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Abstract—Climate change induced slopeland hazards have 

become an issue in recent years worldwide, especially the 

landslide dams-induced. The probability of landslide dam 

formation in the Laonong River basin during Typhoon 

Morakot in 2009 is analyzed using Geographic Information 

System (GIS) spatial analysis, topographic features 

(elevation, slope, aspect, and geology), hydrological factors 

and use of the Shallow Slope Stability (SHALSTAB) model 

to simulate potential landslide areas. Landslide area, 

cumulative frequency distribution, and cumulative 

probability distribution are used to determine the potential 

of landslide dam formation and for further risk assessment. 

The results show that topographic factors interact with each 

other, the elevation factor being the most seriously affected. 

Landslides and landslide dams are located in the mid to 

high potential areas in the SHALSTAB analysis. Landslide 

frequency-area distribution in the basin shows a power-law 

relationship. The main landslide area is between 103 to 104 

m2. Landslide probability for an area larger than 103 m2 is 

about 86% while areas greater than 104 m2 have about a 

19% landslide probability. A minimum landslide area of 

2×104 m2 was found sufficient to block the river in the study 

area.   

 

Index Terms—landslide, landslide dam, probability, 

landslide potential 

 

I. INTRODUCTION 

Taiwan is located in the track of typhoons and at the 

collision of the Eurasian Plate and the Philippine Sea 

Plate. Geographical location and global climate change 

have caused Taiwan to be affected by typhoons and 

earthquakes more frequently in recent years. The 

torrential rainfall and fragile geological conditions 

frequently cause landslides, debris flows, and floods. 

Masses of debris blocking a river channel formed a 

landslide dam causing backwater upstream and a flood 

disaster downstream after the dam broke [1]. Climate 

change has caused numerous disasters worldwide, 

especially in the overused slopeland in Taiwan. Climate 

change induced slopeland hazards have become an issue 

in recent years. Amassed landslide debris could block the 

river and form a dam. The formation process of a 

landslide dam could be affected by the velocity of the 

landslide movement, the width of the river, the location 

along the river, the runout distance of the landslide, the 

basin area, and the dam volume [2]. 

                                                           
Manuscript received February 5, 2016; revised April 27, 2016. 

Landslide ratio is defined as landslide area divided by 

the study area [3]. Landslide ratio is the result of a 

landslide and one of the factors to initiate subsequent 

debris flow. The landslide ratio of a zone is defined as: 

Landslide ratio (%) = total landslide area in a zone/ 

total area of the zone × 100%                   
(1) 

Earthquake frequency and magnitude follow a power-

law distribution (log-log plot) that is the result of Self-

Organized Criticality (SOC) [4]. Landslide frequency and 

area distribution shows a power-law distribution (a 

straight line in log-log plot) [5]-[7]. The most famous 

example of SOC is the Sandpile model [4], [8]. The 

riverbank landslides also exhibited a power-law 

distribution in landslide frequency-area distribution [9]. 

The frequency and area in the Sandpile model test can be 

explained by: 

                                   NL = γAL
-α

                                  (2) 

where NL is the cumulative number of landslide for area 

over AL, and γ and α are constants. The probability 

density function of landslide area P(AL) is defined as the 

ratio of landslide area frequency density f(AL) and the 

total number of landslides Ntot [10]:  

                               P(AL) = f(AL)/Ntot                            (3) 

where the landslide area frequency density f(AL) = 

dNc/dA.  

The cumulative form of landslide frequency-area 

distribution is transferred into a non-cumulative form for 

comparisons to the characteristics of landslides in nature. 

The non-cumulative form is defined as [11], [12]: 
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where Ntot is the total number of landslides; C’ is a 

constant and C’ = γ×α, the intercept of the curve in the 

plot; β is the exponent of the straight line part of the 

curve and β=α+1. The probability density function for 

landslide over a specified area aL is defined as: 

                    
tot

LL
NA

N
APAP

1
a )( L




                     (5) 

where N is the number of landslides between area A to 

A+δA. 

A three-parameter Inverse Gamma (Γ
-1

) probability 

distribution model for fitting landslide area to the 

probability density function is proposed [10]: 
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where parameters ρ, a, and s are constants; the parameter 

ρ affects the decay range of the landslide area in the 

distribution, and -(ρ+1)=-β is the exponent of the 

distribution; the parameter α changes the range of 

maximum landslide area probability; the parameter s 

controls the overturning exponent for small landslides 

and s≦AL≦∞. 

The cumulative distribution function of probability PAL 

is defined as: 
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The equation shows the landslide probability for over a 

specified area. 

