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The extraction of mass rock creep slopes is critically important to assess the instability of slopes and predict 
deep-seated catastrophic landslides. We present a method to extract mass rock creep slopes using airborne 
laser scanning data (LiDAR). The mass rock creep slopes were extracted quantitatively using the slope 
gradient ratio and the minimum eigenvalue ratio in different analysis distances, and we expect greater 
accuracy when both are used in combination. 
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1. INTRODUCTION 
 

When a deep-seated catastrophic landslide 
(DCL) occurs, large-scale debris flows or landslide 
dams may cause enormous damage to surrounding 
areas. It is extremely important to predict the DCL 
susceptibility for disaster prevention and reduction. 
Areas particularly prone to DCLs include slopes in 
which the rock mass has been deformed due to 
long-term gravity action (hereafter, referred to as 
mass rock creep slopes) [Chigira and Kiho, 1994; 
Chigira, 2009; Akther et al., 2011]. Therefore, 
extraction of the mass rock creep slopes is useful 
for predicting areas prone to DCLs. However, 
fluctuations in mass rock creep slopes are quite 
small compared to chronic landslides, and their 
geomorphic characteristics may not be noticeable. 
Due to vegetation, it is difficult to spot minor 
geomorphic characteristics of mass rock creep 
slopes through the conventional interpretation of 
aerial photographs. In addition, it is difficult to 
assess wide areas with the same accuracy against 
the same standards. 

Recently, more detailed landform information 
for the ground surface using the airborne laser 
(LiDAR) has been obtained [e.g. McKean and 
Roering, 2004; Glenn et al., 2006; Kasai et al., 
2009]. Using LiDAR enables one to assess minor 

geomorphic characteristics, like mass rock creep 
slopes, quantitatively [Yokoyama et al., 2012]. If 
geomorphic characteristics can be extracted with a 
certain accuracy, mistakes in interpretation and 
oversights can be reduced, and mass rock creep 
slopes can be extracted with a high degree of 
accuracy. 

In this study, we attempted to extract the mass 
rock creep slopes quantitatively by using the 
LiDAR data. We have applied the results of 
Yokoyama et al. [2012] as the extraction method, 
and in order to validate the adequacy of this 
method, the extraction results have been compared 
with those obtained using a conventional method. 

 
2. STUDY AREA AND METHOD  
 
2.1 Study area 

The study area was located in the center of the 
Kii Peninsula (Fig. 1). The mountainous Kii 
Peninsula rises to an elevation of nearly 2000 m, 
forming steep canyon walls. It belongs to the 
Cretaceous Shimanto Belt (accretionary complex) 
in terms of its basement geology, consisting of 
alternating layers of sandstone and shale, in 
addition to chert and shale with masses of 
greenstone. The strata strike northeast–southwest, 
or east–west, and they dip 30–50° to the north. 
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Many DCLs occurred in the Kii Peninsula due to 
Typhoon Talas in September of 2011. Quantitative 
extraction of the mass rock creep slope using 
LiDAR was conducted within a ~15 km2 area in 
which large-scale DCLs were concentrated (Fig. 2).  

We determined that these DCLs were mass rock 
creeps according to aerial photo (taken in 1976, 
1/15,000 of the scale size) interpretation, map 
reading, and field surveys. However, in the slopes 

that DCL did not occur, many mass rock creeps was 
included. In this study, we targeted the studied mass 
rock creep slope (a) and (b) in Fig.2. The studied 
non-mass rock creep slope (c) and (d) were also 
selected by the same method in many non-mass rock 
creep slopes. Especially the non-mass rock creep 
slope is steep and high valley density compared with 
the mass rock creep slope. 

The landforms of the representative slopes 

 

(a) Nagatono after landslide, (b) Nagatono before landslide, (c) Akadani after landslide, (d) Akadani before landslide

Fig. 3 Landforms before and after the DCLs:

Fig. 1 The study area Fig. 2 Extraction area of the mass rock creep slope
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before and after the DCLs are shown in Fig. 3. 
Before the DCL in Akadani, the upper part 
exhibited a moderate slope and the lower part a 
steep slope; these geomorphic characteristics are the 
same as those of the general mass rock creep slopes 
(Fig. 4). The slope was low relief, with no deep 
valley, compared to the surrounding areas; while 
the same was true in Nagatono. The mass rock 
creeps of Akadani and Nagatono will be referred to 
as "Slope (a)" and "Slope (b)" in this paper. 

The non-mass rock creep slopes were extracted 
around the mass rock creep slopes. They were the 
slopes on the deep valley sides without convex and 
concave breaks in the slopes; the areas were 
approximately equal to the mass rock creep. 
 
