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Influence of Surface-Normal Ground Acceleration on the Initiation of the

Jih-Feng-Erh-Shan Landslide during the 1999 Chi-Chi, Taiwan, Earthquake

by Chien-Cheng Huang, Yuan-Hsi Lee, Hsi-Ping Liu, David K. Keefer, and Randall W. Jibson

Abstract The 1999 Chi-Chi, Taiwan, earthquake triggered numerous landslides
throughout a large area in the Central Range, to the east, southeast, and south of the
fault rupture. Among them are two large rock avalanches, at Tsaoling and at Jih-
Feng-Erh-Shan. At Jih-Feng-Erh-Shan, the entire thickness (30–50 m) of the Mio-
cene Changhukeng Shale over an area of 1 km2 slid down its bedding plane for a
distance of about 1 km. Initial movement of the landslide was nearly purely trans-
lational. We investigate the effect of surface-normal acceleration on the initiation of
the Jih-Feng-Erh-Shan landslide using a block slide model. We show that this ac-
celeration, currently not considered by dynamic slope-stability analysis methods,
significantly influences the initiation of the landslide.

Basic Earthquake Data

The earthquake occurred at 17:47, 20 September 1999
(UTC), (1:47 a.m., 21 September 1999 local time) with a
moment magnitude Mw 7.6. The epicenter was located at
(23.87� N, 120.75� E) with a focal depth of �7 km (Ma et
al., 1999). An earthquake focal mechanism was given as
strike � 357� and dip � 29� (Shin et al., 2000). The earth-
quake was generated by an oblique thrust motion on the
Chelungpu fault, and the amount of fault slip increased from
tens of centimeters in the south to about 10 m in the north.
The Chelungpu fault is one of a series of north- to northeast-
trending imbricate thrust faults dipping to the east (Ho,
1988). Approximately 650 three-component strong-motion
digital accelerometers were deployed at free-field sites prior
to the Chi-Chi earthquake (Fig. 1). Records of the Chi-Chi
earthquake from more than 400 instruments have been suc-
cessfully retrieved and distributed on compact discs (Lee et
al., 1999). Amplitudes of ground acceleration are signifi-
cantly higher along the Chelungpu fault and on the hanging-
wall block of the fault than at other locations.

Introduction

The earthquake triggered two very large landslides
(Central Geological Survey, 2000). These are the complex
rock-block slide avalanches at Tsaoling and at Jih-Feng-Erh-
Shan. Both began as translational rock-block slides on dip
slopes, and both disintegrated during movement into highly
disrupted rock avalanches that traveled long distances at ev-
idently high velocities.

The rock avalanche at Tsaoling (about 29 km south-
southwest from the town of Chi-Chi, see Fig. 2) affected an
area of over 5 km2 involving about 120 � 106 m3 of ma-
terial. It originated on a dip slope on the north side of the

Ching-Shui River, which has been undercutting the toe of
the slope for at least several decades. Similar large landslides
occurred from the same slope and in the same Cholan For-
mation in 1862, 1941, 1942, and in 1979 (Central Geological
Survey, 2000). The 1862 and 1941 landslides were triggered
by earthquake (M 6–7 and M 7.1, respectively), while the
1942 and 1979 landslides were associated with heavy rain-
fall. Rock making up the landslide consists of Pliocene to
Pleistocene weakly cemented argillaceous sandstone, shale,
and siltstone.

The rock slide-avalanche at Jih-Feng-Erh-Shan oc-
curred in the epicentral area about 16 km north-northeast
from the town of Chi-Chi (Fig. 2). A layer, 30–50 m thick,
of the Miocene Changhukeng Shale (shale interbedded with
thin sandstone layers) over an area of 1 km2 slid down the
bedding plane separating the Changhukeng Shale from the
underlying Shihmen Formation (thick sandstone) toward
the southeast for a distance of about 1 km. The slide surface
strikes N40� E and dips between 18� and 24� toward the
southeast. A volume of over 30 � 106 m3 of material was
involved in the slide (Central Geological Survey, 2000).
Kamai et al. (2000) reported that the number of deaths
caused by the landslide to be 90. Figure 3 shows the geology
and stream pattern (before this earthquake) of the area. A
photograph of a rockslide at the northern end of the landslide
is shown in Figure 4. Rock exposed in the crown and head
scarp area is broken by a set of prominent, planar joints with
dips near vertical and strikes parallel to the scarp. A layer
of clayey material exposed at the joint surface at the head
scarp indicates the joints were open prior to the movement.
A synclinal axis (the Ta-An-Shan Syncline) with previous
tectonic displacements along it lies at the foot of the land-
slide. The Sezikeng and the Jiutsaihu streams had undercut
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Figure 1. Locations of the free-field, three-com-
ponent, digital accelerometer stations. The star indi-
cates the location of the mainshock. Surface ruptures
extending about 80 km in a nearly north–south direc-
tion are shown by the jagged line to the left of the
mainshock (from Lee et al., 1999).

