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ABSTRACT
there is no widely used method for estimating spatial patterns of deep catastrophic

Deep catastrophic landslides often caused serious damage. However,

landslide susceptibility. In the last several years, we studied about deep catastrophic
landslides. First, we examined roles of bedrock geology and rock uplift rate on re-
gional frequency of deep catastrophic landslides. Next, we proposed a new method to
estimate landslide susceptibilities for many small catchments (ca. 1 km?2) over rela-
tively large areas (ca. hundreds of km?2). Finally, we presented a new implantation
method for large-scale debris flow triggered by deep catastrophic landslide. We
combined several approaches, including historical data analysis, aerial photograph
interpretation, geomorphological and geological surveys, statistical approach, nu-
merical simulation etc. to provide these new methods. Here we synthesized these
recent advances about methods for assessing the susceptibility of disasters induced
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by deep catastrophic landslide.
Key Words:
landform, bedrock geology.

1. Introduction

In steep mountainous regions, landslides
may include not only soils but also underlying
weathered bedrock (e.g., Chigira and Kiho, 1994;
Crosta and Agliardi, 2003). The velocities and
volumes of these landslides are often very large.
We refer to these landslides as “deep cata-
strophic landslides” (Fig. 1) but have excluded
from this category slow failures of a more
chronic nature, such as deep-seated chronic
landslides and deep-seated gravitational creep
and rock flows. In previous studies, “deep-
seated landslide” was commonly used to de-
scribe landslides, which consist of both soils
and weathered bedrock. However, deep-seated
chronic landslides were often included in
deep-seated landslide. Since we focused on only

Deep catastrophic landslide, susceptibility assessment, debris flow,

rapid (catastrophic) landslide, but excluded
chronic landslides, we used “deep catastrophic
landslides” in this study.

Deep catastrophic landslides may cause
serious damage. For example, a deep cata-
strophic landslide killed more than 400 people
at Shaolin Village, Taiwan, in 2009 (Shieh et al.,
2009), and more than 1100 people were killed
on Leyte Island, Philippines, in 2006 (Evans et
al., 2007). Deep catastrophic landslides may
also trigger large-scale debris flow and have
serious impacts on human lives and infra-
structures (e.g., Taniguchi, 2008). Reducing
these hazards requires the development of ob-
jective methods for assessing and mapping po-
tential sources of deep catastrophic landslides
(Uchida et al., 2009).

Since 1960s, several studies have argued
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the deep catastrophic landslide susceptibility
(e.g., Machida, 1967; Hatano, 1974; Chigira and
Kiho, 1994; Crosta and Agliardi, 2003; Jitosono
et al. 2008). Especially, field geological and
geomorphological investigations on areas close
to deep catastrophic landslides have yielded
much information (e.g., Machida, 1967; Hatano,
1974). These studies clarified several geological
structures, including active fault, caprocks etc.
and landforms, including uphill-facing scarp
etc., were often found in the area close to deep
catastrophic  landslides. Moreover,  pro-
cess-based studies argued that long-lasting,
small-scale mass movements called gravita-
tional mass rock creeps sometimes lead to deep
catastrophic sliding (Chigira and Kiho, 1994;
Crosta and Agliardi, 2003, Chigira, 2009), sug-
gesting that the signature of long-lasting,
small-scale mass movements should be an in-

dex of deep catastrophic landslide susceptibility.

Further, recent studies presented data about
hydrological conditions at slopes where deep
catastrophic landslides have occurred and
proposed a method for estimating susceptibility
using water chemistry of streams and springs
(e.g., Jitousono et al,, 2008). However, there is
no widely used method for estimating spatial
patterns of deep catastrophic landslide suscep-
tibility.

In the last several years, we studied about
deep catastrophic landslides. First, Uchida et al.
(2007) examined roles of bedrock geology and
rock uplift rate on regional frequency of deep
catastrophic landslides. Also, Suzuki et al
(2007) and Yokoyama et al. (2011) examined
positional relationships between deep -cata-
strophic landslide, landforms and geological

structures. Based on these results, Tamura et al.

