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Abstract

The Chi-Chi earthquake (Mw=7.6) of September 21, 1999 triggered many landslides in central Taiwan. Two of these landslides, Hungtsaiping
(HTP) and Jiufengershan (JFES) were situated as close as 2 km from each other but had significant differences in their kinematics. JFES landslide
was a catastrophic rockslide-avalanche and the HTP landslide was relatively slow-moving. The authors conducted a study to explore the reasons
for such differences. Factors such as the characteristics of strong ground motion, sliding direction of landslide, and friction angle of the sliding
surface were considered in the study. An analysis of 12 strong-motion records collected in the study area showed that the distribution of horizontal
pseudostatic coefficients, earthquake energy ratio and permanent sliding-block displacements (Newmark displacement) were anisotropic with their
predominant direction mostly in the E/W–ESE/WNW trending. This direction is perpendicular to the axis of the main geological structures of the
studied area. The computed Newmark displacement in the sliding direction of the JFES landslide is larger (44%) than that of the HTP landslide
with sliding surface inclination of 21° and friction angle of 28° We can conclude that the seismic anisotropy and the corresponding sliding
direction are important contributing factors to the kinematics of studied landslides. The back-calculated friction angle of the sliding surface that
corresponds to a critical Newmark displacement for the JFES landslide is about 3.5° higher than that of HTP landslide. The material (colluvium)
on the sliding surface in HTP should be less velocity-dependent than that of the JFES landslide (rock) according to the back calculations. The
importance of seismic anisotropy, sliding direction, and mechanical properties of sliding surface on the kinematics of deep-seated landslides is
demonstrated.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Because of the nature of tectonic movements that created the
island of Taiwan, most of the geological structures in this region
are aligned in the NS to NE–SW directions. The main ridges of
the mountain ranges created by tectonic movements are roughly
parallel to these NS to NE–SW trending geological structures.
The Chi-Chi earthquake (Mw=7.6) of September 21, 1999
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triggered many landslides in central Taiwan (Hung, 2000; Liao,
2000; Huang et al., 2001; Khazai and Sitar, 2003; Lin and Tung,
2003; Lin et al., 2003; Wang et al., 2003a,b). For Chi-Chi
earthquake, the EW components of the horizontal peak ground
accelerations (PGA) are stronger than those in the NS direction
according to most of the strong-motion records (Shin, 2000).
The major principal direction of PGA is almost perpendicular to
the NS trending Chelungpu fault (Loh et al., 2000). Lin and
Tung (2003) suggested that the thrusting process of the
Chelungpu fault may have played an important role in the
orientation of the Chi-Chi earthquake-induced landslides. It
is generally believed that the intensity of ground motion,
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geological and morphological factors, as well as material
properties, determine the occurrence and kinematics of
seismically triggered landslides (Keefer, 1984; Keefer, 2000;
Parise and Jibson, 2000; Helmstetter et al., 2004). In addition to
its wealth of strong-motion records, the Chi-Chi earthquake
triggered a number of large landslides. These well documented
events offered a unique opportunity to evaluate the above
described factors and their relationships to the characteristics of
landslides.

Jiufengershan (JFES) and Hungtsaiping (HTP) are two of the
most noticeable large and deep-seated landslides induced by
Chi-Chi earthquake (Wang et al., 2003a; Lee et al., 2004; Wei
Fig. 1. (a) Photo of the HTP landslide after the Chi-Chi earthquake. View southward f
the JFES landslide. (c) The aerial photo of the JFES landslide (east slope; right sid
catastrophic rockslide-avalanche followed the dip direction and ran out more than 10
was less violent and the sliding direction was northwest. Most of the displaced area
surface displacement vectors and the boundary of the HTP landslide (as shown in (c)
before and after the Chi-Chi earthquake (Lee et al., 2004). The displacement vector
and Lee, 2006). The closest distance between these two
landslides is 2 km. Fig. 1 is an aerial photo of the JFES and
HTP landslides after Chi-Chi earthquake. The distance and
velocity of the sliding block were large enough to characterize
the JFES landslide as a catastrophic rockslide-avalanche. On the
other hand, most of the displaced areas in the HTP landslide were
only slightly disturbed with relatively modest displacement. The
material within the failure zone at HTP is mostly colluvium. The
differences in kinematics observed in these two landslides
triggered by the same earthquake motivated the research.

The seismic record of the Chi-Chi earthquake (Lee et al.,
1999, 2001a) and earlier studies associated with this earthquake
rom point X (upper left corner of (c)) at north side of Yonglu Creek. (b) Photo of
e) and HTP landslide (west slope; left side). Displaced materials of the JFES
00 m southeastward and dammed two creeks (shown in (b)). The HTP landslide
s of HTP landslide were only slightly disturbed (shown in (a)). The horizontal
) were identified by digital aerial photogrametry based on the aerial photos taken
s can be further divided into three groups, trend 330°, 315°, and 300°.
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provided abundant background information to explore the
possible factors that govern the kinematics of the two large
earthquake-induced landslides. The authors evaluated the
Fig. 2. Epicenter of the Chi-Chi earthquake, locations of studied landslides, strong-mo
ruptured during the Chi-Chi earthquake. Cross-section boundaries. A–A′ shows Zo
characteristics of the strong-motion records using dimensionless
indices that include direction-dependent (1) horizontal pseudo-
static coefficients and (2) earthquake energy ratios. A total of
tion stations, and major faults in central-western Taiwan. The Chelungpu fault is
nes I–IV and their boundaries.
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twelve strong-motion stations surrounding the studied land-
slides were selected. These stations were distributed in four
different geological zones (characteristics of the geological
zones will be described later). Evaluation of the strong-motion
records reveals the relationships between seismic anisotropy
and the geological background. A modified Newmark's (1965)
sliding-block method (Huang et al., 2001) was used to compute
the permanent sliding-block displacements (Newmark displace-
ment) in different directions. The effects of seismic anisotropy
on Newmark displacements with different sliding directions
were then evaluated quantitatively. Finally, a velocity-depen-
dent Dieterich–Ruina friction law (Dieterich, 1979; Ruina,
1983; Beeler et al., 1994; Scholz, 1998) was incorporated into
the modified sliding-block method. The mechanical character-
istics of sliding materials on the kinematics of the two landslides
are discussed. The paper provides details of the analyses
performed, summarizes our findings and discusses the implica-
tions on the relationships among geological structures,
characteristics of strong ground motion, material properties
and kinematics of landslides.

