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ABSTRACT

The study analyzed the relationship between slope topography and landslide depth using aerial laser survey data in the Nobori River basin
located in Minami-Uonuma City, Niigata Prefecture, Japan. The collapsed areas were classified into five groups based on the pre-disaster
slope shape in the horizontal direction: fully concave, fully convex, mostly concave, mostly convex, and relatively straight. The landslide
area and mean landslide depth were measured. The mean depth of landslides on convex slopes was greater than that of other groups. There
was no clear correlation between the mean slope angle and the mean depth. However, landslides that occurred on fully convex and fully

concave slopes showed significant differences in the area and depth of the landslide.

INTRODUCTION

In recent years, the frequency of severe rainfall events has been increasing due to the impacts of climate change in various countries and
regions. As a result, sediment disasters, such as landslides and mudslides, have occurred and caused significant damage to people's living
environments. The amount of sediment transported downstream from a landslide depends on the scale of the landslide when it occurs
(Nishiguchi et al., 2012). To reduce the impact of such events, it is essential to predict the location and severity of landslides and implement

preventive measures.

Previous studies on predicting landslide occurrences have examined the influence of topography, geology, and vegetation. Furthermore,
researchers have analyzed landslide areas, which can be easily identified through aerial photographs and satellite images. Research on
landslides has traditionally focused on estimating sediment volume based on landslide area due to the difficulty in obtaining information on
their depth. Guzzetti et al. (2009) found that the amount of soil and debris involved in landslides increases exponentially with the landslide
area. Guzzetti et al. (2009) found that the rate of increase in landslide volume surpasses that of the increase in landslide area, indicating
a monotonic increase in landslide depth as the area expands. On the other hand, the depth of a landslide, especially a shallow one, is
influenced by soil thickness. As slope angle increases, soil thickness decreases (Forte et al., 2023). Several new field evidences have been
reported, including slopes with angles exceeding the threshold, which exhibit a decreasing trend in the depth of landslides (Prancevic et al.,
2020). Therefore, two hypotheses can be considered: 1) The depth of a landslide increases as the scale (i.e. the landslide area) increases.
2) The depth of a landslide is determined by the thickness of the soil or weathered layer, which depends on surface topography, such as
slope angle. However, there are few examples of analyses using high-resolution data to study the scale of landslides, particularly their depth

and determining factors.

This study aims to investigate the depth of landslides and the roles in landslide depth on scale and slope shape, i.e., slope angle and
cross-sectional shape. High-resolution digital elevation model (DEM) data is utilized to compare slope shapes prior to natural disasters,

providing valuable insights into the factors that may contribute to landslide depths.

METHODS
The study area is the Nobori River Basin located in Minami-Uonuma City, Niigata Prefecture, Japan (Fig. 1). The watershed area covers 84.5

km?, with a channel length of 18.5 km, and the main geological formation is granite. The mean riverbed gradient is 1/16.
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Figure 1 Study area

In July 2011, heavy rain induced numerous landslides, resulting in four deaths, 13 serious and minor injuries, 41 completely destroyed
houses, and six rivers breaching at nine locations in Niigata Prefecture (Niigata Prefecture, 2014). The Shimizu rainfall station recorded a
maximum daily rainfall of 172 mm on July 30, with a cumulative rainfall of 505 mm over the four-day period. The Nobori River basin was
analyzed using a digital elevation model (DEM) created by the Yuzawa Sabo Office of the Hokuriku Regional Development Bureau. The
data was acquired via airborne LiDAR with a resolution of 1 meter. The pre-disaster period was measured from October to December 2009
and July to December 2010, while the post-disaster period was measured from August to September 2011. Analysis was conducted using
ArcGIS Pro (ver. 3.1.2) and Excel. To detect landslide areas, we used aerial photographs, elevation difference maps, and CS 3D maps devel-
oped by Toda (2014), except for sediment deposition areas. The threshold drainage area for classification of hillslope and channel was set
at 10,000 m2 based on preliminary analysis. We only included landslides that occurred on hillslopes, and the average landslide depth was
calculated from the differential data within the polygons created during the interpretation of the landslide. The landslide area is identical to

the area of the polygon.
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Figure 2 Classification method

Previous studies have investigated the correlation between landslide area and depth and have found that this relationship follows a power
law. The parameter y in the equation D = aAy represents the change in the mean depth of the landslide (D) as a function of the area (A)
(Larsen et al., 2010). We tested the roles of slope angle and slope’s cross-sectional shape on both the mean landslide depth and the relation-

ship between landslide area and depth.

