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Abstract The mechanism for the influence of near-fault
ground motion on seismic issues for underground rock
caverns has seldom been addressed, especially for caverns
controlled by large geological discontinuities. In this paper,
a nonlinear joint model was used to simulate the effects of
unfavorable geological discontinuities under seismic excitation. The influence of near-fault ground motion on
unfavorable geological discontinuities was analyzed using
a large sample of ground-motion records collected from the
NGA-West2 database. A damage potential index (DPI) for
unfavorable geological discontinuities was proposed and
discussed. The #1 surge chamber of the Baihetan Hydropower Plant, which is dominated by interlayer shear
weakness zone (ISWZ) C2, was used as a study case to
investigate the differences between pulse-type near-fault
ground motion, non-pulse-type near-fault ground motion,
and far-field ground motion. The results of the study
indicate that (1) significant velocity and displacement as
well as a stronger long-period response spectrum are key
characteristics of pulse-type near-fault ground motions,
whereas non-pulse-type near-fault ground motions display
characteristics similar to those of far-field ground motions;
(2) the velocity pulse is responsible for the destructive
capabilities of near-fault ground motions; (3) the peak
ground velocity (PGV) was shown to be the most suitable DPI of several ground-motion parameters for large
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geological discontinuities under seismic excitation (applicable to both near-fault and far-field ground motions); and
(4) PGV was verified to be the most effective DPI for
ISWZ C2 at the Baihetan #1 surge chamber. The cavern
became fragile when subjected to near-fault ground
motions, so special seismic reinforcement measures are
recommended. These findings may provide a reference for
the seismic design of underground caverns.
Keywords Underground cavern  Seismic stability  Nearfault ground motion  Geological discontinuity 
Continuously yielding model  Damage potential index

Introduction
Near-fault ground motions and their effects on engineering
structures have long been popular topics in earthquake
engineering and civil engineering. A large amount of
valuable near-fault ground motion data has been recorded
from significant earthquakes such as the 1988 Spitak (Armenia) (Kudoyarov et al. 1989), the 1995 HyogokenNanbu (Japan) (Asakura and Sato 1998), the 1999 Chichi
(Taiwan) (Wang et al. 2001), the 2007 Singkarak (Indonesia) (Aydan and Genis 2008), the 2008 Wenchuan
(China) (Wang et al. 2009; Wang and Zhang 2013), and the
2011 Fukushima (Japan) (Motoki and Toshihiro 2012)
earthquakes. These records have not only further verified
near-fault ground-motion characteristics such as the pulsetype waveform and the directivity effect, but they have also
encouraged in-depth studies of the relationship between
these characteristics and infrastructure failures due to
seismic activity.
The peak ground acceleration (PGA) has been widely
adopted in seismic design specifications due to its
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simplicity and convenience (it corresponds to the concept
of ‘‘seismic force’’). However, Housner and Hudson (1958)
have shown that near-fault ground motions with very low
PGA magnitudes (e.g., 78 gal) may still be destructive.
This indicates that the response mechanisms and failure
modes of engineering structures subjected to near-fault
ground motions are different from those of structures
subjected to far-field ground motions.
For underground rock excavations, falls or slides of rock
blocks that are defined by intersecting geological discontinuities are the most common type of failure during construction or an earthquake event. Southwest China is a
highly active seismic region with intense tectonic movements and seismic events. Therefore, seismic stability must
be considered when performing underground rock excavations in this region. Thus, the effect of geological discontinuities on the seismic responses of underground rock
excavations is a key scientific problem that needs to be
seriously addressed in relation to underground rock engineering in Southwest China.
Few studies have examined the seismic responses of
underground rock excavations subjected to near-fault
ground motions. The majority of the available studies focus
on mountain tunnels. Shimizu et al. (2007) conducted a
statistical analysis of historically strong earthquakes in
Japan and found that tunnel damage was more severe for an
earthquake with a magnitude of 7 within 10 km of the
fault, or one with a magnitude of 8 within 20 km of the
fault. A similar trend was reported for the 2008 Wenchuan
earthquake (China) (Wang and Zhang 2013; Shen et al.
2014), as studies determined that tunnels located within
30 km of the epicenter were most vulnerable. Hahasha
Youssef et al. (2001) suggested that the damage mechanism for peak ground acceleration (PGA) and PGV varies
with distance to the fault, and proposed a series of tunnel
design strategies that accounted for active faults. Corigliano et al. (2011) conducted a dynamic analysis of a
tunnel under near-fault ground motions in southern Italy
and proposed a simplified analytical method based on FEM
simulations. Zhao and Chen (2015) reported that near-fault
ground motions with long-period pulses are more damaging to tunnels. Cui et al. (2013) conducted a preliminary
analysis to assess the seismic stability of underground rock
caverns subjected to near-fault pulse-type ground motions.
Previous studies have preliminarily revealed that the
effects of near-fault ground motions on underground rock
excavations are significantly different from those on surface structures. Therefore, existing experiences in the
seismic analysis and assessment of surface structures cannot be applied to underground rock excavations. In spite of
the achievements made in the aforementioned studies,
individual joints or faults embedded in the rock mass were
seldom considered, or significant simplifications were
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made. The mechanism for the influence of near-fault
ground motions on geological discontinuities, which control the stability of underground rock caverns, has not been
discussed.
The aim of this paper is therefore to present a study of
the mechanism for the influence of near-fault ground
motion on the seismic stability of an underground rock
cavern dominated by a large geological discontinuity. A
nonlinear continuously yielding (CY) model was adopted
to simulate unfavorable geological discontinuities. Nearfault pulse-type, near-fault non-pulse-type, and far-field
ground motion records were selected from the NGA-West2
database (Pacific Earthquake Engineering Research Center
2013) to analyze the impact of near-fault ground motion on
an unfavorable geological discontinuity. Based on the
simulated results, the damage potential index (DPI) of the
unfavorable geological discontinuity was discussed and
proposed. The #1 surge chamber of the Baihetan Hydropower Plant, China, was studied as an example case. The
cavern is largely influenced by interlayer shear weakness
zone (ISWZ) C2, whose shear strength is expected to be
much lower than that of the upper and lower rock strata
(Xu et al. 2013). The seismic stability of the cavern was
studied under various types of ground motion. The analysis
confirmed the controlling effect of ISWZ C2 on the stability of the surge chamber during near-fault earthquake
events. Additionally, differences were revealed between
seismic responses produced by pulse-type and non-pulsetype near-fault ground motions. The results of this work
may serve as a technical reference for the seismic design of
underground caverns.

