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An integrated geophysical approach comprising microtremor chain array and self-potential surveys was used to
assess the internal structure of landslide dams subject to possible piping erosion in selected sites in Japan and
Kyrgyzstan. The non-invasive geophysical approach is cost effective, environmentally friendly and portable, and
hence, it has proven to be valuable for the geotechnical assessment of landslide dams where piping can trigger
failure of the dam. While the microtremor chain array survey results revealed the internal structure of the

landslide dam, the self-potential survey results indicated the path of anomalous seepage zones. In the surveyed
sites of long-existing landslide dams, the presence of a seepage path in the dam was confirmed by a good
correlation between the areas of low phase velocity and large negative self-potential anomalies. In summary, this
integrated geophysical approach could be useful for the early risk assessment of landslide dams and prediction of

landslide dam failure by piping.

1. Introduction

Landslide dams are common geomorphic features in many moun-
tainous regions of the world (Costa and Schuster, 1988; Evans et al.,
2011). These geomorphic hazards are formed where frequent slope
movements and fluvial dissection result in high denudation processes
that cause valley floor blockages (Korup et al., 2004). Landslide dams
are potentially dangerous natural phenomena made up of hetero-
geneous masses of unconsolidated or poorly consolidated sediments,
and thus, they can fail via piping or overtopping (Schuster et al., 1998).
The failure of landslide dams could trigger catastrophic outburst floods
and debris flows, which could inundate the downstream areas, causing
loss of lives and infrastructural damage (King et al., 1989; Becker et al.,
2007).

Understanding the predisposing factors and geomorphic processes
that lead to the failure of landslide dams is essential for risk assess-
ments. Empirical and statistical methods have been employed in the
evaluation of the stability of many landslide dams (Ermini and Casagli,
2003; Korup, 2004; Dong et al., 2009) and potential outflow hydro-
graphs (Evans, 1986; Walder and O'Connor, 1997; Satofuka et al.,
2010). However, these methods do not consider the internal structure
of landslide dams, and they have been applied to a limited number of
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datasets (Ermini and Casagli, 2003; Dong et al., 2009). For long-existing
landslide dams subject to possible piping and internal erosion, it is
important to understand the internal structure of the dam and piping
path inside it to carry out failure prediction.

Geophysical investigation can play a crucial role in characterising
the internal structure of landslide dams and detecting anomalous see-
page at its early stage, which will likely develop into full-scale piping at
an early stage. Microtremor (MTM) chain array and self-potential (SP)
surveys are two cost-effective (non-invasive) geophysical approaches
that can be used to perform detailed on-site assessment of landslide
dams' susceptibility to failure by piping and internal erosion. They can
be applied on rugged and remote terrains and other hydraulic struc-
tures where boring and drilling may be impossible. Similar non-in-
vasive geophysical techniques have been used to identify anomalous
seepage in embankment dams (Corwin, 1990; Sjodahl et al., 2005;
Moore et al., 2011) and the phase velocity structure of many sedi-
mentary deposits (Apostolidis et al., 2004; Asten et al., 2005; Garcia-
Jerez et al., 2008; Sasaki et al., 2015). Fig. 1 shows our concept for
measurement and monitoring of landslide dams for failure prediction,
especially for those subject to long-term piping and internal erosion. An
MTM chain survey is used to detect the internal structure of the land-
slide dams. For newly formed landslide dams, the results can be used
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for the first evaluation of the possible path of piping and internal ero-
sion, while for long-existing landslide dams, the results can be em-
ployed to evaluate the internal structure of the dam and check whether
and where possible internal erosion has occurred. The SP method can
be used for detecting the active water flowing path in a landslide dam.
In this paper, MTM chain array and SP surveys were conducted at
several sites in and beyond Japan to estimate the phase velocity
structure of landslide dams and obtain information on the likely pre-
sence of active seepage zones in the dams. The results could help in
assessing the stability of the landslide dams and predicting their po-
tential failure mechanisms, including the time of failure. The frequency
of occurrence of landslide dams in Japan has made these geophysical
approaches preferable over other methods. The main objectives of this
study are as follows: (1) to confirm the applicability of the MTM chain
array survey in detecting the internal structure of landslide dams; and
(2) to confirm the applicability of SP surveys in identifying potential
anomalous seepage zones in a landslide dam and evaluate the likely
relationships between these seepage zones and the upstream lake.

2. Methods
2.1. Microtremor chain array survey

An MTM survey is a passive surface wave technique used for mea-
suring natural surface waves. The approach has been used to obtain the
shear-wave velocity (Vs) structure and apparent phase velocity depth
profiles of geological structures to depths of 100-1000 m (Asten, 2004).
Fig. 2 shows the concept of the MTM using the micromotion signals to
obtain the phase velocity structure of the ground, employing the dis-
persion phenomenon of surface waves.

