interaction for both cases, 
are evaluated.

1 INTRODUCTION

A reliable evaluation of the seismic response of tunnel 
structures is crucial in civil and earthquake engineering. 
As the structural design has shifted to the performance 
design in recent years, the seismic design, accounting 
for the soil–structure interaction (SSI) effects, becomes 
more important. The presence of a tunnel structure 
considerably modifies the free-field ground motion lead-
ing to a different seismic response of the tunnel lining. 
This phenomenon is related to the combined effects 
of the kinematic interaction and the dynamic (inertial) 
interaction. The kinematic interaction is influenced by 
the inability of a structure to match the free-field defor-
mation. The dynamic interaction is caused by the exis-
tence of a structural mass making the effect of inertial 
force on the response of the surrounding environment, 
in which case dynamic forces in the tunnel’s structure 
cause the tunnel to deform the soil, thus producing 
stress waves that travel away from the structure (radia-
tion damping). 

The response of the tunnel, which is confined by the 
surrounding rock or soil, is basically governed by the 
ground deformation, and the level of the tunnel defor-
mation will depend on the stiffness of the tunnel relative 
to the stiffness of the surrounding ground. Therefore, an 
analysis of the tunnel–ground interaction, concerning 
both the tunnel and the ground stiffness, is required in 
order to find an accurate tunnel response.

Besides the ratio of the ground and the lining stiffness, 
another aspect that sensibly affects the response of the 
tunnel is the shear-stress transmission at the ground–
lining interface. Numerous approaches are frequently 
based on the assumption that the soil behaves in a linear 
elastic manner and is perfectly bonded to a structure. 
However, the contact between the soil and the structure 
is usually imperfect, since slippage as well as separation 
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often occur in the interface region. Furthermore, the 
soil region immediately adjacent to the tunnel structure 
can experience an extensive strain level, thus causing 
the coupled soil–tunnel system to behave in a nonlinear 
manner. The soil–structure interaction effects decrease 
as the relative displacements between the soil and the 
structure increase.

In many practical situations, the condition of partial 
slip exists. Nevertheless, solutions are usually derived 
for the two extreme contact conditions: full-slip and 
no-slip. The full-slip condition (smooth contact, sliding 
contact) between the lining and the ground assumes 
equal normal displacements and unequal tangential 
displacements of the medium and lining at the common 
interface (i.e., no shear stress transmission and no 
tangential shear force exist). This assumption is used 
in order to obtain the extreme values of the bending 
moments and the shear forces in the tunnel lining, and is 
only valid for the case of a very soft soil or excitations of 
high intensity. The no-slip condition (perfect contact, rigid 
contact, rough interface) considers equal displacements 
of the medium and the lining at the common interface 
(i.e., the continuity of stresses and displacements, and 
no relative shear displacements exist), and is being 
adopted to find the maximum values of the thrust acting 
in the lining. It is usual practice to consider both of 
the extreme cases and apply the more critical one. For 
the case of unequal displacements of the structure and 
the surrounding ground, or the existence of a locally 
concentrated mass in the structure, the effect of inertia 
must not be overlooked. Nowadays, intensive studies 
are being performed regarding the effect of the interface 
friction on the tunnel liner’s internal forces due to the 
seismic S- and P-wave propagation [1].

2 THEORETICAL BACKGROUND

The seismic response of circular tunnels has been 
the focus of a number of studies. Owen and Scholl 
[2] proposed the response of circular tunnels to an 
earthquake action to be described by axial compression/
extension, longitudinal bending, and ovaling. Consider-
ing these deformation modes, it is suggested that the 
most critical deformation pattern of a circular tunnel 
is the ovalisation of the cross-section caused by the 
shear S-waves propagating in the planes perpendicular 
to the tunnel axis. Therefore, a number of simplified 
approaches have been developed to quantify the seismi-
cally induced ovaling effect on circular tunnels, which is 
commonly modelled as a two-dimensional, plane-strain 
condition. The so-called free-field deformation approach 
[3, 4] is based on the theory of wave propagation in 

an infinite, homogeneous, isotropic, elastic medium, 
and does not account for any soil–structure interaction 
effect. In addition, there are analytical solutions after 
various authors [5-11] that represent the so-called 
soil–structure interaction approach. They are based on 
the theory of an elastic beam on an elastic foundation, 
which takes into account the soil–structure interaction 
(SSI) effects in a quasi-static manner, ignoring any iner-
tial interaction effect. An extensive review of the afore-
mentioned methods can be found in Hashash et al. [12]. 
A simple modification in order to improve the accuracy 
of the widely used closed-form elastic solutions consid-
ering the kinematic interaction between the tunnel and 
the ground is suggested by Billota et al. [13]. In addition, 
expressions for earthquake-induced displacements and 
the accumulated internal lining forces related to circular 
tunnels embedded in a rock medium for near-fault 
conditions are developed by Corigliano et al. [14]. A 
set of closed-form expressions to calculate the circular 
tunnel liner’s forces due to compressional seismic 
P-wave propagation is presented in [15]. Both no-slip 
and full-slip interface conditions were considered and 
the obtained results were compared and verified against 
dynamic numerical analyses.