Near-fault ground motion characteristics
and selection of representative records
Near-fault ground motion characteristics
Near-fault ground motions typically refer to ground
motions that are within 20 km of the fault (Li and Xie
2007). However, this definition is not universally applicable because the near-fault effect is influenced by the
magnitudes of earthquakes and local site conditions along
the propagation path. The most well-known feature of nearfault ground motions is the pulse waveform due to its
directivity and fling-step effects (Bolt and Abrahamson
2003). The pulse waveform can be found in the acceleration, velocity, and displacement time-history curves.
However, it is most commonly observed in the velocity
time-history curve. Therefore, this pulse effect is termed
the velocity pulse effect.
The directivity effect, which leads to significant differences between near-fault and far-field ground motions, can
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be classified into forward, reverse, and neutral directivity
effects. The directivity effect generally refers to the forward directivity effect because this is largely responsible
for the pulse-type waveform, which has a significant
impact on the seismic response of engineering structures
(Li and Xie 2007). The impacts of the directivity effect on
near-fault ground motions include the following characteristics. (1) A large amount of fracturing energy can
accumulate at the fracture tips if the fault fracturing
velocity approaches the shear wave velocity in the fault
during a strong earthquake event. This energy accumulation occurs because of the Doppler effect, and can further
result in a pulse-type waveform. The seismic records perpendicular to the fault exhibit large-magnitude and longperiod pulse waveforms. The long-period pulse-type
waveform can be described as a simple pulse using a
defined number of seismic parameters. Theoretical studies
have indicated that two opposing continuous half-pulses
can be identified in a ground-motion velocity time history
because of the directivity effect. (2) The directivity effect
mainly affects the velocity and displacement of ground
motions and has less of an effect on the acceleration (Loh
et al. 2002). As a result, the ratio between the PGV or the
peak ground displacement (PGD) and the PGA is relatively
large for near-fault ground motions. (3) The directivity
effect is more notable in the direction normal to the fault
because of the Doppler effect. The PGV in the normal
direction is much larger than that in the parallel direction.
The fling effect is caused by the shear displacement
between the hang wall and foot wall in the direction parallel to a strike-slip fault or in the direction normal to a dipslip fault; stepped nonrecoverable displacements are
observed in the ground-motion records and one-sided pulse
waveforms are recorded in the velocity time-history curves.
Both the fling effect and the directivity effect contribute to
the ground-motion components in the direction perpendicular to a dip-slip fault. These two effects may couple,
resulting in greater damage severity (Somerville 2002).
Both the directivity effect and the fling effect contribute
to the pulse component in the velocity time history. The
velocity time histories are characterized by simple waveforms, high intensities, and long periods. The velocity
pulse is thus the most prominent feature of near-fault
ground motions. However, the pulse component associated
with the fling effect generally exhibits a relatively long
period and a lower acceleration magnitude. Statistical
studies have indicated that the velocity pulse generated by
an earthquake of moment magnitude 7.5–8 is typically
associated with a period of no longer than 3–4 s (Somerville 2003). The characteristic period of the acceleration
response spectrum for near-fault ground motions is
approximately 0.75 times that of the pulse period, which is
related to both the earthquake magnitude and local site
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conditions. The period corresponding to the maximum
response spectrum value increases with increasing earthquake magnitude due to the dependence of the velocity
pulse on the earthquake magnitude. Therefore, the longperiod component of the near-fault ground motion spectrum response is much greater than the corresponding farfield ground motion component, especially for strong
earthquakes.
Ground-motion data collection
The characteristics of near-fault ground motion were
identified in the previous section. The selection of nearfault and far-field ground-motion records for comprehensive analysis is described in this section.
The PEER Strong Ground Motion Database of the Next
Generation Attenuation of Ground Motions project (the
PEER-NGA database) has been used by various studies
(Davoodi et al. 2013; Akköse et al. 2010). The NGA-West2
database (Pacific Earthquake Engineering Research Center
2013) is the phase II product of the NGA project and
improves upon the PEER-NGA database. Global catastrophic earthquakes from 2003 to 2013 have been added to
the database, including the M6.6 Bam (Iran) earthquake
from 2003, the M6 Parkfield (California) earthquake from
2004, the M7.9 Wenchuan (China) earthquake from 2008,
and the M6.3 L’Aquila (Italy) earthquake from 2009. The
number of M6 or larger earthquakes recorded in the NGAWest2 database is nearly double the number in the PEERNGA database; the increase in the number of larger earthquakes recorded is believed to have removed a previous
shortcoming of the PEER-NGA database: that many conclusions were being drawn from moderate-magnitude
earthquakes because of the limited number of strong earthquakes in the database. A total of 60 strong ground motion
records were collected from the NGA-West2 database to
cover a range of frequency contents, durations, amplitudes,
and distances. They were categorized into three groups:
1.

