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Abstract
Heavy rainfall on July 21, 2009 caused many shallow 

landslides in Hofu City, western Japan. This paper reports 
topographic characteristics of shallow landslides in two 
areas: Yahazugadake area underlain by granodiorite (Gd 
area) and Tsurugi-kawa area underlain by granite (Gr 
area). Landslide density (numbers/area) of Gr area was 
much higher than that of Gd area. For both areas, the 
landslides had local slopes of 17–46 degrees and specific 
contributing areas (i.e. drainage area divided by landslide 
width) of 11–560 m, and there was a weak inverse cor-
relation between local slope and specific catchment area. 
The landslides in Gd area have steeper local slope and 
larger specific contributing area than those in Gr area. 
Field and laboratory measurements of soil properties re-
vealed that the Gr area has thinner soil and higher shear 
strength for slip plane. Differences in shear strength as 
well as the hydrological characteristics due to contrasting 
soil depths are the possible causes of contrasting landslide 
densities between Gr and Gd areas.

Keywords: high-resolution DEM, hydrological properties, 
shear strength, slope, soil depth, specific catchment area

1. Introduction
Shallow landslide due to heavy rainfall or strong earth-

quake is a dominant geomorphic process for slope evolu-
tion. Various process-based prediction models of the loca-
tion of shallow landslides have been developed in recent 
few decades, where local slope and size of catchment area 
are major topographic factors for rainfall-induced shallow 
landslides (Okimura and Ichikawa, 1985; Montgomery 
and Dietrich, 1989; Dietrich et al., 2001, Uchida et al., 
2009). In recent years, development of land survey tech-

nologies including air-borne laser scanning enables us 
to analyze detailed topography of landslide-prone areas 
using fine resolution (e.g. 1-m grid) DEMs. Such fine-res-
olution DEMs may improve our understanding of topo-
graphic factors for rainfall-induced shallow landslides.

Subsurface structure or lithology also controls suscepti-
bility of rainfall-induced shallow landslides. Many studies 
conducted detailed field surveys on hillslopes underlain 
by granitic rocks where shallow landslides were caused 
by heavy rainfall (Iida and Okunishi, 1983; Okimura, 
1983; Ohsaka et al., 1992; Wakatsuki and Matsukura, 
2008). Some studies revealed that hillslopes underlain 
by granite is more susceptible to landslides than those by 
granodiorite, because of the differences in hydrological 
properties (Onda, 1992; Wakatsuki and Matsukura, 2008) 
or shear strength (Terada et al., 1994; Wakatsuki and 
Matsukura, 2008). However, few studies examined the 
difference in detailed topographic conditions for shallow 
landslides between hillslopes underlain by granite and 
granodiotite.

On 21 July, 2009, heavy rainfall triggered a lot of shal-
low landslides on granitic hillslopes in Hofu City, Yama-
guchi Prefecture, Japan. Although the geological and 
geomorphological backgrounds have been investigated 
after this event (Wakatsuki and Ishizawa, 2010; Wakat-
suki et al., 2010; Daimaru et al., 2011; Okawa et al., 
2012; Matsuzawa et al., 2015), few studies focused on the 
difference in detailed topographic conditions of shallow 
landslides between the two areas underlain by granite and 
granodiorite. We report the contrasting geomorphological 
features of shallow landslides in granite and granodiorite 
areas, combining the topographic analysis using 1-m grid 
DEMs, and field and laboratory measurements of soil 
properties.

2. Site description
The investigated sites are located in Tsurugi-kawa area 

and Yahazugatake area in Hofu City, Yamaguchi Prefecture 
(Fig. 1). Both areas are located at ~5 km north or northeast 
of the central area of Hofu City, and the elevation ranges 
from 100 m to 460 m (Figs. 2 and 3). Yahazugatake area 
(hereafter Gd area) underlain mainly by granodiorite par-
tially with fine-grained bitotite granite, while Tsurugi-kawa 
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Fig. 3 (Gr area)

Fig. 2 (Gd area)
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Fig. 1.   Aerial photograph of the two investigated areas. Photograph taken in April 2010. Source: Geospa-
tial Information Authority of Japan.

Fig. 2.   High-resolution slope map and distribution of shallow landslides in Gd (Yahazugatake) area. The 
red polygons are landslide sources. Source: Yamaguchi Office of River and National Highway in 
Chugoku Regional Development Bureau, MLIT.
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Fig. 3.   High-resolution slope map and distribution of shallow landslides in Gr (Tsurugi-kawa) area. The red polygons 
are landslide sources. Source: Yamaguchi Office of River and National Highway in Chugoku Regional Devel-
opment Bureau, MLIT.
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area (hereafter, Gr area) is underlain by biotite granite with 
dikes of quartz porphyry (Okawa et al., 2012). Vegetation 
of these areas is mainly Japanese red pine. In addition, 
ferns densely cover the ground surface in some parts of the 
investigated areas. The poor vegetation and sparse expo-
sures of core stones are originated from forest cutting since 
17th century (Daimaru et al., 2011). 

