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In this paper, the longitudinal seismic response characteristics of utility tunnel subjected to strong earthquake was investigated
based on a practical utility tunnel project and numerical method. Firstly, the generalized response displacement method (GRDM)
that was used to conduct this study was reviewed briefly. Secondly, the information of the referenced engineering and the finite
element model was introduced in detail, where a novel method to model the joints between utility tunnel segments was presented.
+irdly, a series of seismic response of the utility tunnel were provided, including inner force and intersegment opening width.+e
results showed that (i) the seismic response of the utility tunnel under far-field earthquake may be remarkable and even higher
than that under near-field earthquake; (ii) sharp variation of response may occur at the interface between “soft” soil and “hard”
soil, and the variation under far-field earthquake could be much more significant. +is research provides a reference for the
scientific study and design of relevant engineering.

1. Introduction

+e utilization of underground space can help cities solve those
problems which arise from urbanization and population
growth, for example, costly and limited surface space [1]. Since
the last decade, utility tunnels are being used to settle the
problems of many cities, such as Paris, Tokyo, Madrid, and
Hamburg. +e utility tunnel has become one of the most
important lifeline engineering inmodern cities, in which a lot of
lifeline systems are contained, including heating pipe, water
supply, power cable, gas pipeline, and telecom. In 1985, a utility
tunnel of 1706mwas built in Beijing; since then, a large number
of utility tunnel projects have been constructed or planned in
China. It was announced at the Fourth Session of the Congress
of the People’s Republic of China in the Report on the Work of
theGovernment that constructionwill begin on at least 2000km
of utility tunnels during 2016 [2].

Besides, in China, utility tunnels are usually constructed
in large cities that are located in seismically active areas.

+en, the underlying earthquake hazards would stand a
severe threat to the safety and operation of the utility
tunnels. In the 1995 Hyogoken-Nambu earthquake, various
types of damage were observed on the utility tunnel, such as
cracks, joints dislocation, and concrete layer spalling [3, 4].
Hashash et al. [5] indicated that underground structures
might also be subjected to severe damage under earthquake
and emphasized the importance of aseismic design of un-
derground structures. +erefore, a lot of researchers have
conducted studies on the seismic behavior of underground
tunnels.

Park et al. [6] developed a longitudinal displacement
profile-based procedure for simulating the tunnel response
under spatially varying ground motion. Amorosi and Bol-
dini [7] carried out simulation of a group of shallow tunnels
and the mechanical characteristic under the dynamic action
was reproduced, using a new constitutive model of soil and
tunnel lining. Hleibieh et al. [8] simulated the centrifugal
experiment of a tunnel buried in sand and studied the
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seismic response of tunnel and sand under the action of
earthquake. Tsinidis et al. [9] used the nonlinear soil-tunnel
interface model to investigate the influence of tunnel lining
stiffness on the dynamic response of the soil-tunnel system.
Patil et al. [10] used the finite element method to study the
seismic response of the tunnel under the condition of soft
soil foundation and compared it with the available analytical
solution. Chen et al. [11, 12] investigated the seismic per-
formance of utility tunnel under nonuniform earthquake
wave excitation through a series of model tests and nu-
merical simulations; the shear force-slip relationship at the
soil-model structure interaction surface, movement and
rotation of the construction joint, and the effect of non-
uniform earthquake input were discussed. Considering the
passage of Rayleigh wave, Li et al. [13] studied the dynamic
response of the utility tunnel through the finite-element
method and demonstrated that the utility tunnel exhibited
global bending deformation under Rayleigh wave, and
Rayleigh wave can be an essential factor in controlling the
damage of the tunnel. Jiang [14] presented a view of the
current state of studies on the seismic response of utility
tunnels and outlined the future scope of work on the subject.