2.

20 ground motion records were collected with magnitudes of 5.5 or greater, fault distances of less than
20 km, and velocity histories with pulse waveforms, as
shown in Table 1. These earthquake records are from
Japan, Iran, the USA, Italy and other locations around
the world; this database is believed to be sufficiently
statistically representative. In the following analysis,
these seismic waves are called near-fault pulse-type
ground motions, or type I ground motions for
simplicity.
20 ground motion records were collected with magnitudes of 5.5 or greater, fault distances of less than
20 km, and velocity histories without pulse waveforms, as shown in Table 2. The associated seismic
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Table 1 Near-fault pulse-type ground motion records
Distance to fault (km)

Tp (s)

No.

Earthquake events

Station

Magnitude (Mw)

1

Tabas Iran

Tabas

7.35

2.05

2

Irpinia Italy-01

Bagnoli Irpinio

6.9

8.18

1.71

3

Westmorland

Parachute test site

5.9

16.66

4.39

4

Superstition Hills-02

Parachute test site

6.54

0.95

2.39

5

Loma Prieta

Gilroy—Historic Bldg.

6.93

10.97

1.64

6

Loma Prieta

Gilroy—Historic Bldg.

6.93

12.82

2.64

7

Cape Mendocino

Petrolia

7.01

8.18

3.00

8

Northridge-01

Jensen Filter Plant administrative building

6.69

5.43

3.16

9

Northridge-01

Pacoima Kagel Canyon

6.69

7.26

0.73

10

Kocaeli Turkey

Arcelik

7.51

13.49

7.79

11
12

Chi–Chi Taiwan
Denali Alaska

CHY006
TAPS Pump Station #10

7.62
7.9

9.76
2.74

2.57
3.16

13

Cape Mendocino

Centerville Beach Naval Fac.

7.01

18.31

1.97

14

Parkfield-02 CA

Parkfield—Fault Zone 9

6

2.85

1.13

15

Niigata Japan

NIGH11

6.63

8.93

1.80

16

Montenegro Yugoslavia

Bar—Skupstina Opstine

7.1

6.98

1.44

17

Montenegro Yugoslavia

Ulcinj—Hotel Olimpic

7.1

5.76

1.97

18

L’Aquila Italy

L’Aquila—Parking

6.3

5.38

1.98

19

Chuetsu-oki Japan

Joetsu Kakizakiku Kakizaki

6.8

11.94

1.40

20

Darfield New Zealand

GDLC

7

1.22

6.23

6.19

Table 2 Near-fault non-pulse-type ground motion records
No.

Earthquake events

Station

Magnitude (Mw)

Distance to fault (km)

1

Parkfield

Cholame Shandon Array #12

6.19

17.64

2

San Fernando

Castaic—old ridge route

6.61

19.63

3

San Fernando

Lake Hughes #12

6.61

19.3

4

Fruili Italy-03

Buia

5.5

11.98

5

Tabas Iran

Dayhook

7.35

13.94

6

Coyote Lake

San Juan Bautista 24 Polk St

5.74

19.7

7

Norcia Italy

Spoleto

5.9

13.28

8

Imperial Valley-06

Cerro Prieto

6.53

15.19

9

Imperial Valley-06

Parachute Test Site

6.53

12.69

10

Livermore-01

Antioch—510 G St

5.8

15.13

11
12

Mammoth Lakes-01
Irpinia Italy-01

Long Valley Dam (Upr L Abut)
Auletta

6.06
6.9

15.46
9.55

13

Corinth Greece

Corinth

6.6

10.27

14

Westmorland

Superstition Mtn Camera

5.9

19.26

15

Coalinga-05

Sulphur Baths (temp)

5.77

19.37

16

New Zealand-01

Turangi Telephone Exchange

5.5

11.42

17

Morgan Hill

Gilroy Array #3

6.19

8.84

18

N. Palm Springs

Fun Valley

6.06

13.02

19

Chalfant Valley-01

Bishop—Paradise Lodge

5.77

14.24

20

Whittier Narrows-01

Arcadia—Campus Dr.

5.99

15.13

waves are called near-fault non-pulse-type ground
motions, or type II ground motions for simplicity, for
comparison with pulse waveform velocity histories.
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3.

20 far-field ground motion records were collected with
magnitudes of 5.5 or greater and fault distances of
greater than 20 km, as shown in Table 3. These
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Table 3 Far-field ground
motion records
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No.

Earthquake events

Station

1

Kern County

Santa Barbara Courthouse

7.36

82.19

2

Kern County

Taft Lincoln School

7.36

38.89

3

Southern Calif

San Luis Obispo

6

73.41

4

Parkfield

San Luis Obispo

6.19

63.34

5

San Fernando

Cedar Springs Pumphouse

6.61

92.59

6

San Fernando

Cedar Springs Allen Ranch

6.61

89.72

7

San Fernando

Fairmont Dam

6.61

30.19

8

San Fernando

LA—Hollywood Stor FF

6.61

22.77

9

Friuli Italy-01

Barcis

6.5

49.38

10

Friuli Italy-01

Conegliano

6.5

80.41

11

Tabas Iran

Boshrooyeh

7.35

28.79

12

Tabas Iran

Ferdows

7.35

91.14

13

Norcia Italy

Bevagna

5.9

31.45

14

Imperial Valley-06

Coachella Canal #4

6.53

50.1

15
16

Imperial Valley-06
Imperial Valley-06

Plaster City
Superstition Mtn Camera

6.53
6.53

30.33
24.61

17

Livermore-01

APEEL 3E Hayward CSUH

5.8

30.59

18

Livermore-01

Del Valle Dam (Toe)

