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Abstract Electrical resistivity tomography (ERT), sin-

gle-point-resistance logging with time-lapse, and geologi-

cal and groundwater level data, are utilized to determine

the mechanism of, and a hydrogeological model of, the

Gangxianlane landslide in the west-central part of Taiwan.

The rock surface and geometry of the colluviums were

found by integrating ERT and borehole data. The iso-

resistivity line in the bedrock broadly followed the bedding

plane, indicating that the contribution of lithology to

resistivity exceeds that of groundwater. The results of

single-point-resistance logging with time-lapse and bore-

hole data reveal that the bedrock has low permeability,

which is associated with poorly developed joints and

fractures. The fine grain content part (including the clayey

layer), almost parallel to the bedding plane of the bedrock

and between the colluvium and the bedrock in the upper

part of the landslide, served as the slip surface and is

believed to have been recently produced. It can block and

retain water in the colluviums. Accordingly, this slip sur-

face has the potential to re-slip in the future. Another slope

failure involved rock collapse by a well-developed open

release joint close to the Huoshaoping Terrace. It is also

related to groundwater flow over a large gradient from the

Huoshaoping Terrace. It is a key to determining whether

this landslide will expand in the future.

Keywords Landslide � Groundwater � Resistivity �
Permeability � Single-point-resistance logging

Introduction

Of all geophysical characteristics, resistivity is the most

sensitive to the water and clay contents. Water and clay are

the main triggers of most landslides. Electrical resistivity

tomography (ERT) yields continuous information about a

subsurface at a much better horizontal and vertical resolu-

tion than can be achieved using conventional resistivity

methods. The geometry of colluvium is always important to

understanding landslides, and can be obtained easily from

ERT data because of the high resistivity contrast between

colluvium and the underlying basement, especially when

borehole data are also considered. It is, then, the first step to

determining the mechanism of a landslide. ERT is suitable

for landslide surveys (McCann and Forster 1990; Lapenna

et al. 2004; Perrone et al. 2004; Drahor et al. 2006; Lee et al.

2008; Marescot et al. 2008; Perrone et al. 2008; Jongmans

et al. 2009). ERT is also an effective tool in hydrogeological

investigations of groundwater (Šumanovac and Weisser

2001; Suzuki and Higashi 2001; Mota et al. 2004; Bauer

et al. 2006; Šumanovac 2006; Frohlich et al. 2008). Addi-

tionally, it can be used to trace or monitor salinization,

leakage and contamination, by the making of time-lapse

measurements (Buselli and Lu 2001; Cassiani et al. 2006;

Sjödahl et al. 2008; Franco et al. 2009).

The lithology and structure of stratums dominate the

accumulation and transportation of groundwater.
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Lithological properties include mineral composition, grain

size, sorting and cementation, etc. Structure refers to the

geometry of deformed rock such as its cleavages, fractures,

fissures, folds, and faults. Normally, fresh rock is cemented

and has low porosity. Groundwater stored in fractured

joints or fissures, hence, is more complicated than uncon-

solidated and alluvial sediments. Groundwater data from

observation wells are often adopted to obtain hydrogeo-

logical information about landslides, but they merely cap-

ture a static state of groundwater level.

The permeability of the stratum is strongly related to the

distribution of groundwater; this important information

must be considered in understanding landslides. In well

logging, the instruments are deployed in the boreholes

close to the targets; therefore, this method has the best

resolution of all geophysical methods. It has been widely

used in hydrogeological studies (Paillet 1993; Lile et al.

1997; Helmclark et al. 2004; Josef et al. 2009). To obtain

dynamic information about groundwater and the formation

of permeability, a trace test, involving single-point-resis-

tance logging, was performed herein in this study. Gener-

ally, resistance increases with grain size but decreases as

borehole diameter, density of water-bearing fractures, and

concentration of borehole fluid increase. Sodium chloride

(NaCl), which can markedly lower the resistance of

groundwater, is inexpensive and easy to obtain; therefore,

it is suitable for use as a manmade tracer for studying

hydrogeological environments (Lile et al. 1997; Cassiani

et al. 2006). In this study, sodium chloride was dropped

into the borehole as a tracer, which could be dissolved in

groundwater. The change in resistance reflects the prop-

erties of formation fluid and the conductivity of the fluid in

the pores.