3. Methods
3.1. Field and laboratory measurements of soil properties 

We examined detailed topography, lithology and sub-
surface structure of three shallow landslides in Gd area 
(sites Gd1 – Gd3) and three in Gr area (sites Gr1 – Gr3). 
Cone penetration tests were conducted at top, right-side, 
and left-side scarps for sites Gd1, Gd3, Gr1, and Gr3. The 
penetration resistance is represented with Nc value, which 
is the number of impacts required for a penetration of 10 
cm (Wakatsuki and Matsukura, 2008). Direct in situ shear 
test with a vane shear tester was conducted at sites Gd3 
and Gr3. The vane shear tester is composed of a proving 
ring for normal stress at the top, a torque meter for shear-
ing stress, a handle for rotating, and a cylinder with eight 
rectangular vanes at the base. The details of the tester 
were written in Matsukura and Tanaka (1983) and Wakat-
suki et al. (2005). The cylinder with vanes was shallowly 
embedded in the slip plane, and then rotated slowly under 
the normal stresses of 5.7, 13.8, 22.7 and 31.6 kPa. We 
both measured shear strength at unsaturated condition 
with natural soil water contents and saturated condition, 
in which water is supplied before and throughout the test. 
Soil samples were taken from sites Gd1, Gd3, Gr1, and 
Gr3 to measure saturated hydraulic conductivity, particle 
density and dry bulk density.

3.2. Topographic analysis
Topographic analysis of shallow landslides was con-

ducted with ArcGIS 10.0 (ESRI) and 1-m grid DEMs 
before (2005) and after the landslide event (2009). These 
DEMs were offered from Yamaguchi Office of River and 
National Highway in Chugoku Regional Development 
Bureau, MLIT. Landslide sources (area of red polygons 
in Fig. 4) in the event of 2009 were detected from the sur-
face lowering more than 1 m between DEMs in 2005 and 
those in 2009. 

Length of landslide source was measured along a lon-
gitudinal line from foot to head scarp. Slope of landslide 
source, S (= tanθ), was calculated with relative height 
and horizontal length of the longitudinal line. Width of 
landslide source, b, was measured along a cross section, 
which is perpendicular to the longitudinal line at an up-
slope section of the landslide source. 

Size of upslope contributing area area of the green pol-
ygons in Fig. 4 for landslide source was calculated with 
the D-infinity flow method. The calculation procedure is 
based on Tarboton (1997) as follows; “The procedure is 
based on representing flow direction as a single angle tak-
en as the steepest downward slope on the eight triangular 
facets centered at each grid point. Upslope area is then 
calculated by proportioning flow between two downslope 
pixels according to how close this flow direction is to the 
direct angle to the downslope pixel“. Here we defined the 
contributing area of landslide source, A, as the sum of the 
drainage areas of the cells along the cross section used for 
the calculation of landslide width, b. Specific contributing 
area, a (= A/b), for each landslide is contributing area 
divided by width of the landslide (Fig. 4). The program 
proposed by Perron (2013) was used for the calculation of 
contributing area.

4. Results
4.1. Field and laboratory measurements of soil properties

Table 1 shows the topographic characteristics of the 
investigated landslides. The landslides in Gd area have 
depths of 0.6–2.8 m and slope angles of 34–36°. The 
landslides in Gr area were shallower (0.5–1.7 m) and 
gentler (29–33°). Both areas have similar dry bulk densi-
ties (mean: 1.28 g/cm3 for Gd1/Gd3, and 1.26 g/cm3 for 
Gr1/Gr3). Logarithmic mean of saturated hydraulic con-
ductivity in Gd1 and Gd3 (1.8 × 10-2 cm/s, n = 10) were 
larger than that in Gr1 and Gr3 (5.6 × 10-3 cm/s, n = 10). 
Particle densities of soil at two sites (Gd1 and Gr1) were 

 

 Fig. 4.   Measurement of contributing area, A, and landslide 
width, b, at Gr1 and Gr2. The red polygons are land-
slide sources, and the green polygons are upslope 
contributing areas for the landslides at a cross section 
(black line). Drainage area of each pixel was calcu-
lated with D-infinity method, and A is the cumulative 
value of each pixel that intersects the black line. 
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almost same (2.66 g/cm3 for Gd1; 2.67 g/cm3 for Gr1). 
Cone penetration test clearly indicates that soil-bedrock 
boundaries (Nc = 30) in Gd area (> 2 m) were deeper 
than those in Gr area (< 1.5 m, Fig. 5). The boundaries of 
loose and dense soil layers (Nc = 5) in Gd area (0.8–1.7 
m) were also deeper than those in Gr area (0.5–1.2 m). 
Table 2 shows the results of direct in situ shear tests on a 
slip plane of Gd3 and Gr3 sites. Although strength data of 
both sites were similar for natural condition, Gd3 site has 
larger cohesion than Gr3 site under saturated condition. 