These two approaches include various sub-methods 
characterised by different levels of approximation 
depending on the design stage, a knowledge of the 
geologic setting, and geotechnical parameters. Concern-
ing the types of analyses, they can be grouped into three 
categories, i.e., pseudo-static, simplified dynamic, and 
full (detailed) dynamic analysis, regarding the increas-
ing levels of complexity in the analytical models, soil 
characterisation, and a description of the seismic input. 
In pseudo-static methods, the ground–tunnel analysis 
is uncoupled. The seismic input is reduced to the peak-
strain amplitude, computed by simplified formulas based 
on simple assumptions of harmonic plane S-wave propa-
gation in a homogeneous, isotropic, elastic medium, 
and then considered to be acting on the tunnel lining 
in static conditions. In this way the effects of tunnel 
shape and stiffness on the seismic ground behaviour 
are ignored. In a simplified dynamic analysis, the soil 
straining in the range of depths corresponding to the 
tunnel section, between the tunnel crown and the invert, 
is computed through a free-field, one-dimensional, site 
seismic response (SSR) analysis, and then applied to 
the tunnel lining, again in pseudo-static conditions. In 
such a way both the acceleration time history and the 
site characteristics are taken into account, whereas the 
kinematic soil–structure interaction is still neglected. 
Moreover, the effects of compressional waves are also 
neglected, as only the shear waves are considered, which 
propagate in vertical planes inducing shear strain. In a 
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full dynamic analysis, the force increments in the lining 
due to an earthquake are directly obtained as an output 
of the numerical modelling (such as the dynamic finite 
element or finite difference methods) adopted for the 
simulation of the shaking of the coupled ground–tunnel 
system. In this way, besides the acceleration time history 
and the site characteristics, both the kinematic and 
dynamic interactions are also taken into consideration. 
All the above-presented analyses are reviewed by Billota 
et al. [16].

The mechanical behaviour of the soils can be relatively 
complex, even under static conditions, and particularly 
under seismic impact, in which case the soil is cyclically 
loaded. Accordingly, there was a need to modify the 
linear approach in order to provide a reasonable estima-
tion of the ground response to an earthquake action. 
Experimental results have suggested that some energy is 
dissipated, even at a very low strain level, thus indicating 
that the damping ratio of a soil is never zero. It is also 
suggested that both the soil’s shear modulus and the 
damping ratio are dependent on the shear-strain level. 
To describe the degradation of the shear modulus and 
the increase of the damping ratio along with the shear-
strain level increase, different curves were proposed in 
the literature for various types of soils [17]: fine-grained 
soils, sand, and gravel. The previously mentioned soil 
models are equivalent linear models, and are the simplest 
and most commonly used. However, they have a limited 
ability to represent the most significant aspects of soil 
behaviour under cyclic loading conditions. Equivalent 
linear models represent only an approximation of the 
actual nonlinear behaviour of the soil. For that reason 
they are not proposed to be used directly for problems 
concerning permanent ground deformation or failure, 
because they imply that the strain always returns to zero 
after the cyclic loading. Consequently, since a linear 
material has no limiting strength, it is not possible to 
achieve soil failure. And yet, the assumption of linearity 
allows a very efficient class of constitutive models to 
be used for ground-response analyses, particularly for 
problems involving low strain levels such as stiff soil 
deposits and weak input motions. 

Considering the complexity and the high computational 
cost of dynamic FE analyses, the present study employs 
simplified dynamic analyses to investigate the seismic 
response of tunnels that are interacting with the 
surrounding environment. Although such simplified 
methods cannot properly simulate the soil stiffness and 
strength changes that take place during an earthquake 
and they ignore any dynamic soil–structure interaction 
effects, they give a reasonable evaluation of the seismic 
loads regarding an initial estimation of the strains and 
deformations in a tunnel [18]. 

A beam–spring model was chosen for the analyses, 
since, despite its simplicity, it allows relative contribu-
tions of partial influences in the total internal lining 
forces, such as the earthquake-induced displacements, 
soil shear stress, and tunnel section inertia, to be studied 
separately.

As noted previously, various analytical studies have 
suggested that the most critical deformation of a circular 
tunnel is the ovaling of the cross-section that is caused 
by shear waves that propagate in planes perpendicular 
to the tunnel axis, which implies a stress concentration 
at the tunnel’s soffits (shoulder and knee locations of 
the lining). Therefore, the models were subjected to 
simple shear conditions obtained by means of a one-
dimensional site seismic response (SSR) analysis that 
neglects the effects of the tunnel’s shape and stiffness on 
the seismic behaviour of a soil. In addition, this analysis 
ignores the effects of all but vertically propagating shear 
waves. The free-field soil deformations caused by the 
wave propagation are calculated for both linear and 
nonlinear soil behaviour. Thereafter, the calculated soil 
displacements were applied to beam–spring models in 
order to simulate earthquake-induced ovalisation under 
simple shear conditions. Furthermore, the computed 
deformations are used to calculate the seismic force 
increments in the tunnel lining by means of closed-form 
elastic solutions after Wang [9] and Penzien (2000) 
[11]. The obtained numerical results from the simplified 
dynamic linear analysis were compared with the analyti-
cal solutions. Lastly, significant differences between the 
linear and nonlinear tunnel–ground interaction analyses 
were estimated and summarised. 