5.8

24.95

19

Livermore-01

Fremont—Mission San Jose

5.8

35.68

20

Livermore-01

Tracy—Sewage Treatm Plant

5.8

53.82

records are called far-field ground motions, or type III
ground motions for simplicity.
The response spectra of the ground motion collections
are shown in Fig. 1.
The relationships between the earthquake magnitudes
and fault distance are plotted in Fig. 2 for each ground
motion group; the results verify the representativeness of
the records. Figure 2 suggests that the collected records
effectively represent M5.5*8 earthquakes and various
fault distances. It can be observed in Fig. 2 that pulse-type
ground motions are generally recorded at stations close to a
fault during stronger earthquakes. Near-fault non-pulsetype ground motions are generally recorded at stations
farther from the fault during smaller-magnitude
earthquakes.
Figure 3 illustrates the relationship between the earthquake magnitude and the pulse period (Tp) of the velocity
time history for near-fault pulse-type ground motions. The
magnitudes and lg(Tp) values of the collected near-fault
ground motion records display a linear correlation, which is
consistent with the findings in previous studies (Rodriguez
2000; Bray and Rodriguez 2004). The plot suggests that the
selected ground motion records are sufficiently
representative.
The mean absolute acceleration response spectra are
compared in Fig. 4a in order to analyze the spectral characteristics of the ground motion collections. Differences in
the spectral characteristics of the various ground motion

Magnitude (Mw)

Distance to fault (km)

collections are indistinguishable due to significant differences in PGA magnitudes. The normalized acceleration
response spectra are presented in Fig. 4b, in which the
PGA values of the ground motions were normalized to
1 m/s2. It is generally recognized that near-fault ground
motion records are associated with stronger long-period
response spectra. However, Fig. 4b shows that this conclusion is limited to near-fault ground motions with
velocity pulses. The response spectra of near-fault ground
motions without velocity pulses are similar to those of farfield ground motions.
The average PGV and PGD values for the three PGAnormalized ground motion collections are compared in
Fig. 5. It can be observed in Fig. 5 that only the near-fault
ground motion records with velocity pulses display relatively high peak velocities and displacements. The amplitude characteristics of near-fault ground motions without
velocity pulses are similar to those of the far-field ground
motions.

Effects of near-fault ground motions on the seismic
response of a controlling geological discontinuity
Nonlinear interface constitutive model
In previous studies of rock discontinuities under dynamic
loading, especially when it was necesary to consider the
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Fig. 2 Earthquake magnitude versus fault distance
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Fig. 3 Pulse period (Tp) vs earthquake magnitude for near-fault
pulse-type ground motions
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Fig. 1 Mean response-spectrum values for the selected ground
motions: a near-fault pulse-type records; b near-fault non-pulse-type
records; c far-field records

seismic wave propagation process between geological
discontinuities, a simplified linear joint model such as the
Mohr–Coulomb (MC) joint model was usually adopted
(Dowding et al. 2000; Chen et al. 2004; Li and Ma 2009).
In the MC model, the normal and shear stiffness of a joint
is represented by the constant parameters kn and ks . Stress
wave propagation for nonlinear rock discontinuities has
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been explored in a few studies. However, applications of it
to engineering projects have seldom been reported.
Geological discontinuities generally possess complex
mechanical properties, such as nonlinear deformation
behavior, ductility, and normal stress dependency. The
linear structural plane model cannot properly describe
these complex properties. Therefore, the work described in
this paper utilizes a nonlinear continuously yielding (CY)
model proposed by Cundall (1990).
The incremental normal stress Drn in the normal loading of the CY model can be expressed using
Drn ¼ Kn Dun ;

ð1Þ

in which Dun is the incremental form of the normal displacement, and the normal stiffness Kn can be obtained by
the following definition:
Kn ¼ an ren
n :

ð2Þ

Equation (2) represents the dependency of the normal
stiffness on the normal stress. The larger the normal stress,
the larger the normal stiffness of the discontinuity. The
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The coefficient F is the factor governing the shear stiffness in the shear deformation; it may be continuously
degraded during the shear process and may lead to plastic
behavior under large shear deformation. The coefficient F is
related to the stress path, the initial friction angle ; , the
effective friction angle ;m ; and the roughness parameter r.
More detailed discussion and verification can be found in the
work of Cundall and Lemos (1990) and Cui et al. (2016).
A schematic showing the differences between the MC
model and the CY model for normal loading, shear tests,
and cyclic shear tests is provided in Fig. 6. The test values
are based on in situ tests of ISWZ C2 at the Baihetan site.

