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Abstract. Investigations from recent strong earthquakes indicate most of the tunnels severely
damaged are located near the causative faults. First, the dynamic response of the tunnel to the
near-fault and far-field ground motions was investigated. The results show that the near-fault
motions with long-period pulses especially the forward directivity pulses are more damaging than
the typical far-field records, which should be reflected in the seismic design guideline for tunnels
near causative faults. Furthermore, the effects of the key parameters for the simplified pulse on
the dynamic response of the tunnel were also studied. Generally, the pulse with larger amplitude
brings more energy and leads to larger strains in rock. Consequently, it becomes more damaging
to the tunnel. The period of the pulse can remarkably influence the response of the tunnel. When
the period of the pulse is less than 3.0 s, the pulse becomes less damaging to the tunnel with the
increase of the period. Once the period exceeds 3.0 s, the pulse has little effect on the dynamic
response of the tunnel. Thus, the earthquake with lower magnitude, which is likely to leads to
lower period, may be more damaging to the tunnel. Besides, as the number of significant cycles
increases, the damage potential of the ground motions increases accordingly. For the sake of
security, two significant cycles in velocity-time history are recommended for the seismic design
of tunnels close to ruptured faults.
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1. Introduction

Increasing database of recorded ground motions from recent earthquakes have shown that the
ground motions can be strongly influenced by the evolution of the rupture process (forward
directivity effect) and the permanent offset of the ground (fling effect) [1-2]. Consequently,
near-fault ground motions are often characterized by high amplitude, long-period velocity pulse,
and they are significantly different from typical far-field motions. Generally, the long-period pulse
makes the ground motion more damaging to structures. Thus, the characterizations, identification
methods [3, 4], numerical simulation of near-fault ground motions [5-7], as well as their effects
on engineering structures, are currently active research topics.

The seismic performances of structures (for example bridges [8], site [9], dam [10], steel
moment frames [11] and multi-story buildings [12]) have been extensively investigated, and many
appropriate design strategies for structures located near the ruptured faults have been proposed.
However, most of these studies are mainly focused on the above-ground structures, and few
studies have been conducted on the underground structures. Although the underground structures
are generally less vulnerable to earthquakes compared to above-ground structures, several tunnels
suffered severe damages during recent strong earthquakes (e.g., Kobe earthquake 1995, Chi-Chi
earthquake 1999, and Wenchuan earthquake 2008). Furthermore, even a low level of damage to
the tunnel may affect the serviceability of a wide network [13]. Observations from recent strong
earthquakes indicate that most damaged tunnels are located near causative faults, and the presence
of severe, long-period pulses in near-fault ground motions may be a key factor in causing damages.
Thus, it is necessary to investigate the effect of the long-period pulse on tunnels in order to
interpret the observed damages.

At present, there are two approaches to account for near-fault ground motions. The first is the
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frequency-domain approach uses empirical factors to modify acceleration response spectra for
sites [2]. The second is the time-domain approach characterizes the ground motion through its
velocity-time history, with the amplitude (PGV), period (T,,) and the number of significant cycles
[14]. The second approach specifies design ground motion, and it can provide an adequate
representation of near-fault ground motions. In order to obtain these parameters, many recent
studies have developed the relationships between pulse parameters and earthquake characteristics.
A frequently investigated relationship is that between the pulse period and the earthquake
magnitude [15-18]. The relationship between the pulse amplitude and earthquake parameters
(magnitude, epicenter distance) is also addressed [11, 19, 20]. However, in addition to the
earthquake magnitude and epicenter distance, the site condition [9], local geography, slip
heterogeneity on the fault plane, and source-site geometry [21] can also influence the pulse
parameters. It is still very difficult to determine the pulse parameters for a specific engineering
site. Therefore, parametric studies on the effects of pulse parameters on the tunnel may provide
valuable insights to the design guideline for tunnels.

The main objectives of this study are to investigate the effect of near-fault ground motions on
the seismic performance of tunnels and identify key parameters for pulses that may affect the
response of tunnels near ruptured faults. In the first part of this paper, several pulse-type ground
motions were chosen, and the seismic response of a tunnel in Tibet to near-fault and far-field
ground motions was investigated. Subsequently, the effects of the pulse on the seismic
performance of the tunnel were studied though the time-domain approach, and the parameters that
can reasonably assess the damage potential of near-fault ground motions to tunnels were proposed.
The conclusions may provide valuable insights to practice and development of seismic design
guideline for tunnels close to the ruptured faults.

