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Abstract

Resistivity Image Profiling (RIP) surveys was used to develop a lithological and hydrogeological model of the subsurface in the southeastern
part of Lishan landslide area of central Taiwan. The bedrock consists of slate in the study area. Based on RIP and rock samples collected from
boreholes results, three electrical strata are recognized: colluvium, the shear zone composed of shear gouges and shattered slate, and the
undisturbed slate formation. The steep shear zone with resistivity ranging between 100~260 ()-m, plays a crucial role in the local hydrogeological
environment, because it forms a natural barrier which blocks and retains groundwater flowing down the slope. Groundwater will brim over the
barrier when the water level is high. Thus the inclined groundwater table remains stable from long-term monitoring. It strongly indicates that the
groundwater recharge is greater than that of discharge. Therefore, the shear zone can provide information about the optimum locations for draining
the excess groundwater in-situ for slope stability consideration.

The curved basal surface of the colluvium and the weathered slate can also be discerned from the resistivity variations and boreholes data. A series

of circular patterns may associate with the main slope failure which migrated upwards from the lower slope.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

The Lishan landslide area is located in central Taiwan, at the
intersection of the East-West Cross-Island Highway Route 8 and
Highway Route 7A (Fig. 1). Lishan has a distinctive climate and
flourishing agriculture. In mid-April 1990, incessant downpours
caused a landslide on the downslope of the Lishan Grand Hotel
and Highway Routes 7A and 8; traffic was interrupted and
buildings were badly damaged.

Previous reports (ITRIL, 1993; CECI, 1997) indicate that the
displacement of the slip surface was closely related to intense
precipitation. A mitigation project from 1995 to 2003 involved
the construction of ditches to lower groundwater levels and collect
surface water. This main subsurface drainage construction (Fig. 2)
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included 15 sets of drainage wells 3.5 m in diameter and ranging
from 15 to 40 m in depth. It also included Gallery G1, 350 m in
length and equipped with 4863 m of water collecting pipes, as
well as Drainage Gallery G2, 550 m in length and equipped with
10,700 m of water collecting pipes. In addition, this project built 8
sets of automated monitoring systems with piezometers,
inclinometers, and tiltmeters (SWCB, 2003). These facilities
allowed the drainage gallery to discharge water at a maximum
efficiency of 1000 I/min. It did lower the groundwater level below
the elevation of the drainage gallery. The cost of mitigation project
is more than US$30 million.

Remedial construction for groundwater flow in the landslide
area was subjected to several downpours and earthquakes
(including the 1999 Chi-Chi Earthquake, M; =7.3) but did not
sustain major damage. The efficiency of the remediation was
greater than anticipated by the original design (SWCB, 2003).
Nevertheless, the groundwater level of the B-13 automated
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Fig. 1. Location map of the Lishan landslide area.

monitoring station (including well B-13, B13-OW1 and B13-
OW?2) in the southeast region (Fig. 2) has remained stable since the
mitigation project started (Fig. 3). The mitigation had little to do
with the groundwater level around B-13 automated monitoring
station. In order to examine the abnormal character of the
groundwater at well B13-OW 1, water was continuously injected
into the well at a rate of 50 liter/min. The groundwater level rose
from GL.-25.8 m to a constant level of GL.-23.3 m. After stopping
injection, the water level dropped from GL.-23.3 mto GL.-25.8 m
within a few seconds. This indicates that the well has no clogs. The
accumulation of groundwater around the B-13 automated
monitoring station may be blocked by a barrier formed by
lithological change, especially in the downslope direction. Fig. 3
shows that the groundwater level of well B-11 has larger variations
than those shown in the station B-13, and it may be associated with
rainfall. The well B-9 is in the north of well B-11 and has a lower
topography. Its groundwater level is highly related to precipitation.