The assumption is made that the only variation that

would be captured by time-lapse measurements is that of

salinity (concentration) of groundwater, which dominates

in resistance. Increasing resistance in some layers can be

detected because mobile groundwater reduces the salinity

of the borehole fluid. Therefore, measuring resistance not

only reveals the fluids present, but also at least qualitatively

indicates whether the formation is permeable. Such mea-

surements can help to locate a fluid-filled fracture or porous

material that is less resistive than solid rock.

The Gangxianlane study area is located on a hill with

low elevation in central Taiwan (Fig. 1). Heavy rainfall

brought by Typhoon Krosa from 5 to 7 October 2007

caused a landslide over an area of approximately 10 hect-

ares, which interrupted traffic (Fig. 2). This study is con-

cerned with the hydrogeological environment, the

groundwater flow, and their effects on this landslide.

Detailed correlations among survey results are identified to

elucidate the mechanism and pattern of the landslide,

which suggests means of slope protection.

Geological setting

The study area is located on the western foothills in the

west-central part of Taiwan (Fig. 1). The basement is the

Plio-Pleistocene Cholan Formation in the foothill, which is

composed of 1,500 to 2,500 m of sandstone, siltstone,

mudstone, and shale in a monotonous alternating sequence.

Facies changes occur rapidly through this thick clastic

sequence; no key bed that subdivides this formation into

distinct members has been identified (Lee 2000). Lateritic

terraces, with various elevations comprise lateritic soil and

gravel unconformably, cover the Cholan Formation. They

are remnants of the riverbed of the ancient Tachia River.

This finding demonstrates that the high slip rate associated

with uplift and mountain formation is caused by the obli-

que collision between the Philippine Sea plate and the

Eurasian plate since late Pliocene (Fig. 1).

The topographic features, controlled by the bedding

attitude, are hogback and cuesta landforms, clearly indi-

cating that the study area and its vicinity have not major

geological structure such as a fault or a fold.

The rock outcrop on steep slope faces southwest,

whereas the colluviums on the gentle slop face southeast

(Fig. 2). The surface of this landslide is similar to the

bedding plane. Statistical analysis reveals that the bedding

attitude is predominantly in the N60�E/18�S direction.

Joints are also well developed on the outcrop. In particular,

vertical release joints that are related to direction of the

slope are easy to recognize, and most of them strike the

NW–SE direction. The other joint is roughly perpendicular

to the release joint, but with the same dip.

Borehole sampling

Seven continuously cored boreholes, BH-1 to BH-7

(Fig. 2), were drilled to depths of 30–80 m. Fortunately,

the study area is small, and the density of boreholes is high.

Based on the lithologic characteristics, the rock was divi-

ded into four layers: (1) muddy sandstone and sandstone

with shale; (2) alternating muddy sandstone and shale; (3)

predominantly muddy sandstone with weak-to-intense

bioturbations and transported shell fragments; (4) light

gray and well-sorted, middle-grained sandstone mixed with

some thinly layered shale. The latter two layers, 4 * 6 m

in thickness, can serve as key beds. Correlation between

boreholes indicates that all lithological units are continuous

along the bedding plane measured on the rock outcrop

(Fig. 3). The BH-1 borehole on the Huoshaoping Terrace

revealed that the thickness of the laterite and gravel is

8.1 m. (Fig. 4).

Unlike on the rock outcrops, a vertical release joint is

rarely visible in the drilled core. The rock retained its
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original color and was not rusted by groundwater or

weathering, except for the sandstone in BH-1 above a depth

of 45 m and in BH-2 at depths of 16.9–19.5 m.

The thickness of the colluvium, obtained from the

borehole data except for BH-1, ranges between 1 and 7 m.

Borehole data also demonstrate a viscous, clayey layer

located between the colluvium and the undisturbed rock. It

is centimeters thick and recently acted as a slip plane.