2. Geological setting of the studied areas

In central-western Taiwan, there are three major faults
distributed from east to west: the Shuilikeng, Shuangtung, and
Chelungpu faults which strike N–S with an eastward dip
(Fig. 2). Four zones including: (I) Taichung Basin (II) Outer
Foothill zone, (III) Inner Foothill zone, and (IV) Hsuehshan
Range, are separated by the above three faults. Eocene–
Oligocene rocks are thrusting over Miocene rocks along the
Shuilikeng fault andMiocene rocks are thrusting over Pliocene–
Pleistocene rocks along the Shuangtung fault. Pliocene–
Pleistocene rocks are thrusting over the younger alluvial and
fluvial deposits of the Taichung basin along the Chelungpu fault
which was reactivated during the Chi-Chi earthquake in 1999.
The Chelungpu fault is moving mainly westward at the south
end and gradually turning to northwest northward along the fault
(Yu et al., 2001).

The subject landslides are located between the Shuilikeng
and Shuangtung faults (Zone III) which are mostly underlain by
Miocene sedimentary rocks. The JFES landslide, one of the well
known large landslides induced by the Chi-Chi earthquake, is
located 15 km northeast of the epicenter (Fig. 2). An estimated
volume of 50×106 m3 of displaced material buried 39 people
and dammed two creeks. A slope area of 102 ha slipped and the
deposit covered an area of 92.5 ha (Wang et al., 2003a). The
JFES landslide can be categorized as a catastrophic dip slope
rockslide-avalanche. The sliding direction (126°/21°) is
identical to the dip direction of the bedding plane (Chang et
al., 2005a). The slide material displaced more than 1000 m
southeastward along a weak bedding plane associated with
flexural slip folding (Wang et al., 2003a). The velocity of the
sliding block was calculated to have reached a peak value of
80 m/s using a block-on-slope thermo-mechanical model
(Chang et al., 2005b) analysis.

The HTP landslide, a less noticeable landslide triggered by
Chi-Chi earthquake, is located west of JFES (Fig. 1). Most of
the displaced area was only slightly disturbed by the HTP
landslide. The morphological features at HTP landslide include
a crown, tension cracks, main scarp, secondary scarps,
depression, hummocky ground surface, and an accumulation
zone at the toe. The displaced area of 100 ha and surface
displacement vectors of the HTP landslide were identified by
digital aerial photogrametry (Lee et al., 2004). The constitutive
material of the HTP landslide is inferred to be colluvial deposits
from morphological evidence. The estimated maximum hor-
izontal ground displacement is 32.0 m (Lee et al., 2004; Fig. 1).
The sliding velocity and run out distance of the HTP landslide
are far less than those of the JFES landslide.

Fig. 3 shows the general geological map of the studied area
(modified from Huang et al., 2000). The strata exposed in this
area, beginning with the oldest, are Tanliaoti Shale (Tl),
Shihmen Formation (Sm), Changhukeng Shale (Ch), Shenkeng
Sandstone (Sk) and Kueichulin Formation (Kc). The Tanliaoti
Shale (Tl) consists mainly of massive grey shale with thin-
bedded sandstone. The Shihmen Formation (Sm) is composed
of 3 thick sandstone layers with dark grey shale or sandstone/
shale interbed and usually form cliff. The Tanliaoti Shale and
the Shihmen Formation are found in the downslope and upslope
of the HTP landslide area, respectively. The Changhukeng
Shale (Ch) is composed of dark grey marine shale with
subordinate sandstone. The Ch is distinguished by its massive
shale bedding with ripples where it contains interbeds of
siltstone or sandstone. The Shenkeng Sandstone (Sk) is
composed of massive sandstone with dark grey shale. The
Tsukeng anticline, trending NE–SW, is the major fold structure
in the area. The JFES and HTP landslides are respectively
situated on the eastern and western limbs of this anticline. The
toes of the JFES and HTP landslides are cut by the Taanshan
and Tingshuiku faults, respectively.

Both of the studied landslides are located in the same
geological zone (Zone III). The elevation of the landslides is
between 500 and 1000 m. An NE–SW trending ridge and axis of
an anticline separates the two landslides. The studied area is
underlain by thick Miocene massive shale with thin-bedded
siltstone and sandstone. Since the two landslides are very close to
each other, the influence of strong groundmotion induced byChi-
Chi earthquake should also be similar. As stated previously, the
JFES landslide was categorized as a catastrophic dip slope
rockslide-avalanche where massive Shenkeng Sandstone (Sk)
slided along a bedding plane in Changhukeng Shale (Ch). The
geological and morphological characteristics of the JFES land-
slide have been well documented (Huang et al., 2002; Shou and
Wang, 2003; Wang et al., 2003a; Chang et al., 2005a,b).
Therefore, only the geological investigations of the HTP landslide
are described in detail herein.

