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Geoelectrical laboratory and field studies of groundwater
occurrence in a landslide area: a case study from Japan
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ABSTRACT

We present the results of electrical resistivity surveys carried
out to estimate the seasonal variation of the water table level in a
large-scale landslide area of Tertiary geology in Japan. One long
profile, trending NE-SW, was established perpendicular to the
main regional geology of the region. Three boreholes are located
very close to the profile. The profile was surveyed twice, once
before snowfall and once after snow had melted.

The relationship between resistivity and water saturation of
pyroclastic materials was clarified through laboratory tests. We
did this in order to estimate the water content of the pyroclastic
layer from the observed resistivity distribution in the landslide
area. The resistivity of the saturated pyroclastic deposit calculated
using an empirical formula was found to be 570 Q.m. Based on
this computed resistivity, the groundwater level was deduced by
assuming that the pyroclastic deposits were fully saturated beneath
the water table. We show that the estimated water table before
snowfall is lower than that inferred after snow has melted, by
about 1.1 to 4.7 m. This suggests that the water table in the upper
part of the pyroclastic layer in the landslide area fluctuates greatly,
compared to the lower part. This seasonal groundwater fluctuation
is possibly caused by the infiltration of water into the subsurface
after snowmelt.

INTRODUCTION

Most current landslides are recurrences of previous landslides.
The main factors in triggering these landslides are rainfall and
snowmelt, which bring about an increase in pore water pressure
at the slip surface, erosion at the landslide toe, and so on. Several
other factors relating to the landslide generation mechanism must
be studied in order to predict the type of disaster that may arise
because of a slide, and to formulate measures for preventing slides.
In order to obtain necessary data for landslide mechanism analysis,
such as the shape and position of the slip surface, subsurface
conditions, and groundwater distribution in the landslide area,
most landslide experts make use only of borehole information.
However, there are many cases in which such data are insufficient,
so there is a need to design appropriate technology for predicting
landslides (Matsuura et al., 1998). To overcome some of these
problems, electrical resistivity.surveys have increasingly been used
as a survey technique for landslide studies. The resistivity method
helps by revealing the resistivity characteristics of the subsurface,
thereby providing valuable information on groundwater distribution
and on the geological structure of the subsurface (Konishi, 1998).
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In this study, we have investigated the shape of the water table
and its seasonal variations in a known landslide area in Japan,
by conducting an electrical resistivity survey in this area in two
phases, firstly before the onset of winter snowfall and secondly
after the snow had melted. Using the well-established relationship
between resistivity and water saturation, the water-table level in a
pyroclastic deposit layer was estimated. In addition, the efficacy
of the resistivity technique for groundwater investigations was
examined by comparing the water-table level obtained using this
method with observations from different boreholes in the survey
area.

DESCRIPTION OF THE STUDY AREA

The Dozan River landslide region is located in the Mogami
District of Okuramura, Yamagata Prefecture (Figure 1), where a
large landslide occurred in May 1996 immediately after snowmelt.
Cracking, and collapse of subsurface structures, occurred along
the road that passed through the area. The end of the road slipped
towards the Dozan River. In addition, the formation of a head
scarp and collapse benches were observed in the upper part of
the slide. The landslide affected area covering 1100 x 1200 m.
The average gradient of the landslide slope is about 11°. Small
corrugations were discovered in the landslide area and we inferred
that these were probably relics of previous landslides.

The geology of the study area consists of Tertiary mudstone
and tuffaceous sandstone, overlain by a pyroclastic layer. A
distinct unconformity separates the tuffaceous sandstone from the
pyroclastic layer (Figure 2). The pyroclastic layer was ejected by the
Hijiori volcano, and is composed almost entirely of unconsolidated
sand. Asano et al. (2000) showed that the pyroclastic deposit layer
has not been disturbed by any landslide activity since deposition.
Well-log data indicate that the entire pyroclastic deposit layer is an
aquifer. There are also highly permeable tuffaceous sandstone and
mudstone beds in some parts of the aquifer. A slip surface is also
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Fig. 1. Location of the Dozan River landslide area.
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being investigated are usually illustrated as multi-dimensional
cross-sections, representing either the 2D or 3D structure of
the subsurface. This method is widely used in geotechnical
engineering for subsurface exploration of tunnel and dam sites,
and in landslide areas (Matsui et al., 1997 and 1999).

