
1 INTRODUCTION  

According to climate changing, the frequency of 
large-scale landslides triggered by typhoon or heavy 
rainfall was increasing year by year. Furthermore, the 
influence of rainfall which induced disasters was the 
infiltration behavior in soil. However, the slopes of 
residual soil, which were stable during dry season in 
Taiwan, would be unstable after raining due to the 
matric suction inside the soil. When heavy rainfall oc-
curred, the rainfall would infiltrate into the slope and 
increased the saturation of soil. On the opposite side, 
the matric suction in the soil decreased and made the 
factor of safety of slope dropped down quickly. Fi-
nally, the landslide or debris flow would occur since 
the slope had been unstable.  (Fredlund, 1978; 
Brand, 1984). 

In Taiwan, there were lots of disasters triggered by 
heavy rainfall, which were caused by typhoons or 
plum rains during spring and summer. However, 
these terrible disasters would bring debris flows or 
landslides which caused damages to humans and 
buildings. For example, in 2009, there was a terrible 
typhoon hit Siaolin village, Kaohsiung during sum-
mer, which induced a large-scale landslide. Moreo-

ver, this disaster event had killed more than 400 peo-
ple in the village. Also, in 2016, another landslide 
happened at Hongye village, Taitung induced by ty-
phoon, too. Fortunately, nobody had been killed, but 
some buildings fell during the landslide. In brief, 
heavy rainfall, which induces terrible landslides, 
needs to be concerned more carefully. Furthermore, 
it’s important to do simulations of landslides for gov-
ernment officials to establish an operable standard op-
erating procedure (SOP), which can let them make 
appropriate decisions for post-disaster survey or re-
medial measure. 

In this study, a landslide occurred at Wushen tem-
ple in Nantou will be introduced. In 2017, there was 
a heavy rainfall in June which was called 0613 torren-
tial rainfall. However, during the torrential rainfall, a 
landslide near Wushen temple in Guoxing township, 
Nantou was occurred at 3:00 p.m. on 15th June. Ac-
cording to the precipitation in Changfeng rainfall sta-
tion, which was the closet rainfall station to Wushen 
temple, the accumulated rainfall at slope failure time 
was 275 mm. Besides, for a brief estimation of this 
landslide, it was 60 m long, 30 m wide and the land-
slide volume was around 7,200 m3. Moreover, the av-
erage depth equaled 4 m, and deepest depth was 10 
m. Although no one had been killed in this disaster, a 
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check dam, which located at toe of this landslide, had 
been buried. The image after landslide is shown in 
Figure 1. Hence, it’s important for government to 
clarify the reason of landslide and make operable de-
cisions for remedial measure. 

In order to establish a post-disaster survey report, 
an unmanned aerial vehicles (UAV) has been used to 
investigate and measure the spatial information of this 
landslide. Afterward, a digital surface model (DSM) 
would be produced and used to map the landslides 
zone. Moreover, the numerical analysis program, in-
tegrated rainfall-infiltration-slope stability model 
(Tsutsumi, 2008), was selected to simulate landslide. 

 
 

 
 
Figure 1. The disaster orthophoto after landslide in 2017 (Nan-
tou Branch, Soil Water Conservation Bureau, Council of Agri-
culture, Executive Yuan 2017) 

2 METERIALS AND METHODS 

2.1 Post-disaster surveys 
To investigate the disaster situation, an unmanned 

aerial vehicles (UAV) is selected to build the three-
dimensional model, orthophoto and digital surface 
model (DSM). In this study, the UAV Phantom 4 Pro-
fessional has carried out a mission for 0613 torrential 
rainfall. Furthermore, the images have been recog-
nized since the mission. To increase the qualities of 
image resolution, UAV in this mission has also taken 
many route plans with different elevation as shown in 
Figure 2. However, the resolutions of image are much 
finer than before. Besides, to calibrate the elevation 
of terrain model, the ground control points around the 
disaster area are simultaneously set in 4 places to be 
the characteristic points as shown in Figure 3. Fur-
thermore, Bentley Context Capture version 4.0 is 

used to feature the points of the aerial photos by aer-
otriangulation and produce the three-dimensional 
model, and DSM which has the grid size in 0.02 m. 