MTMs comprise low-energy body and surface wave motions, which
have amplitudes that range from 10~ 4t0 10~ 2 mm (Okada et al., 1990,
2003; Roberts and Asten, 2005). The ordinary MTM method has been
applied in the study of the internal structure and dynamic properties of
landslide dams and other sedimentary basins (Nakamura, 1989; Ibs-von
Seht and Wohlenberg, 1999; Brown et al., 2000; Satoh et al., 2001; Arai
and Tokimatsu, 2004; Roberts and Asten, 2005). The results showed
that this method has great potential for application in landslide dam
investigation. Similarly, the method has been used in the determination
of the geometry of sediment deposits and variation of their dynamic
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Fig. 1. Concept of measuring and monitoring a landslide
dam for failure prediction. A microtremor (MTM) chain
array survey is used to detect the internal structure of the
landslide dam, and a self-potential (SP) survey is used to
detect the location of the groundwater flow path, while the
water level on the upstream side and the turbidity on the
downstream side are under monitoring. Two video cameras
and GPS are used to monitor the surface deformation of the
landslide dam.
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properties with depth (Apostolidis et al., 2004, 2006).

Two methods commonly used for processing MTM data are the
frequency (f) - wavenumber (k) power spectral density (FK) method
(Capon, 1969; Lacoss et al., 1969) and the spatial autocorrelation (SAC)
method (Aki, 1957, 1965; Okada, 2003). The most commonly used
array for SAC measurements is the circularity array, which can be
substituted with the semi-circularity array (Okada, 2003). The SAC
measurement method has been developed as the extended SAC (ESAC)
approach by Ling and Okada (1993) and Okada (1994). With this im-
provement, the array configuration can be arbitrarily shaped, and the
Rayleigh wave phase velocity can be as accurate as those obtained
using the FK method (Ohori et al., 2002).

Fig. 3 shows the abstracting method of the dispersion curve, that is,
the relationship between the frequency and phase velocity, from mi-
cromotion signals monitored with MTM sensors, namely seismometers
(Hayashi et al., 2010). The micromotion signals are recorded simulta-
neously by the MTM sensor located at the centre and lots of MTM
sensors located at the circle, which are quidistant from the circle centre.
This is called a circularity array.

Using the following procedure, the dispersion curves can be ob-
tained:

1) Calculate the wave-shape correlation r,(f,0,r) between the circle
centre and each sensor point at the periphery using the complex
coherence function (Fig. 3a):

Re[Sy(f,6,1)]

\ SXU)'SyU’Q’r) (@D)]

where R, denotes the real part of the complex function S, (f,6,7), fis
the frequency, 0 is the angle at the periphery, and r is the radius of
the circle.

2) Use the property wherein the average value of the spatial auto-
correlation coefficient is equal to the value of the Bessel function
(Fig. 3b) and obtain the SAC coefficient:

1y (f,0,1) =

1 21 r
p(f) = m ‘/(: 1y (f,6,1r)d0 = ]O[Zﬂc_(f)] @

where p(f) is the SAC coefficient, J, is the 0 order of the first-sort
Bessel function, and c(f) is the phase velocity.
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Fig. 2. Concept of a microtremor (MTM) survey using the
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micromotion signals to obtain the phase velocity structure
of a ground, employing the dispersion phenomenon of
surface waves (modified from Hayashi et al., 2010).
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3) Obtain the phase velocity from the inverse function of the Bessel
function (Fig. 3c):

c(f) = 2af

_r
UNCIG)

where J, ! is the inverse of the J, function.

3)

According to Okada (2001, 2006), to abstract the dispersion curve,
at least three MTM sensors should be located at the periphery. Fig. 4
shows two examples of the array method using the SAC approach. One
example is an equilateral triangle array, and the other is a multiple
array. A multiple array is much better than an equilateral triangle array,
as it can cover a wider range of wavelengths. The wavelength of the
surface wave in the dispersion wave reflects the situation at a depth of
1/2 to 1/3 of the wavelength. As shown in Fig. 5, based on this prin-
ciple, the phase velocity structure can be obtained via conversion from
the curve between frequency and depth (Hayashi et al., 2010).

Using the semi-circularity array, Okada et al. (2003) developed a
new array called the MTM chain array. This method makes it possible to
obtain a two-dimensional underground phase velocity structure model
via continuous measurement (Hayashi et al., 2010). Due to this ad-
vantage, this method was selected in the present study for application
to landslide dams. Fig. 6a shows the principle of transferring the cir-
cularity array to a semi-circularity array, and finally, the MTM chain
array. Through the data obtained from seismometers 1, 2, 3 and 4, the
average phase velocity around seismometer 1 can be obtained via an
analysis using the SAC method. With the MTM chain array, as shown in
Fig. 6b, the average phase velocity under seismometers 3, 5, 7 and 9 can
be measured simultaneously. When using 11 seismometers, seism-
ometers 1 and 2 will be set at the current positions of seismometers 10
and 11, followed by the other seismometers, and then the second-round
measurement can be conducted. Ultimately, a continuous, two-dimen-
sional phase velocity—depth profile can be obtained. Fig. 6¢ shows an
example of the layout of 12 seismometers on an irrigation dam top to
confirm the effectiveness of the MTM chain array survey.

Generally, an MTM survey can give the S-wave velocity structure as
the result via modelling based on the dispersion relationship between
the frequency and wavenumber. However, to maintain the original
continuity and discontinuity of the measured area, only minimum
processing is carried out on the measured data to keep the anomalies,
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and the phase velocity, rather than the shear wave velocity, is presented
as the result in the MTM chain array method (Hayashi et al., 2010). Like
shear wave velocities, Rayleigh wave phase velocities depend on the
dynamic properties of the soil, such as the density, Poisson's ratio and
compression wave velocity (Brown et al., 2000).