Figure 3. Geology and stream pattern (before the
Chi-Chi earthquake) in the area of the Jih-Feng-Erh-
Shan landslide (modified from Central Geological
Survey, 2000, p. 94). A fault extends across the toe
of the landslide (note the 590-m displacement im-
mediately north of the landslide). The fault movement
stopped after the deposition of Kcl and became a
syncline.
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Figure 2. Location of the Tsaoling and Jih-Feng-
Erh-Shan landslides and strong-motion station
TCU089 discussed in the text.

the toe of the landslide prior to the earthquake. The pre-
existing open joint at the head scarp suggests that the block
that slid was under tension prior to the earthquake and that
incipient movement of material had occurred near the head
scarp, opening tension fractures long before the earthquake
triggered large slope failure. It is most likely that that rock
block was kept from sliding before the earthquake mainly
by basal friction.

Because the slide direction coincides with the dip of the
underlying surface, and because the entire formation was
involved, initial movement is inferred to be nearly pure
translation. We analyze the rock slide initiation process us-
ing a block slide model.

Analysis

The free-body diagram in Figure 5 illustrates the situ-
ation of the rock slide block before the earthquake. The force
normal to the slope is mg cos d, where m is the mass of the
free-body, g is the gravitational acceleration, and d is the dip
angle. A basal friction force lsmg cos d balances the mg sin
d downhill force generated by gravity, and

mg sin d � l mg cos d � cA, (1)s

where ls is the coefficient of static friction, c is the cohesive
strength across the sliding surface, and A is the area of the
sliding surface. (Because of the many joints observed in the
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Figure 5. Free-body diagram of a balanced rock
block prior to the earthquake. A mg cos d reaction
force from the underlying bed balances the mg cos d
force in the direction perpendicular to underlying bed
generated by gravity. A lsmg cos d � mg sin d basal
shear resistance balances the mg sin d downhill force
generated by gravity; mg sin d � lsmg cos d � cA,
where c is the cohesive strength across and A is the
area of the sliding surface. The torque of all forces
adds to zero.

Figure 4. Photograph showing part of a rockslide at Jih-Feng-Erh-Shan (looking from
the head scarp). The sliding layer of Changhukeng Shale measures 30 to 50 m thick.

Figure 6. Free-body diagram of the rock block in
Figure 12 under earthquake ground motion and crit-
ically balanced conditions. The rock block and the
base of the slide (represented by the wedge) are con-
sidered to be rigid bodies. Interactions between the
two rigid bodies are friction and cohesion. Relative
to the inertial frame of reference, the base moves with
accelerations an in the direction normal to the slide
surface (positive away from the slope) and ad tangen-
tial to the slide surface along the dip (positive down-
dip). The rock block reacts to these accelerations.
Relative to the wedge, the rock block is pulled by an
m(g cos d � an) equivalent gravitational force in the
direction perpendicular to the sliding surface. A re-
action force of magnitude m(g cos d � an) from the
sliding surface balances this equivalent gravitational
pull. A lsm(g cos d � an) basal friction force plus a
cohesive force cA counteracts the m(g sin d � ad)
downhill force generated by the equivalent gravity.

shale layer, we assume that the rock mass was well drained
before the earthquake and neglect the pore-pressure effect
in the rock slide initiation problem considered here.) Take
the cohesion of an intact shale of 1.44 � 104 N/m2 (Wiec-
zorek et al., 1982) and a density of 2.1 g/cm3, cA/(mg sin d)
� 0.06 for a 30-m thick layer and d � 24�. For sliding across
an existing bedding plane, the ratio is likely to be smaller.
The factor of safety (FS) (Newmark, 1965; Wilson and Kee-
fer, 1983) is given by FS � (lsmg cos d � cA)/(mg sin d)
� 1. We consider next the initiation of the slide.

Figure 6 shows the mass in Figure 5 under earthquake
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Figure 7. The vertical, north–south, and east–west
component of the acceleration records from a strong-
motion station about 7 km southeast of the rockslide.

ground motion. The rock block and the base of the slide
(represented by the wedge) are considered to be rigid bodies.
The mass of the rock block is negligible compared to that
of the base. Interactions between the two rigid bodies are
friction, cohesion, and pore-pressure effects; we neglect the
pore pressure for the rockslide initiation problem. Relative
to the inertial frame of reference, the base moves with ac-
celerations an in the direction normal to the slide surface
(positive away from the slope), ad tangential to the slide
surface along the dip (positive down dip), and as tangential
to the slide surface along the strike. The rock block reacts
to these accelerations. Relative to the wedge, the rock block
is pulled by an equivalent gravitational force mg(cos d �
an) in the direction perpendicular to the sliding surface. A
reaction force of magnitude mg(cos d � an) from the sliding
surface balances this equivalent gravitational pull. The ac-
celeration parallel to the strike, as, does not enter into the
two-dimensional analysis here. When

cA
(g sin d � a ) � l (g cos d � a ) � , (2)d s n m

the block is stationary. When (g sin d � ad) � ls (g cos d
� an) � cA/m, the block slides relative to the base. Because
mg sin d always acts in the down-dip direction, equation (2)
favors down-slope sliding. Clark (1972) derived similar ex-
pression for stones displaced by earthquake ground shaking.