3. Surface and subsurface investigations of the Hungtsaiping
landslide

The area extent, depth, and mechanism of HTP landslide
were identified from aerial photo interpretation, geological field
investigation and drilling of boreholes. A geological map of the
HTP area is shown in Fig. 4. The axis of the Syncline A was



Fig. 3. Geological map of the HTP and JFES landslides (modified from Huang et al., 2000). Cross-sections A–A′ and B–B′ show the topography, geological
structures and underlain strata.
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constrained by the measured orientation of the bedding planes.
M symmetry minor folds of thin-bedded siltstone and sandstone
layers within a massive shale (Tanliaoti Shale) crop out on the
river bank of Yonglu creek (Fig. 4), and these M folds should
coincide with the hinge of a large fold structure (syncline A).
In Yonglu Creek, the outcrop of the Tingshuku fault was
discovered. From the aerial photo, the scarp of the landslide can
be easily recognized as the southern boundary. The maximum
vertical displacement across the scarp is almost 20 m. The
eastern boundary of the HTP landslide follows Creek A. The



Fig. 4. Geological map of the HTP area according to the results of surface and subsurface investigation. The cross-section A–A′ is along the direction of mass
movement between Creek A and Creek B (330°). The interface between the shale and the colluvium was mainly a bedding plane. M symmetry minor folds of thin-
bedded siltstone and sandstone layers within a massive shale crop out on the river bank of Yonglu creek.

443J.-J. Dong et al. / Tectonophysics 466 (2009) 438–457
western boundary of the HTP landslide is mainly along a ridge
composed of massive sandstone. The sliding area is about
88.6 ha which is smaller than that identified by Lee et al. (2004).
According to the topographic characteristics and field
investigation (Fig. 4), the HTP landslide area is underlain by
thick colluvial deposits. Therefore, the failure mechanism may



Fig. 5. Slickensides observed in the shale cores and in outcrops of the HTP landslide. (a) Shale core from 80–84 m of BH-1. The interface between the colluvium and
the shale was marked with a dot line. (b) Striations on the slickensided plane at 82.3 m below the ground surface in borehole BH-1. The slickensided plane separates
the colluvium and the shale. The measured plunge of striations on the slickensided plane was 21°. (c) Sliding surface with striations in outcrop in Creek A, 100 m
upstream from BH-8. A colluvium layer of 8 m thick overlies the thick shale. The trend/plunge of striations observed on the slickensided plane in Creek A is 341°/15°.
(d) Close view of the sliding surface. (e) The same sliding surface in outcrop 100 m further upstream.
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not be considered as a dip slope rock slide, as indicated in the
previous study (Lee et al., 2004; Wei and Lee, 2006). There are
three distinct displaced masses (SA, SB, SC) composed of thick
colluvial deposits. The directions of surface movement of SA,
SB and SC (displacement vectors shown in Figs. 1 and 4) trend
330°, 315° and 300°, respectively. Eight boreholes were drilled
in the landslide mass between Creek A and Creek B (SA). The
borehole locations are shown in Fig. 4. Colluvial deposits
overlying thick, fractured shale were observed in the cores (see
Fig. 5(a)). The thickness of colluvial deposits based on the
borehole investigation is shown in Table 1. The colluvial
deposits should originally come from the ridge southeast of the
HTP landslide. It is believed that ancient landslides there
include dip slope rock slides along the bedding plane of shale
(Tl) and a rock fall of massive sandstone (Sm). The ridge (right
side of A–A′ cross-section) that is parallel to the Tsukeng
anticline is inferred to be the scarp of an ancient dip slope slide.
The displaced material accumulated in its current position and



Table 1
Thickness of colluvium in displaced mass SA of the HTP landslide

BH-1 BH-2 BH-3 BH-4 BH-5 BH-6 BH-7 BH-8

E.L. (m) of borehole top 591.0 591.0 590.0 588.0 590.0 712.0 709.0 713.0
E.L. (m) of interface (between shale and colluvial deposit) 508.7 508.7 526.8 519.6 538.5 698.8 682.0 701.0
Thickness (m) of colluvial deposit 82.3 82.3 63.2 68.4 51.5 13.2 27.0 12.0
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forms the thick colluvial deposits. The varied particle size of
the colluvium may reflect the complex process of ancient
landslides.

Slickensides observed in the shale cores (see Fig. 5(b))
suggested that the interface between the shale and the colluvium
was a sliding surface. The measured plunge of striations
observed on the slickensided plane was 21°. An slickensided
plane (bedding plane of shale; N24°E/27°NW) was also
observed in outcrop in Creek A (see Fig. 5(c)–(e)). Thus, the
observed striations in rock core and in outcrop may well be a
mark induced by the Chi-Chi earthquake triggered landslide.
The trend of the striations observed on the slickenside plane is
341° and the measured plunge 15°. The trend of striation
measured from the slickenside plane is almost identical with
that of surface movement (330°) between Creek A and Creek B
(SA) after the Chi-Chi earthquake. Using the three point
method, the orientation of the interface between the colluvium
and shale observed in BH-1(EL.508.7 m), BH-4(EL519.6 m),
and BH-5(EL.538.5 m) was determined as N19°E/23°NW,
which is almost parallel to the measured bedding plane (N24°E/
27°NW) in Creek A. Consequently, during the Chi-Chi
earthquake the displaced mass SA between Creek A and
Creek B probably slid mainly along the interface between
colluvium and shale which happened also to be a bedding plane
of the underlying shale. It is interesting to note that the sliding
direction is not coincident with the dip direction of the sliding
plane (bedding plane of shale). The apparent dips along the
direction of surface movement (330°) of the displaced mass SA
are 22° and 18° on the sliding plane as measured in Creek A
(N24°E/27°NW) and as calculated based on three point method
Table 2
The calculated maximum dimensionless horizontal pseudostatic coefficients kh,max