In an MTM survey, the effective investigation depth depends on the
maximum wavelength that has been measured. It is always hoped that a
greater investigation depth can be reached with a smaller array size,
which is the lateral length of an equilateral triangle. Matsuoka et al.
(1996) examined the relationship between the seismometers (d, corre-
sponding to the array size in chain array) and maximum detected wa-
velength (L). By relating d to L, they obtained a result of L ranging from
30 to 5000 m, corresponding to d ranging from 3 to 150 m. In their
study, they also presented the ratio of the maximum wavelength (L) to
seismometer spacing (d). The average value of the ratio was 22. When
the seismometer spacing was smaller than 30 m and the target ground
was soft, the ratio was smaller than average, and it was sometimes less
than 10. For ensuring the measurement quality, Matsuoka et al. (1996)
proposed that the seismometer spacing d can be set as 1/10 to 1/20 of
the expected maximum wavelength. Following this research, Hayashi
et al. (2010) proposed that the investigation depth can be 10 times the
array size when applying this method for geotechnical purposes.
Matsuoka et al. (1996) also examined the necessary measuring time in
the SAC method. They concluded that, for array sizes of 3-30 m, the
time should be 10 min, while for an array size of 60 m, the time should
be 20 min (Hayashi et al., 2010).

For our purpose of detecting the internal structure of landslide
dams, the array size of the equilateral triangles was fixed at 1.5-10 m,
depending on the depth of investigation and desired range of Rayleigh
wave wavelengths. Also, the time duration for each measurement
ranged from 15 to 30 min.

For data processing, Matsuoka et al. (1996) developed a method of
drawing the dispersion curves of surface waves, which made it possible
to obtain the relationship between the phase velocity and depth. Using
the MTM data recorded by the seismometers located at the circularity
array and centre simultaneously, the correlation between the centre
point and the points on the circle can first be calculated, and then the
SAC coefficient, that is, the p (f) curve, can be obtained. Fig. 7 shows an
example of a p (f) curve. Following this, through an inverse operation,
the dispersion curves (Fig. 8), that is, the relationship between the
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Fig. 3. Procedure for obtaining the dispersion curve by means of the spatial auto-
correlation (SAC) method: a) circularity array to calculate the correlation between the
central point and the point at the periphery, b) using the Bessel function to obtain the SAC
coefficient, ¢) obtaining the phase velocity from the inverse function of the Bessel func-
tion (modified from Hayashi et al., 2010).

phase velocity and frequency, can be obtained.

The GX-GSO01 seismometer used in this study is a velocity seism-
ometer with a natural period of 1.0 s. The coil resistance is larger than
10 kQ, and the sensitivity is greater than 5 V/kine. During the mea-
surement, the seismometer was set on a GX-SP01 horizontal iron plate
of 200 * 200 mm (length * width), which has a pin of 200 mm in length
and can be fixed into the ground.

The GX-LGO1 amplifier has 12 channels and three sampling rates,
that is, 50 Hz, 100 Hz and 200 Hz. There are two types of low-pass
filter, that is, 1 Hz and 30 Hz. During the measurement, the results are
shown on a laptop screen in real time. In this study, a sampling rate of
100 Hz and low-pass filter of 1 Hz were adopted. The GX-CBO1 cable,
which can protect against the effect of electromagnetic induction, was
used to connect the seismometer and amplifier.
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@ Microtremor sensor

Fig. 4. Two settings of microtremor (MTM) sensors in the spatial autocorrelation (SAC)
method. Left: equilateral triangle array; right: multiple array (modified from Hayashi
et al., 2010).
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Fig. 5. Transforming procedure from the dispersion curve (left) to phase velocity dis-
tribution along the depth (right) (modified from Hayashi et al., 2010).

2.2. The self-potential survey

Landslide dams are generally composed of unconsolidated or dis-
turbed materials, which have no filter zones or engineered water bar-
riers to prevent seepage, and hence, may allow the development of
seepage and internal erosion from landslide lakes in front of a landslide
dam. To monitor the internal seepage in a landslide dam, the SP method
was selected in this study due to its possible response to subsurface fluid
paths through the mechanism of the streaming potential. The streaming
potential is an electrokinetic process that describes the interaction be-
tween the subsurface fluid path and electric flow in a porous rock mass
or saturated soil (Glover et al., 2012; Jouniaux and Ishido, 2012). In a
saturated system under static conditions, equilibrium exists due to a
balance of the electric charge across the solid—fluid interface. The
streaming potential evolves from hydraulic action, which offsets the
equilibrium of the system, giving rise to a charge imbalance that gen-
erates electric currents (Ishido et al., 1983). The electrokinetic process
takes place in the pore spaces of saturated soils under constant hy-
draulic flow. It involves the exchange of charged ions in the pore
spaces, and thus, initiates an electric current field, also referred to as
the streaming current (Fig. 9a). In natural conditions, the occurrence of
streaming potentials results from the double layer of ions associated
with the interaction between the mineral grains and pore-water
(Allegre et al., 2010).