In addition, the longitudinal response characteristics of
extended underground tunnels have also attracted wide
attention. Different from the transverse direction, there are
more factors to be considered in the longitudinal direction,
including parameters and distribution of soil and size of
model. And the yield and failure of connectors between
segments may lead to unexpected deformation or damage of
the large-scale tunnel along the longitudinal direction, so it is
necessary to study the longitudinal response characteristics.
Li and Song [15] studied the numerical modeling techniques
for the analysis of the longitudinal response of tunnels under
an asynchronous seismic wave. Chen et al. [16] reported a
study on the nonlinear response characteristics of undersea
shield tunnel subjected to strong earthquake motions. Miao
et al. [17–19] studied the spatial distribution characteristics
of longitudinal response of the shield tunnel under multiple
support excitations. In summary, studies on the longitudinal
response characteristics of large-scale utility tunnels are still
rare and are also of great significance. Tsinidis et al. [9] used
a nonlinear soil-tunnel interface model to conduct dynamic
centrifugal numerical tests on a flexible circular tunnel
model buried in dry sand to study the influence of tunnel
lining stiffness on the dynamic response of the soil-tunnel
system. Zhang et al. [20] carried out tunnel shaking table
tests on the combined position of the shaft and tunnel, using
different synthetic ground motions as seismic excitations to
study the acceleration response of shafts and tunnels. Chen
et al. [21] carried out a series of shaking table tests to study
the seismic performance of transition tunnel structures and
discussed the influence of changes in section and stiffness on
the seismic response of the tunnel area.

For this complex problem of the seismic longitudinal
response of large-scale utility tunnels, it is difficult to es-
tablish a three-dimensional refined finite element model for
overall time history analysis because of the complexity of the
modeling process, the low efficiency of calculation, the
difficulty of postprocessing, and the slow speed of data

extraction. In engineering practice, the simplified method
for seismic response of tunnel is usually used. Although the
commonly used method is simple in calculation and few in
parameters, a lot of simplification in soil and structure is
often done, reducing the calculation accuracy. In order to
analyze the seismic longitudinal response characteristics of
large-scale utility tunnel in complex engineering site quickly
and accurately, efforts have been made in calculation and
modeling methods here, providing reference for the mod-
eling method and seismic design of utility tunnels. And
compared with the previous work, more factors will be
considered here, such as the nonlinearity of soil, the non-
uniformity of soil distribution, and the influence of pre-
stressed steel strand.

Taking a practical engineering as reference, a numerical
investigation on the longitudinal seismic response charac-
teristics of the utility tunnel was conducted.+emethod that
we used to carry out the numerical study was reviewed first.
+en, the relevant information of the large-scale soil-utility
tunnel finite-element model we established was given in
detail, including model dimension, material properties,
boundary conditions, and wave selection. Moreover, a series
of seismic responses of the utility tunnel were presented and
analyzed, where the spatial distribution characteristics of
longitudinal response of utility tunnel was focused on. At
last, concluding remarks were outlined.

2. Review of Methodology

+e authors extended the concept of response displacement
method (RDM) specified in “Code for seismic design of
urban rail transit structures” (Chinese National Standard,
GB50909-2014) and proposed the generalized response
displacement method (GRDM) [22]. +e response dis-
placement method assumes that the displacement of the
ground in the longitudinal direction of the tunnel during the
earthquake is sine distribution and simulates the tunnel with
beam elements or rod elements. +e action of the ground
spring is applied to the tunnel in the form of static force to
calculate the internal force, stress, and displacement of the
tunnel. +e stratum displacement distributed according to
the sine function is expressed by amplitude and wavelength.
+e amplitude can be solved by the response spectrum
method or time history analysis method. When the stratum
conditions around the tunnel vary greatly along the longi-
tudinal direction of the tunnel, it is not appropriate to as-
sume that the displacement along the longitudinal direction
of the tunnel is sine distribution. Instead, the time history
analysis method should be used to calculate the actual
displacement distribution of the stratum along the longi-
tudinal direction of the tunnel and then force it to the load
form of displacement acts on the analysis model, which is the
(GRDM). Basically, the GRDM contains two steps for cal-
culating the response of underground structures. First, a 2D
(two-dimensional) free-field model is established, where the
position and existence of underground structures was
considered in meshing work, and then the free-field re-
sponse was calculated and extracted. Second, a soil-un-
derground structure model represented by springs and beam
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elements was constructed; the extracted free-field response
was then inputted into this model, and the seismic response
of the underground structure can be obtained. As a matter of
fact, the GRDM is a refined RDM and gives the RDM the
ability to conduct large-scale simulation. +e GRDM is
based on the actual displacement of the stratum along the
longitudinal direction of the tunnel. Compared with the
RDM, more factors can be considered through the GRDM.
+e GRDM method can consider the inhomogeneity of the
soil layer and multipoint ground motion input. And com-
pared with 3D Dynamic transient analysis, the effectiveness
of GRDM is verified in Chen et al. [16]. Detail information
about the GRDM can be found in [17, 18]. Overall, this
method has wide applicability and can be used to analyze the
seismic dynamic response of various large-scale under-
ground structures, including the utility tunnel.