In brief, the scales and details of this disaster is 
shown in the images taken by UAV as shown in Fig-
ure 4. As the images presented, the slip surface of this 
landslide seems pass through the bedrock since some 
weathered shale or sandstone of the landslide have 
been exposed. However, this surmise will be selected 
to assume the location of bedrock for numerical sim-
ulation in this study. 
 

 

 
 
Figure 2. The route of planning with different elevation 

 
 
Figure 3. The ground control points in this study  

 

 
 
Figure 4. The location of exposed rocks in landslide 



2.2 Landslide simulation methods 
In this study, the integrated rainfall-infiltration-

slope stability (IRIS) model, which was developed by 
Tsutsumi (2008), is selected to simulate the landslide 
situation subject to rainfall infiltration. Furthermore, 
the model is divided into three stages. First, the Rich-
ard’s equation is selected to simulate the infiltration 
and water flow in the soil. Besides, to estimate the 
process of rainfall-infiltration which induces the in-
crement of water content, finite element method is 
chosen. However, the results of infiltration analysis 
are then used to conduct a slope stability analysis sim-
ultaneously. Further, The simplified  Janbu’s 
method and dynamic programming (DP) method is 
selected to determine the factor of safety and the crit-
ical slip surface. The flow chart of IRIS model simu-
lation steps is shown in Figure 5. In addition, the de-
tail of the simulation steps will be shown below. 

 
 

 
 
Figure 5. The flow chart of IRIS model simulation 

 

2.2.1 Rainfall-infiltration module 
For IRIS model, the Richard’s equation is selected 

to simulate the infiltration inside the soil. Further-
more, equation of the variation of water content is 
shown as Equation 1. 
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where C(ψ) is the soil water capacity, K(ψ) is the hy-
draulic conductivity, and ψ is the capillary pressure. 
The lognormal model (LN model) proposed by 
Kosugi (1996) can be used to represent C(ψ) and K(ψ) 

for unsaturated conditions (ψ < 0) as shown in Equa-
tion 2 and Equation 3 separately.  
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where θs is the saturated soil water content, θr is the 
residual soil water content, ψm is the pressure poten-
tial corresponding to the median soil pore radius, σ is 
a dimensionless parameter related to the width of the 
pore-size distribution, and Ks is the saturated hydrau-
lic conductivity. Further, the effective saturation will 
be presented as Equation 4. Besides, the function Q(x) 
represents the residual normal distribution and can be 
expressed as shown in Equation 5. 
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where Se is effective saturation. Furthermore, for sat-
urated conditions (ψ ≥ 0), values are set at K(ψ)= Ks 
and C(ψ)=0. 

However, the mathematical relationships above 
are difficult to estimate for analytic solution because 
of its highly non-linear. Hence, this IRIS model se-
lects finite element method to do estimation. 

In simulation, this module will be mentioned in 
two parts, including antecedent rainfall analysis 
which defines the initial pore water pressure distribu-
tion in slope. However, to simulate the initial condi-
tion in antecedent rainfall analysis, the pressure heads 
of soil in slope are assumed as -0.01 m. Besides, the 
rainfall intensity is assumed as 0.1 mm/h and contin-
ued simulating for 300 days (Chen et al., 2014). 
Therefore, the distribution of pore water pressure in 
soil is the initial pore water pressure for slope stability 
analysis.  

After antecedent rainfall analysis, the slope stabil-
ity analysis will be started. For this analysis, it men-
tions about three modules, including rainfall-infiltra-
tion module, slope stability module and critical slip 
surface determination module. However, the rainfall-
infiltration module is using the real rainfall data to 
simulate the pore water pressure distribution after 
rainfall event. 