2. Tunnel description and simulation model
2.1. The Galongla tunnel
2.1.1. Seismicity of the region

The Galongla tunnel is located in Nyingchi, Tibet, and it is the bottleneck project of Zha-mo
Highway connecting Bomi and Medog. This is a 3300 m long tunnel with a maximum cover of
833 m. There are two causative faults: Galongsi fault and Zhamu-Maniwong fault in the region.
The later fault can cause strong earthquakes with the magnitude of greater than 7.5 (M,,), and the
nearest distance between the tunnel and the Maniwong fault is only 300 meter. So the tunnel may
be influenced by the near-fault ground motions during its service period.

2.1.2. Geological and geotechnical properties

Most of seismic damages to tunnels happen at the portals due to the poor rock mass, small rock
cover, and unsymmetrical pressure [22]. Therefore, this study was conducted at Bomi portal of
the Galongla tunnel. At the Bomi portal, the surrounding rock within 50 m of the ground surface
consists mainly of gravel and strongly weathered schist. According to the China standard [23], the
grade of the rock mass is judged to be grade V, and the mechanical parameters for the surrounding
rock mass are shown in Table 1.

Table 1. Mechanical parameters of the surrounding rock mass
Shear modulus (GPa) | Poisson’s ratio | Cohesion (MPa) | Friction angle (°) | Density (kg m~)
1.0 0.35 0.15 25 2040

2.1.3. Tunnel lining
The transverse section of the Galongla tunnel was shown in Fig. 1. The tunnel linings consist
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of initial and final lining. The thicknesses of the initial and final linings are 24 cm and 50 cm
respectively. According to the China Standard [24], the shotcrete for the initial lining is classified
as C20, and the reinforced concrete for the final lining is classified as C30.

o’ Infinite
¥ elements
\

4-node bilinear

180 m

/ | Line B/ 600 m |

Fig. 1. Diagram of the Galongla tunnel Fig. 2. Meshing diagram
2.2. Simulation model

ABAQUS FEM (finite element method) software was selected to model and valuate the
problem. There were 8566 elements and 5353 nodes in the meshing diagram (Fig. 2). Two types
of plain strain elements (3-node linear, 4-node bilinear) were used, and the infinite elements were
used as absorbing boundaries.

In the analysis, the behavior of the rock mass was assumed to be elastic-perfectly plastic, and
it obeyed the Mohr-Coulomb failure criterion with tension cut-off. The damaged plasticity model
was chosen to simulate the behaviors of the initial and final lining. Details of this model will be
introduced in the next chapter. According to previous study [13], when the stiffness of the
geomaterials where the tunnel is located is relatively large, the propagating wavefield is mainly
characterized by wavelengths that are large with respect to the size of the lining. Under these
conditions soil-structure interaction effects can be negligible. So the rock-structure interaction is
ignored in this study.

Most of recorded ground motions are obtained at the ground surface. However, the ground
motions should be applied at the bottom boundary (Line B) during the seismic analysis of
underground structures. In order to obtain the ground motion at the input boundary, back analysis
was carried out in this paper. First, the recorded ground motion, a(t), was chosen from the Next
Generation Attenuation (NGA) ground motion library (http://peer.berkeley.edu/nga). Next, it was
divided by 2 and was applied at the bottom boundary. Then the ground motion at the ground
surface, a’(t), was obtained. The applied ground motion was adjusted according the difference
between a’(t) and a(t). At last, the ground motion at the bottom boundary was got.

The numerical analysis consisted of two steps: the first, a static step included the application
of a gravitational force and the simulation of tunnel excavation. During the first step, the bottom
boundary of the model was fixed in vertical direction, and the lateral boundaries were fixed in
horizontal direction. During the subsequent dynamic step, the excitation was applied on the bottom
boundary of the model as a stress-time history, and the bottom boundary and the lateral boundaries
of the main grid were coupled to the infinite elements.