Geoelectrical surveys

Electrical resistivity tomography (ERT)

The ERT method is an efficient and powerful technique for

mapping complex subsurface structures by measuring

electrical resistivity (Griffiths and Barker 1993). High-

definition pseudosections can be quickly obtained by den-

sely sampling apparent variations in resistivity at shallow

depths. Resistivity data were acquired by using SYSCAL

PRO 72 manufactured by IRIS, France with a dipole-dipole

array and an electrode spacing of 5 m. This array is very

sensitive to horizontal changes in resistivity and effective

at mapping vertical structures (Loke 2001). The ‘‘a’’

electrode spacing was from 5 to 25 m, and the ‘‘n’’ factor,

the ratio of the distance between the C1 (current electrode)

and P1 (potential electrode) electrodes to the C2-C1 (or P1-

P2) dipole length ‘‘a’’, was increased from 1 to 6 as sug-

gested by Loke (2001). The instrument equipped with 72

channels is enough to cover the entire sections (ERT-1:

245 m, ERT-1: 205 m). To determine the true resistivity

distribution of a subsurface, commercial RES2DINV soft-

ware was used to perform a 2.5D smoothness-constrained

inversion, using a quasi-Newton approach to reduce the

Fig. 1 Geological map of study

area and surroundings
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numerical calculations (Loke and Barker 1996). Each ele-

vation of electrode was also measured for topographic

correction with a moderately damped distorted grid. The

final geoelectrical models show a root mean square (rms)

error of 3.5–4.7% after five iterations. To smooth the var-

iation in the iso-resistivity color bands, the final profiles

were displayed using Surfer software.

Single-point-resistance logging

The electrical contact resistance between the borehole and

electrical ground on the physical ground (Fig. 5) is the

potential difference between the electrode on the surface

and in the borehole, divided by the constant current

strength, consistent with Ohm’s law. The contact resistance

is a function of the resistivities and geometry of the for-

mations between two electrodes. The ground electrode

made of lead is called a mud plug, whereas the borehole

electrode is considered as a probe. The resistance data were

acquired by MGX Logger manufactured by Mount Sopris

Instrument Co, USA, which can obtain a reading per cen-

timeter. The velocity of probe movement is 3 m/min. After

taking core, regularly spaced holes drilled on the plastic

tube were set into boreholes to ensure that groundwater

could freely flow immediately without a block between

borehole and stratum. A fluid-filled borehole is required for

resistance logging, and these logs are recorded only in the

saturated part of the formation below the casing. The

weight ratio of sodium chloride to water was about 1:4.

The first measurement was made, prior to the injection of

Test pit

Buildings

River

Sliding road pavement

Road

Scope of landsliding 

Rock outcrops

ERTsections

Geological sections

Boreholes
BH-1

Fig. 2 Survey area map.

Highest flat region is

Huoshaoping Terrace. Bedding

altitude is dominant in the

N60�E/18�S direction
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saltwater that was injected using a water pipe into the

borehole from bottom upward to above the groundwater

level, whose value is regarded as the background value.

The second measurement, labeled 0 min, was made after

saltwater was injected. The resistance of the groundwater

inside the well, read as this second measurement, is lower

because the sodium chloride dissolves in the groundwater.

Subsequent time-lapse measurements were made. The

change in resistance depends on the salinity of the

groundwater that was or was not diluted by the mobile

groundwater, as determined by comparison of time-lapse

measurements.

ERT results

Based on the topography after the landslide and surface

geological information obtained before the core was dril-

led, slope failure at shallow depths was expected, and is the

main target of ERT exploration. Furthermore, high dip

joint as presented on the outcrops, may be detected as a

discrepancy between the resistivities in areas with and

without moisture.

Owing to constraints imposed by the terrain, ERT pro-

files were only obtained parallel to the direction of move-

ment of the landslide, NW–SE, where the thickest

colluviums should be delineated.

As revealed by the lithological character of the study

area, the resistivity of the colluvium was affected by the

size and amount of rock fragments, the water content, and

the fine grain content. The resistivity of the rock depends

on the grain size and the water content. The greater content

of fines, the lower resistivity will be; water content in joints

and irregular parting, will lead to the lower resistivity.

The results (Fig. 6) indicate that the resistivity variation

in the colluvium is large- from greater than 100 Xm to less

than 20 Xm. Chaotic resistivity was detected in the

southern part of ERT-2 close to an unnamed river, where

the mixed colluvium was interrupted with rubbish.