2.2.2 Slope stability module 
According to theory of the rainfall-infiltration 

module, the results will be the pore water pressures 
for every mesh. Moreover, a slope stability analysis 
will be built based on the pore water pressures. For 
this stage, simplified Janbu’s method, which is limit 
equilibrium method, is selected to estimate the factor 
of safety. Furthermore, simplified Janbu’s method is 



going to divide the sliding soil body into several ver-
tical slices. Besides, the stress equilibrium will be cal-
culated for each slice. For this method, the factor of 
safety estimation is shown as Equation 6 and Equa-
tion 7 separately. 
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where i is the number of each vertical slice, ci’ is the 
cohesion of soil, ϕi’is the friction angle of soil, Wi is 
the weight of every vertical slice, ai is the angle be-
tween horizontal and slip surface for each slice, and li 
is the length of slip surface for each slice. Afterward, 
ui is the pore water pressure of slip surface for each 
slice, which is estimated by rainfall-infiltration mod-
ule. Besides, Ai is the resistance force, and Bi is the 
driving force.  

2.2.3 Critical slip surface determination module 
Based on simplified Janbu’s method, the slip sur-

faces should be assumed in different shapes before es-
timating the factor of safety. Besides, the critical slip 
surface is selected by the smallest factor of safety. 
However, this process is too subjective to estimate a 
critical slip surface which truly occurred. Hence, this 
model uses Dynamic Programming method (DP) to 
estimate the critical slip surface with the smallest fac-
tor of safety (Yamagami and Ueta, 1986；Baker, 
1980). Furthermore, the Dynamic Programming 
method can only be suitable for additive functions. 
However, the equation of simplified Janbu’s method 
doesn’t correspond to the limitation of Dynamic Pro-
gramming method. Therefore, another method devel-
oped by Baker (1980) has been produced. The method 
developed by Baker consults the classical calculus of 
variations and define a new function G as shown in 
Equation 8.  
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where n is the numbers of slice for calculating, Fs is 
the factor of safety. Besides, Ai, Bi, and Fs are un-
known in the equation. Therefore, the equation should 
be calculated by iterative algorithms, and started by 
any value. In this study, the value of factor of safety 
in the beginning is defined as 1. 

Afterward, the relationship between the minimum 
of function G and the smallest factor of safety has 
been proved that is equivalent. Hence, the critical slip 
surface will be selected after estimating the minimum 
of function G. In other words, the critical slip surface 
is estimated when factor of safety less than 1, which 
means the slope is unstable. 

Moreover, to combine Dynamic Programming 
method and function G, which looks for critical slip 
surface, should divide the slope into n+1 stages as the 

vertical lines shown in Figure 6(a). Meanwhile, every 
stage can be divided into several states as the circular 
points shown in Figure 6(a) (Chen et al., 2014). As 
shown in Figure 6(b), the line jk can be part of slip 
surface when (i,j) and (i+1,k) are adjacent to each 
other. On the opposite side, the quadrangle, which is 
combined by point a, b, k, and j, can be considered as 
a slice of the slip surface. Furthermore, Ai and Bi can 
be calculated by Equation 6 and Equation 7 sepa-
rately. Hence, the variable DGi(i,k), which starts from 
(i,j) to (i+1,k), is shown as Equation 9. 

( ),i i s iDG j k A F B= − ⋅  (9) 
Meanwhile, if the function Hi(j) was defined as the 

minimum path from the first stage to function G of 
(i,j), Equation 10 will be built. Besides, the boundary 
condition of the start and terminal points in the path 
are shown as Equation 11 and Equation 12 separately. 
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where Si is the number of total layer for the stage of 
number i. 

In brief, according to the methods above, the slip 
surface which has the minimum factor of safety will 
be estimated firstly. Further, Ai and Bi, which is on 
this slip surface, will be brought back to Equation 6 
and the correct factor of safety will be calculated. 
Note that the critical slip surface is based on the factor 
of safety less than 1, which means the slope has col-
lapsed. 

 
 

 
Figure 6. (a) The route of stages to determine critical slip surface 
by dynamic programming method (b) Determination of signal 
(Chen et al. 2014) 

 

3 NUMERICAL MODEL AND SITE 
CONDITIONS 

In this study, the landslide of Wushen temple, 
which occurred in 0613 torrential rainfall, is selected. 
Furthermore, this disaster was located in Guoxing 
Township, Nantou. However, during 0613 torrential 
rainfall in 2017, a landslide occurred near the Wushen 
temple and the accurate failure time is 3:00 p.m. on 
15th June. Moreover, to do simulation of this disaster, 



the real rainfall data will be collected from Changfeng 
rainfall station, which is the closet rainfall station to 
the Wushen temple. Further, the rainfall data will start 
from 1st May to 17th June as shown in Figure 7. There-
fore, the rainfall-infiltration module is selected the 
rainfall data mentioned above to estimate the pore 
water pressure distribution in slope stability analysis. 