3 GROUND CONDITIONS AND TUNNEL 
CHARACTERISTICS

The analytical and numerical simulations were 
performed on a virtual example considering idealised 
tunnel and ground conditions. The tunnel structure of a 
circular cross-section is placed within a 30-m-thick soil 
deposit of medium-dense sand overlying a relatively stiff 
bedrock, with an overburden cover of 12 m and an axis 
depth of 15 m. An external tunnel radius of 3.0 m was 
used, whereas the thickness of the lining is 0.3 m. The 
physical properties of the tunnel lining and the ground 
material surrounding the tunnel are reported in Fig. 1. 

The shear wave velocity profile Vs(z), illustrated in the 
given figure as well, was required for a one-dimensional, 
nonlinear, seismic site reponse analysis completed using 
the software EERA. The dashed line represents an average 
value of the shear wave velocity within the soil medium 
needed for the purpose of the 1D linear SSR analysis.



30. Acta Geotechnica Slovenica, 2016/2

E. Zlatanović et al.: A comparison of linear and nonlinear seismic tunnel–ground interaction analyses

4 DESCRIPTION OF THE NUMERICAL MODELS

The present study employs a two-dimensional, coupled 
beam–spring model using the finite-element-based 
simulation platform ANSYS [19] to examine the soil–
tunnel structure interaction phenomenon. The problem 
has been analysed and the results of both linear and 
nonlinear analyses are then compared. 

The following assumptions are adopted in the analyses:

1) The soil material surrounding the tunnel is assumed 
to be a homogeneous and isotropic half-space;

2) The tunnel lining is assumed to behave in a linear 
elastic manner, whereas the properties of the soil 
material are considered to be both linear and nonli-
near;

3) Two-dimensional, plane-strain analyses were 
performed, thus assuming the uniform nature of the 
tunnel’s structure and the soil deposit throughout the 
tunnel’s length.

4.1 Discrete coupled beam–spring model (software 
ANSYS)

The ANSYS 2D discrete model consists of 36 two-noded 
Timoshenko beam elements (BEAM188) for the tunnel 
lining and 72 two-noded bi-linear spring elements 
(COMBIN14) for the soil, placed in the radial (36) and 
tangential directions (36 elements). At each node there 
are 3 DOF (Ux, Uy, ROTz) for the beam, and 1 DOF (Ux) 
for the spring elements. The main purpose of the spring 
elements is the ground–structure interaction modelling, 
completed by supports placed radially and tangentially 

Figure 1. Soil profile and tunnel characteristics (reproduced 
after Billota et al., 2007 [16]).

(discrete contact). The tied-degrees-of-freedom bound-
ary condition was applied along the interface of the 
tunnel’s lining and the surrounding soil-springs, in order 
to constrain the nodes of both beam and spring elements 
to deform identically for the purposes of a no-slip condi-
tion simulation, assuming compatible displacements of 
the lining and the ground [20].

Prior to all the 2D simplified dynamic analyses 
presented in this study, a static analysis was undertaken 
in order to check the model for static conditions as well. 
A static analysis should be performed in order to verify 
the safety of the tunnel under static conditions, mean-
ing that the tunnel’s structure should be stabilised by a 
balance between the weight of the overburden cover, the 
reaction force from the ground below, and the lateral soil 
pressure (Fig. 2(a)). 

The emphasis on the inertial effects of surface structures 
(Force Method) is in stark contrast to the design of 
underground structures, in which case the seismic 
design loads are characterised in terms of deformations 
and strains imposed on the structure by the surrounding 
ground. Thus, the seismic response of underground 
structures is controlled by the earthquake-induced 
ground strain field and its interaction with the structure. 
This led to the development of design methods such as 
the Seismic Deformation Method that explicitly consid-
ers the seismic deformation of the ground [21]. 

In the simplified dynamic analysis, on the basis of the 
seismic deformation method, a beam–spring model 
illustrated in Fig. 2(b) was used. The interaction between 
the soil and the tunnel was simulated by a coupled-type 
interaction spring consisting of a radial and a tangential 
soil spring. According to the seismic deformation 
method, seismic forces acting on the beam–spring 
model were assumed to be the result of the seismically 
induced ground displacements, the ground shear stress, 
and the inertial force. The maximum relative displace-
ment between the top and the bottom of the tunnel’s 
cross-section was considered in the analysis.

For the purpose of the given analyses, the properties of 
soil springs were determined after expressions given by a 
number of authors: St. John and Zahrah [4], Matsubara 
and Hoshiya [22], ALA-ASCE [23], and Verruijt [24]. 
After conducting a series of numerical tests, the value 
of the soil spring stiffness that was finally adopted in 
the analyses was according to ALA-ASCE [23] (Table 
1). It was the smallest obtained value for the soil spring 
constants, and the only one for which it was possible to 
successfully simulate the elastic subgrade reaction in 
the static analysis. In this way, the flexible surrounding 
medium was modelled, in which case the soil–tunnel 
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(a) (b)

Figure 2. Beam–spring model: (a) static analysis and (b) dynamic analysis. ((b) reproduced after Mizuno and Koizumi, 2006 [21]).

interaction is the most pronounced and applying the 
springs in the model is meaningful. Furthermore, for 
large frequencies the spring is much more flexible, 
resulting in smaller values of the spring constant. There-
fore, the chosen spring coefficient simulates the soil in a 
proper way under both static and dynamic conditions.