A high mud content in the rock, a low contrast in

resistivity between fine and coarse grains and a low reso-

lution of the thin layer all resulted in limited the variation

of resistivity, from 15 to 75 Xm. An important clue, iso-

resistivity variation in the image, can be traced to identify

which parameter predominantly contributes to rock

Fig. 3 Geological sections
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resistivity (Lee et al. 2008). The distinct feature is that

most of the iso-resistivity lines are parallel to the bedding

plane of rock, indicating that the resistivity is dominated by

lithology. Local and subvertical iso-resistivity lines are

observed in the shallow part of rock, which may be

affected by dry and subvertical joints (Fig. 6).

A low-resistivity zone in the rock between horizontal

locations 30 and 50 m and below the colluviums in ERT-1

is formed by weathered brown rock and subvertical joints

therein, according to borehole BH-2 data. The groundwater

level obtained from BH-2 is more than 30 m below the

surface. This low-resistivity zone is considered as a path

along which groundwater flows downward. It resulted in a

high-resistivity zone shown in the rock between horizontal

locations 53 and 63 m, where groundwater was absent.

In Fig. 6, based on borehole data, a shallow, layered

low-resistivity zone (blue color tone) parallel to the slope

surface is composed of moist and fine-sized grains of

colluvium, a clayey layer and a large amount of shale in

rock. The figure also reveals that the rock surface is close

to this low-resistivity zone.

Single-point-resistance logging with time-lapse

measurement

Three boreholes, BH-1, BH-5 and BH-6 (Fig. 2), were used

to perform trace tests using single-point-resistance logging.

The peak resistance in Ohms was found every 4 m because

of overlap of the 4-m-long plastic tubes.

BH-1

The second measurement of resistance below the ground-

water level of 36 m was significantly lower (0 min and red

Fig. 4 Pseudeosection of data points collected using dipole–dipole array

CONSTANT

CURRENT

RECORDER

Ground electrode

Electrode in hole

Water filled hole

Fig. 5 Layout of single-point-resistance logging
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line) than the first, because of the sodium chloride

(Fig. 7a). After 40 min, the resistance was close to the

background value at depths of 36–48 m (blue line), varied

slightly at depths of more than 56 m, and transitioned

between. The resistance at depths of more than 48 m had

increased almost to the background value by 120 min,

when the groundwater concentration was reduced by flow

of the diluted groundwater from depths of less than 48 m.

Combining the borehole and resistance variation data

yields a distinct relationship between lithology and per-

meability: the flow velocity of groundwater where lightly

to moderately weathered sandstone dominates at depths of

between 36 to 48 m, is highest; the large amount of fine

grains at depths of more than 48 m is unfavorable to

groundwater flow.

BH-5

The groundwater level was approximately 2.5 m below the

surface (Fig. 7b). The resistance curves at depths of more

than about 7 m indicate that the resistance slowly decreases

with time, because of the gravitational sinking of the

sodium chloride that incompletely dissolved in ground-

water. This result shows low groundwater mobility in this

range because of low permeability, even in regions where

the sand content is high.

(a)

(b)

Fig. 6 Inferences from ERT and comparison with borehole data
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Gradually increasing resistance was only observed at

depths from 7 to 2.5 m. Furthermore, this finding implies

that groundwater mobility is higher in the upper part

(estimated to be 2.5 * 4 m of the depth) than in the lower

part.

BH-6

The groundwater level was around 17.5 m below the sur-

face. As in BH-5, decreasing resistance from the third to

fifth measurements (30, 60 and 120 min, respectively) was

also found at a depth of under about 20 m, where the

groundwater was almost stagnant. The resistance from 20

to 17 m gradually increased between the 60 and 120 min

measurements. Just as between depths from 7 to 2.5 m in

BH-5, relatively high groundwater mobility was estimated

at depths of 17 to 18 m (Fig. 7c).

Moreover, the groundwater level rose from 17.5 to 16 m

by the second measurement owing to an increase in the

concentration of the salt solution in the well; then, it was

slowly decreased to 17.5 m, the original value, over

900 min, because of the few local fissures in the rock at

depths of less than 16 m.

Hydrogeological environment of landslide

The slow groundwater mobility in the rock is evident from

the trace test on the landslide area. This result is supported

by the fact that the dense rock that is associated with high

mud content and the poor development of joints or fissures

is observed in the rock samples; therefore, the permeability

is low even in a thin layer with a low fine-grain content.