The SP method is a passive geophysical technique that responds to
naturally occurring potentials on the earth's surface. It is unique in its
ability to detect natural or ‘spontaneous’ voltages on the ground gen-
erated by hydraulic, thermal and chemical processes. An SP survey is
useful for locating and quantifying groundwater flows and pollutant
plume spreading, as well as estimating the pertinent hydraulic prop-
erties of aquifers (water table, hydraulic conductivity). This method has
been employed in embankment dam engineering for the delineation of
anomalous zones that correspond to preferential seepage paths
(Corwin, 1991). In addition, in recent years, the technique has been
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Fig. 8. Examples of dispersion curves for six seismometers in a survey.

applied for monitoring seepage, internal erosion and piping in landslide
dams and natural and engineered levees (Boleve et al., 2009; Moore
et al., 2011; Thompson et al., 2012).

SP surveys were taken using two methods, namely the leapfrog
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Fig. 6. Microtremor (MTM) chain array survey: a) Principle
of the MTM chain array method based on circularity arrays
of seismometers. Moving no. 2 to no. 2/, the circularity
array becomes a semi-circularity array. Rotating line 3-1 to
a horizontal line and adding more MTM sensors paralleling
line 1-4, a chain array is formed (from Hayashi et al.,
2010). b) Determination of the phase velocity depth profile
using the chain array (modified from Hayashi et al., 2010).
¢) Photo of the seismometers in the chain array.

method and fixed-base method. The leapfrog method, also called the
gradient method or dipole method, measures the potential between two
electrodes, and the two electrodes are leapfrogged along the measure
line (Fig. 9b). The advantage of this method is that two electrodes are
sufficient to conduct the measurement. The fixed-base method, also
called the total field method, measures the potential difference between
a fixed-base electrode and a mobile electrode connected to a long reel of
wire (Fig. 9¢). This approach has the advantage of flexibility in placing
the mobile electrode, and it usually gives a smaller cumulative error
than the leapfrog method does (Lowrie, 2007). Fig. 9d shows the image
of the result curves with the two methods. When a measure line passes
over a groundwater flowing route, the result curve appears as an S-
shape when the leapfrog method is used, while it appears as a wide V-
shape when the fixed-base method is used. In this study, the fixed-base
method was employed for all measurements.

Non-polarising copper/copper sulphate electrodes (model no.: RE-5;
diameter, 0.035 m, length, 0.15 m; Nippon Corrosion Engineering Co.,
Ltd) were used in this study. At each station, a small amount of salted
bentonite mud was added to a pre-dug shallow hole for enhancing the
coupling between the electrode and ground, especially in dry terrain
covered by gravelly deposits. SP surveys were taken using a digital
multimeter, M-6000M (METEX), which exhibits a high sensitivity and
high input impedance.

3. Site description

In this study, Miyoshi Irrigation Dam was selected to confirm the
applicability of the MTM chain array survey (Fig. 10). Then, the MTM
chain array survey and SP surveys were conducted in Akatani landslide
dam and Kuridaira landslide dam, located in Nara Prefecture, Japan;
Terano landslide dam, located in Niigata Prefecture, Japan (Fig. 10);
and Kol-Tor landslide dam near Bishkek, Kyrgyzstan Republic (Fig. 11).

3.1. Miyoshi irrigation dam, Japan

The Miyoshi dam is a small irrigation dam located near the Miyoshi
highway interchange in Miyoshi City, Hiroshima Prefecture, Japan
(Fig. 12). The dam height, length and crest width are about 18 m, 66 m
and 1.5 m, while the maximum dam width and downstream slope angle
are 66 m and 35-40°, respectively. Fig. 13 shows the front view of the
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Fig. 9. Principle of the self-potential (SP) measurement for
detecting groundwater flowing: a) Schematic diagram of

streaming potential in the pore space of a saturated soil.
Cations are brought away by the water flow to the down-
stream side, resulting in a negative SP at the water flow
path and positive SP at the downstream side. b)
Measurement using the leapfrog method. ¢) Measurement
using the fixed-base method (Lowrie, 2007). d) Images of
the result curves of the two methods with a measure line
passing over a groundwater flow route.

fixed-base

result curve

by leap-frog method

V1
(b) leap-frog method (d)
surface S
E
station station ©
0 1 = )
20 N
= ~
k] J I
rfa L

station station
1

dam and the location of the measure line A-A’ for the MTM chain array
survey. The dam was specifically constructed for the supply of water to
several agricultural terraces in the downstream area 20 years ago. It
impounds a lake with an estimated volume of 220,000 m>. There is a
drainage pipe (sluiceway) of approximately 0.3 m in diameter located
~5 m below the dam crest. The projection distance from the drainage
pipe to the measurement start-point A is 42 m. In addition, excess water
from the upstream lake flows into the downstream area through an
uncontrolled spillway channel. The distance from the centre of the
spillway to the measurement start-point A is 50 m. The structure of the
artificial dam laying on the natural valley is obvious. The MTM chain
array survey was conducted on the dam from point A to A’ with a total
length of 66 m to detect the internal structure of the dam and determine
the applicability of the technique for evaluating the internal structure of
landslide dams.