The components ad, as, and an are given in terms of aE

(east acceleration), aN (north acceleration), aV (vertical ac-
celeration), �s (strike angle from north), and d by

a � a cos d cos � � a cos d sin � � a sin d,d E s N s V

a � a sin � � a cos � ,s E s N s

a � a sin d cos � � a sin d sin � � a cos d. (3)n E s N s V

There are no acceleration records at the rockslide. For
illustration, we calculate the down-dip sliding acceleration,
S � (g sin d � ad) � ls (g cos d � an) � cA/m, using the
records at the nearest strong-motion station TCU089
(23.9037� N, 120.8565� E and 6.7 km away from the land-
slide). When S � 0, rock slide motion can be initiated.

Results

Figure 7 shows the vertical, north–south, and east–west
component of the acceleration records. Figure 8 shows the
components resolved in directions normal to the slide sur-
face, tangential to the slide surface down-dip, and tangential
to the slide surface parallel to the strike where we have used
the minimum dip angle, d � 18�, in the Central Geological
Survey (2000) report for calculation. From equation (3) and
cos d � 0.95, sin d � 0.31, av contributes mainly to an.
The top two figures in Figure 9 show the down-dip sliding
accelerations calculated with an, S (top figure), and those
without an, S1 (middle figure), for ls � 0.466 � tan 25�
and cA/(mg sin d) � 0.05. Results calculated without an, S1,

correspond to those calculated by the Newmark method
(Newmark, 1965), currently widely used for the slope-
stability analysis. The bottom figure shows that S � S1 �
0 when S � 0 or S1 � 0, and the ratio (S � S1)/S can be
greater than 50%. For our example, the onset of S � 0 occurs
�4 sec earlier when an is included. From equation (2), the
larger ls is, the larger is the effect of an on the sliding ac-
celeration.

If we use the larger dip angle in the Central Geological
Survey (2000) report, d � 24�, in our calculation, the sliding
acceleration results are as shown in Figure 10. The slope
angle is so close to the friction angle of 25� that the rockslide
is easily triggered. The effect of an is smaller in this case;
(S � S1) is no longer strictly positive when S � 0 or S1 �
0, but the majority of positive peaks of S have larger am-
plitude than those of S1.

Newmark (1975) introduced a critical displacement, re-
quired for a loss of strength sufficient to allow large-scale
failure, for artificial embankments. Wilson and Keefer
(1983) adapted the critical displacement to natural slopes:
“For natural slopes, this critical displacement could vary
widely, depending on the mechanism of slope failure (fall,
slump, block slide, etc.), lithology, slope geometry, and pre-
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Figure 8. Acceleration components normal to the
slide surface, in the down-dip direction, and parallel
to the strike, calculated from the acceleration records
in Figure 7.
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Figure 9. Down-dip sliding acceleration calcu-
lated with and without the acceleration component
normal to the sliding surface. The dip angle of the
sliding surface is 18�.

vious history of slope movement.” We calculate the rock-
slide displacement under the sliding acceleration S by sub-
stituting S for a(t) � ac as done by Wilson and Keefer
(1983). The algorithm that we use was described by Jibson
(1993).

For the case of a slide surface dipping 18�, a Newmark
analysis that accounts for an (S, top of Fig. 9) yields a dis-
placement dS � 0.48 cm. An analysis that neglects an (S1,
middle of Fig. 9) yields a displacement of dS1 � 0.20 cm.
For the steeper dip angle of 24�, the Newmark displacements
calculated for S and S1 in Figure 10 are dS � 19.19 cm and
dS1 � 11.49 cm, respectively. Thus, including the effects of
seismic accelerations normal to the slide surface in the New-
mark analysis roughly doubles the estimated Newmark dis-
placements.

Discussion and Conclusions

Two parameters used in our analysis, the coefficient of
friction, ls, and the cohesion, c, at the interface of the Chan-
ghukeng Shale and the underlying Shihmen Sandstone are

unknown. We showed in the Analysis section that, using a
cohesion value of 1.44 � 104 N/m2 (that of an intact shale),
the magnitude of the resisting force from cohesion is 0.06
of that of the driving gravitational force. Uncertainty in c
can therefore cause only second-order changes in the results.
By varying the coefficient of friction, we found that the con-
dition S � 0 occurs for ls as high as 0.73 on a 24�-dip slope.

We have analyzed the initiation of the rockslide ava-
lanche at Jih-Feng-Erh-Shan using Newmark’s (1965)
sliding-block model. Although this model is highly simpli-
fied and does not account for such factors as internal defor-
mation of the slide block, variation of acceleration over the
slide area, and pore-pressure effects along the sliding sur-
face, it is widely used to estimate the performance of slopes
during earthquake shaking. Standard applications of New-
mark’s method neglect ground accelerations normal to the
slide surface. We conducted comparative analyses of con-
ditions both with and without slope-normal accelerations;
our results show that including slope-normal accelerations
roughly doubles the estimated Newmark displacement,
which in many cases could lead to a significant different
estimate of overall slope performance.
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Figure 10. Down-dip sliding acceleration calcu-
lated with and without the acceleration component
normal to the sliding surface. The dip angle of the
sliding surface is 24�.
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