4.2 One-dimensional SSR analysis (code EERA)

The SSR analyses were carried out using the code EERA 
[25], which stands for Equivalent-linear Earthquake site 
Response Analysis. The input of the data and the output 
of the results are completely integrated with the program 
MS Excel. This code is intended to perform analyses 
for linear and equivalent linear stratified subsoils. The 
code is based on the assumption of vertically propagat-
ing, horizontal shear SH-waves through a horizontally 
layered soil deposit. The horizontal soil layers are 
represented by a Kelvin–Voigt solid, in which case the 
soil column is discretised into individual layers using 
a multi-degree-of-freedom, lumped-parameter model. 
Shear moduli and viscous damping characterise the 
properties of the soil layer. 

The equivalent linear approach is based on the assump-
tion that both the shear modulus and the damping ratio 
depend on the shear-strain level, in order to account 
for some types of soil nonlinearities. For a given input 
excitation and an initial evaluation of the shear modulus 
and the damping values, an effective shear strain equal 

Yield force per unit length 
of tunnel (kN/m)

Yield displacement (mm)

3085.173 150

Table 1. Bi-linear spring properties considered in the
numerical analyses.

to 65% of the peak strain [17] is computed for a given 
soil layer. Based on the modulus degradation and the 
damping curves, revised values of the shear modulus 
and damping are then obtained. The solution process 
is developed as a frequency-domain (FD) analysis and 
an iterative scheme is required to approach a converged 
solution. 

The EERA code allows the bedrock to be modelled as 
rigid, by choosing the option “inside”, or as elastic, by 
assigning it as the last layer and selecting the option 
“outcrop”. For the purpose of the signal transformation 
from the outcropping rock to the bedrock, placed at the 
bottom of the soil layer, the code applies a proper transfer 
function to the input signal. A computation procedure 
for determining the bedrock motion from a known free-
surface motion is known as deconvolution [17]. 

The source of the dynamic excitation in this research 
is the acceleration record of the Hyogoken Nanbu 
(Kobe) Earthquake in Japan in 1995. The seismic signal 
of the great Kobe Earthquake has been considered for 
the reason that this event was the most devastating 
to underground facilities in recorded history. Strong 
ground-motion data are generally not available at the 
depths of concern for tunnel structures, so the develop-
ment of the required ground motions needs to incorpo-
rate attenuation effects (the ground motion decreasing 
with the depth). The surface acceleration record was 
applied at the outcropping rock and then transformed 
to the bedrock, placed at the bottom of the soil layer, by 
applying a suitable transfer function to the input signal 
(deconvolution). 

Fig. 3 illustrates the acceleration time history that was 
employed in all the SSR analyses. The peak value of the
input-acceleration time history is 0.821g (8.05 m/s2) 
occurring approximately 8.5 s after the onset of the 
excitation.
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The acceleration, the shear stress, and the strain 
induced by the seismic waves at the tunnel’s depth 
were calculated using a free-field, one-dimensional SSR 
analysis. The average soil shear strain, γave , as the design 
free-field shear strain of the soil in the seismic analysis 
of tunnel structures in the range of depths between the 
tunnel crown and the invert [26], as well as the corre-
sponding soil shear stress, τave , were calculated. The soil 
straining, i.e., the displacements induced by an earth-
quake excitation, are then applied through soil springs to 
the tunnel section of the ANSYS’s beam–spring model in 
a pure shear condition, whereas the soil shear stress was 
applied directly to the tunnel’s lining. In such a way, both 
the acceleration time history and the site characteristics 
are taken into account, considering the kinematic 
tunnel–soil interaction in an approximate way. However, 
the dynamic soil–structure interaction is ignored.

5 COMPARISON OF THE LINEAR AND 
EQUIVALENT-LINEAR 1D SSR ANALYSIS 
RESULTS FOR A SOIL COLUMN

In the present analyses, the ground conditions and the 
soil behaviour are modelled according to Fig. 1. The 
free-field soil deformations caused by the wave propaga-
tion are calculated for the cases of the linear elastic and 
nonlinear types of soil behaviour. 

In the linear analysis (Fig. 4(a)) it is assumed that the 
shear-wave propagation velocity is constant. For the 
given soil column, an average value of the shear-wave 
velocity profile of 250 m/s was used throughout the 
analysis. In the equivalent-linear analysis, the shear-
wave velocities change with the depth of the soil column, 
as illustrated in Fig. 4(b).

When it comes to a soil’s shear modulus, in the linear 
analysis it is assumed to be constant, regarding a 
constant value of the shear-wave velocity along the soil-

Figure 3. Surface-acceleration record of the 1995 Kobe
Earthquake in Japan.

column depth (Fig. 5(a)). Its value is Gmax = 120 MPa. In 
the equivalent-linear analysis, in accordance with a non-
uniform shear-wave velocity profile, the shear modulus 
is not constant and changes with the depth of the soil 
column (Fig. 5(b)).