3.2. Akatani and Kuridaira landslide dams, Japan

The Akatani and Kuridaira landslide dams are situated in Nara
Prefecture on Japan's Kii Peninsula (Fig. 14). The two landslide dams
are among the 17 major landslide dams created due to the devastating
effects of Typhoon Talas (Typhoon No. 12 in Japan), which occurred
between 31 August and 4 September 2011 (Hayashi et al., 2013). The
passage of this severe tropical cyclone over the Japanese archipelago
brought cumulative precipitation of 1000-1500 mm in the southern
part of the Kii Peninsula and 1800-2400 mm over 5 days in some dis-
tricts of Nara Prefecture. As many as 207 landslides, landslide dams,
debris flows and other sediment-related disasters arose in 21 pre-
fectures, with the Mie, Nara and Wakayama Prefectures recording the
highest numbers of cases (Sakurai et al., 2016). A summary of the
geomorphic characteristics of the two landslide dams is given in
Table 1. The sediments composing the landslide dams were derived
from the Cretaceous to Paleogene Shimanto accretionary complex,
which comprises weathered layers of sandstone, chert, tuff, greenstone,
siltstone and foliated mudstone, as well as detached blocks of intrusive
rocks. Emergency countermeasure works, including the installation of
drainage pumps, subsurface drainage systems and real-time monitoring
sensors, have been carried out on the sites to stabilise the landslide
dams and prevent the potential occurrence of flood disasters (SABO,
2012). Our measurement was conducted on the engineered landslide
dams in August 2012, 1 year after the landslide dams were formed.

by fixed-base method
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3.3. Terano landslide dam, Japan

The landslide dam in Terano district, hereafter referred to as the
Terano landslide dam, is located in the Imogawa River basin, Niigata
Prefecture, northeast Japan (Fig. 15). The landslide dam was formed by
a landslide triggered by the 23 October 2004 Myy 6.8 earthquake, which
struck Niigata Prefecture. This earthquake triggered about 1419
shallow landslides and 75 deep-seated landslides near the epicentre
(Nagai et al., 2008). Detailed on-site preliminary surveys indicated that
362 of the landslides had a width greater than 50 m, while 12 had a
volume greater than 1 X 10°% m® (Sassa, 2005). Large amounts of ma-
terials displaced by this earthquake formed landslide dams at 45 loca-
tions on the Imogawa River. Among these, the landslide dams formed
by the Terano and Higashi Takezawa landslides had a height of more
than 25 m (Sassa, 2005). Most of the sediments forming the landslide
dams were derived from poorly indurated and structurally deformed
Neogene-Quaternary sedimentary deposits, which comprise mudstone
and alternating units of sandstone and mudstone, including conglom-
erates. The maximum length and volume of the Terano landslide dam
are 300m and 1 x 10°m?, respectively. Numerous countermeasure
works have been carried out on the landslide dam to increase its sta-
bility and avert the potential overflow of the upstream lake. Our
measurement was conducted in July 2014, 10 years after the landslide
dam was formed. At this point, all countermeasure works to stabilise
the landslide dam had been completed.

3.4. Kol-Tor landslide dam, Kyrgyzstan

The landslide dam behind Kol-Tor Lake in Kegeti Gorge (hereinafter
called the Kol-Tor landslide dam) is located about 90 km southeast of
Bishkek, the capital of the Kyrgyzstan Republic. The dam was formed
by a rock avalanche that originated from the valley side and blocked the
valley floor (Fig. 12). The landslide dam and upstream lake are located
at altitudes of 2400-2735 m and 2726 m, respectively, while the lake
volume, maximum depth and total surface area are 1.83 x 10°m>,
14.8m and 2.215 x 10° m? respectively (Fig. 16a; Jansky et al.,
2010). Even now, it is not clear when the landslide dam was formed. It
is estimated that it may have existed for hundreds of years. We carried
out the measurement in September 2015. The length, width and
thickness of the dam were 1800, 600, and ~25 m, respectively. Ac-
cording to Jansky et al. (2010), the lake impounded by the landslide
dam was initially formed by a moraine dam. Subsequent rock avalanche
processes caused further blockage of the stream channel and led to an
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Fig. 12. Location of the Miyoshi Irrigation Dam on a Google Earth image.

increase in height of the dam and depth of the upstream lake. The lower
part of the dam comprises moderately consolidated glaciogenic sedi-
ments from the underlying moraine deposits, while the upper part
comprises poorly sorted clastic sediments, including gravel and
boulders. The lake is mostly recharged by snowmelt, rainfall, water
from glaciers and subsurface springs. The existence of many subsurface
cavities at the downstream end of the dam has been attributed to the
effects of the melting glaciers, coupled with incessant precipitations
that have led to a steady rise in the upstream lake. In our field in-
vestigations in August 2009 and September 2015, rapid seepages were
observed (Fig. 16b). Geophysical investigations were carried out on the
landslide dam to evaluate the internal structure at the lowest part and
try to find the distribution of the SP after long-term seeping under the
landslide dam.

4. Results and discussion
4.1. Miyoshi irrigation dam, Japan

The MTM chain array survey was performed along a survey line on
the Miyoshi Irrigation Dam crest. The array size was fixed at 2.0 m,
while the duration of each measurement was fixed at 30 min.

