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Abstract

Prediction of potential landslide sites or estimation of landslide hazards induced by rainstorms has
been one of the most important targets of researchers studying for the mitigation of landslide hazards for
many years, but its methodology is not yet established. I propose to make different methodologies according
to the scale of landslides; big ones should be specifically located and small ones are not located but their
hazard potential are estimated area by area. Recent experiences of landslide hazards induced by rainstorms in
Japan tell us that small, shallow landslides cannot be precisely located beforehand, but that large catastrophic
landslides occurred on slopes with characteristic topographic landforms and geology, which could have been
predicted.

Most of small, shallow catastrophic landslides occurred on slopes with preferable geologic conditions
made by weathering and related processes, so their hazard levels could be estimated from geology and previous
history of landslides. The delineation of previous landslide distribution in a given area, which had been difficult
to interpret from aerial photographs, became possible by airborne laser scanner, particularly in an area with
coniferous trees or deciduous trees in moderate climate countries like Japan. The rainstorm hazards of 1972
Nishi-Mikawa, 1998 Fukushima, 1999 Hiroshima, 2004 Niigata, and 2004 Saijo indicate the consistency of
hazard levels in given areas on the basis of airborne laser scanner. The logarithm of landslide density could be
used as an index for Shallow Landslide Potential (SLP).

Potential catastrophic large landslides, on the other hand, should be and could be located by closely
examining aerial photographs. This is based on the careful examination of aerial photographs before and after
landslide and geological investigation after landslide for the hazards of 2004 Miyagawa, 2004 Saijo, and 2005
Mimigawa; these were all induced by typhoons. Almost all of the catastrophic large landslides with volumes, say
more than about 100,000 m3, were found to be preceded by slope deformation that could be topographically
identified as scarplets. Some of the slope movements were due to high-angle tectonic shear surfaces at the
upper part of slopes, some due to the nearly slope-parallel bedding planes or tectonic faults, and some due
to impermeable shear zones. The relative heights of the scarplets are very small (10 m or less) in comparison
with the size of landslides which exceeded a hundred meters in length, indicating that preceding deformation
could have provided a condition just before the failure of whole slope, which would be followed by catastrophic
stress drop.
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Introduction

Prediction of landslide site and hazard mapping have been urging issues to mitigate landslide disaster
and several approaches have been proposed for the hazard mapping: landslide maps, statistical “black-box” ap-
proaches (Carrarra, 1983), and process-based (geotechnical) models (Okimura and Ichikawa, 1985; Dhakal and
Sidle, 2004). Landslide maps are made for locating potential landslide sites. Statistical “black-box” approach
analyzes the relation between landslides and other stability factors, such as geology, geomorphology, seismicity,
and climate (Guzzetti et al., 1999). This method also needs a precise landslide distribution map. Process-based
model is usually applied to shallow landslides, but it must assume surface structure and geotechnical properties,
of which special variation could not be overcome.

Landslide maps, which are firstly necessary for the hazard mapping as stated above, may be divided
into two types, one is a map showing the distribution of landslide scars of slope failures, which mean that
most of the moving materials moved out of the source area and settled in another place. The other is a map
showing the distribution of landslide mass, most of which remains in its source area and have potential of
future movement. The former type of landslide map does not show potential future landslide sites, because
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moving materials are already stabilized, but the density of landslide scars indicates the hazard level of future
landslide in a given area. The maps being published from the National Research Institute for Earth Science
and Disaster Prevention of Japan are of the latter and are effective for the prediction of reactivating type of
landslides. 1997 Sumikawa landslide and many of the landslides induced by the 2004 Mid-Niigata prefecture
earthquake were reactivated landslides that were shown in their maps (Chigira et al., 1998; Chigira and Yagi,
2005). However, not all landslides have been reactivated, so rating of potential landslides is necessary. In
addition, many catastrophic landslides occurred on slopes without characteristic morphology of landslides,
indicating the incipient stage of landslides is important for the prediction of catastrophic landslides.