As shown in Figure 3, we established a survey line perpendicular
to the regional geology of the study area, for data acquisition
purposes. Some boreholes exist close to this line, and we intended
to correlate the inverted resistivity image of the subsurface with
the borehole logs. The electrical survey was carried out along the
same survey line on two different occasions, first after snow had
melted (June 1-5, 1999) and secondly before the next snowfalls
(October 24-30, 1999). The survey line was 1480 m long. The
electrode layout used was the dipole-dipole configuration with
electrode interval of 10 m. The depth of investigation with this
method was 50 m.

RESISTIVITY SURVEY RESULTS

The resistivity distributions in the subsurface beneath the survey
area, obtained by inversion of field data, are shown as Figures 4
and 5. In these figures, the resistivity of the pyroclastic layer near
the surface is greater than 1000 Q.m, and tends to decrease with
depth. This decrease in resistivity seems to be related to water
saturation in the pyroclastic layer. In addition, a low-resistivity
zone, with values of 100 Q.m or less, is observed around the
Dozan River, at the margin of the landslide area. In this area,
there is a thin pyroclastic layer, overlying weathered tuffaceous
sandstone and mudstone beds.

In general, we observe that the resistivity distributions in the
subsurface of the landslide area were the same after the snow had
melted as before the next snowfall, except for small differences
in the upper part of the cross-section. These differences are
apparently the result of seasonal groundwater fluctuation in
the pyroclastic layer. According to water table information
obtained from the boreholes mentioned earlier, the pyroclastic
layer is saturated with groundwater. Therefore, it is necessary to
clarify the relationship between resistivity and water saturation
in pyroclastic deposits, so that we can estimate the degree of
groundwater saturation in the pyroclastic layer from the resistivity
distribution in the affected area.

Relationship between resistivity and water saturation of
pyroclastic deposits

In the laboratory, the resistivities of pyroclastic samples were
measured at different saturations, using groundwater collected
from boreholes close to the survey line. This was done in order to

Fig. 2. Well-log information, geological stratigraphy, and the observed groundwater levels.
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Fig, 3. Survey line and groundwater observation points in the research
landslide area.

examine the effect of saturation on the resistivity of the pyroclastic
layer. First, the physical properties of the pyroclastic materials
were obtained, using block samples collected from various
locations in the survey area (Table 1). The samples were prepared
by air-drying before adjusting the saturation. The same samples
were used repeatedly and only the amount of water present was
changed. The samples were compacted, using a rammer, to the
wet density shown in Table 1 before the resistivity tests were
carried out. The compaction method used is the 1990 standard
number A1210: (Japan Industrial Standard).

The resistivity measurement system is shown in Figure 6
(Park and Matsui, 1998). It consists of a function generator for
controlling transmission current, a signal conditioner for adjusting
the signals and measured the potentials of the specimen, a data
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Fig. 4. Resistivity distribution after snowmelt (June 1-5, 1999).
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Fig. 5. Resistivity distribution before snowfall (October 24-30, 1999).
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Fig. 6. Sample resistivity measurement system.

processor for calculating the resistivity of the specimen from
input signals from a data logger, and an acrylic cylindrical sample
holder. The function generator provided alternating current at an
electrical potential of 3V and a constant frequency of 0.03 Hz.
In the sample holder, current was injected from §0-mesh copper
electrodes (C1, C2) attached to each end of the sample, and the
potential difference was measured from potential electrodes (P1,
P2), which were 1 mm diameter copper wires inside the cylinder.

By measuring the potential difference in the axial direction
when current flows through the cross section of the sample, the
resistivity of a sample is given by equation 1:

R=

AV
el 1
I 3 ( )

~fe

where R is the resistivity, S is the section area, L is the length of the
specimen, I is the current and AV is the potential of the measured
section.