3. Numerical Model

3.1. Engineering Background andWave Selection. +e utility
tunnel project of Jiangbei New area in Nanjing city, China
was selected as the reference engineering. +e soil layer
distribution of the engineering site and the path of the utility
tunnel are shown in Figure 1. As can be seen, the tunnel
crosses different types of soils, which would be a key issue in
the simulation. +e tunnel was constructed with numerous
rectangular concrete segments which were connected using
prestressed steel strands (see Figure 2).

Nanjing city is located in the east coast of China where
earthquake activity is high. Huaiyin-Xiangshui fault
zone, Tancheng-Lujiang fault zone, and Luan fault zone
are located to the north, northwest, and west of Nanjing
city, respectively. +e epicenters of historical destructive
earthquake events occurred in this area are presented in
Figure 3. It is can be found that Nanjing city was mainly
subjected to far-field earthquakes, and the near-field
earthquakes were relatively fewer. +erefore, the seismic
response under far-field earthquakes should be empha-
sized. +is area experienced 306 earthquakes (moment
magnitude ≥2) from January 1970 to December 2013, and
the number of those earthquakes with focal depth of
20–30 km is up to 214 (about 70% of the total number).
+us, that focal depth ranging from 20 to 30 km was set as
a wave selection condition in the numerical simulation.
Besides, an underground utility tunnel was focused on in
this paper, so borehole records should be used; taking the
site conditions (especially the depth of base rock) into
account, that borehole depth ≥100m was set as another
wave selection condition. According to “Code for seismic
design of buildings, GB 50011-2010” (Chinese National
Standard, GB 50011-2010) [23], the design basic accel-
eration of ground motion for Nanjing city is set as 0.1 g
(1 g � 9.8 m/s2). +erefore, extra selection criteria were set
and presented as follows: moment magnitude ≥6 and the
PGA (Peak Ground Acceleration) of horizontal compo-
nent ranging from 0.1 g to 0.2 g. +e borehole records
from Kiban-Kyoshin network (KiK-net) in Japan were
used for input motion selection.

3.2. Numerical Model of Free-Field

3.2.1. Setup of the Numerical Model. A 2D free-field model
was established completely according to the practical site
conditions (see Figure 1) to describe thoroughly the soil
layers distribution. +e dimension of the free-field model is
1500m× 80m. 4-node quadrilateral elements (CPE4R) and
3-node triangular elements (CPE3) were employed to dis-
cretize the model. Herein, the triangular elements were
adopted to implement mesh transition in some extremely
complex parts of the model. +e numbers of quadrilateral
elements and triangular elements are 219252 and 245, re-
spectively. Abaqus/Explicit platform was used to proceed
with the calculation.

3.2.2. Boundary Conditions and Input Earthquake Motions.
Viscous-spring artificial boundary was adopted on the
bottom and lateral boundaries of the 2D model to eliminate
the boundary effect [24]. +e NS and vertical components of
Shizuoka and Tochigi waves were selected as input excitation
according to the abovementioned selection criteria, which
represented the near-field and far-field earthquakes, re-
spectively. +e information of these two records is shown in
Table 1. Note that the equivalent node force derived from
selected ground motions was finally inputted into the model.
+e waveform, significant duration, Fourier spectra, and
response spectra of selected earthquake records were plotted
in Figure 4. +e peak value of input ground motion was
adjusted to 0.05, 0.1, 0.2, and 0.4 g to observe the tunnel
response versus increasing PGA.

3.2.3. Constitutive Model. To simulate the nonlinearity of
the soil, the three-parameter modified Davidenkov model is
used here. +is constitutive model follows the “upper
skeleton curve” rule in the “Extended Masing” rule. And the
loading and unloading criteria of the hysteresis curve is
modified based on the “n times method” proposed by Pyke
et al. [25]. In addition, the calculation efficiency is enhanced
without losing the calculation accuracy through improving
the equivalent strain algorithm of the modified Davidenkov
model. And the modified Davidenkov model was made use
of to describe the nonlinear dynamic properties of soils in
this site [26–29]. Combining the Davidenkov model with a
large number of resonant column tests, the parameters
involved in this constitutive model were obtained and given
in Table 2. +e stress-strain hysteretic curve for the modified
Davidenkov model is shown in Figure 5(a), while the curves
of dynamic shear modulus ratio versus shear strain (G/Gmax-
c) and damping ratio versus shear strain (λ-c) are plotted in
Figure 5(b).