(2008) and Uchida et al. (2011) proposed a new
method to estimate landslide susceptibilities for
many small catchments (ca. 1 km?2) over rela-
tively large areas (ca. hundreds of km?2). Then,
Takezawa et al. (2010) and Uchida et al. (2011)
confirmed applicability of our proposed method
to assess deep catastrophic landslide suscepti-
bility using recent landslide maps. Finally, we
argued prediction of run-out processes of large

scale debris flow triggered by deep catastrophic
landslide. Takezawa et al. (2009) and Nishiguchi
et al. (2011a) surveyed characteristics of large
scale debris flow triggered by deep catastrophic
landslide. Then, Nishiguchi et al. (2010; 2011b)
proposed a new method for clarifying potential
area damaged by deep catastrophic landslide.
Here we introduce recent advances about
methods for prevention of deep catastrophic
landslide. since several papers published by
only Japanese. Moreover, we will synthesize
these advances, since a combination of several
methods is very important to conduct coun-
termeasures for prevention of deep catastrophic
landslide,

2. Deep catastrophic land-
slide frequency map of Japan

It has been considered that rock uplift rate,
climate and bedrock geology affect occurrence of
deep catastrophic landslide (e.g., Montgomery,
2001; Korup et al, 2007). However, the infor-
mation about rock uplift rate and bedrock ge-
ology has not been used for assessing deep
catastrophic landslide susceptibility. While,
Uchida et al. (2007) examined the role of rock
uplift rate and bedrock geology on deep cata-
strophic frequency using historical landslide
inventories.

Fig.1 Schematic illustration of shallow land slide
and deep catastrophic landslide
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At first, we compiled an inventory of deep
catastrophic landslide (V>106m3) in Japan since
1868 (Uchida et al., 2007). We excluded from
this dataset slow failures of a more chronic
nature, such as deep-seated chronic landslides
and deep-seated gravitational creep and rock
flows. We only focused on the rainfall or
snowmelt triggered landslide, but had excluded
seismic landslide from this dataset. We only
compiled landslides which had reliable infor-
mation about location and occurrence date.
Then, our dataset includes about 120 landslides
(Uchida et al., 2007).

Using this dataset, Uchida et al. (2007)
examined the relationship between landslide
frequency and rock uplift rate and bedrock ge-
ology. Using Seamless Digital Geological Map of
Japan (1:1,000,000) published by Geological
Survey of Japan, bedrock geology was classified
into 12 groups in terms of rock type, geological
age and accretionary prism or not. To evaluate
rock uplift rate, we used Quaternary Tectonic
Map of Japan published by Quaternary Re-
search Group in 1968. This map shows total
rock uplift amount from the beginning of the
Quaternary. Quaternary Research Group esti-
mated rock uplift rate based on topographic and
geological field survey.

Uchida et al. (2007) clarified following
points;

(1) Landslide frequency increased as the rock
uplift rate increased.

(2) Rock type gave small impacts on landslide
frequency

(3) Landslide frequency at areas underlain by
Quaternary rocks was smaller than that of
Tertiary and Paleo-Mesozoic rocks.

(4) Landslide frequency on accetionary prism
was higher than that of outside prism.

Based on these results, Ministry of Land,
Infrastructures, Transport and Tourism of Ja-
pan and Public Works Research Institute have
roughly classified Japan into four categories in
terms of past deep catastrophic landslides fre-
quency and published “Deep catastrophic
landslide frequency map of Japan” (Fig. 2).

3. Assessing the deep cata-
strophic landslide suscepti-
bility at catchment scale

1. Backgrounds

It has been argued that landforms, geolog-
ical structures and topography may be useful
indicators of deep catastrophic landslide sus-
ceptibility (e.g., Jitosono et al., 2008). However,
the information about relationship between
landforms, geological structures and deep cat-
astrophic landslides are limited to date. Con-
sequently, there is no widely used method for
estimating spatial patterns of deep catastrophic
landslide susceptibility using the information
about landforms, geological structures and to-
pography.

So, at first, we investigated recent 18 deep
catastrophic landslides in Japan and showed t
that ancient deep catastrophic landslides were
commonly observed at the area close to new
deep catastrophic landslides (Suzuki et al,
2007). Also, Suzuki et al. (2007) reported that
the faults were often found in areas close to deep
catastrophic landslides.