2.2 Quantitative extraction method of mass rock 
creep slopes 
 
2.2.1 Geomorphic characteristics of mass rock 
creep slope 

In general, mass rock creep slope geomorphic 
characteristics include the following: (1) no deep 
valley or stream in the moving zone, (2) paired 

concave and convex breaks of slope in the moving 
zone, (3) small valleys or small landslides formed at 
the boundaries on both sides of the moving zone, 
and (4) a steep escarpment located around the upper 
boundaries of the moving zone, facing the valley 
(Fig. 4). Yokoyama et al. [2012] showed that the 
first two geomorphic characteristics in this list 
could be represented by quantitative indexes using 
LiDAR data. They calculated the slope gradient and 
eigenvalue ratio for both mass rock creep slopes 
and non-mass rock creep slopes. 
 
2.2.2 Geomorphological condition 

The slope gradient was calculated based on the 
method of Burrough and McDonell. When the 
center cell elevation (coordinate values of x, y) in a 
3 × 3 grid cell is Zx,y, the slope gradient I (rad) can 
be calculated using formula (1): 
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where I is the slope gradient, dz/dx is the rate of 
elevation change from the center cell in the x 
direction and dz/dy is the rate of elevation change 
from the center cell in the y direction, expressed in 
the formulas (2) and (3), respectively. D is the 
analysis distance (analysis size). 

The eigenvalue ratio recognizes disturbances of 
the normal vector to the slope as ground surface 
disturbances, indicating the degree of unevenness 
(Fig. 5). A large eigenvalue ratio indicates a low 
relief and smooth surface, and a small eigenvalue 
ratio indicates large surface roughness. The 
eigenvalue ratio was calculated based on the 
method of Woodcock and Naylor. When the 
azimuth angle is φi and the zenith angle is θi in the 
3 × 3 grid cell i, the normal vector (xi， yi， zi) of 
the grid cell i can be expressed by formula (4):  

（xi, yi, zi）＝（cosθi cosφi, cosθi sinφi, sinθi）  (4) 

The tensor T, the direction of the normal vector, is 
expressed in formula (5): 
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Fig. 5 Conceptual diagram of eigenvalue ratio (According to 
Uchida et al., [2010]) 

Fig. 4 Geomorphic characteristics of mass rock creep slopes 
(According to Yokoyama et al., [2012]) 
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The eigenvalues (λ1，λ2，λ3, in descending order) of 
this matrix T are calculated, and then S1 and S2 are 
calculated using formula (6): 

　
321 




 i
iS             (6) 

By using S1 and S2, the eigenvalue ratio   is 
calculated using formula (7): 

)/(ln 21 SS               (7) 
To calculate the geomorphological condition, 

Yokoyama et al. [2012] gradually increased the 
intervals between eight cells used for calculation, 
referred to as the analysis distance (Fig. 6). For 
example, in the case of a 10 m analysis distance, we 
used elevation data that located the 10 m interval 
from the calculation cell. Changing the analysis 
distance enables the expression of landform 
information at large spatial scales while keeping the 
digital elevation model (DEM) point density high. 

Box plot diagrams of the slope gradient and 
eigenvalue ratio in both the mass rock creep slope 
and non-mass rock creep slope are shown in Fig. 7. 
For the mass rock creep slope, the median of the 
slope gradient is constant, regardless of the analysis 
distance (upper left in Fig. 7). For the non-mass 
rock creep slope, the median of the slope gradient 
gradually becomes smaller with greater analysis 
distance (upper right in Fig. 7). The median of the 
eigenvalue ratio for the mass rock creep slope is 
lowest for a 20 m analysis distance (lower left in 
Fig. 7). For the non-mass rock creep slope, the 
median of the eigenvalue ratio is also lowest for a 
20 m analysis distance and is lower than the mass 
rock creep slope (lower right in Fig. 7). Based on 

this, we expected that the mass and non-mass rock 
creep slopes could be separated by calculating the 
slope gradient and the eigenvalue ratio using 
different analysis distances. 
 
2.2.3 Method to extract mass rock creep slopes 

A flow diagram for the method used to extract 
the mass rock creep slopes is shown in Fig. 8. The 
adopted LiDAR data were obtained before the 
DCLs occurred in the study area. First, the 2 m grid 
DEM was created based on the LiDAR data. Next, 
the slope gradient and eigenvalue ratio were 
calculated using 15 different values of the analysis 
distance from 2-500 m. Box plot diagrams of the 
slope gradient and eigenvalue ratio for the 
representative mass rock creep slopes and non-mass 
rock creep slopes in the study area are shown in 
Fig. 9. The slope gradient greatly decreased when 
the analysis distance was larger than 100–200 m, 
which can be attributed to the analysis distance 
substantially exceeding the landform scale of the 
mass rock creep slope. To separate the two slope 
types, a certain analysis distance is required. In 
addition, the eigenvalue ratio pattern for an analysis 
distance >100 m in the median differs from the 
distinctive pattern of mass rock creep slopes. 
Accordingly, we decided to use an analysis distance 
up to 100 m in this study. Next, we performed 
median processing on 50 meters squared, the 
median in the box plot diagrams, to extract a mass 
rock creep slope of about 100 m in width 
(minimum). Finally, we calculated the slope 
gradient ratio and the eigenvalue ratio. 