For an engineering purpose, most studies have stressed the
distribution, composition, and mechanism of slipping bodies in
the vicinity of the Highway Route 8 and Highway Route 7A.
The landslide phenomenon was manifested in colluvial soils
and the interface between colluvial soils and fractured slate or

undisturbed slate formations (Su et al., 1990). The colluvial
soils consist of different clayey minerals which increase the
instability of soils (Wan, 1986), whereas the slip surface consist
of weak silty soils. All evidences indicate that the groundwater
is one of the most important factors associated with instability
of slopes. However, no literature discussed the lithological
variation of rock and the groundwater system in-situ.

Borehole sampling and geophysical surveys are the best ways to
study landslides. Borehole sampling serves as a direct observation.
However, it provides only the well data. Connecting a limited
number of lithological logs, especially in a rough terrain may not
accurately reflect the correct subsurface conditions. Due to a limit
depth of penetrating and heavy attenuation of the signal of
weighting drop, collecting the seismic data is poor or unavailable
on the dry and loose colluvium surface (ITRI, 1993). The RIP is a
relatively cheap method to give a continuous subsurface image.
Since the RIP method is sensitive to the water content of layers, it is
suitable to be used in hydrogeological studies (Turesson, 2006;
Nascimento et al., 2004; Sumanovac and Weisser, 2001;
Sumanovac, 2006; Porsani et al., 2005; Gautam et al., 2000;
Karastathis et al., 2002; Yaramanci, 2002) and landslide investiga-
tion (Lapenna et al., 2004; Mauritsch et al., 2000; Perrone et al.,
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Fig. 2. Location map of slipping bodies, major subsurface drainage constructions, boreholes, and RIP survey lines The blank arrow indicates landsliding body which

occurred in mid-April 1990.

2004). Combining both RIP and borehole data may provide a better
lithological and hydrogeological investigation of the study area.

2. Geological Setting

Taiwan is located along the oblique collision zone between the
Philippine Sea plate and Eurasian plate (Fig. 1). It is widely
believed that the mountain-building process is still in progress
(Tsai et al. 1981; Yu and Chen 1994; Yu et al. 1999). The Lishan
landslide area is in the west flank of Taiwan’s Central Mountain
Range, the elevation ranges from 1800 to 2100 m. The slope dips
to the north and Fushuoshan Farm stands as the highest point to
the south. Tachia River settles to the north of the farm. The study
area is situated on an old landslide. The suspected major scarp of
the Lishan landslide area can be observed from the southern side
of the Lishan Grand Hotel (Fig. 4). In light of topography,
geological surveys, and features of the landslide, the landslipping

area can be divided into three groups: western, southeastern, and
northeastern (ITRI, 1993; CECI, 1997) (Fig. 2). Each zone is
composed of a certain number of slipping bodies. The south-
eastern zone was chosen as the study site for the pilot project. Its
dominant slipping direction is N-NE. Each slipping body in
southeastern zone have a horseshoe-like surface shape whose
width and length range from 80 to 200 m (Fig. 2).

Most of the bedrock in the Lishan landslide area is composed
of slate of the Miocene Lushan Formation (Ho, 1986). Due to the
monotonous lithology, it is unsuitable as a key bed to analyze
geological structure patterns. Statistical analysis indicates that
the schistosity of the slate is dominant in the N36°E/32°SE
direction, which is nearly parallel to the slipping direction of the
southeastern zone (CECI, 1997). The slate is affected by water,
temperature, and organic activity. The weathered slate tends to
disintegrate along the schistosity. Slaty fragment and clayey
soils form the poorly cohesive colluvium.
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Fig. 3. Relation between hourly records of precipitation and groundwater level from B09, B11, and B13 automated monitoring stations.

The geological data obtained from old boreholes and
drainage galleries indicate that the shear zones, composed of
shear gouges and shattered slate, have different sizes (from
centimeters to tens of meters in width) and high dip distribution,
which may be highly related to tectonic movement (Sino
Geotech, 2001, 2003). Due to variable width of the shear zone,
it is difficult to correlate, even between the adjacent boreholes at
short distance. So, the direction and extent of the shear zone still
were not well defined from previous data in the Lishan landslide
area. Formal geological investigations and mitigation of
drainage ultimately provides only partial information on the
geological structure pattern of the site.