during the Chi-Chi earthquake from 12 selected strong-motion stations

Structural zone a Strong-motion station Distance to epicenter (km) Distance to t

Zone I TCU065 26.7 19/17
TCU067 28.7 19/18
TCU075 20.6 17/14
TCU076 16.0 18/15
TCU129 14.0 18/16

Zone II TCU071 15.3 6/4
TCU072 21.3 9/10

Zone III TCU078 4.9 16/17
TCU089 7.0 6/7
TCU074 19.1 12/15

Zone IV TCU079 7.8 14/16
TCU084 9.0 10/12

a The structural zones are shown in Fig. 2. The JFES and HTP landslides are loca
b Proposed by Lee et al. (2001b). The site classes C (soft rock or very dense soil)

class?: questionable station.
(N19°E/23°NW), respectively. Fig. 4 shows the cross-section
along the direction of surface movement (330°) of displaced
mass SA. Most of the sliding surface is planar. The
representative apparent dip is 21° along the direction of surface
movement (330°) of SA. Near the toe of the slope, the sliding
surface (mainly along the bedding plane) is inferred to become
curved as the sliding surface passes through the axis of A
Syncline (Fig. 4). To simplify the analysis, only the planar
sliding surface is considered. The mechanism of displaced
masses SB and SC is less clear due to a lack of information at
the present. Therefore, the following discussion focuses on
displaced mass SA where the sliding surface was clearly
identified. The representative trend/plunge of the sliding
direction 330°/21° were used to calculate the Newmark
displacement of the HTP landslide instead of the locally
measured trend and plunge of the striations on slickenside
plane. Accordingly, the plunge of the sliding vector is identical
with that of JFES landslide although the sliding directions are
different.

4. Seismic anisotropy of Chi-Chi earthquake and induced
direction-dependent Newmark displacement

To explore the directional effects of seismic anisotropy on
the earthquake-induced landslides, dimensionless indices that
include direction-dependent (1) horizontal pseudostatic coef-
ficients and (2) earthquake energy ratios were proposed and
calculated using the strong-motion records of the Chi-Chi
earthquake. In addition, a sliding-block method (Huang et al.,
2001) was used to compute the permanent sliding-block
and corresponding directions using the horizontal ground acceleration record

he JFES/HTP landslides (km) Elevation (m) Site class b kh,max /direction

59 D 0.85/107°(ESE)
95 D 0.58/303°(NW)
102 D 0.33/265°(W)
99 D 0.42/7°(N)
108 D 1.03/280°(WNW)
237 C 0.77/216°(SW)
292 D 0.49/92°(ESE)
280 D 0.47/291°(WNW)
702 C 0.36/248°(W)
441 D 0.62/104°(ESE)
693 D 0.74/266°(W)
1008 ? 1.16/271°(WNW)

ted in Zone III.
and D (stiff soil) are comparable to SC and SD in the 1997 UBC provisions. Site
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displacements (Newmark displacement) induced by Chi-Chi
earthquake in different directions. The Chelungpu fault,
epicenter of Chi-Chi earthquake and the 12 strong-motion
Fig. 6. The direction-dependent dimensionless horizontal pseudostatic coefficients
stations near the two studied landslides are shown in Fig. 2.
The recorded strong-motions of the main-shock of Chi-Chi
earthquake filtered by baseline corrections and band-pass
kh(α) of the 12 selected strong-motion records during the Chi-Chi earthquake.
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filtering (Lee et al., 1999, 2001a) were utilized in the analysis.
To take the geological structure into account, the strong-
motion stations were categorized into four structural zones (I–IV)
Fig. 7. The direction-dependent dimensionless earthquake energy ratio
as shown in Fig. 2. The distances from these strong-motion
stations to the epicenter and to the studied landslides are
summarized in Table 2.
s selected strong-motion records during the Chi-Chi earthquake.
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4.1. Direction-dependent dimensionless horizontal pseudostatic
coefficients

Pseudostatic analysis represents the effects of earthquake
shaking by pseudostatic accelerations that produce inertial
forces which act through the centroid of the sliding mass
(Kramer, 1996). The horizontal force sustained by the sliding
mass is proportional to the dimensionless horizontal pseudo-
static coefficient kh. The authors calculated the horizontal
acceleration vectors ah a; tð Þ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

a2EW þ a2NS
p

at each time in-
terval (0.005 s), where aEW and aNS are the E–W and N–S
components of horizontal accelerations and α=tan−1(aEW/
aNS) is the phase angle of these E–W and N–S components of
horizontal accelerations. The dimensionless horizontal pseudo-
static coefficient kh(α,t)=ah(α,t) /g, in which g represents the
gravity acceleration.