The rock permeability near BH-6 may slightly exceed that

near BH-5, because BH-6 is close to a sloped surface and is

probably affected by rock release.

An unreasonable groundwater level in the colluvium

was obtained at BH-5. It is much higher than that at other

wells in rock (Fig. 3). Undisturbed rock, quite uniform and

with low permeability, according to the results of the trace

test, cannot be responsible for this abnormal fluctuation of

groundwater level between wells. The accumulation of

groundwater around BH-5 should be caused by the low

permeability of the stratum between it and BH-7 on a

downward slope. Therefore, the fine-grained part of the

colluvium, associated with low permeability, acts as an

aquitard and retains water from the top of the slope. This

finding is supported by ERT data that demonstrate that the

(a) (b) (c)

Fig. 7 Results of single-point-resistance logging with time-lapse measurement. Peaks in resistance in Ohms every 4 m correspond to overlap of

4 m-long plastic tubes. Inverted triangles represent groundwater level
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low-resistivity zone has a curved basal surface, formed by

slip in a shallow part, as displayed in Fig. 6. Furthermore,

this low-resistivity zone can be reasonably inferred to

extend to close to the surface between BH-4 and BH-6 in

Fig. 6a, and to the surface between BH-5 and BH-7 in

Fig. 6b. The large amount of water used in the trace test

poured into the BH-5 and flowed out to the surface above

it.

A sufficient groundwater resource is required to main-

tain a higher groundwater level in BH-5 than in other wells.

It probably comes from the Huoshaoping Terrace to the

north as determined by topographic and geological condi-

tions (Fig. 8). The result of the trace test at BH-1 reveals

that most of the area of groundwater flow is an area of

weathered sandstone that is associated with better perme-

ability, at depths of between 36 and 48 m. The difference

between the groundwater heads of BH-1 and BH-5, around

30 m, provides a large hydraulic gradient for groundwater.

This is a major cause of the high groundwater velocity

between depths of 36 and 48 m as estimated from the rapid

increase in resistance in an interval of 40 min.

The salient feature on the steep rock slope with a NW

strike direction, north of BH-3 and below the Huoshaoping

Terrace (Fig. 2), is the development of subvertical joints,

especially open release joints, where cut rock with a pillar-

form can easily collapse directly or slip along the bedding

plane. Either process results in retrogression of the slope

around the Huoshaoping Terrace.

The groundwater from the Huoshaoping Terrace infil-

trates into the release joints close to the rock surface of the

steep slope, increasing the groundwater pressure in them

and the tension force in the surrounding rock (Fig. 8). This

phenomenon may explain why the other steep rock slopes

in the area of this landslide exhibit fewer failures that are

associated with joints due to low groundwater. In addition

to groundwater, the surface water that remains after intense

precipitation is critical to failure of the surface slope in the

rainy season.

Mechanism of landslide

The surface of the slope, in the N70�E/20�S direction that

was covered by colluviums above the sliding road, is

similar to the bedding plane of rock. Its bedrock is prone to

planar failure. The toe of the slope is cut by an unnamed

river with an N15�E strike whose northern side is gentle

colluviums and southern side is a steep rock slope,

resembling the original before the landslide. Topography

suggests that planar failure is likely to be caused by erosion

of the river at its toe. Strictly, however, the slope in the

N75�W/22�S direction between the sliding road pavement

and the unnamed river is not a dip slope. Therefore, the

underlying and deep rock was not involved in the last

landslide. The ERT data also indicate that the thickness of

the colluvium near the toe of the slope increased, implying

that it was formed at an earlier time before the last land-

slide. This phenomenon may be related to the erosion of

the toe of the slope by the river.

According to an interview with local residents, before

the landslide, surface water frequently accumulated on the

original road and its upward slope during intense rainfall,

reflecting the fact that an excess of surface water cannot be

drained away by a poor surface drainage system. However,

the water in the colluviums did not tend to infiltrate the

rock. The position of the zone of relatively low

N26E S26W

: Groundwater flow

: Groundwater flow zone

: Fine-grained part of colluviums

: Open release joints

Fig. 8 Map of major groundwater flow in study area
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permeability in the colluviums or the between colluviums

and the rock is very similar to the situation after the

landslide, as mentioned above. Consequently, the amount

of water in the colluviums rapidly increased over a short

time, reducing the effective stress of the slope and

increasing the downward force of the slope. The extremely

shallow rock may have been involved in any slippage.