Besides a constant value within the soil column depth, 
for the case of the linear analysis the soil’s shear modulus 
does not depend on a soil’s shear strain level either
(G/Gmax = 1). The value of the damping ratio is also 
constant in the linear approach, and for the sand soil 
material it is taken to be D = D0 = 1%. In the equivalent 
linear analyses, for the considered sandy soil material, 
the equivalent linear soil model as proposed by Seed 
and Idriss in 1970 (shear-modulus curve) [27] and 
Idriss in 1990 (damping-ratio curve) [28] was used (Fig. 
6). The plot illustrates the prominent properties of the 
nonlinear soil behaviour – a dependence of both the 
soil’s shear modulus and the damping ratio on the soil’s 

Figure 4. Shear wave velocity profile: (a) linear SSR analysis 
and (b) equivalent-linear SSR analysis.

Figure 5. Maximum values of soil shear modulus: (a) linear 
SSR analysis and (b) equivalent-linear SSR analysis.
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shear-strain rate, i.e., the shear modulus degradation and 
the damping ratio increase, being influenced by the soil’s 
shear-strain increase. For the previously reported soil 
properties, diagrams of the soil’s shear-modulus ratio

Figure 6. Equivalent-linear model for sand used in
EERA code [25].

 

Figure 7. Soil shear modulus ratio G/Gmax: 
(a) linear SSR analysis and (b) equivalent-linear SSR analysis.

Figure 8. Soil damping ratio: (a) linear SSR analysis and (b) 
equivalent-linear SSR analysis.

Figure 9. Maximum soil shear strain:
(a) linear SSR analysis and (b) equivalent-linear SSR analysis.

G/Gmax  and the damping ratio throughout the soil 
column are illustrated for the cases of linear and 
equivalent-linear analyses in the following plots (Fig. 
7(a)–(b) and Fig. 8(a)–(b)).

The linear EERA analysis showed that for the given soil 
profile and input excitation, the maximum soil shear 
strain is 0.54%, and its average value at the tunnel’s 
location (at depths between the crown and invert) is 
0.34% (Fig. 9(a)). In the equivalent-linear analysis, the 
maximum soil shear deformation is 1.72%, whereas its 
average value at the tunnel’s location is 1.16% (Fig. 9(b)). 
Accordingly, the linear analysis underestimates the soil’s 
shear strain significantly, because with the assumed 
constant damping ratio of the soil, it neglects the fact that 
along with a shear-strain level increase (i.e., soil weaken-
ing), a soil damping ratio, as well as the possibility of the 
soil absorbing a portion of the seismic energy, are being 
increased too, which, on the other hand, is predicted 
by the equivalent-linear analysis. The seismic energy 
absorption of the soil (hysteretic energy dissipation) at 
the level of the tunnel’s centre-line for both analyses is 
illustrated in two subsequent plots (Fig. 10(a)–(b)).

Regarding the soil’s shear stress, its maximum value 
obtained from the linear analysis is 646.69 kPa, and the 
average value at the tunnel’s location between 12 and 18 
m of the given soil profile is 406.25 kPa. In the equivalent 
linear analysis, the calculated maximum soil shear stress is 
199.45 kPa, whereas its average value between the top and 
the bottom of the tunnel section is 150.99 kPa. In conclu-
sion, the linear analysis overestimates the soil’s shear stress 
values, since, unlike the equivalent linear soil model, it 
does not take into account the shear-modulus reduction 
with the soil’s shear-strain amplitudes due to the constant 
soil shear modulus assumption (Fig. 11(a)–(b)).
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Figure 10. Soil hysteretic energy dissipation at the tunnel’s 
centre-line location: (a) linear SSR analysis and (b) equivalent-

linear SSR analysis.

Figure 11. Maximum soil shear stress:
(a) linear SSR analysis and (b) equivalent-linear SSR analysis.

The peak ground acceleration at the ground surface is 
another aspect included in the EERA code SSR analysis 
(Fig. 12(a)–(b)). For the case of the linear analysis, the 
maximum ground acceleration value is 1.57g, and at 
the level of the tunnel’s axis it is equal to 1.30g. In the 
equivalent linear analysis, amax = 1.04g, and at the tunnel 
spring-line location, it is 0.61g. Hence, the linear analysis 
gives higher peak ground-acceleration values due to 
the assumption of a constant damping ratio for the soil. 
In the equivalent linear analysis, however, the ground-
acceleration values are significantly lower. This is corre-
lated with the nonlinear soil property corresponding 
to the increasing percentage of damping along with the 
soil’s shear-strain increase (i.e., soil weakening), and by 
that, the soil’s ability to absorb a part of the seismic wave 
energy, which finally results in considerably lower values 
for the ground acceleration.

The effects of soil damping are illustrated in the figures 
related to the amplification ratio of the ground accelera-
tion at the surface to the acceleration at the bedrock 
underlying the 30-m-thick soil layer. The linear analysis 
resulted in an amplification ratio of up to 3.5 and, as can 
be seen from Fig. 13(a), the amplification function has a 
number of peaks corresponding to the natural frequen-
cies of the layer, indicating an amplitude decrease with 
higher frequencies in a slower manner due to the constant 

Figure 12. Peak ground acceleration: (a) linear SSR analysis 
and (b) equivalent-linear SSR analysis.

Figure 13. Amplification ratio: (a) linear SSR analysis and (b) 
equivalent-linear SSR analysis.
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soil damping ratio. On the other hand, the amplification 
function computed by the equivalent-linear analysis 
resulted in a somewhat lower maximum (2.6), with only 

a couple of peaks (Fig. 13(b)), due to the prominent soil 
nonlinearities and high damping values related to the 
relatively rapid absorption of the seismic wave energy.