2.3. Damaged plasticity model for concrete

Generally, concrete behaves in a brittle manner, and the main failure mechanisms are cracking
in tension and crushing in compression. Damage happens to concrete associated with the failure
mechanisms during earthquakes, so the concrete damaged plasticity model [25-27] was used to
describe the behaviors of lining concrete. This model has the capability for the analysis of concrete
structures under cyclic and dynamic loading.
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2.3.1. Stress-strain relations

The failure stress corresponds to the onset of micro-cracking in the concrete material. When
the concrete specimen is unloaded from any point on the yield surface, the unloading response is
weakened: the elastic stiffness of the material appears to be damaged (or degraded). The scalar
variable d is introduced to describe the stiffness degradation, and stress-strain relations are
governed by scalar damaged elasticity:

0=(1-d)Dg: e = (1—d)Dg: (e —eP) = D: (e — eP) = (1 — d)7, (1)

where o is the stress; d is the scalar stiffness degradation variable; £ is the elastic strain; ¢ is the

total strain; P! is the plastic strain; D&’ is the undamaged elastic stiffness of the concrete; D¢ is

the degraded elastic stiffness; & is the effective stress which is defined as & = Dg': (e — ePY).
For the uniaxial cyclic conditions:

1-d)=1-sd)(1 —scdy), 2
Sse=1-wr"(011), 05w, <1, 3
SC=1—(UC(1—T*(511)), 0<w.<1, @

where d. is compressive damage variable; d; is tensile damage variable:

.y 1, 41 >0, tension,
(o) = {O, 011 <0, compression. )
In this study, the rock cover of the tunnel is less than 50 m at the portal, so the stiffness
degradation damage caused by compressive failure (crushing) of the concrete, d, is assumed to
be zero. From Eq. (2)-(4), in tension (67, > 0), r* = 1, thus, d = d;. In compression (7, < 0),
if w, = 1, then d = 0; the material fully recovers the compressive stiffness. If, on the other hand,
w. = 0, there is no stiffness recovery.

2.3.2. Hardening variables

Since the failure mechanisms of compression and tension are different, damaged states in
tension and compression are characterized independently by two hardening variables, the

equivalent plastic strains in tension & "and the equivalent plastic strains in compression &7 ! The
evolution of the hardening variables is given by an expression of the form:

~pl
£l = [;l] 7L = h(z, &7). 7L, (5)
t

2.3.3. Yield function

The yield function F(G,&P") < 0 represents a surface in effective stress space, which
determines the states of failure or damage. The yield function proposed by Lubliner et al. [27] and
incorporates the modifications proposed by Lee and Fenves [26] was adopted:

1 a = —_ ~
F(E; é:pl) = m (C_l - 3“75 + B(gplxamax) - Y(_Umax)) - O’C(Efl) < 0; (6)
where a and 8 are dimensionless material constants; p = —1/3@:1is the effective hydrostatic

pressure; § = /3/28S:S is the Mises equivalent effective stress; S = pl + @ is the deviatoric part
of the effective stress tensor; y = 3(1 — K.) /(2K — 1), k. is the ratio of strength in equibiaxial
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compression to the strength in triaxial compression; G4, is the algebraically maximum
eigenvalue of .
The function B(&P!) is given as:

— (Dl
oe(&)
— (~pl
AGY
where 0; and g, are the effective tensile and compressive cohesion stresses, respectively. The

coefficient @ can be determined from the initial equibiaxial and uniaxial compressive yield stress,
and the typical experimental values for concrete are in the range from 0.08 to 0.12 [27].

B(EPY) =

l1-a)—-(1+a), (7

2.3.4. Flow rule

The model uses non-associated plasticity, and the plastic flow is governed by a flow potential
G according to the flow rule:

.0G(o

= 1260 ®)
Jc

G = /(€0 tanW)? + G2 — ptan ¥, )

where A is the nonnegative plastic multiplier; W is the dilation angle measured in the p — q plane
at high confining pressure; oy is the uniaxial tensile stress at failure; and € is a parameter, referred
to as the eccentricity, that defines the rate at which the function approaches the asymptote.

The mechanical parameters for tunnel linings used in this study are shown in Table 2.