Based on the ERT (Fig. 6), the low-resistivity zone with a

somewhat curved basal surface in shallow, upper part of

the slope, demonstrates this feature. This is first step in the

slope failure, directly pushing down the slope southeast-

ward and southwestward, where the poorly cohesive col-

luviums were caused to further collapse, but not reaching

the deep rock. ERT data from the lower part of the slope

also do not reveal low resistivity that was caused by slip

between colluviums and rock as in the upper part.

Clearly, the development of a landslide is strongly

affected by the low-permeability zone in the shallower part

of slope, including the thin clayey layer or the area of high

fine grain content. The thin clayey layer is formed by slip;

the latter is formed by the weathering of colluviums.

A 2 9 2 9 2.5 m test pit (Fig. 2) was excavated to

observe directly and closely the contact between colluvium

and rock. The profile, obtained by excavation using a

power shovel, shows from top to bottom, colluvium, a

clayey layer and rock. The profile exhibited good hori-

zontal continuity, even though the clayey layer varied in

thickness from 2 to 10 cm only. It is believed to have

formed in the last landslide (on 5 to 7 October, 2007). The

colluvium easily collapsed during the excavation, because

it contained a large amount of water, whereas the massive

rock was almost dry. Therefore, the clayey layer has low

permeability, and can block surface water from passing

through the colluvium into the rock.

In contrast, the rock part of slope is stable, and the level

of most of the groundwater in the rock, determined from

the wells, is more than 10 m below the rock surface, except

at BH-5. Increased by 2 to 6 m under intense precipitation,

based on more than one year of monitoring data; but this

effect still did not negatively affect the stability of the

whole slope. The long-term data obtained using incli-

nometers also indicate that the displacement of the rock is

less than 12 mm and was in no particular direction. No

potential weak zone formed by slippage is present in the

rock.

Two forms of failure of the slope can still occur in the

future: one may occur in colluviums with a large amount of

water; the clayey layer associated with the low perme-

ability is a potential re-slip surface. The erosion of the toe

of the slope by rising river water is another potential cause

of the collapse of the thicker colluvium down the slope.

The other type of failure is rock collapse by well-developed

release joints on the steep slope, especially near the

Huoshaoping Terrace where such potential collapse is a

key to determining whether the area of failure slope may be

expanded.

Conclusion

The groundwater system in the region of a landslide, at

least above the sliding road, is divided by the fine grain

content (including the clayey layer) with low permeability

as an aquitard between colluviums and rock. The colluvium

and rock have their own groundwater levels as expected,

even though only a groundwater level in the rock was

obtained from the wells.

Based on geophysical and geological data, the following

conclusions are drawn.

1. The iso-resistivity lines in the bedrock in the landslide

area that is covered by colluviums are similar to those

in the bedding plane, suggesting that the contribution

of lithological character to the resistivity is higher than

that of groundwater. Low permeability and poorly

developed joints and fractures are thus inferred. This

result was confirmed by the single-point-resistance

logging and data from boreholes.

2. The release joint, which may or may not be open, is

strongly related to groundwater level; and its flow

close to the Huoshaoping Terrace, the open release

joint is well developed. The rock, cut by joints, can

easily collapse. This situation is associated with the

groundwater flow over a high gradient from the

Huoshaoping Terrace. This rock slope must be

protected from groundwater and is a key to determin-

ing whether the area of failure slope will be expanded.

3. Owing to low permeability of thin clayey layer

between the colluvium and the rock, when a large

amount of water accumulates in the colluvium, the

resistance of this layer is reduced and the downward

force of the slope is increased; therefore, this layer is a

potential re-slip surface. Furthermore, high fine grains’

content in the colluvium results in low permeability,

which has a similar effect. Hence, the colluviums

importantly contribute to landslides, in which extre-

mely shallow rock may be involved.

4. The erosion of the toe of the slope by the river is also a

trigger of the collapse of the thicker colluvium. A

revetment should be established on the toe of the slope

to prevent erosion and deterioration by the unnamed

river, and a surface drainage system is required.
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