Figure 14. Ovalisation and lining force distributions: (a) linear and (b) nonlinear SSI analysis.
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6 ANSYS OUTPUT PLOTS OF LINEAR AND 
NONLINEAR SOIL–TUNNEL INTERACTION 
ANALYSES 

The corresponding beam–spring numerical model of 
the linear and nonlinear soil–tunnel interaction analysis 
was made using ANSYS. The output plots are given for 
the case of the total loading: earthquake, tunnel section 
inertia, and soil shear stress. Referring to an ovalisation 
of a transverse section of the tunnel’s lining, all the 
ANSYS output plots (Fig. 14(a)–(b)) confirmed that 
the beam–spring model has simulated this deformation 
pattern successfully in both the linear and nonlinear SSI 
analyses, since the maxima of the thrust and the bending 
moment occur at the shoulder and knee locations
(θ = 45°, 135°, 225°, and 315°), whereas the extreme 
values of the transversal force occur at the tunnel crown, 
abutments, and invert locations of the lining (θ = 0° 
(360°), 90°, 180°, and 270°).

7. COMPARISON OF LINEAR AND NONLINEAR 
SOIL–TUNNEL STRUCTURE-INTERACTION 
ANALYSES 

7.1 Comparison of the numerical linear analysis 
and analytical solutions

First, the results of the simplified dynamic linear analy-
ses are compared to the closed-form elastic solutions 
related to earthquake-induced sectional forces in the 
tunnel lining (Fig. 15). The internal forces in the lining 
are functions of the free-field shear strain γave [29]. 
The considered strain is the average value between the 
depths corresponding to the crown and the invert of 
the tunnel. In this work, the state-of-practice analytical 
expressions by Wang, 1993 [9] and Penzien, 2000 [11] 
were used, which refer to the tunnel and ground proper-
ties corresponding to Fig. 1. In the analyses described 
here, only the case of a no-slip condition was considered, 
since it results in maximum values of thrust. Under 
the assumption of a rough interface between the lining 
and the soil (assuming compatible displacements of 
the lining and the ground), the variation of thrust (N), 
shear force (T), and bending moment (M) in terms of 
the angle θ is calculated according to equations given 
by the aforementioned authors. The angle θ is measured 
counter clockwise with respect to the x-axis. 

In applications of the beam–spring model, conducting a 
simplified dynamic analysis in a simple shear condition, 
it is quite usual to take into account only the earthquake-
induced displacements and eventually the tunnel 
section’s inertial force, without considering the influence 

of the soil’s shear stress. In relation to that, two cases 
have been analysed in the present study: a beam–spring 
model without considering the seismically induced soil 
shear stress and a beam–spring model that involves the 
soil’s shear stress, in order to estimate the error when 
the shear stress of the soil medium is not accounted for. 
The common conclusion that can be drawn regarding 
all the forces in the tunnel’s lining is that excluding the 
soil’s shear stress from the coupled beam–spring model, 
in order to simulate SSI effects, yields a considerable 
underestimation of the internal lining forces. 

With regard to the thrust distribution around the lining, 
considering Wang’s solution [9], the beam–spring 
model, when accounting for the soil’s shear stress, 
provides a fairly consistent distribution of the N-force. 
On the other hand, the beam–spring model without the 
soil’s shear stress consideration greatly underestimates 
the values of the axial force, approximately the same 
as Penzien’s solution [11], thus confirming the conclu-
sions of the study by Hashash et al. [30] that Penzien’s 
approach predicts much lower thrust values than those 
predicted by Wang’s method.

Accordingly, ignoring the soil’s shear stress in a simpli-
fied dynamic analysis by using a beam–spring model 
yields an error that cannot be tolerated, since the 
contact between the structure and the surrounding 
ground in the model is defined in a discrete manner, 
only at a number of points. On the other hand, such a 
beam–spring model results in the thrust distribution 
being approximately the same as obtained with Penzien’s 
approach. This implies that Penzien’s methodology 
severely underestimates the seismically induced maxi-
mum thrust in the tunnel’s lining under the no-slip 
assumption for the reason of a lack of implementation 
of the circumferential stiffness of the tunnel–ground 
system (resistance to compression), which is in accor-
dance with the remarks in [29], and, because of that, it 
should be avoided. 

Referring to all of the previously mentioned, it can be 
concluded that, in order to develop reliable simulations 
and obtain relevant results, a beam–spring model in a 
simplified dynamic analysis should take into consider-
ation, besides the earthquake-induced soil displacements 
and the tunnel’s inertial force, also the soil’s shear stresses. 

Furthermore, the distributions of the transverse forces 
and the bending moments along the tunnel’s lining 
according to the analytical and numerical results are 
also illustrated in the same plots (Fig. 15). It should be 
pointed out that in Wang’s approach an expression for 
the transverse forces does not exist. The presented distri-
bution of the shear forces is opposite to that of Penzien’s 
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Figure 15. Comparison of the linear
SSI analysis results with the

closed-form elastic solutions.