3
2.5

Sa (m/s2)

in which Dun is the incremental form of the shear displacement, and the shear stiffness Ks is also dependent on
the normal stress, given by
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Fig. 4 Mean response spectra for the three selected ground motion
collections: a original; b normalized
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Fig. 5 Mean peak values for the three ground motion collections: a
velocity; b displacement

parameter an represents the initial joint stiffness Kni ; and en
is the normal joint stiffness exponent.
The CY model can account for some irreversible nonlinear behaviors associated with shearing. The incremental
shear stress Ds can be written as
Ds ¼ FKs Dus ;

ð3Þ

To explore the differences in the seismic responses of a
geological discontinuity subjected to near-fault and farfield ground motions while eliminating any influence of
other factors, the seismic responses of a horizontal discontinuity in a simple long rock column subjected to a
plane stress wave is considered in the next section
(‘‘Seismic response of the controlling geological discontinuity’’). The conceptual model is shown in Fig. 7.
The discrete element code 3DEC (Itasca Consulting
Group 2013) was used for this analysis. The deformable
discrete element model was 2000 m in height and 5 m in
length and width. A joint plane was established horizontally in the center of the model. Finite difference zones
were adopted for discretization, and a Mohr–Coulomb
constitutive model was employed. The horizontal joint was
simulated using the CY model mentioned in the section
‘‘Nonlinear interface constitutive model.’’
The material parameters of the rock mass and structural
plane were assigned according to the real mechanical
parameters of the Baihetan project, as given in Table 4.
These parameters will be discussed in detail in the ‘‘Description of the project’’ section.
The top of the model is set as an absorbing boundary,
and the seismic waves are applied to the bottom of the
model during numerical simulations. A free-field boundary
condition (Itasca Consulting Group 2013) was utilized for
the lateral boundaries. In dynamic analysis, both the frequency content of the input wave and the wave speed
characteristics of the system will affect the numerical
accuracy of wave transmission. Kuhlemeyer and Lysmer
(1973) show that to accurately represent wave transmission
through a model, the spatial element size must be smaller
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Fig. 6 Field test results for
ISWZ C2 and corresponding
simulated results obtained via
the CY and linear models: a
normal loading; b shear loading
under various normal stresses; c
cyclic shear loading
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than approximately one-tenth to one-eighth of the wavelength associated with the highest-frequency component of
the input wave, as expressed in


1
1
Dl 

L;
ð5Þ
8 10
where L is the wavelength associated with the highestfrequency component for peak velocities through the
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0.001

0.002
0.003
0.004
Shear displacement (m)

0.005

medium. For discontinuum codes, this also applies to joint
spacing (or block size). In this case, the wavelength associated with the highest-frequency component would be
Cs
L ¼ fmax
¼ 2981
10 ¼ 298 m
where Cs is the S-wave velocity and fmax is the highest
frequency of the input wave. Hence, the maximum allowed
element size would be 29.8 m. In this study, a fine mesh
with a maximum element size of 5 m was adopted.
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The shear deformation of the discontinuity was investigated under seismic excitation. To study the responses
under minor, medium, and strong earthquakes, three staged
intensity levels were used: PGA was set at 1, 3, and 5 m/s2
for the incident seismic wave, respectively.
Seismic response of the controlling geological
discontinuity

In the free-field boundary technique, lateral boundaries
of the main grid are coupled to the free-field grid by viscous dashpots to simulate a quiet boundary, and the
unbalanced forces from the free-field grid are applied to the
main grid boundary. Both conditions are expressed in
Eqs. 6–8, which apply to the free-field boundary along one
side-boundary plane with its normal in the direction of the
x-axis. Similar expressions may be written for the other
side and corner boundaries:


ff
ff
Fx ¼ qCp vm
ð6Þ
x  v x A þ Fx


ff
ff
ð7Þ
Fy ¼ qCs vm
y  v y A þ Fy
 m

ð8Þ
Fx ¼ qCs vz  vffz A þ Fzff ;
where q is the density of the rock mass, Cp is the P-wave
velocity at the model boundary, Cs is the S-wave velocity
at the model boundary, A is the area of influence of a freefield grid point, vm
i is the i-direction velocity of a grid point
in the main grid at the model boundary, vffi is the i-direction
velocity of a grid point in the side free field, and Fiff is the
free-field grid point force in the i-direction.
Rayleigh damping (Kuhlemeyer and Lysmer 1973) was
also used. A range of 2–5 % for the damping factor of
geological materials was suggested by Biggs (1964). A
moderate value of 3 % was used in the current study.

The seismic responses of a controlling discontinuity subjected to near-fault pulse-type, near-fault non-pulse-type,
and far-field ground motions were obtained by performing
180 simulation runs.
The average final shear displacements for the controlling
geological discontinuity are plotted in Fig. 8 for three
ground motion groups with three intensity levels. The
seismic responses of the discontinuity increase nonlinearly
with increasing earthquake intensity. Figure 9 presents the
average seismic responses to each collection of ground
motions for various intensity levels. Figure 9 suggests that
the discontinuity is subjected to a relatively low shear
stress and is in an elastic state when the ground motion
amplitude is small. Therefore, the shear displacement is
partially recoverable. The average shear displacements
caused by the three ground motion groups are similar for
minor earthquakes (PGA = 1 m/s2), ranging from 0.15 to
0.25 mm. The discontinuity enters a plastic state during
medium and strong events (PGA = 3 and 5 m/s2) and the
differences in seismic response between ground motion
groups become noticeable. The responses to near-fault
pulse-type ground motions are much stronger than those to
near-fault non-pulse-type and far-field ground motions.
Figure 10 shows the shear displacement time histories
of a discontinuity that is subjected to ground motions with
a range of intensities, where the near-fault pulse-type
ground motions that caused the strongest responses—the
Westmorland record—are used as a representative example

Table 4 Mechanical properties used in the numerical simulations
Density (kg/m3)

Young’s modulus (GPa)

Poisson’s ratio

Kni (GPa/m)

Rock mass

2700

20

0.25

–

f722

–

–

–

f723

–

–

–

8

4

0.1

26.6

T734
T735

–
–

–
–

–
–

10
10

5
5

0.1
0.17

26.6
26.6

f4

–

–

–

10

5

0.1

26.6

f5

–

–

–

10

5

0.1

26

ISWZ C2

8

Ksi (GPa/m)