A riverbank landslide may not dam the river; 

nevertheless, a specified topographic characteristic is 

expected and concerned with the runout distance of the 

landslide. It is possible for a landslide to block the lower 

reaches of a river and form a dam once the runout 

distance of the landslide exceeds the river width. The 

formation of a landslide dam also corresponds to the 

magnitude of the landslide; a probability density for the 

number of landslides exceeding a specified area in the 

Western Southern Alps area of New Zealand is defined as 

[13]: 

Nr(A ≧ Ar) = 0.000054Ar
-1.16

                    (8) 

where Nr(A≧Ar) is the annual number of landslides 

exceeding area A (in km
2
) over a specified area Ar. The 

landslide runout distance sourced from southwest New 

Zealand shows that it is in the expected relationship to 

landslide area [1]: 

L = 1,558A
0.39

                          (9) 

We combine the former two equations into (10) to 

calculate the annual landslide runout distances which 

exceed the probability 

Nlr(L ≧ Lr) = 219,073Lr
-3.0

                 (10) 

where Nlr(L≧Lr) is the annual number of landslides 

whose runout distance L over the river width Lr exceeds 

the probability.  

II. STUDY AREA AND METHODOLOGY 

Laonong river basin is located in Kaoshiung County in 

southern Taiwan. It is the largest branch of Gaoping river 

in southern Taiwan. The 133 km long river is fed by a 

1373 km
2
 watershed. The river gradient is 1/43 as 

calculated by the ratio of elevation change to river length 

(△H/L) (Fig. 1). The average annual rainfall is 2,500 mm 

in the basin. The basin elevation is higher in the north and 

lower to the south with steep topography in the east 

smoothing out in the west. The topographic map shows a 

valley, plateau, and riverbank terrace in the mid and 

upstream basin and an alluvial deposit downstream. 

Climate change has caused heavy rainfall over short 

durations. This was especially true when Typhoon 

Morakot hit land on 8 August 2009 bringing extreme 

rainfall to southern Taiwan. There were 18 landslide 

dams formed in Taiwan during Typhoon Morakot, among 

which, seven were located in the Laonong basin (Fig. 2).  

Taiwan

Elevation (m)：

 

Figure 1.   Site location of the study area in Taiwan. 

 

 

Figure 2. Geology strata (source [14]) and locations of landslide dams in 

the study area. 

This study discusses the probability of landslide dam 

formation in the Laonong river basin using landslide 

interpretation, GIS spatial analysis, slope stability 

analysis, landslide runout distance estimations, statistical 

analysis to determine fit with power-law distributions, 

probability models, and risk analysis. The steps in the 
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analysis include: (a) collecting data for the study area, (b) 

locating landslide dams, (c) interpreting landslides by 

remote sensing images, (d) making GIS spatial analysis 

and distance measurements, (e) estimating landslide 

runout distances, (f) predicting shallow landslides using 

the SHALSTAB model, (g) calculating the number of 

annual riverbank landslides that exceeded the probability 

in forming landslide dams, (h) and doing a risk analysis 

for landslides and the formation of landslide dams. 

Parameters, including the landslide topographic 

analysis and the transverse profile of the river for the 

river block volume, were estimated using a 20m  Digital 

Terrain Model (DTM). The landslide runout distance was 

estimated using (9). The river width was measured via 

remote sensing image in GIS analysis and the estimated 

annual average river depth (sourced [15]). Landslide area 

interpretation was sourced from Spot 5 images after 

Typhoon Morakot in 2009 [16]. The non-cumulative 

form of landslide frequency-area distribution [11], [12] 

was plotted; and an inverse gamma distribution was used 

to fit the probability density function of the landslide area. 

The formation of landslide dams was estimated by the 

probability of the landslide magnitudes. 

III. RESULTS AND DISCUSSION 

A. Landslide Topography and the Minimum Volume 

Required to Block the River 

Table I lists the topographic factors of the landslides 

that blocked the river for the seven landslide dams. The 

average depth of river discharge in the Laonong river 

basin is listed in Table II. The transverse profile of the 

river near the landslide dam is plotted using Digital 

Terrain Model (DTM) for an estimation of the minimum 

volume that it would take to block the river. The landslide 

area is one of the crucial, but not the only, factors 

attributed to the formation of a landslide dam in the 

statistical analysis. A small landslide (e.g. No. 4 landslide 

for area 25192 m
2
) could block the river and the 

formation of a landslide dam would be based on the 

topographic characteristics of the landslide and its 

corresponding river. Most of the landslides were in a SW 

direction (Table I) this being the windward direction 

during Typhoon Morakot. The estimated landslide runout 

distance, being far longer than the river width, would 

block the river. 