4.2. Topographic analysis 
Total 145 landslides were detected in Gr area. The 

number of landslides in Gd area was only 17, and the 
landslide density of Gd area (20.8 km-2) was significantly 
smaller than that of Gr area (78.9 km-2).

Fig. 6 plotted specific contributing area, a, against 
local slope, S for 137 landslides in Gr area and 17 land-
slides in Gd area. We excluded eight landslides in Gr area 
that were probably triggered by bank erosion of debris 
flows along the main streams. Slopes ranged from 17–47° 

Table 1   Dimensions and soil depths of the investigated 
landslides 

dimensions of landslide source soil depth

site width 
(m)

length 
(m)

depth 
(m) slope (°) (m)

Gd1 8 25 1.2 – 1.9 35.6 1.3 – 2.3

Gd2 11 35 1.9 – 2.8 35.8 n.a.

Gd3 5 15 0.6 – 1.1 34.7 2.4 – 3.7

Gr1 6 20 0.5 – 1.5 30.4 1.1 – 1.4

Gr2 11 20 1.4 – 1.7 29.4 n.a.

Gr3 7 20 0.9 – 1.2 33.3 0.8 – 1.5

a) Gd1 b) Gd3

c) Gr1 d) Gr3
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Fig. 5.   Depth profiles of Nc values of cone penetration 
tests at landslides Gd1 (a), Gd3 (b), Gr1 (c) and 
Gr3 (d). The investigation sites are located imme-
diately above top scarp (abbreviated to T), right-
side scarp (R) and left-side scarp (L) of the land-
slide source.

Table 2   Shear strength parameters of slip plane at Gd3 
and Gr3 sites 

site φ nat. 
(°)

c nat.
(kPa)

φ sat. 
(°)

c sat. 
(kPa)

Gd3 46.7 8.31 44.5 4.55

Gr3 42.9 10.4 47.1 0.28

φ: angle of shearing resistance; c: cohesion
nat.: condition of natural water content; 
sat.: saturated condition.
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Fig. 6.   Specific contributing area plotted against local slope (tangent) of shallow land-
slides in Hofu City. a) Gr area, and b) Gd area. Unit of a value is meter. Plots 
of mean data refer mean slope and mean a values for each slope class (10–20°, 
20–30°, 30–40° and 40–50°).
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(mean: 33.6°), and a values ranged from 11 to 560 m 
(logarithmic mean: 45 m) for Gr area. Although the 
plots for all landslides were scattered, mean a values for 
four slope classes (10–20°, 20–30°, 30–40° and 40–50°) 
showed an inverse trend, which is a decrease of a values 
with increasing slope. Landslides in Gd area have slightly 
larger a values (log. mean: 76 m) than those in Gr area, 
while slope (mean: 34.7°) is almost same. The slope class 
of 30–40° for Gd area had significantly higher a values 
(log. mean: 117 m) than that for Gr area (log. mean: 42 m). 

 
5. Discussion 

Landslide density of Gr area was significantly larger 
than that of Gd area. The contrasting landslide densities 
are related to the difference in specific contributing area 
for the same slope conditions, in other words, shallow 
landslides of Gr area occurred with smaller specific 
contributing area than those of Gd area. The difference 
of specific contributing area between the two areas was 
prominent at the slope class of 30–40°. The possible 
causes for the contrasting landslide responses to rainfall 
between two areas are the differences in (1) shear strength 
and (2) pore water pressure during storm. Although the 
number of measurement was limited, larger soil cohe-
sion must contribute to higher slope stability in Gd area. 
Two case studies in Abukuma Mountains also reported 
high shear strength for slopes underlain by granodiorite 
(Terada et al., 1994; Wakatsuki and Matsukura, 2008). In 
addition, thinner soil and smaller saturated hydraulic con-
ductivity may facilitate the saturation of soil during storm 
in Gr area, and causes higher pore water pressure on slip 
plane (Onda, 1992; Wakatsuki and Matsukura, 2008). 
Higher pore water pressure due to thinner soil may also 
reduce slope stability during storms in Gr area.

Although the present paper focused on the difference 
between Gr and Gd areas in Hofu City, the number of 
analyzed landslides was still not enough, particularly in 
Gd area. Further analysis is required for discussion on the 
contrasting landslide densities between Gr and Gd areas. 
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