The peak value of dimensionless horizontal pseudostatic
coefficients in direction is expressed as kh(α). The kh(α) of the 12
strong-motion records in different directions were calculated and
expressed as rose diagrams in Fig. 6. The corresponding
maximum dimensionless horizontal pseudostatic coefficients kh,
max and their directions for the 12 selected records are summarized
in Table 2. According to Table 2, all kh,max of Zone III and Zone
IVare ESE(101.25°–123.75°), W(258.75°–281.25°), or WNW
(281.25°–303.75°) trending. In Zone I and Zone II, the trends of
kh,max are more scattered than the ones derived from the other two
Zones. In general, the shaking is predominantly in the E–Wand
ESE–WNW trending (see Fig. 6). The only exception is the
record of TCU071 (Zone II) where the shaking is predominantly
NE–SW trending.

It is notable that the recorded PGA from station TCU129
during Chi-Chi earthquake was above 1 g. This high PGAvalue
may be related to the use of a concrete platform underneath the
station (Wen et al., 2001). Another case of PGA in excess of 1 g
Table 3
The calculated direction-dependent dimensionless earthquake energy ratio ERArias(α
from 12 selected strong-motion stations

Maximum ERArias(α) is shown in bold. The top four ERArias(α) for a given strong-m
a The structural zones are shown in Fig. 2. The JFES and HTP landslides are locate
during Chi-Chi earthquake was recorded at TCU084. TCU084
is located on a very steep mountain summit, and so is a typical
ridge top case (Shin, 2000) where the topographic effects may
be significant. To clarify the site conditions of selected strong-
motion stations, the site classifications proposed by Lee et al.
(2001b) of the selected stations are shown in Table 2.

4.2. Direction-dependent dimensionless earthquake energy ratio

Arias intensity Ia ¼ 2k
g

R
ah tð Þ2dt (Arias, 1970), which

reflects the characteristics of amplitude, frequency and duration
of ground motion (Kramer, 1996), is a suitable descriptor of
strong ground motion. The Arias intensity has been used to
predict earthquake-induced landslides (Jibson, 1993). To
evaluate the seismic anisotropy on the earthquake-induced
landslides, the authors proposed a direction-dependent dimen-
sionless earthquake energy ratio as follows:

ERArias að Þ ¼

XTd

t¼0

a2h a; tð Þ � Dt

X2k

a¼0

XTd

t¼0

a2h a; tð ÞDt
ð1Þ

in which Td is the duration of earthquake and
X2k

a¼0

ERArias að Þ ¼ 1.

Thus, the dimensionless earthquake energy ratio ERArias(α)=1
represents the percentage ofArias intensity in a certain directionα.
The ERArias(α) in five degree increments were accumulated
and expressed as rose diagrams in Fig. 7. Fig. 7 shows that the
ERArias(α) is highly direction-dependent. The ERArias(α) of the 12
selected strong-motion records in sixteen directions are shown in
Table 3. According to Table 3, 39.4% of the Arias intensity
concentrates in E–Wand ESE–WNW trends for the 12 selected
strong-motion stations. The concentrated trending of ERArias(α) is
) using the horizontal ground acceleration record during the Chi-Chi earthquake

otion station are shaded.
d in Zone III.



Fig. 8. The direction-dependent Newmark displacements Dn(α) of the sliding block on planes with 21° dip angle. The friction angle of the sliding plane is assumed as
28°. The strong-motion records of 12 selected stations during the Chi-Chi earthquake were used.
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identical to the predominant trending of kh(α), although
directional dependency of ERArias(α) (Fig. 7) is more obvious
than that of kh(α) (Fig. 6). Generally speaking, the distributions of
ERArias(α) are similar for different structural zones. The only
exception is again the strong-motion record of TCU071.

4.3. Direction-dependent Newmark displacement

Newmark (1965) proposed a displacement-based analysis
method to calculate the permanent displacement of a translation
block under horizontal ground acceleration a(t). The equation
of motion of a rigid block on a cohesionless sliding plane with
an incline angle θ is (Crespellani et al., 1998):

ẍ tð Þ ¼ a tð Þ � Ac½ � cos /� hð Þ
cos/

ð2Þ

where ẍ(t) is the relative acceleration between the block and the
sliding plane and / is the friction angle between the sliding
mass and the sliding surface. Ac is the critical acceleration
which can be expressed as:

Ac ¼ tan/� tanh
1þ tan/ tanh

� g ¼ tan /� hð Þ � g ð3Þ

Integration of ẍ(t) derives the relative velocity v(t) between
the block and sliding plane. The permanent displacement d(t) of
the block is calculated by integration with time of the relative
velocity. Huang et al. (2001) suggested that the vertical
component of the acceleration records is important for
calculating the permanent displacement of a sliding block.
The Newmark's (1965) sliding-block method was modified
according to the suggestion by Huang et al. (2001) to analyze
the initiation of the JFES landslide and determine Newmark
displacements of sliding blocks along inclined planes with
different orientations. In this modified sliding-block method,
the vertical, NS, and EW components of the acceleration were
converted to those in directions normal and tangential to the
sliding surface along the dip and strike. Since the contribution
of cohesion on the sliding resistance is minimal for a deep-
Fig. 9. The ratios of calculated Newmark displacementsDn in the sliding directions of
structure zone are indicated by short lines. The ratios interpolated using Kriging me
seated landslide (Huang et al., 2001), Eqs. (2) and (3) are used
for the following calculations.