Cohesion (Mpa)

Friction angle ()

–

3.5

51

4

0.11

25.4

Kni (GPa/m)

en

Ksi (GPa/m)

es

; ()

;m ()

0.33

0.25

0.391

0.652

15.5

7
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(Fig. 10a–c). For comparison, Fig. 10d, e present the normalized acceleration and velocity time histories of the
Westmorland record. Figure 10f shows the time history
curve of the percentage accumulated Arias intensity. Partially recoverable shear deformation occurs in the discontinuity during small-amplitude earthquakes. However,
large unrecoverable shear displacement occurs in the discontinuity due to velocity pulse effects during large-amplitude earthquakes.
Additionally, the shear displacement occurs over a very
short duration, as delimited by the black dashed lines in
Fig. 10. This duration is approximately 7 s. The acceleration time history curve also reaches a maximum value
during this period and remains at a high level. Particular
attention should be paid to Fig. 10f, which shows that
approximately 80 % of the total seismic energy is released
during this 7 s period.
The above analysis indicates that, other than the generally large amplitudes of near-fault ground motions, the
velocity pulse is the root cause of the destructive power of
near-fault ground motions. When they have the same
amplitude, the damage capability of ground motion with a
velocity pulse is much higher than that of ground motion
with no velocity pulse.
For a jointed rock mass subjected to large-magnitude
pulse-type ground motions, because most of the seismic
energy is released in the form of a velocity pulse, the
hanging wall and footwall of the discontinuity is significantly affected by the velocity pulse, resulting in irrecoverable shear displacement. For an underground rock
cavern, this large shear displacement in the discontinuity
may cause the cavern to fail due to sliding or the formation
of wedges with other intersecting discontinuities, thus
threatening the stability of the cavern. The above statement
is believed to represent the failure mechanism of underground caverns controlled by unfavorable geological discontinuities subjected to near-fault ground motions.
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A number of parameters are currently used to estimate
and compare ground motion damage potentials, such as
PGA, PGV, PGD, Arias intensity, Housner intensity, RMS
acceleration, characteristic intensity, and cumulative
absolute velocity. Numerous studies have attempted to
determine the parameter that best represents the ground
motion damage potential (Araya and Saragoni 1984; Crespellani et al. 1998; Hao et al. 2005; Garini and Gazetas
2012, 2013).
Since different types of engineering structures have
quite different seismic damage mechanisms, those different
types of engineering structures will differ greatly in how
heavily they are damaged during a particular earthquake,
even when the structures are all located in the same area. In
other words, the damage potential varies for different types
of engineering structures. The specific features of these
different structures must be considered when determining
their DPIs. For example, the effective peak acceleration
(EPA) is thought to be better correlated with the responses
of masonry structures, and can accurately reflect the ground
motion damage potential associated with such structures
(Li and Xie 2007). Some geotechnical engineering studies
have suggested that the Housner intensity and Arias
intensity are the damage potential parameters most suited
to such structures (Garinia and George 2013), whereas
other studies have determined that the PGV is more suitable (Song and Rodriguez-Marek 2015).
Studies focusing on the DPI associated with the scenario
where an unfavorable geological discontinuity controls the
seismic stability of an underground cavern are limited.
Therefore, the relationships between several ground motion
parameters and seismic response indices (final shear displacement) of the controlling geological discontinuity were
analyzed to determine the DPI that is most applicable to
underground caverns controlled by unfavorable geological
discontinuities.
Ground motion parameters to be tested

Seismic damage potential index of a controlling
geological discontinuity
Damage potential index
The damage potential index (DPI) of ground motions is a
parameter that represents the greatest potential damage
inflicted by those ground motions on engineering structures
(Hao et al. 2005). The DPI was defined in response to the
need to rapidly assess the damage caused by recorded
motions before a complete analysis can be made. Moreover, predicting the DPI from a pertinent attenuation
relation allows the direct assessment of the earthquake
threat (Garini and George 2013).

Detailed definitions of the tested indices are given in the
following:
The peak ground acceleration (PGA) is the absolute
maximum of the ground motion acceleration timehistory curve.
The peak ground velocity (PGV) is the absolute
maximum of the ground motion velocity time-history
curve, obtained by integrating the acceleration time
history.
The peak ground displacement (PGD) is the absolute
maximum of the ground motion displacement timehistory curve, obtained by integrating the velocity time
history.
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The Arias intensity Ia (Arias 1970) is given by:
Zt
p
Ia ¼
a2 ðtÞdt;
2g

ð9Þ

0

where t ranges from 0 to the end of the ground motion
records and aðtÞ is the acceleration time history.
The Housner intensity IH (Housner 1952) is given by:
Z2:5
PSV ðf ¼ 0:05 tÞdt
ð10Þ
IH ¼
0:1

where f is the damping ratio, PSV is the pseudo-velocity
spectrum for the damping f; and t is the period range in
the velocity response spectrum.
The ratio of peak velocity to acceleration is given by
PGV/PGA.
The DPI of an unfavorable geological discontinuity
The ground motion indices discussed in previous sections
were analyzed and compared to the final shear displacement after seismic excitation. Only the seismic responses
of unfavorable geological discontinuities subjected to
medium and strong earthquakes were considered in order
to emphasize the nonlinear effects of significant earthquakes, with PGA values of 3 and 5 m/s2, respectively.
Figure 11 presents the correlation between each index
and the final shear displacement of the discontinuity that was
triggered by each ground motion. These indices may be
correlated to the seismic responses of unfavorable geological
discontinuities based on a double-logarithmic relationship.
The near-fault pulse-type, near-fault non-pulse-type, and farfield ground motions are denoted by different symbols, and
linear regression analyses were performed.
Correlation coefficients R2 are provided in Fig. 11,
where the R2 values for the overall ground motion records
are represented in black and the R2 values for the near-fault
ground motion records are represented in purple. The
evaluation of the indices is based on the correlation
coefficients.
The following conclusions can be drawn from comparisons of the regression coefficients R2:
1.