Next, we conducted detailed analysis about
positional relationships between deep cata-
strophic landslide, landforms and geological
structures by using dataset of Mt. Wanitsuka,
Miyazaki Prefecture of Japan (Yokoyama et al.,
2011). Yokoyama et al. (2011) indicated that the
density of deep catastrophic landslide decreased
systematically away from the ancient deep cat-
astrophic landslide, active faults and landforms
affected by long-lasting gravitational mass
movement (e.g., down-hill facing scarp, rock
creep slope etc. please see Fig. 3). According to
both previous studies and our recent studies,
we summarized landforms which often observed
at the area close to deep catastrophic landslides,
as shown in Fig. 3 (Uchida et al., 2011).

2. Proposed method

Tamura et al. (2008) and Uchida et al. (2011)
propose a new method to estimate landslide
susceptibilities for many small catchments (ca.
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1 km?) over relatively large areas (ca. hundreds
of km?2). Our method
prone to deep catastrophic landslides according

identifies catchments

to three criteria (Fig. 4):

(1) catchments with ancient deep catastrophic
landslide scars,

(2) catchments with faults and landforms due
to long-lasting mass movements (see Fig.
3),

(3) catchments with many steep slopes that
have large upslope contributing areas.

Moreover, we proposed that the suscepti-
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bility of a given catchment increases with the
number of these criteria that are satisfied (Fig.
4). To determine detailed criteria about faults,
landforms and topography (ca. What kinds of
landforms are useful indicators for a given site?
What is the relationship between landslide oc-
currence and topography, such as slope gradi-
ent and upslope contributing area?), we con-
ducted preliminary analyses. Because landslide
processes are strongly affected by bedrock ge-
ology and climate, we limited our preliminary
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Fig.2 Deep catastrophic landslide frequency map of Japan published by Ministry of Land, Infrastructures,
Transport and Tourism of Japan and Public Works Research Institute on August, 2010. Areas of pink.
orange, green and blue mean “very high frequency region”, “high frequency region”, “low frequency
region” and “very low frequency region”, respectively. Red circles in the figure represent locations of

historic deep catastrophic landslide. (http://www.mlit.go.jp/common/000121614.pdf)
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analyses to a study area with homogeneous
bedrock geology and climatic conditions (Fig. 5).
Based on the detailed criteria determined by the
preliminary analyses, we assessed the suscep-
tibility of deep catastrophic landslide for each
small catchment in the study area. We used
geological map and aerial photograph to map
ancient deep catastrophic landslide, landforms
and geological structures.

We applied our proposed method to study
areas surrounding Mt. Wanitsuka, in Miyazaki
Prefecture, western Japan and Mt. Kurikoma, in
Iwate and Miyagi Prefectures, northern Japan
(Takezawa et al, 2010; Uchida et al., 2011).
Twelve deep catastrophic landslides occurred in
the study area of Mt. Wanitsuka by a large ty-
phoon in 2005, and 78 deep catastrophic land-
slides occurred in the study area of Mt. Ku-
rikoma by a large earthquake in 2008. In both
areas, the ratio of catchments with new deep
catastrophic landslides to all catchments in-
creased as the number of satisfied criteria in-
creased. So, we successfully demonstrated the
applicability of this method for deep -cata-
strophic landslides triggered by both typhoons
and earthquakes (Takezawa et al., 2010; Uchida
et al.,, 2011). This means that our proposed
method is effective for assessing deep cata-
strophic landslide susceptibility at catchment

Downhill facing scarp |

.. ___|Old deep
catastrophic
i landslide scar )

Ancient deep—

scale. However, we are thinking that assessing
deep catastrophic landslide susceptibility at
hillslope scale is necessary for conducing effec-
tive countermeasures.

4. Simulation of run-out
process for a debris flow
triggered by deep cata-
strophic landslide
1. Background

Most models are used to describe stony
debris flows assume that they consist of solid
and fluid phases (e.g., Takahashi, 1977). In
models of this type, if the river bed or hill slope is
stable, both sediments and interstitial water are
assumed to be stationary (Fig. 6a). When sedi-
ments move in a debris flow, their motion under
these models is considered to be laminar, while
that of the interstitial water is turbulent (e.g.,
Hotta et al.,, 1998) (Fig. 6b), so these models
comprise a “solid phase” of sediments exhibiting
laminar flow and a “fluid phase” of interstitial
water exhibiting turbulent flow. While, several
researchers hypothesized that the motion of fine
sediments in a large-scale debris flow triggered
by deep catastrophic landslides could be rep-