Based on the 12 selected strong-motion records, the
Newmark displacements at the end of shaking, Dn(α) of the
sliding blocks on a plane with 21° dip were calculated in
different sliding directions (every 1°) using the modified
sliding-block method. The friction angle of the sliding block
was assumed to be 28° (the residual friction angle between
sandstone and shale after one month saturation was 27.3°
according to Shou and Wang (2003)) and to remain constant
during block sliding. The Dn(α) of the sliding block demon-
strated in Fig. 8 are highly direction-dependent. Basically, the
direction-dependent Dn(α) is peanut shaped with the exception
of TCU071. The maximum Dn of the sliding block tends to
concentrate in E/Wand ESE/WNWdirections which reflects the
effect of seismic anisotropy (Figs. 6 and 7). The directional
dependency of Dn(α) is stronger than that of kh(α) and ERArias

(α). This is because that Dn of the sliding block is not
proportional to the acceleration or earthquake energy. Signifi-
cantly higher Dn of sliding block would be induced when the
acceleration exceeded Ac. The results shown in Figs. 6–8 clearly
demonstrated the seismic anisotropy of Chi-Chi earthquake and
its influence onDn(α) of a block sliding in different directions. It
is worthy to mention that the direction of calculated maximum
Dn(α) based on the strong-motion records of different structural
zones can be different. The directions of calculated maximum
Dn from Zone III (TCU072, TCU074, TCU089) are E trending,
while those of TCU079 and TCU084 (Zone IV) are WNW and
W trending, respectively. The directions of maximum Dn from
Zone I are more scatter (ESE, NW, W, NNW, and ES).

4.4. Effects of seismic anisotropy on Dn in sliding direction

To study the effect of seismic anisotropy on the two gigantic
landslides in different sliding directions, the inferred direction-
dependent kh(α), ERArias(α) and Dn(α) at the JFES and HTP
landslide areas based on the 12 selected records were interpolated
using the Kriging method (Isaaks and Srivastava, 1989). The
the JFES landslide over those of the HTP landslide. The averaged ratios for each
thod from 12 strong-motion records are indicated by the dash line.
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interpolated results are shown in Figs. 6–8. Since the two subject
landslides are as close as 2 km from each other, the distribution of
the Kriging interpolated kh(α), ERArias(α) and Dn(α) of the two
landslides should be similar as in the case of Figs. 6–8.

The interpolated kh(α) (Fig. 6) in the sliding direction of the
JFES landslide (126°; SE trending) and HTP landslide (330°;
NNW trending) are 0.36 and 0.35, respectively. There is no
apparent difference in kh(α) in the sliding direction between
JFES and HTP landslides. The ERArias(α) from Kriging
interpolation (Fig. 7) in the direction of the JFES landslide
(SE trending) are identical to that of the HTP landslide (NNW
Fig. 10. The calculated Newmark displacements with different assumed friction angle
HTP (330°/21°) landslide using modified sliding-block method. The strong-motion r
Newmark displacement Dn,c for the JFES landslide (rock slope) and the HTP lands
trending). In spite of the minor discrepancies in kh(α) and
ERArias(α) in 126°/330° trending of the JFES/HTP landslides,
the differences in Dn(α) along the sliding directions with plunge
of 21° are obvious. The permanent displacement of a sliding
block represents an accumulated effect of accelerations in all
directions. Thus,Dn in a given direction is not only governed by
the acceleration in that direction. The interpolated Dn in the
sliding direction of the JFES landslide (126°; SE trending) and
HTP landslide (330°; NNW trending) are 65.0 cm and 45.0 cm,
respectively. That is, the impact of Chi-Chi earthquake is
stronger (44%) in the sliding direction of JFES landslide than
s (velocity-independent) in directions of the JFES landslide (126°/21°) and the
ecords of 12 selected stations during the Chi-Chi earthquake were used. Critical
lide (soil slope) were assumed as 5 cm and 10 cm, respectively.
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that of HTP landslide. While seismic anisotropy can explain the
differences in displacements between the two landslides, it is
not sufficient however, to explain the substantially differences
in the level of displacements. Such deficiency can be properly
accounted for by the velocity-dependent friction law as will be
introduced later.

Fig. 9 shows the ratios of Dn in 126° trending (sliding
direction of JFES landslide) over that in 330° trending (sliding
direction of HTP landslide) for each of the four geological
zones. These ratios were determined using the strong-motion
records from the Chi-Chi earthquake at the 12 selected stations.
The averaged ratios for each structure zone are indicated by
short lines. The interpolated ratio using Kriging method
according 12 strong-motion records is 1.44 as indicated by a
dash line in Fig. 9. In spite of some scattering, Fig. 9 shows that
the averaged Dn ratios in Zone III and Zone IV are consistently
larger than those in Zone I and Zone II. Among the 4 geological
zones, the averaged ratio of Dn between the two landslides in
their respective sliding directions is the largest in Zone III with a
value of 2.01. Therefore, the selection of representative strong-
motion records for evaluating the earthquake-induced land-
slides should not overlook the effects of geological structures.