TABLE I.  LANDSLIDE TOPOGRAPHIC FACTORS CONTRIBUTING TO THE FORMATION OF DAMS IN THE STUDY BASIN 

No. 
Area 

AL (m2) 
Slope Aspect (o) Elev. Changed, H (m) 

River width 
(m) 

R (m)* 

1 149377 41.8° 219 346 24 742 

2 83997 15.7° 221 294 145 593 

3 324744 27.3° 212 429 173 1005 

4 25192 2.5° 161 106 184 371 

5 329953 32.2° 140 597 69 1011 

6 366400 24.6° 178 500 188 1053 

7 61870 37.0° 214 53 102 526 

Avg. 191648 25.9° 192 332 126 818 

* R (runout distance) = 1558A0.39 (in km2) [1] 

The minimum landslide volume per length (m
3
/m) 

needed to block the river was estimated by the river width 

and the depth of the river discharge. A 2.3 m average 

depth of river discharge was used for the estimate 

referenced in Table III. Landslide volume (VL) was 

estimated from the landslide area (AL) using a regression 

formula VL=0.202×AL
1.268

 by DTM, sourced from 

southern Taiwan [17]. 

TABLE II.  AVERAGE DEPTH OF RIVER DISCHARGE IN THE LAONONG 

RIVER BASIN (SOURCE [18]) 

Basin Station No. Average depth (cm) 

Laonong 

1730H031 266.17 

1730H039 195.17 

1730H041 235.86 

1730H042 226.77 

 

TABLE III.  MINIMUM LANDSLIDE VOLUME REQUIRED TO BLOCK THE RIVER 

No. 
Landslide volume 

(m3)* 

Landslide 
slope (°) 

Landslide 
aspect 

Landslide width 
(m) 

Landslide volume 
per length (m3/m) 

Min. volume to block 
the river (m3/m) 

1 735094 41.8 W-S 518 1419.1 63.25 

2 354257 15.7 W-S 144 2640.1 115 

3 1967822 27.3 W-S 450 4375.9 80.5 

4 76940 2.5 S 105 732.8 92 

5 2007930 32.2 E-S 556 3611.4 80.5 

6 2293226 24.6 S 810 2831.1 132.25 

7 240408 37.0 W-S 438 548.9 143.75 

* VL=0.202×AL
1.268 (in m2) [20] 

 

The estimated landslide volume was divided by its 

landslide width to find the average landslide volume per 

length; that was compared against the minimum landslide 

volume to estimate the possibility of the slide blocking 

the river (Table III). The estimated landslide volume for 

the seven landslides were all far above the minimum 

volume necessary to block the river. A landslide dam will 

not be breached and will stay in place longer once the 
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landslide volume is larger than the minimum volume 

required to block the river. 

B. Results of Landslide Potential Analysis 

The SHALSTAB model [18] was used to analyze the 

potential landslides in the study area. Thickness of 

regolith used for the analysis was estimated by the slope 

method. The regolith thickness and gradient of the slope 

can be represented by the following relationship in the 

study area [19]. 

ln(h)=-0.00454s+1.44 (r
2
 = 0.81)               (11) 

where h is the thickness of regolith in meters and s is the 

average slope in degrees. 

The soil regolith (h) was estimated by (11) and soil 

parameters for unit weight (γt), cohesion (C’), and friction 

angle (φ’) were used in the SHALSTAB model for 

potential shallow landslide stability analysis [19]. The 

parameters used for the analysis are listed in Table IV by 

their various geologic strata (Fig. 2). 

TABLE IV.  PARAMETERS USED FOR THE DIFFERENT GEOLOGY 

STRATA IN THE SHALSTAB MODEL (SOURCE [22]) 

Geology 
Regolith 

(m) 
γt (KN/m3) C’(KPa) φ’(degree) 

a (alluvial) 3.64 18 3 27.55 

t (terrace) 2.92 21.25 2.9 25.5 

Le 1.86 22.2 1.25 31 

Ls 0.78 24.1 4 32.5 

Sp 0.93 17.65 4.4 30.5 

Co 0.97 24.05 4.65 29.5 

M2 0.83 24.05 3.75 29.5 

Cy 0.82 24.6 1.8 38.5 

Ya 0.75 25 4.45 30.5 

Ep 0.89 24.95 4.25 32.5 

Tn 0.98 24.6 3.55 30.5 

Tc 0.88 24.5 3.9 32.5 

Cc 1.21 24.5 4.35 28 

 

The shallow landslide potential analysis is gauged by 

the ratio of rainfall (q) to soil Transmissivity (T) and soil 

shear strength in the SHALSTAB model [19]. The 

hydrologic ratio (q/T) is divided by the stability of slope 

into high, medium, and low potential areas. Most of the 

stable slopes are located in the alluvial, terrace, and Le 

strata (Fig. 3). The overlayer analysis in GIS shows that 

most of the Typhoon Morakot-induced landslides were 

within the high and medium potential landslide areas. 