The relationship between resistivity and amount of water
present in the pyroclastic samples tested is shown in Figure 7.
The saturation ranges from 4% to 20%. The resistivity of the
pyroclastic material decreases with increasing amount of water
present. These results show that resistivity of the pyroclastic
material above the water table is largely determined by saturation.
Saturation of the pyroclastic samples was calculated from the
amount of water present, using equation 2:

wp
§, =2t
ay @

where S is the saturation (%), w is the amount of water present
in the sample (%), p, is the density of soil particles (¢/m’), e is the
void ratio, and p,_ is the density of water (t/m?).

Figure 8 shows the relationship between the resistivity and
saturation in the pyroclastic samples, calculated from the amount
of water present. The resistivity decreases with increasing
water-saturation, as in Figure 7. Extrapolating the resistivity
observations suggests that saturated pyroclastic samples would
have a resistivity of 570 Q.m. Based on this resistivity value we
deduced that the 570 Q.m resistivity isogram in the resistivity
cross-sections represents the resistivity of the fully-saturated
pyroclastic layer. This isogram therefore represents the water table
in the pyroclastic layer.

Estimation of the water table

The water table estimated from the resistivity distribution
after snowmelt is shown in Figure 9. The resistivity isogram of
570 Q.m is considered to be the water table, as discussed above.
This groundwater level is shown as a dotted line in the figure.
We then compared the accuracy of the estimated water table by
comparing the estimates with levels observed in boreholes. The
average values of the water table observed during the survey
period for the K-1, K-13, and K-15 holes were used. A strainer

Density of soil particles Water content Wet density Dry density
(tm®) (%) (Vm’) (t/my’)
2.69 11.85 1.74 1.56

Particle size distribution: Gravel, 25.25%; Sand, 73.28%; Silt, 1.48%

Table 1. Average physical properties of pyroclastic materials.
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Fig. 10. Borehole observations of water table after snow melt.

Description K-1 hole K-13 hole K-15 hole
After snowmelt (m) -25 -11.8 -5.7
Before snowfall (m) -29.7 -14.5 -6.8
Ditference in water table (m) 4.7 2.7 1.1

Table 2. Comparison of the observed water tables after snowmelt and before next snowfall.

Degree of influence

Geological conditions

Influencing factors
Low resistivity

High resistivity

of rock mass

Saturated condition Large ------------—- Small

‘Weathered and fault/

Porosity

Unsaturated condition O3 17211 [ — Large

fractured zones

Pore fluid resistivity

Components of

(Resistivity of groundwater) Low womeomrmaemeeees High groundwater

Water saturation Large --------mnmmmmm- Small Water table

Water content by volume Weathered and fault/

. . Large ---------------- Small

(Porosity and water saturation) fractured zones
Weathered and altered

Clay content Much - - Little catiered and aftere
zones

Table 3. Effect of various factors on rock material resistivity.
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Fig. 11. Seasonal fluctuations of the estimated water table.

instrument was used to measure the water table in boreholes K-1
and K-13, and a piezometer installed at 23 m depth within the
pyroclastic layer was used in borehole K-15 (see Figure 2).

Figure 10 shows the water-table level in the three boreholes
observed during the survey period (after the snow had melted).
The average water tables in K-1, K-13, and K-15 are 25 m, 11.8 m,
and 5.7 m respectively. The water-table levels in holes measured
using strainer agree quite well with those estimated from the
resistivity distribution of the ground, but in the case of the K-15,
the observed water table is slightly higher than the estimated one.
A possible reason for this difference is that the water table in
borehole K-15 is a little higher than the natural water-table level
for the region. In addition, near the 810 m point, the estimated
water table is very low, but the topography of this section is very
rugged. It is possible that topographic effects were not properly
accounted for in the resistivity inversion.

Seasonal variation in groundwater

The fluctuation of the water table estimated from the resistivity
profiles after snow had melted and before next snowfalls is shown
in Figure 11. The estimated water table before snowfall is generally
slightly lower than that observed after snowmelt. In addition, the
estimated water table in the upper part fluctuates greatly compared
to that in the lower part of the landslide area. The observed water
table levels in the boreholes are shown in Table 2. These are mean
values observed during each survey period; after the snow had
melted, and before next snowfall. The water-table observed before
snowfall had dropped by from 1.1 to 4.7 m since snowmelt. The
observed water table in borehole K-1, in the upper part, is also
much deeper than that in K-15, in the lower part of the landslide
area. These values show the same trend as that estimated from the
resistivity inversions.