Fig. 17 shows the phase velocity profile along the dam crest. The
measure line on the dam crest started from the right bank of the dam
and terminated at the left bank, continuing for 66 m, as shown in
Fig. 13. The phase velocity of the dam materials varied from 100 to
900 m/s. The geometry of the dam site can be delineated by the high
phase velocity of 540-900 m/s characteristic of the right abutment. The
uppermost layers of the dam exhibited low phase velocity that ranged
from 100 to 140 m/s, which may indicate the poor or moderately
consolidated nature of the refilled materials. Furthermore, the phase
velocity ranging from 100 to 120 m/s corresponded to the depth where
the drainage pipe was located, which is indicated with a dotted circle.
The area around the spillway also showed a low phase velocity zone,
which may indicate the effect of the overflow in the spillway on the
dam structure. The results of this preliminary investigation demon-
strated the reliability of the MTM chain array method in the evaluation
of landslide dams' internal structures.

4.2. Akatani and Kuridaira landslide dams

The MTM chain array survey and SP survey were carried out at
several locations at the Akatani and Kuridaira landslide dams (Fig. 18).
The survey lines were chosen based on the terrain conditions. In total,
four MTM chain array survey lines (A-A’, B-B’, C-C’ and D-D’) and
three SP survey lines (a—a’, b-b” and c—c’) were traversed at the Akatani
landslide dam, while one MTM survey line (A-A’) and two SP survey
lines (a—a’ and b-b’) were covered at the Kuridaira landslide dam
(Fig. 19). The array size for the D-D’ line at the Akatani landslide dam
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Fig. 13. Front view of the Miyoshi Irrigation Dam and the
microtremor (MTM) chain array measure line A-A’ on the
dam. The locations of a spillway and drainage pipe are
shown.

Fig. 14. Two landslide dams triggered by a heavy rainfall in Nara Prefecture, Japan: (a) Akatani landslide dam, (b) Kuridaira landslide dam (Image: Aero Asahi Corp.).

Table 1
Geomorphic characteristics of the Akatani and Kuridaira landslide dams.

Landslide Landslide dam

Area Length (m) Width (m) Volume (10° m®) Height (m) Blockage volume (10° m®) Lake volume (10° m%) Catchment area (km?)
Akatani 670 300 9.4 67 10.2 5.5 13.2

Kuridaira 600 500 25.1 100 24.1 7.5 8.7

Fig. 15. Front view of the Terano landslide that occurred in 2004 in Niigata Prefecture,
Japan (taken in 2014 by F.W. Wang).

was fixed at 1.5 m, while for the other lines at the Akatani and Kur-
idaira landslide dams, the array size was fixed at 3.0 m. The duration
for each measurement of all lines was fixed at 30 min. In all the SP
survey lines, the spacing distance between two neighbouring SP sta-
tions was fixed at 3 m. Fig. 20 shows the phase velocity profiles along
the surveyed lines at the Akatani landslide dam. In general, low phase
velocities of 100 to 300 m/s (in blue) were obtained at the survey lines
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located near the landslide lake (lines B-B’, C-C’ and D-D’). These low
phase velocity values can be attributed to the following: (1) the effect of
an artificial drainage pipe (at line D-D’) laid inside the dam for low-
ering the upstream lake (Fig. 21) and (2) the uppermost layer of the
sediments, which were made up of poorly consolidated debris from the
distal end of the landslide. In contrast, phase velocity ranges of
400-780 m/s were obtained near the central part of the dam (line
A-A’). The observed increase in phase velocity with depth resulted from
an increase in density and decrease in porosity, from the un-
consolidated upper deposits to the bedrock.

Fig. 22 shows the SP profiles along lines a-a’, b-b’ and ¢’ at the
Akatani landslide dam. In the three measure lines, all the base stations
were put in relatively high and dry positions. Along a-a’, there is almost
no negative SP, while most of the area showed a negative SP at line
b-b’, and all of line c—c’ showed negative values. The results exhibited
marked variations in the SP profiles from the middle of the landslide
dam toward the upstream side, and this may imply the absence of well-
developed seepage paths in the dam. Attributing SP anomalies to the
streaming potential, water infiltration should be expected to flow from
zones of negative anomalies to zones of positive ones (cf. Moore et al.,
2011), which can reveal whether seepage phenomena occur from the
upstream lake through the landslide dam. The high hydraulic con-
ductivity of the poorly consolidated sediments dominating the upper
layer of the area near the upstream side may have given rise to the
negative SP anomalies of several tens of 20-25 mV.

Integrating the findings in Figs. 21 and 22, some results can be
clarified. Lines A-A’ and a-a’ were set at the same line. Perhaps due to
the 1-year-old landslide dam, the internal structure on the downstream
side of the landslide dam was in a nearly homogenous state, and the SP
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Fig. 16. Situation of the Kol-Tor landslide dam in the Kyrgyzstan Republic: a) Upstream lake impounded by the Kol-Tor landslide dam, b) seepage/spring at the downstream area from the

dam (taken in 2009 by F.W. Wang).
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values were almost all positive. Lines C-C’ and c—c’ started from the
same position, but line C-C’ continued for only 13 m, while line c—’
continued for 31 m. In the line C-C’, between 7 m and 13 m, a loose
structure is evident, like a big hole. Corresponding to the loose struc-
ture, the SP value along c—c’ presents negative values at all points, with
the lowest part between 4 m and 10 m.