One exception, the No. 7 dam, was located in a stable 

area; field investigation and remote sensing image by 

Google Earth revealed that the dam formation could be 

attributed to a breach of the road by a flash flood in a flat 

area. 

C. Probability Analysis for the F  ormation of Landslide 

Dams 

Using data of Typhoon Morakot-induced landslides 

within the study area, landslide frequency-area 

distribution was plotted in non-cumulative form and 

found to be in a power-law distribution (Fig. 4). Three-

parameter inverse Gamma distribution was used to fit the 

distribution. The exponent of the distribution was β=1.69 

and the parameters for the inverse Gamma distribution 

were ρ=0.69, a= 1.95×10
-3

 km
2
, s=1.41×10

-4
 km

2
, and 

Γ(ρ)=1.314. 

The probability density function of landslides over a 

specified area is shown in Fig. 5. The distribution can be 

used to find the probability for a landslide over a 

specified area in the distribution. Most of the Typhoon 

Morakot-induced landslide area is in the range of 10
3
~10

4
 

m
2
 with other landslides occurring between 10

2
~10

3
 m

2
 

and 10
4
~10

5
 m

2
. The landslide probability for an area 

over 10
3
 m

2
 is about 86%, and 81% for areas smaller than 

10
4
 m

2
. The probability of a large landslide area over 10

4
 

m
2
 and a small landslide smaller than 10

3
 m

2
 are 19% and 

14%, respectively. There is a minimum landslide 

magnitude that is required to block a river. In the case of 

the formation of the seven Morakot-induced landslide 

dams, the minimum landslide area was 25,192 m
2
, and 

the maximum was 366,400 m
2
; thus, these all belong to 

large landslides (Table III). 

 

 

Figure 3.   Potential landslide area prediction by the SHALSTAB model 

compared with Typhoon Morakot-Induced landslides. 

 

Figure 4. Landslide frequency-area distribution and fit by the inverse 
gamma distribution. 
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D. Annual Number of Riverbank Landslides Exceeding 

the Probability of Landslide Runout Distance 

The probability of landslide dam formation is 

attributed to the probability of a landslide occurring, the 

magnitude of landslide, and the river width. A minimum 

landslide area capable of forming a dam in the study area 

during Typhoon Morakot was 25,192 m
2
. This study set 

the minimum landslide area required to block the river at 

2×10
4
 m

2
 and estimated the runout distance of the seven 

landslide-induced dams to calculate the annual 

probability of the number of landslides that would exceed 

the threshold in the study area (Table V).  

 

Figure 5. Landslide area probability analysis by three-parameter inverse 
Gamma distribution. 

TABLE V.  PROBABILITY OF LANDSLIDES EXCEEDING THE 

THRESHOLD RUNOUT DISTANCE ANNUALLY 

No. 
Landslide area, 

A (m2) 

River width, 

Lr (m) 

Annual exceed 

probability* 

Nlr (L≧Lr) 

1 149377 24 12.23 

2 83997 145 5.55% 

3 324744 173 3.27% 

4 25192 184 2.72% 

5 329953 69 51.49% 

6 366400 188 2.55% 

7 61870 102 15.94% 

average 191648 126 8.46% 

* NLr (L ≧ Lr) = 219073Lr
-3 (in meter) 

IV. SUMMARY 

This study evaluated the necessary conditions for a 

landslide to block the river and analyzed the landslide 

area that exceeded the probability of producing a 

landslide and the annual number of landslide dams that 

exceeded the probability of being formed in the Laonong 

river basin in 2009 during Typhoon Morakot. The results 

show that topographic factors interact with each other, the 

elevation factor being the most seriously affected. The 

slope affects the thickness of the deposit soil. Landslides 

show a higher frequency on the windward side than on 

the leeward side of the slope. Bedrock consisting of 

interbedded sandstone and shale has had the most serious 

landslides. The runout distances of the dammed 

landslides were greater than the width of the river and the 

estimated landslide volume was greater than the cross 

section of the river volume. Landslide frequency-area 

distribution in cumulative form was used to calculate the 

landslide area that exceeded the probability of producing 

a landslide and its annual probability of forming a dam. A 

minimum landslide area of 2×10
4
 m

2
 near the river had 

the capability of blocking the river in the case study. 

These criteria combined with the prediction of a potential 

landslide area identified by the SHALSTAB model were 

used in a risk analysis of landslide dam formation. The 

data analysis will assist in locating potential landslide 

sites and possible locations of landslide dams. It is 

possible to accurately predict potential locations of 

landslide dams once the shape of river channel, potential 

landslide areas, and volume are estimated.  
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