3. RIP Data Acquisition

The RIP method was developed to elucidate complex subsur-
face structures (Griffiths and Barker, 1993). High-definition
pseudosections were quickly obtained by dense sampling of
apparent resistivity variation at shallow depths. Resistivity data
was acquired by using Sting R1/IP manufactured by AGI, USA
with a pole-pole array, which has the widest horizontal coverage
and the deepest depth of investigation (Loke, 2001). This method

facilitates detailed, direct, and inverse interpretation of 2D
resistivity distribution in the subsoil (Loke and Barker, 1996).
A series of RIP lines were placed on the slipping body (Fig. 2).
During the measurements taken for this study, two distant
stationary electrodes were positioned at a distance ten times the

Fig. 4. A bird’s eye view looking southward at the southeastern zone of the Lishan
landslide area.
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expected depth of exploration from the survey line. One electrode
was a remote current electrode and the other was a remote
potential electrode. Measurements were taken from both ends of
the survey line, and involved a series of equally spaced electrodes.
One of'the end electrodes first served as a current electrode and the
rest of the electrodes served as “roll along” potential electrodes.
The resistivity response was computed from the fixed current
electrode followed by a moveable potential electrode in the
traverse position in sequential order. With each successive
measurement, distance between the pair of electrodes was inc-
reased by an electrode’s spacing of 4~ 10 meters. Measurements
were taken continuously until the maximum spacing had been
reached. The current electrode was then shifted forward to the next
location, the nearest potential electrode of the former current
electrode. Pole-pole profiling measurement was taken from this
new current electrode as the previous procedure. Measurements
were repeated for each successive current electrode until the
current electrode was moved to the location of the next farthest
potential electrode (Fig. 5). The apparent resistivity measurements
were inverted to obtain true resistivity structure by using a
commercial RES2DINV. This resistivity software was based on
2.5D smoothness-constrained inversion, employing a quasi-
Newtonian technique to reduce numerical calculations (Loke
and Barker, 1996). The final geoelectrical models show a root
mean square(rms) error of 5.2~8.9 percent after five iterations.

4. RIP Results

In order to avoid interruptions incurred by human-made
facilities, all survey lines were deployed within the orchard
(Fig. 2). In order to give a better correlation between the
lithology and the measured resistivity, the resistivity of outcrops
was measured in-situ.

The resistivity of the colluvium outcrops ranged from 13 to
324 Q-m (Table 1) which were affected by the following
factors:

1. Size of slate fragments: the size of slate fragments ranged
from centimeters to tens of centimeters. The greater the size
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Fig. 5. Procedure of RIP survey using a pole—pole array.

Table 1
The resistivity of the slate and colluvium measured in the Li-Shan area

Sample Lithology Resistivity (Q-m)
1 Yellowish-grey to grey slate, light to medium 173.8-252
weathering
2 Slightly damp colluvial soils 111.4
3 Yellowish-grey to dark grey slate, light to 55.8
medium weathering, percolating water
Wetting more clayey colluvial soils 13.8
5 Light weathering and very dry slate 1321
6 Colluvial soils with much dry rock 255.9

and amount of fragments, the higher the resistivity of the
colluvium will be.

2. Water content: higher water content will lead to the lower
resistivity of the colluvium.

3. Content of fine-sized grains: the greater content of fines, the
lower resistivity of the colluvium will be.

The resistivity of the slate outcrop ranged from 55 to
1321 Q-m (Table 1). This depended on the following factors:

1. Clay and water content: the slate contains schistosity and
irregular parting, which may be filled in by water and/or clay.
This filling material will lead to the lowering of resistivity.
Furthermore, this lowering resistivity effect is even more
prominent for clay than water.

2. Degree of weathering: highly weathered slate exhibits lower
resistivity.

3. Content of shear zone: The shear gouge and shattered slate in
the shear zone will reduce the resistivity of the slate. The
lithological data of the shear zone collected inside the
drainage gallery indicates that the fresh rock sample was
well-consolidated and dense, such as cemented breccia. The
resistivity of the shear zone was lower than unweathered
slate with less shear gouge content, but higher than that of
water saturated colluvium and weathered slate.