Gentle ridge top Head scarp |Linear depression (Uphill facing scarp) |
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Rock creep
slope
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Fig.3 Conceptual diagram of landforms related to deep catastrophic landsliding (after Uchida et al., 2011).
“Old deep catatstrophic landslide” is often bounded by well-defined arcuate headscarp. “Rock creep
slope” can be characterized by (1) poorly developed hollows, and (2) several concave and convex
knicklines. Moreover, sides of rock creep slope are often bounded by hollows. “Ancient deep-seated
landslide” often includes (1) well-defined arcuate headscarp, (2) several interior scarp and (3) bulging

toe. “Gentle ridge top” is relatively flat-lying pan at ridge tops surrounded by convex knicklines
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resented by a fluid phase, whereas the motion of
the coarse sediment was that of a solid phase
(e.g., Nakagawa et al., 1998; Egashira et al,
1998). However, there is no widely used met-
hod for predicating potential hazard area of
large-scale debris flow triggered by deep cata-
strophic landslide.

,{ All catchments in study area }—

C

atchment with ancient
deep catastrophic
landslide scars

Catchment with faults
and landforms from
long-lasting mass

movements

Deep catastrophic
landslide
susceptibility

High

Catchment with Low
many steep slopes
with large upslope
contributing areas

Fig.4 Schematic diagram of proposed method for
assessing deep catastrophic landslide sus-
ceptibility (after Tamura et al., 2008)

Determination of study area

* Area with homogeneous bedrock geology and climate
condition selected

* Study area divided into small catchments (around

1 kn?) for evaluation of landslide susceptibility

:

Data preparation and mapping

* Aerial photographs, geologic maps and DEM prepared
* Ancient deep catastrophic landslide scars and landforms
mapped by interpretation of aerial photos

* Slope angles and upslope contributing areas computed
using DEM

|

Preliminary analysis

* Detailed criteria determined from examination of
relationship between deep catastrophic landslides,
landforms, geologic structures and topography

#

Assessing deep catastrophic landslide
susceptibility

« Susceptibility to deep catastrophic landslides in each
catchment assessed using detailed criteria

Fig.5 Flowchart of proposed method for assessing
deep catastrophic landslide susceptibility
(after Uchida et al., 2011)

To clarify the characteristics of large-scale
debris flow triggered by deep catastrophic
landslides, we conducted field survey and com-
piled previous data for large scale debris flow
(Takezawa et al., 2009; Nishiguchi et al., 2011a).
Peak discharge of debris flows induced by deep
catastrophic landslides were about from 10 to
100 times as large as that of peak discharge of
debris flow induced by removal of unstable
sediment on stream bed (Takezawa et al. 2009).
This suggested that turbulence intensity of de-
bris flows induced by deep catastrophic land-
slides was much larger than that of small scale
debris flow. Moreover, Nishiguchi et al. (2011a)
found that grain sizes of sediment in large-scale
debris flow were widely distributed, compared to
small-scale debris flow. So, we assumed that as
similar to previous hypothesis proposed by
Nakagawa et al (1998) and Egashira et al.
(1998), the motion of sediment in large-scale
debris flow cannot described single type motion
of sediments, since grain sizes of sediment were
widely distributed and turbulence intensity was
large.

2. Proposed method

To describe run-out processes of large-scale
debris flows triggered by deep catastrophic
landslides, we developed a technique for simu-
lation of large-scale stony debris flows (Nishi-
guchi et al, 2010). Based on field survey and
previous studies, we assumed that the sedi-
ments in large-scale debris flows comprise two
types of sediments, coarse sediments and fine
sediments, and that the motion of the fine
sediment in a debris flow is similar to that of the
interstitial water (Fig. 6¢). Then, we defined a
maximum diameter for sediments that behave
like a fluid (hereafter refer to “D.”). On the basis
of the concept, we characterized the key pa-
rameters for our numerical simulation, such as
sediment concentration at the upper boundary
of the numerical simulation (Cq), fluid density of
the debris flow averaged in time and space (o),
and representative particle diameter of sediment
behave as solid phase in the debris flow (D), as
follow; where P(Dc) is the ratio of sediment
smaller than D to all sediment, pw is the water
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¢, =(1-w)1-P(D,) (1)

— dei +(1-w)p,P(D,) 2)
w+(1-w)P(D,)

D=d(D,) (3)

density, ps is the solid density of sediment, d(D.)
is the weighted average particle diameter greater
than D., wis the water content of landslide soil
and bedrock, and wqg is water content of the
debris flow averaged in time and space. We also
modified the continuity equation for sediment in
our simulation based on the definition of D.
(Nishiguchi et al., 2011b).