Observed water-table data during previous years has shown that
the water table tends to rise a little from the end of May through
June, when snow melts, giving a consistent long-term fluctuation
of the water table observed in the K-1, K-13, and K-15 boreholes
(Asano et al., 2000). This region receives a heavy snowfall, and
infiltration of melt-water occurs when the snow melts. In addition,
the aquifer in the topmost part of the landslide area serves as
groundwater storage. Before snow falls, and without infiltration
of melt-water from the surface, the water table in the upper part
seems to fall much more than that in the lower part, because much
groundwater flows from the upper part towards the Dozan River at
the margin of the landslide area.

DISCUSSION

The resistivity below the water table depends mainly on
porosity, resistivity of groundwater, and clay content. Of these
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factors, groundwater resistivity is observed to be almost constant
for the same type of material. Therefore, the resistivity of the
subsurface will be strongly influenced by porosity, which is related
to cracks and fractures, and by clay content, which is related to
weathering and other geological phenomena. This means that
fault, fracture, and alteration zones show relatively low resistivity
caused by increasing porosity and clay contents.

In addition, in the upper part of the rock mass, the resistivity
of the material is strongly influenced by water saturation, and so
can be predicted from the groundwater distribution. The factors
influencing the resistivity of rock materials in this context are
summarised in Table 3 (Matsui et al., 2000).

The research area is a large-scale landslide area where there is
a thick pyroclastic layer on top of a Tertiary mudstone bed, and a
slip surface exists within the mudstone. Observations of the water
table in the existing boreholes confirmed that the water table lies in
the pyroclastic deposit layer. The sand content of the pyroclastic
layer is about 73%, and the permeability is also high, because
the particle size distribution in all layers is almost homogeneous.
For this reason, the water-table depths can be estimated from
resistivity data obtained in an electrical resistivity survey, because
the resistivity of the pyroclastic layer depends strongly on the
amount of water present.

CONCLUSION

In this study we examined the application of the electrical
resistivity method to groundwater investigation in a Tertiary
large-scale landslide area. In this area, a thick pyroclastic layer
lies on a Tertiary mudstone bed in which there is a slip surface,
and the water table lies within the pyroclastic layer. Therefore,
we established a survey line along the main longitudinal line,
where boring had already been carried out, and an electrical
resistivity survey was carried in two phases along this profile:
the first before snowfall, and the second after snow had melted.
The resistivity distribution in the subsurface was obtained by
inversion analysis. To estimate the water table in the pyroclastic
layer from the subsurface resistivity distribution, the relationship
between the resistivity of pyroclastic deposits and water saturation
was clarified through laboratory tests. As a result, we have
shown that the resistivity of the saturated pyroclastic material is
570 Q.m. Based on this resistivity value, the water table was
estimated from the resistivity distribution of the ground by
assuming that the 570 Q.m isogram represented the water table in
the pyroclastic layer. A comparison of the estimated water table
and observed water table in boreholes found along the survey line
showed good agreement. Furthermore, seasonal groundwater
fluctuations were examined by estimating the water table from the
resistivity distribution both before snow fell and after the snow
had melted. The results confirmed that the estimated water table
found before snowfall is, in general, lower than after the snowmelt
by distances of between about 1.1 to 4.7 m. Also, the estimated
water table in the upper part of the landslide area fluctuated greatly
compared with that of the lower part. The seasonal variation was
possibly caused by the infiltration of water during snowmelt. The
estimated water table in the upper part greatly fluctuated compared
to the lower part because the groundwater stored in the platform
aquifer in the upper part flowed towards the Dozan River.

REFERENCES

Asano, S., Park, S.G., Matsuura, S., and Okamoto, T., 2000, Groundwater flow
analysis in a large landslide during the snow melting season: Journal of Japan
Landslide Society, 36, 70-77 (in Japanese).

Konishi, N., 1998, Landslide survey in a Tertiary soft rock area using HEM:
Exploration Geophysics, 29, 234-239.