Table 2. Mechanical parameters of the tunnel linings

Material Thickness | Elastic modulus | Poisson’s | Compressive | Tensile strength | Density K
(m) (GPa) ratio strength (MPa) (MPa) (kg m3)
Shot 0.24 25.5 0.20 9.6 1.1 2500 |2/3
concrete
Precast 0.50 30.0 0.20 143 1.43 2500 |2/3
concrete

3. Seismic response of the tunnel to near-fault and far-field motions
3.1. Near-fault and far-field ground motions

The near field ground motions are usally characterized by long-period pulses, so four
pulse-type ground motions (near field) were chosen from the Next Generation Attenuation (NGA)
ground motion library (http://peer.berkeley.edu/nga), and the details of these ground motions are
shown in Table 3. Meanwhile, the long period pulses were extracted from the four ground motions
using the method proposed by Baker [28]. Both the origin and residual ground motions were
shown in Fig. 3. It can be seen that the origin ground motions (No. 1-1, 2-1, 3-1, 4-1) present
distinct velocity and displacement pulses, but the residual ground motions (No. 1-2, 2-2, 3-2, 4-2)
are no longer pulse-type. Thus, the residual non-pulse records were considered as the far-field
ground motions. It should be noted that the extraction has little effect on the the peak ground
acceleration (PGA). In order to compare the effects of near and far field ground motion on the
tunnel, the near and far field ground motions were simulated in the same way mentioned in
Section 2.2.

As previous mentioned, forward directivity (FD) and permanent translation are the main
causes for the velocity pulses observed in near-fault regions. Generally, pulses from fling effect
have different characteristics with FD pulses. Forward directivity effect is a dynamic phenomenon

845

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. MAR 2015, VOLUME 17, ISSUE 2. ISSN 1392-8716



1558. EFFECT OF NEAR-FAULT GROUND MOTIONS WITH LONG-PERIOD PULSES ON THE TUNNEL.
WU-SHENG ZHAO, WEI-ZHONG CHEN

that produces no permanent ground displacement and hence two-sided velocity pulses, whereas
fling-step is a result of a permanent ground displacement that generates one-sided velocity pulses.
From Fig. 3, it is easy to find that the first two pules (No. 1-1, 2-1) are FD pulses, while the other
two pulses are fling pulses.

Table 3. Details of the pulse-type ground motions

Number Event Year Station M,, | Joyner-Boore distance (km)
141 | Imperial Valley-06 | 1979 | ECMeloland |15 5 0.07
overpass FF
2-1 | Superstition Hills-02 | 1987 | Parachute ¢ 54 0.95
test site
3-1 Landers 1992 | Lucerne 7.28 2.19
4-1 Imperial Valley-06 1979 | Agrarias 6.53 0.00

3.2. Response of the tunnel subjected to near-fault and far-field ground motions

Obeservations from recent stronge earthquakes indicate that the main damages suffered by
tunnels in rock are concrete cracking, tunnel convergence, and local collapse. Thus, the dynamic
increment of the axial force, the energy dissipated in lining by damage, the damaged concrete area
of the final lining, and the tunnel convergence were chosen to assess the seismic performance of
the tunnel.

3.2.1. Amplification of PGV

The relationship between the PGV, at the top surface and the PGV at the bottom of the
weathered layer was shown in Fig. 4. It can be seen that the ratio of the PGVi,p to PGV is
generally between 1 and 2, which agrees with the results from a study by Rodriguez et al. [9].

3.2.2. Energy dissipated in lining by damage

Since the tunnel is subject to unsymmetrical loads at the portal, concrete damages mainly
happens at the left side of the invert and the right side of the crown. Hence, the elements located
at the left side of the invert (Fig. 5) were chosen to calculate the energy dissipated in lining by
damage (EDLD). It can be seen from Fig. 5, the dissipated energy increases slowly at first, and
then shows a sharp increase. Finally, the EDLD almost keeps constant. This changing law is
similar to that of the ground motion, so the dissipated energy is related to the intensity of the
ground motion. Besides, the EDLD is also influenced by the long-period pulses. As shown in
Fig. 5, compared with the non-pulse ground motions, pulse-type ground motions bring much more
energy, and the dissipated energy has increased by more than 100 %. Although both two types of
pulses can bring large amounts of energy, the energy from FD pulses is dissipated in relatively
shorter times than that from fling pulses. Consequently, the EDLD due to FD pulses are more
intense than that resulting from fling pulses, and the increments of EDLD due FD pulses are larger
too.