3.3. Numerical Model of Soil-Tunnels System. As stated in
Section 2, a 3D soil-utility tunnel system represented by
springs and beam elements was established after the sim-
ulation of seismic response of the 2D free-field model. +e
soil-tunnel model was also 1500m long. As shown in Fig-
ure 6, the 3D soil-utility tunnel model was constructed using
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numerous concrete segments, prestressed steels, and soil
springs. Each segment was 1.5m long in the longitudinal
direction, and the number of segments was 1000. Concrete
properties are shown in Table 3 and these parameters related
to the soil-utility tunnel system all come from the actual
project. +e segment was discretized using elastic 3D hollow
Timoshenko beam element that allows for transverse shear
deformation, and each segment contained two beam ele-
ments (each beam element was 0.75m in length). +e

dimensions of the segment cross-section can be found in
Figure 6. Soil springs were employed to model dynamic soil-
tunnel interaction. For each segment, four tridirectional soil
springs were set at the top, bottom, and two lateral
boundaries, respectively. +e number of the soil springs was
4000. Note that one end of the soil spring was fixed, while the
other end was located at the middle node of the two beam
elements. +e calculation method of the stiffness of soil
springs for different soil types was provided [16–18]:
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Figure 2: Photos of the utility tunnel segment and prestressed steel. (a) Prestress installation process. (b) Prestressed steel position. (c)
Prefabricated utility tunnel. (d) Prestressed steel hole.
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Kt � 3Gu,

K1 � βKt,
(1)

where Kt and Kl are spring coefficients per unit length
perpendicular to and parallel to the soil layer, respectively;

Gu denotes the shear modulus of foundation soil corre-
sponding to the maximum strain amplitude of earthquake
vibration; and β is a constant which can be set to 1/3.

Herein, a novel joint modeling method was adopted. In
the referenced engineering, four prestressed steel strands are
used to constrain the adjacent two tunnel segments (see
Figure 2), and the strengthening stress for each strand is
120MPa. In this paper, one Timoshenko beam element was
utilized to model the prestressed steel strands between any
two adjacent segments (see Figure 6). +erefore, the
strengthening stress of 480MPa was applied to the beam
element for prestressed steel. Opposite to the engineering
practice, compression was performed on each beam element
for prestressed steel strand to model the constraint effect.
+e number of the beam elements for modeling prestressed
steel was 999. +e properties for these beam elements are
presented in Table 4. +is joint modeling method can reflect
the real connection conditions, and the simulation results
shown in Section 4 demonstrate its application effect.

+e extracted horizontal and vertical displacement re-
sponses from the 2D free-field model were inputted into the
soil-tunnel model to calculate the tunnel response. Note that
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Table 1: Information of the selected ground motions.

Ground motion information Shizuoka wave Tochigi wave
Event time (yy/mm/dd/
hh:mm)

2009/08/11/
05:07

2011/03/11/
14:46

Moment magnitude 6.5 9.0
Focal depth (km) 23 24
Focal distance (km) 24.705 300.51
Station code SZOH39 TCGH16
Borehole depth (m) 103 112
Bedrock shear wave velocity
(m/s) 1500 680

Selected horizontal
component NS NS

Horizontal PGA (g) 0.124 0.181
Vertical PGA (g) 0.057 0.140
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the extracted horizontal displacement response was inputted
simultaneously in both the transverse and longitudinal di-
rections to obtain more conservative results [30].

4. Results and Discussion

+e compression stress, tensile stress, bending moment,
shear stress, and intersegment opening width response of the

utility tunnel were calculated and presented in Figures 7–11,
respectively, where the intersegment opening width at
certain location was defined as the maximum relative dis-
tance between adjacent two segments in the whole duration.
In general, the responses under far-field earthquakes are
higher than those under near-field ones, which seems to be
opposite to some previous research studies, for instance,
Chen and Wei [31] and Chen et al. [32]. +is is because that
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Figure 4: +e waveform, significant duration, Fourier spectra, and response spectra of selected earthquake records: (a) time history and
significant duration of Shizuoka wave; (b) time history and significant duration of Tochigi wave; (c) Fourier and response spectra of
Shizuoka wave; (d) Fourier and response spectra of Tochigi wave.