We measured mean slope angle of landslide polygon using the pre-disaster DEM. The slope’s cross-sectional shape was classified into five
categories based on the pre-disaster DEM: fully concave (A), fully convex (B), mostly concave (C), mostly convex (D), and straight slope
(E) (Fig. 2). To clarify the cross-sectional shape, a survey line was established that passed through the center of gravity of the landslide.
The survey line was set perpendicular to the steepest slope from one end of the landslide to the other. The survey line was divided into

10 equal sections, and elevation data was extracted from 11 survey points, including the endpoints. The elevation of each point at before
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the landslide is defined as Dx, where the subscript x represents the position on the survey line as a percentage. Therefore, D50 represents
the elevation of the center of the survey line, and DO and D100 represent the elevation of the edges of the landslide. If there was only one
extremum in the eleven survey points, the slope was classified as either A or B. While, if the cross-sectional line had multiple extremums,
slopes were classified as C or D. The distinction between C and D was determined by comparing the elevation of D50 with other survey
points, Dx. Slopes were classified as C if the average value of Dx-D50 was greater than 0; otherwise, they were classified as D. If there were
no vertices, the slope was classified as E. The classification was performed using Excel. Examples of the cross-sections for each group are

shown in Fig. 3.
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Figure 3 Examples of cross-sectional shape before disaster

RESULTS AND DISCUSSION

Topography of the slope where Landslide occurred

A total of 288 landslides were identified and analyzed. The number of landslides on fully concave slopes (group A), mostly concave slopes
(group O), and mostly convex slopes (group D) were 73, 78, and 76, respectively. The number of landslides in the other two groups was
smaller, approximately 30. The greatest number of landslides for each average slope angle 6 was observed in the range of 35° < 6 < 40° for

all groups (Table 1).

A": ;a:lz ;f}pe A B c D E total
0-30 6 a 3 a a 21
30-35 14 6 23 18 6 67
35-40 34 11 31 33 9 118
40-45 14 6 17 20 9 66

45- 5 - 4 1 : f 16
total 73 32 78 76 29 288

Table 1 Average slope angle and relationship between groups
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Geometry of landslide
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Figure 4 Interquartile range of area and depth

At the study site, the average area of landslides was 238.1 m? with a depth of 1.91 m. The maximum landslide area of 3533.3 m? occurred
on a gentle slope (0° < 8 < 30°) and was classified as E. The depth of the landslides ranged from 9.86 to 0.29 m. There was no significant
difference in the average landslide area among the different slope morphology groups. The median value of landslide area for slope mor-
phology group B (the fully concave slope) was 128.9 m?, with a quartile range of 118.0 m2. Landslides that occurred on the fully concave
slope (group A) had similar landslide areas, with a median value of 146.8 m2 and a quartile range of 139.2 m2. However, the landslide depth

tended to be smaller, as shown in Figure 4. The landslides were categorized as B.

Landslides on fully convex slopes (group B) had relatively large mean depths, ranging from 0.67 to 5.62 m, despite the smaller landslide
area (20.8 to 436.6 m?) compared to other groups. Landslide geometry in mostly concave slopes (group C) and mostly convex slopes (group
D) had similar characteristics. The mean areas of groups C and D were 269.8 m? and 238.5 m?, respectively, while their mean depths were
1.98 m and 1.91 m, respectively. The mean depth of landslides on fully concave slopes (group A) was 1.48 m, with a mean landslide area of
198.6 m2. On a relatively straight slope (group E), larger landslides occurred compared to the other groups, but the average landslide area
was similar to that of the other groups (Fig. 4). The depth of group E was intermediate between the concave slope (groups A and C) and

convex slope (groups B and D).

Area-Depth relationship
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Figure 5 Relationship between landslide area and landslide depth

The mean depth increased as the area increased in groups, consistent with previous studies, except for A (Fig. 5). Groups C and D experi-
enced large landslides, with an area of over 1000 m? on slopes with an average angle between 30° and 35°. The values of y in groups C and
D were larger than those in the other groups, and the relationship between landslide depth and area was relatively clear. Therefore, there
was a tendency for shallow landslides with small areas and deep landslides with large areas. The depth of landslides on a fully concave

slope (group A) remains almost constant regardless of the size of the landslide area, as determined by the value of y. Landslides in groups
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B and E have intermediate values of y. The small variation in landslide area is believed to influence the value of y for landslides in group B.
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Figure 6 Relationship between slope angle, landslide area and depth

The effects of slope angle on the relationship between landslide area and depth were tested (Fig. 6). The relationship was relatively clear
for slopes with angels 30-35 and 40-45 degrees. However, when slopes exceed 45 degrees, the correlation between landslide depth and area

becomes unclear. The value of y did not systematically vary with slope angle and was less than 0.32.

It is a well-established fact that soil thickness decreases as slope angle increases. However, the mean depth of landslides did not decrease
significantly on steep slopes, i.e., slopes greater than 40 degrees. Additionally, the depth of landslides on slopes with a gradient of 40-45
degrees is significantly correlated with the landslide area, but the value of y was significantly smaller than 0.5. The depth of landslides on
steep slopes is determined not only by the soil thickness and/or weathering layer but also by the scale of the landslide. The soil thickness
and/or weathering layer may vary depending on the cross-sectional shape of the slope, whether concave, convex, or otherwise. The analysis
results indicate that the depth of a landslide can be determined by the scale of the landslide and the thickness of the soil and weathered

layer before the failure.

CONCLUSIONS

The cross-sectional shape of a slope was found to affect the magnitude of potential landslides. Landslides on fully concave slopes (group A)
had a smaller landslide depth to area ratio compared to the other groups at all slope angles. On the other hand, landslides on fully convex
slopes (group B) had a greater landslide depth to area ratio and a smaller range of landslide area. Landslides on concave or convex slopes
(groups C and D) tend to have larger areas at slopes of 30° to 40°, and the depth of the landslide tends to increase with the area. Landslides
on relatively straight slopes (group E) tend to be deep. Although all groups showed similar trends in the area, the depth trend differed ac-
cording to the cross-sectional slope shape.
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