3.2.3. Axial force in tunnel lining

Fig. 6 shows the dynamic increments of the axial forces for the examined cross-section (located
at @ = 135°) of the tunnel. From Fig. 6, it appears that failure of the surrounding rock mass brings
permanent increment of axial force in tunnel lining. The maximum increase of the axial force is
about 7.0 MN when the tunnel is subject to the excitation with FD pulse (No. 1-1), and this value
decreases by about 40 % after the pulse is extracted. In contrast, the decrease of the axial force
due to the fling pulse is much smaller. The effect of fling pulse on the axial force is much less
pronounced.
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3.2.4. Convergence of the tunnel

Due to the unsymmetrical loads and poor surrounding rock mass, the tunnel undergoes plastic
deformation subjected to earthquake loading. As shown in Fig. 7, the tunnel is elongated between
point A and point B, and is compressed between point C and point D. Fig. 7 illustrates the
convergences of the tunnel between point A and point B subjected to different ground motions. It
can be found that the directivity pulses (No. 1 and No. 2) have a significant effect on the tunnel
convergence. The convergence of the tunnel decreases dramatically after the FD pulses were
extracted. Compared with FD pulses, the fling pulses (No. 3 and No. 4) have a much smaller
influence on the tunnel convergence.

150 5
o 8 Near-fault — o O Near-fault
fg 125+ O Far-field Ng/ 4l O Far-field
£ 100} C A 3 o
3 C\ = ° o
£ 75| ) =]
%0 75 . B ) § o
z sof © s o
15) B 2
O < o
25¢ o A )
L L I L 1 L L L L
1 2 3 4 1 2 3 4
Ground motion number Ground motion number
Fig. 7. Convergences of the tunnel subjected to Fig. 8. DAMAGET area of the tunnel lining where
pulse-type and non-pulse motions the tensile damage variable, d;, is greater than 0.5

3.2.5. Damaged concrete area

The concrete is a brittle material, and the cracking in tension is the most common failure mode.
Therefore, the area where the tensile damage variable, d;, is greater than 0.5 (DAMAGET area)
and the area where the tensile equivalent plastic strain, & s greater than 0.001 (PEEQT area)
were chosen to assess the damaging degree of the tunnel lining. The results were shown in Fig. 8
and Fig. 9 respectively. As anticipated, part of the concrete is damaged. For the FD pulses (No. 1,
No. 2), when the pulses are extracted from the origin records, the DAMAGET area decreases by
more than 20 %, and the PEEQT area decreases by more than 45 %. In contrast, the damaging
degree of the tunnel lining is not remarkably influenced by the fling pulses (No. 3 and No. 4).

200

6
o O Near-fault PGV
5 L
— O Far-field _ 100L
% 41 o EE) Half-cycle
23 o o > 0
e 5 /
o2t ° 2
E | > 100} \/ T,
° B One cycle
R R R T T
Ground motion number Time ()
Fig. 9. Area of the tunnel lining where tensile  Fig. 10. Simplified velocity pulse showing the amplitude
equivalent plastic strain is greater than 0.001 (PGV), the period (T;,) and the significant cycles

From the results in Fig. 5-9, the near-fault ground motions with long-period pulses can bring
large amounts of energy, and they are more damaging to tunnels than the far-field motions. The
duration of the fling pulse is generally longer than that of the FD pulse, and the seismic energy is
more compact. As a result, the damaging effect of the FD motions on the tunnel is more
pronounced. So the velocity pulse should be also considered to provide a reasonable assessment
of the damage potential of near-fault ground motion. However, the current state of practice for
seismic design of tunnels is mainly based on the Peak Ground Acceleration (PGA) and response
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spectrum, which neglects this issue.
4. Parametric studies

In this section, the effects of key parameters for the pulse on the tunnel were investigated
through the time-domain approach, which may provide valuable insights to the seismic design for
tunnels close to the causative faults.

4.1. Ground motions

The near-fault ground motion can be divided into two parts: the high-frequency content and
the long-period pulse. In order to exclude the influence of the high-frequency content on the
tunnel, the high-frequency content keeps constant during the following studies.

4.1.1. High frequency content

The velocity pulse was extracted from the motion which was recorded during the 1971
Imperial Valley Earthquake (Table 1 No. 4-1) using the method proposed by Baker [28], and then
the residual motion (Fig. 5(h)) is used as the high-frequency content. The PGA of this record is
about 0.25 g.