Fig. 23 shows the phase velocity depth profile of survey line A-A’ at
the Kuridaira landslide dam along the buried valley. The phase velocity
distribution of the area varied from 300 to 680 m/s. From the results,
the internal structure of the underlying sediment could be divided into
three distinct layers. The uppermost layer had phase velocities ranging
from 300 to 340 m/s. This layer graded into a sublayer with phase
velocities varying from 350 to 540 m/s, at a depth range of 20-60 m.
Below this sublayer lay a bedrock of high phase velocities from 560 to

—MTM survey line

N\
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Fig. 17. Phase velocity versus depth profile of the Miyoshi
Irrigation Dam obtained with a microtremor (MTM) chain
array with an array size of 2.0 m. The location of the
drainage pipe is indicated with a dotted circle.

Phase velocity (m/s)

Fig. 18. Site map of the Akatani landslide dam indicating the survey
lines for the microtremor (MTM) chain array and self-potential (SP)
measurements. The dotted line indicates the boundary of the Akatani
landslide.
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680 m/s. The gentle slope of the original valley bed could be recognised
from the results. Fig. 24 shows the SP variation along two survey lines
near the upstream side (a—a’) and downstream side (b-b”). The SP
profile at line a-a’ is indicative of a concentrated groundwater flowing
on the right side and the absence of water-saturated zones on the left
side and middle. The SP profile at line b-b’ showed negative SP
anomalies, which should imply the presence of an infiltration of water
flowing downward inside the dam material.

4.3. Terano landslide dam
Fig. 25 shows the topographic map of the Terano landslide dam in

Niigata Prefecture, Japan. MTM surveys were performed in August
2014, 10 years after the landslide event, on survey lines TM-TM'-TM”
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Fig. 19. Site map of the Kuridaira landslide dam indicating the survey
1000 lines for the microtremor (MTM) chain array and self-potential (SP)
measurements. The dotted line indicates the boundary of the

Kuridaira landslide.
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Fig. 20. Phase velocity versus depth profiles along survey lines A-A’, B-B’, C-C’ and D-D’ on the Akatani landslide dam. The same scale bar was used for all the profiles.

and CM-CM’. Here, TM” and CM were at the same point. Moreover, SP
surveys were carried out on survey lines CP-CP’ and LP-LP". Here, lines
CM-CM’ and CP-CP’ were set along the same position. The survey lines
were chosen where there was a 3-m-wide road, and the longitudinal
section of the landslide can be estimated from line TM-TM’-TM”.
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CP-CP’ and LP-LP’ were exactly parallel to the cross-section and
longitudinal section of the landslide. Fig. 26 shows the phase velocity
profile along the two surveyed lines. From the survey results, the phase
velocity profile can be divided into three distinct layers. The upper
layer had phase velocity ranging from 140 to 280 m/s, the middle
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Landslide 15 A
Drainage pipechead’

Taka Seismometer

Fig. 21. The situation of survey line D-D’ on the upstream side of the Akatani landslide
dam near the landslide lake. The drainage pipe head is visible. The path of the drainage
pipe is indicated with dotted lines.

layer's phase velocity ranged from 280 to 360 m/s and the basal layer's
phase velocity ranged from 360 to 480 m/s.

A previous study by Sassa (2005) approximated the angle of the
sliding surface 0 to be 20°, while the middle and basal layers of the
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landslide materials at line TM-TM’-TM” dipped toward the landslide
lake, with an inclination angle 8 of 13° (Fig. 26a). This lower inclination
B may be because the profile direction is not parallel to the landslide
direction, but instead, forms a 48° angle.

The results also showed the good performance of the MTM chain
array survey in detecting the internal structure of the sliding mass on
the sliding surface. Moreover, the discordant trends of phase velocities
in the middle layer may suggest the effect of the impact force of the
sliding mass on the valley floor, which could have modified the internal
structure of the landslide dam (Fig. 26b).

Fig. 27 shows the SP profiles along survey lines CP~CP’ and LP-LP".
Points CP and LP were relatively high and dry. The negative SP
anomalies in the order of 7-15 mV obtained at a horizontal distance of
4-28 m on line CP-CP’ could be attributed to an underground flow from
the upper part of the landslide. Compared with the MTM chain array
results, the loose structure in this area is deeper than that of the sur-
rounding area (Fig. 27a). Similarly, a large negative SP anomaly of
~46 mV obtained at a horizontal distance of 68 m on the same survey
line corresponded well to a shallow valley on the slope from the upper
part of the landslide. The SP anomalies were predominantly positive
(14-108 mV) on the left side of survey line LP-LP’, where there was a
road, while the negative trend of the SP anomaly toward the right side
of the survey line indicated a similar pattern of water flow as that

a al Fig. 22. Self-potential (SP) measurement profiles and re-
«W E—> sults along lines a—a’, b-b” and c—c’ at the Akatani landslide
dam. The dotted lines are the measured SP values.
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shown on the right side of CP-CP’ (Fig. 27b).

At this site, although lines CM-CM’ and CP-CP’ were located at the
same line, the results cannot be considered the effect of the flow inside
the landslide dam, as there was one open channel in front of it, and the
measured lines were completely parallel to the channel. However, it is
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Fig. 23. Phase velocity versus depth profile along survey line A-A’ at the Kuridaira landslide dam.
a au Fig. 24. Self-potential (SP) measurement profiles and re-
sults along lines a-a’ and b-b” at the Kuridaira landslide
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also of interest that the negative SP value between 3 and 30 m in the
CP-CP’ line corresponded to a loose structure at the same position of
the CM-CM’ line. Ongoing seepage inside the landslide for about
10 years may have caused the loose structure.
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Fig. 25. Site map of the Terano landslide dam showing the survey lines for microtremor
(MTM; TM-TM’-TM” and CM-CM’) and self-potential (SP) measurements (CP-CP’ and
LP-LP").