Park et al. Groundwater in a landslide area

Matsui, T., Park, S.G., Park, MK., and Matsuura S., 2000, Relationship Matsui, T., Park, S.G., Sakamoto, S., Kanata, J., and Daikoku, A., 1997, Verification
between electrical resistivity and physical properties of rocks, Proceedings of resistivity-based high-density prospecting applied to mountain tunneling: ITA
of An International Conference on Geotechnical & Geological Engineering, World Tunnel Congress, Vienna, 83-88.

“GeoEng2000”, Melbourne, Australia, G0987. .
Matsuura, S., Asano, S., Okamoto, T., Takeuchi, Y., and Park, S.G., 1998, Observation

Matsui, T, Park, S.G., Park, MK, and Matsuura S., 1999, Applicability of resistivity- of pore-water pressure and landslide movement in Tertiary soft rocks: The
based high-density prospecting to a rock mass survey: Japan-Korea Joint Geotechnics of Hard Soil-Soft Rocks, Naples, Italy, 1125-1128.

Symposium on Rock Engineering, Fukuoka, Japan, 141-146. . . s .
Park, S.G., and Matsui, T., 1998, Basic study on resistivity of rocks. Butsuri-Tansa

(Geophysical Exploration) , 51, 201-209 (in Japanese).

Mo\ X SHEFALO] 2|8 AALE] X[ o] X|StpZ=AL
9FAT! - Shiho Asano” * Sumio Matsuura® = Takashi Okamoto? = 7 4 %!

2 2F: dEe A3 HAGo! Bxsn Y iR AR A o] glolq Ade] whE A sty WES setety]
Aste] AZuAGdEALE A gaiodrt. 71Ee] AFFZAE £3E NESW B0 R SASAE HA3ta, FY BARSA
gafA Fo] ¥ 693 o] 2717 e] 109 47 AU AGEALE AASICE ES A Ao FHA X
RE AN HAE A8E AHslo] AulelA] F5uE AgH oy zdadN AN ATES FF8ta, o AR
FE Z3PdE S Skl B 482 ArniA gl 573 ohm-m Y2 BHETE o] & o] &8te] 2 slo] HA HAAF AbAL
B Age] Ay AR R A F33 Jol Bxsla e ASsAE FHAE 4 Adn 2 A o] &
7] AR ol %8~§ﬂ~%éﬂﬁ»@&fﬂﬂll%%n§&:%9 Row HrtHEew, gaddd HASol FHA
Ao 9l AR Ao AR Askeg wWEo]l # RAo®; Jekgr)h oleld olfE o] ke AV uake §4

L] K o] R s ol AR FAL A A FAA

7t ARE JEFO] AFENIL AEFHL Yo, A
& agd
=

dojupa 7] W&

BRLIENREEICK ST Y O TKEAE
Sam-Gyu Park' - 2 ER’ - WEHMLE? - BA &+ Jung-Ho Kim'

BE B AUETE. BRUEEAEAICIDE TROKEIEO ST~ M0 5 REEIC L 5 M TAKEE 2 H~
kozmt@\%f&nﬁm%ﬁwmm)/ﬁﬁﬁﬂ Tl BRI EARRERE L, BE%LHES 2 BECE - TEX
HHERREZITV, B0 2 RaRAS A 2RO 7=, £, BBORERSMHEL T T ABOPICFET HH T KT EHE
T HIDITY T AD LIRS & SRIE & OBRE BB L 500 LR, ffRETOY 7 ROHEHIE 573Qm TH
ol TORBRHECE ST I ABOHT/KEML FTIIMREBTHAE R L. MERHEITBREFR LY I
TAREEZHEE L, ZORE, BISRIZESTHEEMOM TRESEEIZ 1L1~4.Tm BERI 2-TEBY ., ﬂ#m@ﬂ@kw
L O HIEMOBTAMARESEBLTNEZ EBShoT, 0L BT LA HTRERNT, BT E
ﬁ%mmﬁﬁmié%@T&D\m#ﬁbﬁmk%%;U%ﬁ%@ﬂ$*&ﬁké<%@#é@mm\ﬁ@%@é%@ﬁﬁm
BEETHY, FOEL OMTAEELNFEIZR T L TWAEDTHLZ Ehndh o,

1 I A AN LATY Aurel Ao 75 1 SRR R TR s 2 AR
305-350, W4 AT 71 % 30
2 YENHETPATE 2 AR BT SERRT

91