Figure 16. Comparison of thrust, shear force, and bending moment 
distributions in the tunnel lining computed by the linear and nonlin-

ear SSI analyses: influence of earthquake-induced displacements.

solution, since in the ANSYS software the opposite 
sign convection for T-forces is established. As to the 
seismically induced shear forces and bending moments, 
the coupled beam–spring models involving soil shear 
stress for the no-slip assumption predict the distribution 
pattern that matches relatively well with the solutions 
according to Penzien’s and Wang’s approaches. This 
is opposite to the discrete models that do not account 
for the soil’s shear stress, in which case the shear-force 
and bending-moment values are significantly under-
estimated when compared to the elastic closed-form 
solutions. Unlike the thrust distribution, the solutions 
of Wang and Penzien provide consistent distributions 
of the bending moments (the symbols related to Wang’s 
and Penzien’s solutions for M practically coincide).

Finally, it can be observed that the magnitude of the 
thrust has a much greater influence than the moments on 
the stresses experienced by the tunnel’s lining, which is 
typical for a rough tunnel–ground interface assumption.

7.2 Influence of seismically induced displacements 
upon the internal lining forces

Based on a comparison of the results of numerical linear 
and nonlinear analyses regarding the distributions of 
thrust, shear force, and bending moment in the tunnel’s 
lining due to earthquake-induced displacements (Fig. 
16), the following conclusions can be drawn: the linear 
analysis, which predicts lower soil shear-strain values, 
results in smaller soil displacements induced by seismic 
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shear-wave propagation throughout the sandy soil 
medium. The maximum displacement values of the 
tunnel’s section are 3.55 cm at the crown and 1.63 cm 
at the invert locations. Hence, the relative displacement 
between the top and the bottom of the circular tunnel 
profile has a lower value (1.92 cm), resulting in a smaller 
deformation (ovalisation) of the tunnel’s cross-section. 
On the other hand, in the nonlinear analysis, due to a 
significantly larger soil shearing, the soil displacements 
are also larger: 17.68 cm at the crown and 12.43 cm at 
the invert regions. This, of course, results in a greater 
displacement difference between the top and the 
bottom of the tunnel’s cross-section (5.25 cm) when 
compared to the linear analysis, which also leads to 
significantly greater ovalisation of the tunnel’s structure. 

Figure 17. Comparison of thrust, shear force, and bending 
moment distributions in the tunnel lining computed

by the linear and nonlinear SSI analyses:
influence of soil shear stress.

Figure 18. Contribution of earthquake-induced displacements, 
tunnel section inertial force, and soil shear stress to thrust, 

shear force, and bending moment distributions in the tunnel 
lining computed by the linear SSI analysis.

In conclusion, a linear analysis underestimates the soil’s 
shear strain and, consequently, underestimates the soil 
displacements due to earthquake action, thus leading to a 
significant underestimation of the internal lining forces.

7.3 Influence of the soil’s shear stress upon the 
internal lining forces

From the seismically induced soil shear-stress viewpoint, 
according to Fig. 17, the results are the following: in 
the linear analysis, the soil shear modulus is constant 
and does not depend on the soil shear deformation, 
thus resulting in higher values for the soil’s shear 
stress. In contrast to that, the nonlinear analysis gives 
significantly lower values for the soil’s shear stress, since 
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the nonlinear soil model accounts for the soil’s shear-
modulus degradation with the increase of the soil’s shear 
strain. Hence, it can be observed that a linear analysis 
represents a conservative solution because it predicts 
unrealistically high values for the soil’s shear stress.

7.4 Influence of the tunnel section inertia upon the 
internal lining forces 

Regarding the inertial force of a tunnel section, it has 
a higher value in the linear analysis, considering the 
significantly higher computed values of the ground 
acceleration in comparison with the nonlinear analysis, 
as a consequence of the assumption of a constant damp-
ing ratio, typical for the linear soil behaviour. In the 

case of soil behaving in a nonlinear manner, the value 
of the tunnel section inertial force is considerably lower, 
owing to the lower ground acceleration, due to the soil’s 
ability to absorb a seismic energy to some extent, and 
therefore, to enlarge the shearing deformations, resulting 
in stronger damping abilities. Therefore, a linear analysis 
overestimates the inertial forces.

7.5 Relative contributions of the partial influences 
in the total internal lining forces

Referring to the formerly discussed tunnel section 
inertia, on the basis of the plots given in Fig. 18 and Fig. 
19, it can be seen that the relative contribution of the 
inertial force in the total of the internal lining forces is 

Figure 19. Contribution of earthquake-induced displacements, 
tunnel section inertial force, and soil shear stress to thrust, shear 

force, and bending moment distributions in the tunnel lining 
computed by the nonlinear SSI analysis.

 

Figure 20. Comparison of thrust, shear force, and bending moment 
distributions in the tunnel lining computed by the linear and nonlin-

ear SSI analyses: all influences combined (earthquake-induced 
displacements + tunnel section inertial force + soil shear stress).
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negligibly low for the cases of both linear and nonlinear 
analyses, because it participates in the total lining thrust, 
shear force, and bending moment distributions by much 
less than 1%. Considering the relative contributions of 
the other two factors (i.e., seismically induced displace-
ments and a soil shear stress), there is a quite evident 
difference between the two types of analysis. According 
to the results of the linear analysis (Fig. 18), the influ-
ence of the soil shear stress is the most dominant in the 
total distributions of the N, T, and M forces in the tunnel 
lining. Regarding the results of the nonlinear analysis 
(Fig. 19), however, earthquake-induced displacements 
have a predominant influence upon all of the sectional 
forces, although the contribution of the soil shear 
stresses is also quite pronounced, particularly in the case 
of the accumulated thrust.