Table 2: Soil properties.

Soil types
Fitting parameters

Density (kg/m3) Gmax (Pa) Poisson’s ratio
A B c0 (×10−4)

Silty clay 1.09 0.41 3.72 1920 39262080 0.32
Silty clay with gravel 1.05 0.42 3.43 1960 68539240 0.31
Well-graded sand 1.04 0.40 6.44 1980 174653820 0.28
Silty sand 1.01 0.35 7.67 1990 249529500 0.24
Weathered rock 1.01 0.38 10.04 2000 1280000000 0.38
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the moment magnitude and Arias intensity of the far-field
wave are greatly higher than those of the near-field one.
From the Fourier spectra and acceleration response spectral
in Figure 4, the selected far-field waves contain more energy
in the low-frequency band to which the utility tunnel is more
sensitive. Besides, the significant duration of the far-field
wave is much longer than that of the near-field one, which
may also be an important factor. +e spatial distribution
of seismic response of the utility tunnel under far-field

earthquake is greatly different from that, under near-field
one due to the different spectral contents.

Moreover, as the input PGA increases, all the responses
calculated increase. However, the increasing trend tends to
be nonlinear due to the nonlinearity of the boundary
conditions and soil constitutive model. +e response dis-
tribution characteristics also significantly change with the
increasing input PGA. +e tunnel crosses different types of
soil that possess different degrading tendencies; as the input
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Table 3: Concrete properties.

Elastic modulus Ep (GPa) Compressive strength fc (MPa) Tensile strength ft (MPa)
C60 35.5 27.5 2.04

Table 4: Prestressed steel strand parameters.

Tensile strength fptk (MPa) Elastic modulus Ep (GPa) Steel cross-sectional area mm2

Φs15.2 (1× 7) 1860 200 139× 7
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PGA increases, some soil is damaged first so that it cannot
resist the external load any longer, while some soil with
higher stiffness may be still in the elastic state or damaged
slightly so that it still can transit load as a medium.

In almost all the response curves, sharp variation shows up at
about D� 300m, 400m, and 1200m (D denotes distance) and
this tendency tends to bemore obvious as the inputPGA increases
and/or under the far-field earthquake.+is canbe attributed to the
nonuniform distribution of soil layers on the path of the tunnel
and different stiffness degrading tendencies of soil. Local soil
property exhibits sharp variation: (i) the utility tunnel crosses silty
clay layer and well-graded sand layer at about D� 300 and
D� 400; (ii) the utility tunnel crosses silty clay layer and silty clay
with gravel layer at aboutD� 1200.+is results in the remarkably
different site response and thus different tunnel response. Besides,
it is believed that the spectral content can be another important
influence factor because the response variation at the interface
between two different types of soil under far-field earthquake is
much larger than that under near-field one even though the input
PGAs are the same.+erefore, for those utility tunnel projects in a
complex site, both the seismic responses under near- and far-field
earthquakes should be considered.

5. Conclusions

A series of numerical investigations were carried out on the
seismic performance of the utility tunnel which is

significantly critical for its safety and operation. +e fun-
damental method (i.e., generalized response displacement
method) was reviewed, and the information of the refer-
enced utility tunnel project was introduced. +e setup of the
2D and 3D models established was described in detail. +e
inner force response and intersegment opening width re-
sponse of the utility tunnel were calculated. +e main
conclusions can be outlined as follows:

(1) A novel and simple modeling method of joint of the
utility tunnel was proposed, and the simulation re-
sults demonstrated its application effect.

(2) Even though the input PGAs are the same, the
seismic response of the utility tunnel under far-field
earthquake is not necessarily lower than that under
near-field one; the moment magnitude, Arias in-
tensity, spectral content, and significant duration
may have important influence on the intensity and
spatial distribution characteristics of longitudinal
response;

(3) Sharp variation of response of utility tunnel was
observed at the interface between two different types
of soil and corresponding seismic measures should
be taken at these locations. +e variation under the
far-field earthquake was remarkably greater than that
under the near-field one. +us, far-field earthquakes
could lead to more severe damage to the tunnel, and
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Figure 11: Intersegment opening width response.
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the effect of far-field earthquake on the seismic re-
sponse of utility tunnel crossing nonuniform site
layers should be given more attention.
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