The highest resistivity value shown in the RIP sections
(Fig. 6) was less than 340 Q-m. It indicates that there was no
intact and dry slate in the RIP sections. An irregular and
relatively high resistivity zone (>120 (2-m) was detected near
the surface and it may associate with a high porosity and low
moisture content of colluvium. The RIP-3 section shows that
two relatively high resistivity zones ranging from 100 to 220 ()-
m at positions 20~60 m and 120~160 m were located below
the colluvium with a steep distribution. Data obtained from the
B11-1N borehole located in the high resistivity zone indicates
that the depth of the basal colluvium was about 16 m below the
surface, a fractured slate mingled with pervasive and consider-
able quantities of shear gouges was also found. Similar results
can also be recognized in the adjoining survey lines RIP-1 and
RIP-2 (Fig. 6), except having different ranges. The high
resistivity zone shown in the RIP-1 section is at positions 190
and 230 m and that of the RIP-2 section has camel-back shape
between positions 95 and 175 m. An extensive shear zone
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Fig. 6. Comparison between RIP and direct results.

identified by a previous borehole data (CH-23) matched well
with the relatively high resistivity zone (100~260€}-m) shown
in the RIP-8 section (Fig. 6).

The iso-resistivity color bands of the shear zone on the left
corner of RIP-3 section show a concentrical ellipse. The
groundwater level of borehole B11-1N remains at 1978 m a.s.1
chronically within the shear zone. Therefore the resistivity
between the top of shear zone and groundwater level in
Borehole B11-1IN increased gradually with depth. Below
the groundwater level, the resistivity of the shear zone de-

creased as the depth increased. A similar type of resistivity
distribution was recognized in the middle of the resistivity
section of RIP-1.

The shear zone in the middle of the resistivity section of RIP-1
can be grouped to two low resistivity (less than 60 to 80 {2-m)
zones. The BH-12 borehole data indicates that the thickness of the
colluvium was greater than 38 m. These two low resistivity zones
may be associated with a saturated clay-rich colluvium. The RIP-6
section crossed the landsliding direction and in a relatively flat
region. A wider and deeper low resistivity zone shown in RIP-6
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section may be associated with a moist colluvium rich in clayey
soils.

A layered pattern of the resistivity distribution shown in the
RIP-4 section is comparable to that of borechole B13-OW-1. The
groundwater level remained chronically around 2063 m a.s.l.
The dry colluvium near the surface had a resistivity greater than
140 Q-m. The clay-rich colluvium above the groundwater level
has a resistivity lower than 100 {)-m. Samples obtained from
borehole B13-OW-1 indicate that the slate layer has low clay
content (<10%) and well developed schistosity. Therefore, the
resistivity increased as the depth increased from 25 m to 30 m, it
is quite similar to that shown in RIP-7 section.

RIP-5 section was laid across the flow direction of the
landslide. A bowl-shaped low resistivity zone between sound-
ing locations 35 and 80 m was discerned. Its depth ranged from
25 to 30 m and may be associated with a mixture of clayey soils,
wet colluvium, and moisty weathered slate. The relatively high
resistivity zone in the western part of the section is comparable
to the shear zone shown in RIP-3 section; the high resistivity
zone near the surface is interpreted to be dry colluvium.

Resistivity patterns may be used to discern an undisturbed
slate from shear zone. If the iso-resistivity color bands are
nearly horizontal and parallel to the surface, it is more likely to
be an undisturbed slate, as indicated by RIP-4 and RIP-7
sections. If the iso-resistivity color bands has a severe tilt, it may
be related to a shattered slate and shear gouge, as indicated by
RIP-3 and RIP-8 sections.

5. Validation of RIP Results

The distribution and appearence of shear zones in RIP-1,
RIP-2, and RIP-3 sections are quite different. Only Borehole
B11-1 N is located in these zones. Based on RIP results, two
boreholes, D-1 and D-2 (Figs. 2 and 7), were selected and
drilled. The maximum depth of both boreholes was 50 m.