Since the absolute quantity of the slope gradient 

Fig. 7 Box plot diagrams showing changes in slope gradient 
and eigenvalue ratio (According to Yokoyama et al., 
[2012]) 

Fig. 6 Conceptual diagram of the analysis distance 
(According to Yokoyama et al., [2012]) 
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for both slope types differs substantially, we 
adopted the ratio of the minimum and maximum 
analysis distance to assess change. For example, the 
slope gradient ratio of the mass rock creep slope 
was ~1.0, while that of the non-mass creep slope 
was ~0.7. The eigenvalue ratio of the minimum 
analysis distance for each cell was selected for 
analysis distances in the range 2-100 m. For 
example, the minimum eigenvalue ratio for the 
mass rock creep slope was 4.3, while the non-mass 
rock creep slope was 2.8 
 
3. RESULTS 
 

The distributions of the slope gradient ratio and 
the minimum eigenvalue ratio are shown in Fig. 10. 
In the slope gradient ratio distribution, the blue and 
red bands and the areas in the yellow to pale red 
color are mixed (upper panels in Fig. 10). Wide 

rivers appear as dark red bands, with slope gradient 
ratios of at least 1.2. Meanwhile, valleys and ridges 
appear as blue bands, with slope gradient ratios of 
0.7 or below. Regions in yellow to pale red have 
slope gradient ratios that lie between these two 
values. The distribution of the eigenvalue ratios was 
similar to the slope gradient ratios (lower panels in 
Fig. 10). Valleys and ridges appear as yellow to red 
bands. In other words, the minimum eigenvalue 
ratios are shown as values of 2 or lower. In contrast 
to the slope gradient ratio, only the river is 
emphasized as a large value. 

The slope gradient ratio was substantially 
different between the mass rock creep slope and the 
non-mass rock creep slope. In Slope (a), the area 
with the slope gradient ratio of ~1 was large part. 
The same applies to Slope (b), where the non-mass 
rock creep slope area with slope gradient ratio of 
0.85 or lower was large. 

The minimum eigenvalue ratio was also 

 

Fig. 8 Flow to extract mass rock creep 
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substantially different in the mass rock creep slope 
and the non-mass rock creep slope. In the mass rock 

creep slopes in both Slope (a) and Slope (b), the 
minimum eigenvalue ratio was 4 or higher; 

 

top: extraction result based on slope gradient ratio, bottom: extraction result based on minimum eigenvalue ratio 

Fig. 10 Result of extraction of mass rock creep slopes:

Fig. 9 Box plot diagrams of the mass rock creep slope and non-mass rock creep slope in the studied area 

307



 

 

conversely, it was 3 or lower in the non-mass rock 
creep slopes. 
 
4. DISCUSSION 
 
The slope gradient ratio and the minimum 
eigenvalue ratio of the mass rock creep slopes 
differed from other types of slopes, providing a way 
to distinguish them. A slope gradient ratio of 0.85 
or higher indicates a mass rock creep slope. 
However, the slope gradient ratio in flats, including 
riverbeds, was 1.2 or higher; thus, it is beneficial to 
exclude riverbed areas. A minimum eigenvalue 
ratio of 4 or higher generally indicates a mass rock 
creep slope. These values are consistent with the 
predicted thresholds in the box plot diagrams (e.g., 
Slope (a), Fig. 9). 

Some slopes in the surrounding area have similar 
values to Slope (a) and Slope (b) (i.e., slopes A, B, 
and C in Fig. 10). Slope A represents Kawarabi, 
where the DCL shown in Fig. 2 occurred, 
validating this mass rock creep extraction method. 

Using the slope gradient ratio showed a wider 
mass rock creep area than that in the extraction 
result using the minimum eigenvalue ratio, because 
using the slope gradient ratio may also include less 
well-developed mass rock creep slopes. In other 
words, extraction using the eigenvalue ratio only 
covers well-developed mass rock creep slopes, 
narrowing the result. 

By changing the geomorphological condition 
index threshold, it is possible to refine detection of 
the mass rock creep slopes. Further, it may be 
possible to refine the results by overlapping two 
types of diagrams. The setting thresholds and 
extraction result should be verified in the future. In 
addition, the risk of DCLs in the extracted mass 
rock creep slopes should be assessed. 
 
5. CONCLUSION 
 

We presented a method to extract mass rock 
creep slopes using LiDAR data. The study made the 
following points clear. 

 
1. The slope gradient ratio and the minimum 

eigenvalue ratio calculated under different 
analysis distances were useful indexes that 
quantitatively distinguished between mass 
rock creep slopes and non-mass rock creep 
slopes. 

2. It was possible to refine mass rock creep 
slope detection by setting thresholds and 
overlapping. 

3. Using these ratios in combination, mass rock 
creep slopes can be extracted with greater 
accuracy. 
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