We conducted detailed field surveys of a
past debris flow in Japan and used topographic
data from LiDAR imagery (1 m resolutions),
porosity measurements of soil and weathered
bedrock, and the grain size distribution of the
debris flow sediments to test our model. We also
proposed a new process-based method for de-
termination of hydrographs at the lower end of
the landslide scar.

Using these new data and methods, we
conducted numerical simulations of the past
debris flow. We used the “Kanako2D” debris flow
simulator, which can simulate 1D debris flows
in gullies and 2D debris flows in alluvial fans
(Nakatani et al., 2008). This simulator can be
applied to transport of sediments ranging from
bed load to stony debris flow. Detailed governing
equations were shown in elsewhere (e.g., Na-
katani et al., 2008; Nishiguchi et al., 2011b). If
we assumed D=0, the calculated run-out dis-
tance was dramatically shorter than that of
observed. However, if when the concept of fine
sediment behaving like fluids was included in
the numerical simulation, our simulation re-
produced well the observed erosional and dep-
ositional pattern (Nishiguchi et al., 2010) (Fig.
7).

Further, we examined reality of values of D
that we used in our numerical simulation. We
assumed that if the turbulence intensity of in-
terstitial water was large enough to suspend fine
sediments, these sediments can act as part of

Coarse
sediment

Fine sed¢
iment

(a) Static condition

Interstitial
water Teo @
o & 0= ;

(¢) Large-scale debris flow

Fig.6 Conceptual diagram of static condition,
small-scale debris flow and large-scale de-
bris flow triggered by deep catastrophic
landslide (after Nishiguchi et al., 2011b)
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Fig.7 Observed and simulated results of river bed
change due to large-scale debric flow trig-
gered by deep-catastrophic landslide in
Atsumarigawa, Minamata City, Kyushu Ja-
pan. This debris flow occurred in July, 2003.
Volume of river bed change was calculated
as the total volume of river bed change at
each section. Distances of sections were 35
m. (after Nishiguchi et al., 2011b)
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the fluid. To evaluate the turbulence intensity of
interstitial water, we calculated turbulence ve-
locity proposed by Hotta et al. (1998) and com-
pared with the settling velocity of the fine sed-
iment. We confirmed that the turbulence veloc-
ity of interstitial water were around much larger
than the settling velocity of the fine sediment
(Nishiguchi et al., 2011b), supporting the reality
of our numerical simulations.

5. A way forward

Here we introduced about (1) a new method
to estimate deep catastrophic landslide fre-
quency for regional scale, (2) a new method to
estimate deep catastrophic landslide suscepti-
bilities for many small catchments (ca. 1 km?)
over relatively large areas (ca. hundreds of km?2)
and (3) a new method to estimate potential
hazard area of large-scale debris flow triggered
by deep catastrophic landslide. We combined
several approaches, including historical data
analysis, aerial photograph interpretation, ge-
omorphological and geological surveys, statis-
tical approach, numerical simulation etc. to
provide new methods. However, to mitigate
disasters by deep catastrophic landslide, we
considered several efforts are still necessary. We
proposed several key issues for future efforts, as
follow:

(1) Method to estimate deep catastrophic
landslide susceptibilities for hillslope
scale (ca. 0.01 km?)

(2) Method to estimate the volume of future
deep catastrophic landslide

(3) Method to detect signature of deep cata-
strophic landslide, such as small-scale
displacement

(4) Method design countermeasures for dis-
asters induced by deep catastrophic
landslide.

We believe several new techniques, such as
airborne laser altimetry (e.g., Uchida et al,
2010), differential interferometric synthetic ap-
erture radar (e.g., Roering et al, 2009), and
helicopter-borne electromagnetic surveys (Su-
zuki et al., 2009) etc., have to combine for
providing new methods.
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