4.1.2. Long-period pulse

According to the previous studies [1, 9, 29], equivalent pulses are capable of representing the
salient observed features of the response to near-fault recorded ground motions, and simplified
representations of pulse-type motions can be used to study site response to near-fault motion.
Hence, the analytical model proposed by Mavroeidis et al. [15] for the velocity pulse was used in
this study:

A
v(t) = E

14 2fy 2fy

1+ cos <2nfp (t— t0)>l cos[anp(t —ty) + v], to — r <t<t,+ s (10)

where, A controls the amplitude of the pulse; f, is the frequency of the amplitude-modulated
harmonic, and it is related to the duration of the pulse; v is the phase of the amplitude-modulated
harmonic; y is a parameter that defines the oscillatory character of the signal, and t, specifies the
epoch of the envelope’s peak.

There are three key parameters for a simplified velocity pulse, the amplitude (PGV), the period
(T), and the significant cycles. These parameters are shown in Fig. 10. According to Mavroeidis
et al. [15], the pulse amplitude (PGV) is usually in a large range from several centimeters to
hundreds of centimeters. The pulse period is in the range from 0.7 s to 12 s, and the period of the
fling pulse is usually larger than that of the FD pulse.

4.2. Effect of the amplitude (PGV)

Fig. 11 shows the pulses with different amplitudes used in this section. The FD pulses are
similar to that was recorded at the VCT station during Mexicali Valley earthquake (1980), and
they have the same period of 3.7 s. While the fling pulses are similar to that was recorded at the
TCUO052 station during Chi-Chi earthquake (1999), and they have the same period of 10.0 s.

From Fig. 12, all the axial forces for the examined cross-sections almost show a similar
variation trend. The FD pulse with larger amplitude leads to larger strain in surrounding rock, and
the axial forces for examined cross-sections increase accordingly. Moreover, as the amplitude of
the pulse increases, the increasing rate of the axial force also rises, which means the axial force in
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tunnel lining is more sensitive to the pulse with large amplitude. Compared with the FD pulses,
the fling pulses have a smaller influence on the axial forces in tunnel lining. The axial forces
increase very slowly with the increase of the pulse amplitude.
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Fig. 12. Axial forces for the examined cross-sections versus the pulse amplitude

The convergence of the tunnel is shown in Fig. 13. From Fig. 13, the tunnel convergence also
shows a remarkable increase as the amplitude of the FD pulse increases. When the amplitude of
the FD pulse increases from 0 ¢cm to 160 cm, the convergence has increased by about 300 %.
However, the increment of tunnel convergence is only 27 % when the amplitude of the fling pulse
increases from 0 cm to 160 cm.
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Fig. 13. Variation of tunnel convergence Fig. 14. Variation of DAMAGET area
with pulse amplitude with pulse amplitude

Fig. 14 illustrates the variation of the DAGAGET area with the pulse amplitude. Similar results
can be concluded. The DAMAGET area increases by about 140 % when the amplitude of the FD
pulse increases from 0 cm to 160 cm. While this area only increases 25 % when the tunnel is
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subject to the ground motion with fling pulse.

The results (Figs. 12-14) can be explained as follows: For a given period, the pulse with larger
amplitude brings more energy, and leads to larger dynamic strain in rock and the tunnel lining.
Consequently, the ground motion becomes more damaging to the tunnel. Meanwhile, the duration
of the fling pulse is longer than that of the FD pulse. For a given pulse amplitude, the dynamic
strain in rock and the tunnel lining due to the fling pulse is smaller than that due to the FD pulse,
and the energy from the fling pulse is dissipated in a relatively longer time. Hence, the fling is
generally less damaging than the FD pulse.

According to previous studies [9, 11, 19, 20], the pulse amplitude can be influenced by the
earthquake magnitude, the nearest distance from the ruptured fault and the site condition, and the
nature of the site. Besides, for the tunnels located at the mountainous areas, the effect of local
geography on the pulse amplitude should also be taken into account.