5.1. Borehole D-1

The colluvium ranged from surface to GL-23.55 m,
composed of grey slaty fragments and yellowish-brown sand-
clay mixture. The slate ranged from GL-23.55 to GL-50 m,
mixed with clay than 5 cm in thickness except for the interval
between GL-30 to GL-32.5 m. The well developed schistosity
shows an angle around 25 to 30 degrees in the slate. The
groundwater level in the slate was 27.1 m below the surface.
Comparison made between the RIP-1 section and lithology of
borehole D-1 indicates that the shallow dry loose colluvium had
a reisitivity greater than 120 ()-m. At the depth between GL-
20.3 to GL-32.5 m a lot of clay exhibited low resistivities.
Below the depth of GL-32.5 m, moisty weathered slate shows a
slowly increasing resistivity with depth.

5.2. Borehole D-2
At the elevation above GL-27.8 m, the colluvium consists of

yellow to grey slaty fragments, silty sand, and clay. Rock em-
bedded grey charcoal shattered slate and shear gouge ranged from
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Fig. 7. Distribution of the shear zone. (a) A plane view (b) Viewed from RIP
section in a W-E direction. The red dashed lines represent extending direction of
the shear zone.

GL-27.8 to GL-50 m. Therefore the borehole was in a shear zone.
The groundwater level within the colluvium was GL-21.6 m.
Comparsion made between the RIP-2 section and the lithology of
the borehole indicates that the resistivity of the colluvium ranged
from 60 to 100 {)-m and resistivity of the shear zone ranged from
100 to 160 Q-m.

6. Discussion

RIP results indicate that two strata had resistivities ranging
from 50 to 80 {2-m; for a moist clayey colluvium and a moist
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weathered slate, respectively. Even though the depth of the
basal colluvium could not be recognized precisely from RIP
profiles, the shape of the colluvium can still be discerned from
the resistivity variations. The resistivity sections of RIP-1 and
RIP-2 suggest that the thickest colluvium at the lower part
(north side) was quite similar to that of RIP-6.

The shear zone was formed by sheared slate, it contains
considerable amount of clay/silt and has the permeability lower
than the colluvium or weathered slate. A Lugeon test was carried
out at a depth 0of 30~35 m in the borehole D-2. The Lugeon value
is 7 and corresponds to a permeability of 7 x 10” cm/sec. The shear
zone can be taken as a semipervious layer in this hydrogeological
environment. The resistivity of shear zones below the groundwater
tends to increase with depth; RIP-2 and RIP-3 sections exemplify
this tendency. However, in the middle part of section RIP-1,
the shear zone decreases its resistivity with depth (Fig. 6) below
1990 m a.s.l. The limited overburden above the shear zone results
in the releasing of pressure and following creep. As suggested by
Chigira (1992) and Deng et al. (2000), a decreasing continuity of
rock mass can be attributed to this creep, and lead to the following
infiltration of groundwater, the resistivity is thus decreased. Most
of the cracks were concentrated in the surface drainage system
where the altitude is higher than the shear zone, i.c., in the upper
right of profile RIP-1.

Some prospect shear zones may locate on survey lines RIP-1,
RIP-2, and RIP-3. The extension of shear zones shown in three
RIP sections can be grouped into two directions: one is N20°W;
the other is N80O°E. These two group shear zones were near the
surface and merged together in the vicinity of RIP-1 section. It
also extends deeper to the western side of RIP-1 section and
separate progressively and obviously, as shown in RIP-2 section
and RIP-3 section respectively (Fig. 7). These two shear zones
may be two conjugated shear fractures. The acute dihedral angle
between them enclosed the maximum principle stress axis,
acting in northwest to northwest-by-west direction (Fig. 7). It
matches the maximum stress direction in Taiwan.