The correlation between the most commonly used
index (PGA) and the seismic response of the unfavorable geological discontinuity was the poorest, followed
by the Arias intensity, which is commonly used in
slope engineering, and the Housner intensity, which is
commonly used in building engineering. The PGV
exhibited the best correlation with the seismic response
of the unfavorable geological discontinuity (R2 values
range from 0.71 to 0.78); this index accurately
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2.

represents the damage potential of a geological
discontinuity.
The analytical results for the overall ground motion
records and the near-fault ground motion records were
consistent to an acceptable degree, which indicates that
the same DPI may be applicable to various types of
ground motions regardless of whether they are nearfault or far-field ground motions.

Therefore, compared to other common parameters, the
above results indicated that the PGV provides the best DPI
for large geological discontinuities under earthquake
excitation. This conclusion was tested by studying the
seismic stability of a large underground rock cavern in
Baihetan Hydropower Plant.

Seismic stability of a large underground rock
cavern subjected to far-field and near-fault ground
motions
A large-scale underground cavern from the left bank system of the Baihetan Hydropower Plant was used as a case
study. Analyses were performed to investigate the effects
of near-fault ground motions. We studied the seismic
responses of this cavern, controlled by an unfavorable
geological discontinuity, when subjected to near-fault
pulse-type, near-fault non-pulse-type, and far-field ground
motions in order to gain insight into the characteristics of
the seismic responses of underground rock caverns to nearfault ground motions.
Description of the project
The Baihetan Hydropower Plant is located on the Jinsha River
in Southwest China (see Fig. 12a). The plant is one of the most
important elements of China’s West-to-East Electricity
Transmission Project. Plant construction involved the excavation of two large cavern complexes in the left and right
banks. Each underground cavern complex consists of a powerhouse, a transformer chamber, and surge chambers. The
surge chambers are 44–48 m in diameter and 100 m in height.
The overburden depth of the #1 surge chamber is
approximately 350 m. It is mainly located in a rock mass of
the Upper Emei Mountain Group, which dates from the
Permian. The surrounding rock mass strata present orientations of 120–145/15–20 (dip direction/dip angle) and
mainly consist of aphanitic basalt, amygdaloidal basalt,
lava breccia, and columnar jointed basalt. The principal
components of the in situ stress field in the vicinity of the
cavern complex were recorded as approximately 22 MPa,
17 MPa, and 10 MPa. The orientation of the major
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Fig. 11 Analysis of the damage potential index of the geological discontinuity: a PGA; b PGV; c PGD; d Arias intensity; e Housner intensity; f
PGV/PGA

principal stress was 140, whereas the minor principal
stress was nearly vertical.
An interlayer shear weakness zone (ISWZ), C2 (see
Fig. 12b), which has a similar orientation to the rock strata,
passes through the underground cavern region and outcrops
at the river slope. It is the dominant geological discontinuity of the underground caverns. ISWZ C2 cuts through
the central portion of the sidewalls of the #1 surge chamber
(Fig. 12c). Therefore, the #1 surge chamber is more
strongly affected by C2 than any other cavern is, and it was
used as a case study in the analysis reported here. As shown
in Fig. 12c, additional faults with various scales, e.g.,
T736, T735, T734, f723, f722, were detected at the vicinity

of the cavern. Together with ISWZ C2, those geological
discontinuities present a serious threat to the stability of the
cavern, particularly in seismic circumstances.
To investigate the mechanical properties of the rock
mass and the discontinuities, exploratory adits were excavated to the planned site of the cavern. Based on an
investigation performed by geotechnical engineers, suggested mechanical properties (following the MC criterion)
for the rock mass and the discontinuities other than ISWZ
C2 were deduced and are given in Table 4. In general, the
quality of the surrounding rock mass is fair; the RMR
rating was approximately 55–70 (a GSI rating of 70–85).
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Baihetan project and the
illustration of the
potentialseismic source zones. b
Field existence of ISWZ C2 at
the exploratory adit. c
Geological cross-section of the
#1 underground surge chamber
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However, ISWZ C2 has very low strength compared to
the rock masses above and below it, and it has very complex mechanical properties, including nonlinear behavior,
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ductility, and a dependence of the stiffness on the normal
stress. Those complex behaviors cannot be reproduced by a
linear model, as shown in Fig. 6. Therefore, a nonlinear
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Near-fault ground motions are emphasized because of the
existence of the Ningnan potential seismic source zone
near the Baihetan Hydropower Plant project site (see
Fig. 12a). There are no records of any strong seismic
motions near the project site, so a specified technique (Cui
et al. 2013) for artificially synthesizing near-fault pulsetype ground motions was used. This involved adding a
certain velocity pulse to a specialized filtered ground
motion. The distance to the seismic source, ceiling magnitude, attenuation relationship, pulse period, peak velocity, and peak velocity ratio of the Ningnan potential
seismic zone were considered during the synthesis process.
The velocity time-history pulse period (Tp) of type I ground
motions was determined to be 3.98 s, and a PGV of
69.4 cm/s was obtained. According to the attenuation
relationship, type I and II ground motions have a high PGA
of 476 gals. The PGA of far-field ground motions was set
to a return period of 1000 a, or the design ground motions
(PGA = 219 gal) specified by the probabilistic seismic
hazard analysis of the project (China Earthquake Administration 2003). The synthesized waveforms of near-fault
ground motions with/without a velocity pulse as well as
far-field ground motions (e.g., types I, II, and III) can be
observed in Fig. 13.
As shown, type II ground motion has a similar waveform to that of type I ground motion, although it also
possesses a notable velocity pulse.
Setting up the 3D deformable DEM model
A 3D deformable DEM model was established for the #1
surge chamber and the tailrace tunnel using the discreteelement code 3DEC, as shown in Fig. 14a.
In the numerical model, the circular center of the surge
chamber was used as the origin of the x–y plane, and an
altitude of 0 m was set as the start of the z-axis. The model
dimensions were 200 m 9 200 m 9 250 m. The top of the
model was subjected to the corresponding overlying pressure obtained based on the depth of the top of the model
and the density of the rock. The caverns were excavated
from the top arch, which was followed by benching down
in seven stages to excavate the body of the cavern.
During the seismic simulation, the earthquake waveform
was introduced at the bottom of the model to simulate the
propagation of ground motions during the simulations. The
constitutive model, mesh size, boundary settings, and
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CY model was adopted to describe ISWZ C2. The
mechanical parameters are the back-analyzed values
derived from the in situ test results, as shown in Table 4.
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Fig. 13 Time-history curves of the synthesized seismic waveforms
for the Baihetan project: a acceleration; b velocity; c displacement