7.6 Comparison of linear and nonlinear SSI analyses 

Taking into consideration the combined effects of all of 
the influences (i.e., earthquake-induced displacements 
+ tunnel section inertia + soil shear stresses) upon the 
total distributions of the thrust, shear force, and bending 
moment in the tunnel lining (Fig. 20), a linear analysis 
could be considered as the more conservative one for 
estimating the seismically induced internal lining forces. 
This is particularly pronounced, as the earthquake exci-
tation and the degree of soil nonlinearities increase.

Although the linear analysis is computationally conve-
nient and provides reasonable results for many practical 
problems, it presents an approximation of the actual 
soil–tunnel system response. On the other hand, the 
nonlinear analysis allows a significant accuracy in simu-
lating the tunnel–ground interaction under earthquake 
loading conditions due to the fact that the soil behaviour 
is taken into consideration more realistically regarding its 
nonlinearity. Nevertheless, more parameters than used 
for the linear analysis are usually required, the evaluation 
of which might be complex due to the variability in the 
soil conditions, the uncertainty in the soil properties, and 
the scatter in the experimental data upon which many of 
the input parameters are based. In addition, this analysis 
suffers from the important disadvantage that the solution 
time, the computational cost, and the complexity of the 
analysis are substantially increased.

8. CONCLUDING REMARKS

Considering the analyses described in this paper, 
related to the simplified dynamic linear and nonlinear 
analyses of soil–tunnel structure interaction studied 
by a numerical coupled beam–spring model under 

no-slip condition, with a special emphasis on the 
relative contributions of partial influences, such as the 
earthquake-induced displacements, soil shear stress, and 
tunnel section inertia, in the total internal lining forces, 
the following conclusions can be drawn: 

– When using the beam–spring model, in order to 
simulate the SSI effects correctly, soil shear stresses 
should be taken into account along with seismically 
induced displacements. It was found that the relative 
part of the cross-sectional forces induced by the 
tunnel section inertia is significantly less than 1% 
of the total computed values for both the linear and 
nonlinear analyses. This is not surprising, since the 
tunnel section inertia is negligible relative to the 
inertia of the surrounding ground. Therefore, the 
inertial force could be ignored in a numerical model.

– A significant discrepancy in the computed seismi-
cally induced lining thrust between Wang’s and 
Penzien’s analytical approach is validated. The 
comparisons with numerical results clearly demon-
strate that Wang's solution provides a realistic 
estimation of the thrust in the tunnel linings for the 
no-slip condition. Accordingly, Penzien’s expression 
for the seismically induced axial force in the lining 
under the rough interface assumption should be 
avoided.

– Linear analysis underestimates the soil shear strain, 
and consequently also underestimates the soil displa-
cements induced by seismic shear-wave propagation, 
producing a significant underestimation of the 
tunnel lining’s cross-sectional forces. In addition, it 
predicts unrealistically higher values of the soil shear 
stress due to the assumption of a constant soil shear 
modulus throughout the analysis, thus resulting in 
higher internal lining forces. From a tunnel inertial 
force point of view, it overestimates the lining’s 
cross-sectional forces, considering significantly 
higher computed ground accelerations compared to 
nonlinear analysis, as a consequence of the constant 
damping ratio assumption typical for the linear soil 
behaviour. The influence of the soil shear stress is the 
most dominant in total distributions of N, T, and M 
forces in the tunnel lining.

– Nonlinear analysis, due to a prediction of a signi-
ficantly larger soil shearing (soil displacements), 
results in a higher relative displacement between 
the top and the bottom of the circular tunnel cross-
-section compared to the linear analysis. This leads to 
significantly greater ovalisation of the tunnel struc-
ture, and therefore to higher values of the internal 
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lining forces. Unlike the linear approach, a nonlinear 
analysis gives lower values of the soil shear stress, 
since the nonlinear soil model accounts for the soil 
shear modulus reduction, as the soil shear strain 
increases. In the case of soil behaving in a nonlinear 
manner, the tunnel section inertial forces are lower 
owing to lower ground accelerations, due to an 
increase of the damping ratio with the soil shear 
strain increase, as well as the nonlinear soil property 
to absorb a significant portion of the seismic wave 
energy along with the soil weakening. Earthquake-
-induced displacements have a predominant influ-
ence upon all of the cross-sectional forces, although 
the relative contribution of the soil shear stresses is 
also quite significant.

– It seems that the linear analysis can result in a more 
conservative estimation of the internal forces in the 
tunnel lining, as the peak acceleration and the level 
of soil nonlinearity increase.

In order to improve the models and to validate the above 
drawn conclusions, analyses with more complex models 
should be performed, in accordance with the most 
recent achievements in the area of tunnel structures 
under seismic impact. The interface region between 
the tunnel lining and the surrounding ground could 
be more properly simulated as a full-slip contact, with 
separation allowed under tensile stresses. In addition, 
the effects of the secondary compressional P-waves, 
resulting from the shear S-waves scattered by the ground 
surface, should also be taken into account. Therefore, a 
possible course of further researches should be in accor-
dance with the former stated remarks, and is an ongoing 
research activity of the authors of this paper.
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