4.4. Kol-Tor landslide dam

The map in Fig. 28 shows the measured line A-A’ from the MTM
chain array and SP in the Kol-Tor landslide dam. The two types of
measurement were conducted on the same line. The measure line was
located at the toe part of the landslide dam and crossed the right
boundary. The total length was 310 m.

Fig. 29 shows the Google Earth image of the same area shown in
Fig. 28. In the middle of the landslide dam along the valley line, a
concave topography can be observed, which may have been caused by
the seeping from Kol-Tor Lake throughout the seasons for many years,
sometimes the overflowing in summer. Near the toe part, seeping water
and subsidence can even be observed on the Google Earth image.

Fig. 30 shows the results of the MTM chain array survey and SP
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survey at the toe of the Kol-Tor landslide dam. The array size for the
MTM chain array survey and electrode spacing for the SP survey were
both fixed at 10 m. The duration for each MTM chain array measure-
ment was 30 min. The apparent phase velocity of the underlying debris
varied from 240 to 760 m/s (Fig. 30a). The results showed marked
variation in the phase velocity of the dam materials, including several
concentrated zones of low phase velocity ranging from 240 to 280 m/s.
This phenomenon could be attributed to the long-term seepage along
the valley bed, and the position corresponded well to the exit point of
the seepage water from the landslide dam. The low phase velocity of
240-460 m/s that dominated the upper half of the landslide dam can be
ascribed to the moderately consolidated nature of the sediments,
comprising clast-supported and inversely graded materials of high hy-
draulic conductivity. Similarly, the marked variation in the phase ve-
locity of the upper layer may suggest the prolonged effects of seasonal
glacier-ice melt, torrential rainfall and occasional rise in the upstream
lake level, leading to occasional overflow of the lake waters. The un-
derlying layer was characterised by asymmetrical zones of high phase
velocities (460-760 m/s), dipping rightward (toward the upstream
lake) with an inclination of 28-35° and leftward (toward the down-
stream slope) with an inclination of 18-55°. The highly consolidated
nature of the glaciogenic sediments may have contributed to the high
phase velocity of this layer. Fig. 30b shows the SP profile along the
survey line. The measurement was initiated on a gentle slope, so the
base station was relatively high and dry. The results indicate that the
left side of the survey line (0-180 m) was dominated by negative SP
anomalies varying in the range of 4-22 mV, which corresponded well to
the area of the landslide dam,; the right side was dominated by positive
SP anomalies varying in the range of 10-46 mV, which corresponded
well to a debris flow deposit in the dry climate of the high mountains.
This trend is consistent with the hydrological regime of the surrounding
catchment basin. Apart from an active seepage zone that corresponded
to a horizontal distance of 150 m, a few other seepage exit points were
observed at the downstream slope at horizontal distances of 80 m and

Fig. 26. Phase velocity versus depth profiles of the Terano
landslide dam along the microtremor (MTM) chain array
measurement: a) line TM-TM’-TM”, b) line CM-CM".
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CP CP, Fig. 27. Self-potential (SP) measurement results on the
50 Terano landslide dam: a) line CP-CP”, b) line LP-LP’.
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170 m. The horizontal distance of 220 m was almost the right boundary
of the landslide dam.

Through this investigation, it was found that the seepage route can
be detected well by SP survey. Moreover, the situation of the internal
erosion that has occurred inside the landslide dam can be evaluated
using an MTM chain survey.

Integrating the results of the MTM chain and SP surveys, it is in-
teresting to find that the negative SP values between 0 and 150 m
corresponded well with the downstream side of the landslide dam,
which can be recognised not only from the topography, but also the
MTM chain survey. For this long-existing landslide dam, which has
been subject to seepage and internal erosion for hundreds of years, the
integration of the two methods can reveal the internal structure well

3150 dotted line indicates the boundary of the landslide dam.
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and show the area where groundwater is flowing.

5. Conclusions

This research demonstrated the applicability of geophysics to the
investigation and evaluation of the current internal structure of land-
slide dams and possible groundwater flow routes inside them. An in-
tegrated geophysical approach comprising MTM chain array and SP
surveys was successfully employed to delineate zones eroded by piping
and determine the seepage routes in landslide dams.

The methods have high potential for the evaluation of landslide
dams' internal structures and detection of the piping routes in landslide
dams three-dimensionally when multiple parallel measure lines cross
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Fig. 29. Situation of the Kol-Tor landslide dam and the location of the
survey line on the Google Earth image. The dotted line indicates the
boundary of the landslide dam.
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Fig. 30. Microtremor (MTM) chain array and self-potential
(SP) measurement results for the Kol-Tor landslide dam: a)
Phase velocity versus depth profile, b) measure line topo-
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the potential flow direction of the underground water. The results will
be important not only for the failure prediction of landslide dams, but
also for countermeasure works, such as those to reinforce these dams.
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