damping technique were the same as those defined in the
previous text.
Analysis of the results
ISWZ C20 s shear displacements and rock mass failure
zones were studied. The history-point layout in the
numerical model is shown in Fig. 14b.
The time history of the shear displacement at the 0
history point of ISWZ C2 is shown in Fig. 15 for each
ground motion, providing a representative sample. The
analytical results reveal that the shear deformation of the
controlling discontinuity C2 was relatively small when
subjected to far-field ground motions, which indicates that
the discontinuity experiences a limited disturbance and
remains at an elastic stage. However, near-fault ground
motion effects dramatically increased the shear deformation. For near-fault pulse-type and non-pulse-type ground
motions, it was found that, given the same amplitude, the
shear displacement of C2 subjected to near-fault pulse-type
ground motions was 19 cm, which is 2.5 times that
obtained under non-pulse-type ground motions, indicating
the potential for huge damage to the surge chamber.
Figure 16a presents the shear deformation at each history point when subjected to various ground motions, and
the average shear deformation for each type of ground
motion. The relationship between the PGV of the input
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ground motion and the average value of the final shear
displacement of C2 is presented on a double-logarithmic
scale in Fig. 16b. A clear linear relationship can be
observed, which indicates that the PGV provides an
effective DPI for ISWZ C2 at the #1 surge chamber of the
Baihetan Hydropower Plant.
The seismic responses for far-field and near-fault ground
motions indicate that the effects of far-field ground motions
have a limited impact on the unfavorable geological discontinuity. However, near-fault ground motions caused
large displacements of the controlling discontinuity, disturbing the surrounding rock masses considerably. The
shear deformation of the controlling discontinuity reached
19 cm in the presence of near-fault pulse-type ground
motions. Therefore, the cavern may become unstable, and
we suggest that seismic reinforcement should be
implemented.
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Fig. 15 Shear deformation time histories for the 0 history point for
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This paper presents a study of the mechanism of influence
of near-fault ground motions on the seismic stability of an
underground rock cavern dominated by a large geological
discontinuity. A nonlinear joint model and a large sample
of ground motion records collected from the NGA-West2
database were used to analyze the influence of near-fault
ground motions on an unfavorable geological discontinuity. Analytical results confirmed that significant velocity
and displacement as well as a stronger long-period
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response spectrum are key characteristics of the pulse-type
near-fault ground motion, whereas non-pulse-type nearfault ground motions displayed characteristics similar to
those of far-field ground motions.
According to the simulations, the velocity pulse is the
major cause of the destructive power associated with nearfault ground motions. The failure mechanism of underground caverns controlled by unfavorable geological discontinuities that are subjected to near-fault ground motions
can be described as follows. When subjected to pulse-type
ground motions with large amplitudes, seismic energy is
released in the form of a short-period velocity pulse that
may cause large irrecoverable shear displacement in the
geological discontinuity. This large shear displacement
may induce cavern failure due to sliding or the formation of
wedges with other intersecting discontinuities, thus
threatening cavern stability.
The seismic damage potential index of the geological
discontinuity was also explored by analyzing the relationships between various ground motion parameters and
seismic discontinuity responses. The results indicated that
the PGV was the best DPI for large geological discontinuities under earthquake excitation when compared to
other common ground motion parameters.
The seismic stability of the #1 surge chamber of the
Baihetan Hydropower Plant, which is controlled by ISWZ
C2, was studied. The simulation included near-fault pulsetype, near-fault non-pulse-type, and far-field ground
motions. A significant linear relationship was observed
between the PGV and the seismic shear displacement of
ISWZ C2; therefore, PGV was verified as the most effective
DPI for ISWZ C2 at the #1 surge chamber. Near-fault pulsetype ground motions caused large shear displacements (up to
19 cm) in the ISWZ C2 outcrops at the #1 surge chamber.
Additionally, the plastic zone volume increased by 15 %.
The cavern may enter an unstable state, indicating that
seismic reinforcement measures are required.
The DPI proposed in this paper was established based on
the Baihetan ISWZ C2. Further verification is expected by
analyzing additional underground rock projects controlled
by unfavorable geological discontinuities of various types.
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