5. Friction angles of sliding surfaces of the two gigantic
landslides

5.1. Critical Newmark displacement and friction angle of the
sliding planes

Fig. 10 shows the correlation between Dn and friction angle
on the sliding plane for the case of JFES and the HTP landslides
using the 12 selected strong-motion records according to
Table 4
The calculated friction angle and (a–b) value of the sliding block using the 12 stron

The friction angle of the sliding planes at critical Newmark displacement Dn,c in the
assumed as 5 cm and 10 cm, respectively. The friction angle at the end of strong groun
the Chi-Chi earthquake, are back-calculated using a velocity-dependent friction law
a The structural zones are shown in Fig. 2. The JFES and HTP landslides are locate
modified sliding-block method. The critical Newmark displace-
ments Dn,c for slope failures are assumed as 5 cm and 10 cm in
rocky (Wieczorek et al., 1985) and soil slopes (Jibson and
Keefer, 1993), respectively. The friction angle that corresponds
to Dn,c of 5 cm/10 cm for JFES/HTP landslides are included in
Table 4. According to Table 4, the friction angles at Dn,c for
JFES are mostly higher than those for HTP landslide. On the
average, the back-calculated friction angle at JFES is 2.8°
higher than that of the HTP landslide based on 12 records of
strong-motion. In Zone III, these differences in friction angles
had an average value of 3.5°.

5.2. Displacement and velocity of sliding block with velocity-
dependent friction law

A Dieterich–Ruina friction law (Scholz, 1998) was
incorporated into the modified sliding-block model to calculate
the Newmark displacements and velocities of the landslides.
The friction coefficient at steady state under a velocity V can be
expressed as:

A ¼ Ao þ a� bð Þ ln V
Vo

ð4Þ

where µo is the steady-state friction coefficient at a reference
velocity Vo. Upon initial application of the velocity increase
there is an increase a in friction, known as the direct velocity
effect. This is followed by an evolutionary effect involving a
decrease in friction, of magnitude b. The combined friction
parameter (a–b) determines the velocity dependency of the
steady-state friction. If (a–b)N0, friction increases with slip
velocity (velocity-strengthening) and the system is stable as
more resistance occurs which tends to react against the
g-motion records

sliding directions of JFES and HTP landslides is calculated where the Dn,c are
d motion, (a–b) values,Dn and velocity at the end of strong ground motion of
.
d in Zone III.



Fig. 11. The calculated Newmark displacements and velocities of sliding blocks in directions of the JFES landslide (126°/21°) and the HTP landslide (330°/21°) with
different (a–b). The strong-motion records of 12 selected stations during the Chi-Chi earthquake were used.
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Fig. 12. The Newmark displacements, velocities and friction angles of sliding blocks in directions of (a) the JFES landslide (126°/21°) and (b) the HTP landslide (330°/21°) during the Chi-Chi earthquake based on the
records of TCU072. The (a–b) values of the JFES and the HTP landslides were assumed as −0.0187 and −0.0117, respectively.
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increasing velocity. On the other hand, if (a–b)b0, friction
decreases with slip velocity (velocity-weakening). The friction
angle /o of the sliding planes at JFES/HTP landslides that
correspond to Dn,c in Table 4 were used to determine the steady-
state friction coefficient µo (=tan/o) at a Vo of 0.005 mm/min
(displacement rate typically used in laboratory tests; Skempton,
1985). The Dn and velocity of sliding block for various
friction parameters (a–b) were calculated using the following
algorithm.

Critical acceleration is calculated using Eq. ((3) and /o. The
modified sliding-block method is used to calculate the velocity
and Dn at 0.005 s intervals when the acceleration exceeds a
critical value. The velocity at the i-th time step is used to
compute according to Eq. (4) and derive the critical acceleration
at the (i+1)-th time step. The procedure is repeated to compute
µ (=tan/), Dn and velocity at (i+1)-th time step.

The calculated Dn and velocities of the sliding blocks at
JFES/HTP landslides using the 12 selected strong-motion re-
cords with different (a–b) are shown in Fig. 11. A critical (a–b)
value is identified for the JFES landslide which corresponds to
the velocity of sliding mass at 40 m/s (averaged sliding velocity
of Vaiont landslide is about 20 m/s, estimated maximum velo-
city of the JFES landslide is about 80 m/s). For the HTP
landslide, the critical (a–b) is chosen when Dn of the sliding
mass reached 32 m (maximum horizontal displacements of the
HTP landslide). The critical (a–b) values and at the end of
strong-motion duration are included in Table 4.

Based on the strong-motion records of Zone III, the back-
calculated friction parameter (a–b) values of the JFES and HTP
landslides are −0.0146 and −0.0086 in average (see Table 4),
respectively. Thus, the friction angle on the sliding plane for the
JFES landslide reduces faster than that of the HTP landslide as the
sliding velocity increases. The effects of (a–b) are clearly
reflected in the differences of friction angles between the
beginning and end of strong ground motion. In the case of
JFES landslide the friction angles in Zone III at beginning and end
of strong ground motion are 31.6° and 16.2°, respectively.
However, the friction angle at the HTP landslide remains identical
at the end of strong ground motion. The back-calculated para-
meters including Dn, /, and (a–b) from TCU072 in Zone III are
the closest to the average value among the 12 stations. For this
reason, the evolution of /, Dn and velocity of the sliding block
during Chi-Chi earthquake based on the record of TCU072
(located in Zone III) are demonstrated in Fig. 12. The velocity of
the JFES increases quickly after about 32 s and thereafter, the
starts to decrease continuously. The calculatedmaximum velocity
of the HTP landslide is only 0.75 m/s/while of the sliding plane
drops temporarily.