Long-term monitoring data from wells B13, B13-OW1 and
B13-OW?2 on the upper slope (Figs. 2 and 7) indicate that the
groundwater level remained stable (2041 m, 2063 m and
2062 m a.s.l, respectively). The groundwater surface at the
lower part of the slope fluctuated with rainfall. The groundwater
above the shear zone is blocked by a natural barrier formed by
shear zone; it flows out of shear zone when the water level is
higher than the top of shear zone. A tracer test (ITRI, 1993)
was carried out in the borehole BH-10 near the well D-1. The

Shear zone

(semipermeable layer)

Fig. 8. Map of the hydrolgeological model in the study area.
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Fig. 9. (a) The 3-D topography of slipping bodies in the study area; (b) A cross
section along the central line of slipping bodies shown in (a).

sodium chloride was dropped into the well at a depth of 25.1 to
29 m. The water resistivity decreased first and then increased to
a value greater than 1000 ()-cm within 30 minutes. The result
indicates that the groundwater at this depth (around the ground
water level) was in a fast flowing state.

The groundwater table located in the area higher than the
shear zone is parallel to the slope surface and has an inclined
surface (Fig. 8), unlike a horizontal water surface usually
observed in a reservoir. It implies that the recharge groundwater
from Fushoushan Farm, blocked by the shear zone, was greater
than that of the discharge (Fig. 8). Lai (2000) pointed out that
drainage discharge should have additional water source besides
precipitation after comparing the water amount difference
between precipitation recharge and drainage discharge in the
Lishan landslide area. Gravity draws water from the Hehuan
River, at a distance of 8 km from the south of the farm, into
pools and irrigates the orchards. The irrigation water that
infiltrates into the subsurface is the major groundwater resource
for the Lishan landslide area. An analyses contents of hydrogen
and oxygen isotopes in groundwater indicates there are that
15% derive from precipitation and 85% from Fushoushan Farm
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groundwater, the latter may be a major factor controlling land-
slides in the Lishan area (Peng et al., 2007).

Due to the steep terrain and constructions, it has not been
possible to deploy RIP survey lines to detect the extension of
shear zone on the southeastern and northwestern side of the
landslide body. Nevertheless, as indicated by the studies above,
a good continuity of the shear zone can be expected.

Data obtained from the RIP survey lines parallel to the
direction of the landslide slippage (RIP-1, RIP-2, RIP-3, RIP-7,
and RIP-8) indicate that the bottom of colluvium and clayey
fractured slate has curved shapess. It can be confirmed by the
planar distribution of slipping bodies from aerial photo (ITRI,
1993), particularly in slipping bodies No. B-9, B-11, B-13, and
B-14 (Figs. 2 and 9). Borehole data also shows that a clayey layer
fills the gap between the colluvium and undisturbed slate,
serving as a slip plane. This circular failure may be associated
with the main slope collapse pattern. The study area was about
100 m in width and more than 700 m in length. Such a long and
narrow landslide zone is hardly to be formed solely by one
landslide event. Moreover, the overlapping of the adjacent
slipping body reveals that environmental conditions in situ may
have been caused by a sequence of repeated upward-developing
landslides (Fig. 9).

7. Conclusion

Based on resistivity images and borehole data, the following
conclusions can be drawn:

1. The shear zone serves as aquitard, which accumulates
groundwater from an upper slope. A sufficient groundwater
recharge creates a dynamic balance of groundwater with a
stable water level.

2. The extending direction and geometry of shear zones obtained
from RIP results can be related to tectonic movement, unlikely
to become a slip surface.

3. The RIP results suggest a curved basal surface of colluvium
and moisty weathered slate. The landslide was probably
formed by a series of repeated retrogressive landslides.

4. There are two ways to stabilize the slope. First, terminate the
source of the groundwater, enhance the management of the
upper water course and irrigation, and decrease the amount
of water permeating into the groundwater. Second, lower the
groundwater level by installing drainage wells in the area
higher than the shear zone. The northeastern side of RIP-4
may be a proper location.

5. Geological configurations dominate the hydrology of the
study site. A combination of RIP data with borehole data
does help to discriminate the lithological variation. This
study demonstrates that the RIP technique is suitable for this
hilly environment.
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