4.3. Effect of the period (T})

In order to investigate the effect of the pulse period on the dynamic response of the tunnel,
seven pulses with different periods (Fig. 15) were superimposed on the high-frequency content. It
can be seen that the pulse period is in the range from 0.5 to 8.0 s, and all the pulses have the same
amplitude of 80 cm/s.
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As shown in Fig. 16, as the pulse period increases, the axial forces for the examined
cross-sections in tunnel lining first show a sharp decrease and then become stable. The
demarcation period is about 3.0 s. From the Fig. 17 and Fig. 18, both the damaged concrete arca
and the convergence of the tunnel show a similar variation trend. This can be explained as follows:
According to the China standard [30], the characteristic period of the site is about 0.25 s which is
smaller than that of the pulse. The smaller the period of the pulse is, the closer it gets to the site
period. So the effect of the pulse on the tunnel becomes more pronounced. In addition, when the
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PGV of the pulse is held constant, the pulse with smaller period leads to larger PGA of the
synthetic ground motion. The higher PGA levels in input motions with lower pulse periods, which
leads to higher strains in the rock, consequently, increased damaging. The results (Figs. 16-18)
are consistent with the previous findings [15-18]. From the comparison between FD pulses and
fling pulses, it can be found that the two types of pulses have different damaging effects even
though they have the same period and amplitude (PGV).

6
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Fig. 17. Tunnel convergence versus the period Fig. 18. Damaged concrete area versus the period
of the pulse of the pulse

As previously mentioned, the long-period pulse is generally not readily visible in the
acceleration trace, and the PGA is a dominant earthquake-resistant parameter for underground
structures now. For a given acceleration intensity (PGA = 0.25 g), eleven records were
synthesized by superimposing eleven pulses with different periods (Fig. 19) on the high-frequency
content. Then the response of the tunnel to these ground motions were studied to further
investigate the effect of pulse period. All the pulses have one significant cycle. As the period
increases, the amplitude of the pulse increases.
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The results are shown in Fig. 20-23. It can be found that the axial forces, the tunnel
convergence, the damaged concrete area, and the energy dissipated by damage show a similar
variation trend. When the period is less than about 3.0 s, the pulse becomes less damaging with
the increase of the period, and the damaging effect of the pulse is mainly influenced by its period.
As the pulse period continues to increase, it is much larger than the characteristic period of the
site, and the PGV becomes the dominant parameter influencing the damaging effect of the pulse.
Thus, the damaging effect of the pulse becomes more pronounced with the increase of the period.
Once the period exceeds about 7.0 s, both the period and the PGV of the pulse have little effect
on the tunnel.

2.5 30
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Fig. 22. Damaged concrete area versus the period  Fig. 23. Energy dissipated by damage in monitoring
of the pulse region versus the period of the pulse

From the results (Figs. 16-18, 20-23), the period of the pulse can significantly influence the
dynamic response of the tunnel. The pulses with different periods have different damage potential,
even though they have the same intensity (PGA). The earthquake with lower magnitude generally
produces lower pulse periods, so it might produce more damages to the tunnel. This effect should
be taken into account during seismic design for the tunnels located near the ruptured faults.

4.4. Effect of significant cycles

In addition to the amplitude and the period, the number of significant cycles is another
important parameter for the simplified pulse. In order to investigate its effect on dynamic response
of the tunnel, four velocity pulses with different cycles were chosen. As shown in Fig. 24, the first
pulse (No. 1) is similar to that was recorded at the TCUOQ52 station during Chi-Chi earthquake
(1999). The second pulse (No. 2) is similar to that was recorded at the VCT station during Mexicali
Valley earthquake (1980). The third pulse (No. 3) is similar to that was recorded at the EMO
station during Imperial Valley earthquake (1971). The fourth pulse (No. 4) is similar to that was
recorded at the KAR station during Gazli earthquake (1971). As shown in Table 4, four pulses
have different numbers of significant cycles. For a given period, the peak ground velocities of
pulses are almost equal to one another. While the peak ground displacement (PGD) decreases with
the increase of the number of significant cycles.