6. Discussion and conclusions

Intrigued by the close proximity of two large scale Chi-Chi
earthquake-induced landslides but with drastically different
kinematics, the authors carried out a series of geological and
mechanical studies. The JFES landslide can be classified as a
rockslide-avalanche where the sliding block traveled a large
distance under high velocity. The sliding at HTP occurred
mostly in a colluvium with relatively modest displacement.
According to the analysis of 12 strong-motion records taken
around the subject area during the Chi-Chi earthquake, the
horizontal pseudostatic coefficients, earthquake energy ratios,
and the Newmark displacements of sliding blocks are all
direction-dependent. The influences of the Chi-Chi earthquake
are the strongest in the E–W and ESE–WNW trends,
perpendicular to the axis of the major geological structures in
the area. Because the spatial slip pattern of the Chelungpu fault
is locally and regionally tectonically controlled, the rupture
behavior of the Chi-Chi earthquake is expected to be repeatable
(Ma and Chiao, 2003). The method suggested by Jibson et al.
(2000) estimates Newmark displacement based on a regression
analysis that considers strength of seismic motion only. This
study indicates that in computing the Newmark displacement,
the direction-dependent nature of the strong ground motion
should also be considered to reflect the tectonic characteristics
of the evaluated area.

Using the Kriging interpolation scheme and 12 strong-
motion records, comparisons between the JFES and HTP
landslides in terms of dimensionless horizontal pseudostatic
coefficient, earthquake energy ratio and Newmark displacement
were made. Among these three factors, the computed Newmark
displacement in the sliding direction of the JFES landslide is
larger (44%) than that of the HTP landslide with plunge of 21°
and friction angle of 28°. We can thus conclude that the seismic
anisotropy and the corresponding sliding direction are one of
the contributing factors to the kinematics of studied landslides.
Apparently, seismic anisotropy, as well as the sliding directions,
are important in the occurrence of not only shallow landslides
but also large deep-seated landslides. In addition, the selection
of representative strong-motion records should consider both
the geological similarity as well as proximity to the studied area.

The displaced mass of the HTP landslide is composed of
thick colluvial deposits overlaying a thick layer of shale. The
displaced mass of the JFES landslide is composed of shale
alternating with fine sandstone and siltstone. Both the JFES and
HTP landslides belong to Zone III. Based on the strong-motion
records in Zones III, the friction angle of sliding surface
required to accumulate 5 cm critical Newmark displacement for
the JFES landslide is about 3.5° higher than that required to
accumulate 10 cm critical Newmark displacement for the HTP
landslide.

Rock discontinuities in different materials can have different
characteristics of velocity-dependent frictional resistance
(Crawford and Curran, 1981). The thick colluvium overlying
shale in the HTP landslide area was evidently weaker initially
under shaking than the thick sandstone overlying shale of the
JFES landslide. Based on the strong-motion records of Zones
III, the back-calculated friction parameter (a–b) values
producing long-distance rock-avalanche movement of the
JFES landslide were less than −0.0146. On the other hand,
the (a–b) was larger than −0.0086 to produce the slow HTP
landslide. The friction angle of a sliding plane with smaller (a–
b) decreases faster as the velocity increases, and so the friction
angle of the colluvium in the HTP landslide was less sensitive to
the sliding velocity than was the sliding rock mass of JFES
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landslide. The results indicate that the observed kinematics of
the JFES landslide (catastrophic rockslide-avalanche) and the
HTP landslide (relatively slow-sliding) are governed at least in
part by their velocity-sensitivity in friction resistance. It should
be emphasized that the authors did not intend to back calculate
the correct friction parameter (a–b) in the velocity-dependent
friction law. The main purpose of this research was to
demonstrate that the kinematics of two nearby large land-
slides can be reproduced if friction parameters are properly
selected.

In summary, the difference in kinematics between the two
nearby large landslides occurred initially due to an earthquake
with anisotropic seismic energy. The inherent material behaviors
and their discrepancy governedmost of the subsequent differences
in sliding velocities and displacements. Earlier studies have not
reached a consensus on the mechanism of velocity-weakening for
slip materials by treating material sliding as a thermo pressuriza-
tion process (Habib,1975; Goguel,1978; Romero and Molina,
1978; Voight and Faust, 1982; Hendron and Patton, 1985; Tika
and Hutchinson, 1999; Chang et al., 2005b). In this paper, the
velocity-weakening in frictional resistance was reflected by a
much simplified friction parameter (a–b) in a velocity-dependent
friction law. The evolution of pore pressure and its effect on the
sliding plane was considered implicitly.

Strictly speaking, neither of the sliding surfaces of studied
landslides is planar. For the JFES landslide, the rock mass did
not daylight. A curved sliding surface must have developed to
cut through the rock mass at the toe as hypothesized by many
scholars (Huang et al., 2002; Shou and Wang, 2003; Wang et
al., 2003a). As for the HTP landslide, it is suspected that the
sliding surface was developed along an existing bedding plane
which happened to be a contact plane between the colluvium
and bedrock. The axis of A Syncline near the toe of the HTP
landslide forced the sliding to follow a trend oblique to the dip
direction of the bedding plane as well as the maximum peak
ground acceleration. The calculated permanent displacement of
the sliding block assuming the sliding surface as planar is
expected to be higher than the case of a curved sliding surface.
However, the influence of the sliding surface curvature on the
kinematics of the two studied landslides was not considered in
our calculations.

Most of the selected strong-motion stations were located in
valleys or on alluvial plains where the subsurface materials are
composed of alluvial deposits. It is recognized that the charac-
teristics of strong ground motions depends on the topography
and subsurface materials (Kramer, 1996). This research only
emphasizes the differences in kinematics of the studied land-
slides and their corresponding mechanical parameters calibrated
from the nearby strong-motion records. The site effect of
recorded strong-motion is beyond the scope of this paper.
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