I will focus on an areal hazard level indicated by landslide density obtained by a modern technique of
airborne laser scanner for shallow landslides (debris slides) and on specific potential sites of catastrophic large
landslides (rock slides) on the basis of recent catastrophic landslides induced by rainstorms in Japan. Other
types of mass movement, such as rock fall, debris flow, and creep, are not included in this paper.

Hazard level indicated by previous landslides detected by airborne laser scanner

Shallow landslides usually occur in a distributed manner by one triggering event, which is typically
represented by landslides induced by rainstorms in weathered granite areas (Durgin, 1977). However, landslide
scars are not easily identified by aerial photographs when vegetation recovers after the event, so landslide
inventory maps made from aerial photographs are not useful for the evaluation of long-term hazard level in an
area.

Airborne laser scanner, LiDAR (light-induced direction and ranging), or airborne laser altimetry, is a
new technique and has been applied to various geomorphic or geologic survey during this decade. By using this
method, we can identify old landslide scars with a scale of a few tens of meter in length and a few meters in
depths. Chigira et al. (2004) applied the airborne laser scanning technique to a damaged area of 1998 rainstorm
in a pyroclastic rock area, where distributed landslide occurred on gentle slopes, and detected many previous
landslides in this apparently stable area. Menendez et al. (1999) and French (2003) also applied the airborne
laser technique for the morphological study of landslides. Tobe and Chigira (submitted) analyzed the data of
airborne laser scanner applied to a damaged area of weathered granite by a rainstorm in Nishimikawa in 1972.
They found many previous landslide scars as well as the scars by the 1972 event (Fig. 1).

The density of landslide scars made in a long term may represent a kind of a hazard level in a given
area, and we propose the logarithm of the landslide density as shallow landslide potential (SLP). Tobe and
Chigira (submitted) compared the landslide distribution obtained from the laser scanner and those by aerial
photographs taken several times for the past 60 years and found that landslide scars remained for more than 60
years so clearly that they were clearly detected by the laser scanner. Mountain slopes in an area of weathered
granitoid or weathering-susceptible rocks, such as weak pyroclastic rocks or weak sedimentary rocks, are made
by the iteration of weathering and slide of weathered materials (Chigira and Oyama, 1999; Chigira, 2001;
Chigira et al., 2002; Chigira and Yokoyama, 2005), so the density of landslide scars would become dynamically
in equilibrium: Production rate of weathered materials and the denudation rate of the materials would be
equilibrated. The density of the landslide scars detected by the airborne laser may represent this dynamic
equilibrium state. Malamud et al. (2004) proposed a concept of landslide magnitude, which is a logarithmic of
landslide density, to present the effect of landslide, but it was event dependent and not a parameter to present
the hazard potential of an area. This is due to the fact that landslide density obtained from aerial photographs
does not represent long-term landslide density. On the other hand, landslide density obtained by using the
airborne laser scanner provides a parameter in a long term, in which many triggering events are supposed to
have occurred and dynamic equilibrium could be established. In this sense, the logarithmic of landslide density
obtained by the laser scanner may be referred as shallow landslide potential (SLP).

We have applied the airborne laser scanner to various rock types in many locations in Japan, weathered
granite, weathered granodiorite, ignimbrite, mudstone, sandstone, and sand with clay seams (Fig. 2). Table 1
and Fig. 2 show the SLPs we obtained; some others are still under examination. Most of them are data from
the areas damaged by recent rainstorms, except for the Kabasan, where no recent rainstorm hazard is recorded.
Only granodiorite area of Nishimikawa in Table 1 had not experienced distributed landslides at a rainstorm
event and has low SLPs of 1.1 to 1.6. The others have SLPs from 2.1 to 2.7, so 10 times larger in landslide
density than that area. Both the granodiorite and granite areas of Kabasan have no record of rainstorm hazards
but have high SLPs of 2.7, indicating high potential of landslide hazard. I do not mention about the details of
landslide mechanisms in these areas, but they are closely related to the surface structures made by weathering.
The reason why granodiorite areas in Nishimikawa and Kabasan have so different SLPs is that the granodiorite
in Kabasan has microsheeting (Chigira, 2001) and forms landslide susceptible structures but the granodiorite
in Nishimikawa does not.
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Fig. 1. Distribution of landslide scars by the 1972 event and previous ones (Tobe and Chigira, submitted)

Fig. 2. Locations of the application of airborne laser scanner for the detection of landslide scars.
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Table 1. Logarithmic of landslide density (SLPs) obtained by

Table 2. Large landslides induced by recent rainstorms.