Table 4. Parameters of the pulses with different numbers of significant cycles

Number | T, (s) | Number of significant cycles | PGA (g) | PGV (cm/s) | Description
1 2 0.5 0.4 100.0 Fling pulse
2 2 1.0 0.4 99.8 FD pulse
3 2 1.5 0.4 99.7 FD pulse
4 2 2.0 0.4 100.0 FD pulse
5 3 0.5 0.4 141.9 Fling pulse
6 3 1.0 0.4 1343 FD pulse
7 3 1.5 0.4 141.2 FD pulse
8 3 2.0 0.4 136.5 FD pulse
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When the period is held constant, the increase of the number of significant cycles in
velocity-time history means more pulses are superposed, which leads to larger amounts of energy.
It can be found from Fig. 25 that as the number of significant cycles increases, the dissipated
energy by damage in tunnel lining shows a remarkable increase. Similarly, the tunnel convergence
(Fig. 26) and the DAGAMET area (Fig.27) also significantly increase. When this number
increases from 0.5 to 2.0, the tunnel convergence has increased by more than 180 %, and the
DAGAMET area has increased by about 120 %. The ground motion becomes much more
damaging to the tunnel.
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The results (Figs. 25-27) indicate multiple cycles of motion can dramatically increase the
damage potential of the ground motions. So the number of significant cycles in velocity-time
history is another key element which should be taken into account when designing the tunnel
lining. However, the number of significant pulses in a FD motion depends on details of rupture
process, such as the number of asperities of the fault and the slip distribution on the causative fault
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[19]. The details cannot be known a priori, so it is not possible to predict this important parameter
through empirical relationships. Fortunately, the near-fault ground motions are most likely to have
no more than two significant cycles [14, 15]. Hence, for the sake of the security, two significant
cycles are recommended for the seismic design of tunnels close to causative faults.

5. Conclusions

In this paper, the dynamic response of a tunnel in Tibet subjected to near-fault and far-field
ground motions was investigated. Furthermore, the effects of the key parameters for the simplified
velocity pulse on the tunnel were also studied. The observations drawn from this study are outlined
below.

1) The long-period pulse has a significant effect on the tunnel, which makes the near-fault
ground motions more damaging to the tunnel than far-field ground motions. Since the duration of
the fling pulse is generally longer than that of the FD pulse, the near-fault FD motions are more
intense than fling records. As a result, the damaging effect of the FD pulse on the tunnel is more
pronounced.

2) For a given pulse period, the pulse with larger amplitude brings more energy and leads to
higher strains in rock and the tunnel lining. Consequently, the damage potential of the pulse
increases.

3) The period of the pulse can significantly influence the dynamic response of the tunnel close
to the ruptured fault. For a given PGV for the pulse, when the period of the pulse is less than 3.0 s,
the pulse becomes less damaging to the tunnel with the increase of the pulse period. As the period
of the pulse continues to increase, this effect can be negligible. For a given pulse intensity (PGA),
when the period of the pulse is less than about 3.0 s, the damaging effect of the pulse is mainly
influenced by the period of the pulse. The pulse with larger period brings larger strains in rock
and the tunnel lining, which leads to more serious damage to the tunnel. When the period is in the
range of 3.0 s to about 7.0 s, the PGV for the pulse becomes the dominant parameter influencing
the damaging effect of the pulse. Larger period leads to larger PGV, consequently, the pulse is
more damaging. Once the period of the pulse exceeds 7.0 s, the period has little effect on the
dynamic response of the tunnel. The earthquake with lower magnitude generally produces lower
pulse periods, so it might produce more damages to the tunnel. The pulse period should be
determined carefully when designing the tunnel lining.

4) The number of significant cycles is another significant parameter for the pulse affecting the
dynamic response of the tunnel. When the PGA and PGV are held constant, as the number of
significant cycles increases, the pulse becomes more damaging to the tunnel in spite of the
decreasing PGD. Given the number of significant cycles is not possible to be predicted through
empirical relationships, and the near-fault ground motions are most likely to have no more than
two significant cycles. For the sake of the security, two significant cycles are recommended.

It can be seen from the observations drawn from this study that pulse-type motions are critical
in the design of tunnels close to the faults. However, the current state of practice for seismic design
of tunnels is mainly based on the Peak Ground Acceleration (PGA) and response spectrum, which
cannot adequately reflect the near-source pulse hazards. Therefore, special design code for tunnels
close to ruptured faults is needed. The conclusions from this study may provide valuable insights
to practice and development of design guideline for tunnels near causative faults. They may be
also used by tunnel engineers to arrive at a more sound and economical design of tunnels located
near active faults.
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