Precursory slope deformation before large, catastrophic landslides

Large, catastrophic landslides are usually preceded by slope deformation, except for those induced
by earthquakes in some pyroclastics or saturated sand. However, slope deformations before landslide events
have not been studied for many cases notwithstanding their importance. Recent experiences of large landslides
induced by rainstorms in Japan suggest that landslides larger than 100,000 m3 in volume seem to be preceded
by slope deformations, which could be detected by using aerial photographs (Table 2).

Following is the case study for large landslides induced by 2005 typhoon 14 in Kyushu Island, Japan.
Typhoon 14 hit Kyushu Island on September 6 in 2005, inducing many large landslides. Particularly, along
the Mimi River in central Kyushu, where precipitation reached about 1000 mm within two days, four large
landslides occurred with volumes from 0.33 to 3.3 million cubic meters (Fig. 3). Geological and geomorpho-
logical investigation elucidated that these landslides occurred under a similar geomorphological condition and
that they were preceded by slope deformation that could be identified from aerial photographs. This area is
underlain by the Shimanto Group of Cretaceous age, which consists mainly of sandstone and mudstone. All
of these four landslides occurred on slopes just below a knick line, which lies 200–250 m above the riverbed
(Figs. 4, 5). Ridges that descend valleyward incline 10 to 30 degrees above the knick line and 40 or more degrees
below it. The knick line can be traced along the Mimi River more than 10 km across geological boundaries,
suggesting that it was made by long-term denudation process probably resulted from the increase of uplift rate
of the mountain in a geological time. In addition, all of the four landslides had scarplets on top of the slide
mass before the landslide in 2005. Figure 6 exemplifies the geomorphic features before and after the landslide.
The facts that the large landslides located just below the knick line and that scarplets or landslide scarps had
been made before the slide of this time indicate that slope deformation already began in the landslides before
the landslides in 2005 because the slopes nearby the Mimi River had been under gravitationally unstable state
since the erosion rate increased. Mass rock creep structures made by gravitational deformation, which were
observed within the landslides, also indicate the previous slope deformation.
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Fig. 3. Geologic map around large landslides along the Mimi River, central Kyushu. Circles with
names indicate large landslide sites.

Fig. 4. Slope gradient and elevation images made by using 50-m mesh DEM provided by the Japan
Geographical Research Institute. Circles indicate large landslides, which are aligned along slope
breaks.
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Fig. 5. Oblique views of landslides at Shin-matsuobashi (left) and Nonoo and Shimato (right).
Photo by Asia Air Survey corporation.

Fig. 6. Geomorphological sketches showing before and after the landslide of September 6, 2005
along Mimi River. Upper: Shin-matsuobashi; Lower: Nonoo. Shaded areas in the sketches
before the event present the areas of landslide.

Conclusions

We applied airborne laser scanner for the evaluation of the hazard level of shallow landslides. The laser
scanner successfully detected shallow landslides as old as more than 60 years and would provide a landslide
inventory map in a long term. The landslide density in a given area would be used as an index of hazard level
of shallow landslide, and we propose logarithmic of landslide density (/km2) as Shallow Landslide Potential
(SLP) in a given area. The SLPs obtained up to now varied from 1.1 to 2.7. Although shallow landslides could
not be located precisely, large landslide sites could be predicted from geological and geomorphological features.
I analyzed geology and geomorphology of large catastrophic landslides induced by recent rainstorms in Japan
and found that the landslides larger than 100,000 m3 in volume were preceded by slope deformations, which
could be identified on aerial photographs.
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