 
 

 
 
Figure 7. Rainfall intensity from 1st May to 30th June in 2017 
(Changfeng rainfall station, 2017) 

 

3.1.1 Geometry model 
For landslide simulation, the IRIS model is esti-

mated the slip surface in two-dimensional. Therefore, 
the digital elevation model (DEM) in 2011 is used to 
determine the original slope profile in two-dimen-
sional. However, the aspect map is produced to select 
a representative profile which is between two differ-
ent aspects of slope. Hence, the location of profile in 
this study is shown as Figure 8.  

Since the underground condition can’t be known 
easily, the location of bedrock is assumed in this 
study. As mentioned in post-disaster survey, the slip 
surface seems passing through the bedrock. There-
fore, the location of bedrock is assumed as the deepest 
depth of landslides which is almost 10 m. In brief, the 
overall geometry model of this slope is shown in Fig-
ure 9. 

 
 

 
 
Figure 8. Location of profile for IRIS model simulation 

 
Figure 9. Geometry model for IRIS model simulation 

 

3.1.2 Soil and bedrock propertiess 
As mentioned in section 2.2, to simulate the land-

slide in IRIS model should not only have rainfall data, 
but also the parameters of soil. Therefore, the param-
eters include soil unit weight (γ), the cohesion of the 
soil (c’), soil friction angle (ϕ’), saturated permeabil-
ity of soil (ks), and the parameters which represent the 
unsaturated soil mechanic. However, the first step is 
recognizing the soil type in the disaster area. Instead 
of doing lab experiment, this study uses geological 
map, which described types of soil on the map, to rec-
ognize the soil type near Wushen temple. After 
searching on the geological map, the soil type of this 
area is sandy loam. Moreover, the soil physical and 
engineering properties for sandy loam is shown in Ta-
ble 1 (Minnesota Department of Transportation, 
2007). 

 
Table 1. The typical soil properties of sandy loam 
__________________________________________ 
Soil properties ___________________________________________________ 

Max.    Min.    Avg. ____________________________ 
Unit weight, γ (t/m3)   2.04    1.73    1.89 
Cohesion, c’ (t/m2)    2.04    1.02     1.53 
Friction angle, ϕ’ (degrees)  32     25    28.5 
Permeability, ks (m/s)    10-4     10-5    10-6 
__________________________________________ 
 

Although some soil properties have be mentioned 
above, there is another parameter should be deter-
mined. The soil-water characteristic curve (SWCC) 
of typical sandy loam, which represent unsaturated 
soil mechanism, is shown as Figure 10 (Carsel and 
Parrish, 1988). Besides, the parameters of LN model 
mentioned in section 2.2 for this study are shown as 
Table 2. 

For simplified the model in simulation, this study 
assumes the bedrock properties are constant. There-
fore, the cohesion of bedrock (cb’) is 100 t/m2 and the 
friction angle (ϕb’) is 60 degrees. In brief, the proper-
ties mentioned above will be the input parameters in 
IRIS model for this study. However, because of the 
inhomogeneity and uncertainty in geology, this study 
tests different values based on the typical properties 



of sandy loam for back analysis. The test models of 
different values have 72 cases as shown in Figure 11.  

 

 
Figure 10. Soil-water characteristic curve of typical sandy loam 
 

 
 
Figure 11. Flow chart for model testing 
 
Table 2. The LN model parameters of sandy loam 
__________________________________________ 
Parameters of LN model __________________________________________________ 
Saturated volumetric water content, θs (m3/m3)   0.41 
Residual volumetric water content, θr (m3/m3)   0.065 
ψm (cm)                 -26.4 
σ                   0.486 __________________________________________ 

4 RESULTS AND DISCUSSION 

4.1 Terrain change and volume evaluation 
In this study, the terrain model after the landslide 

is produced. Furthermore, the profile of landslide, 
which located at the same place mentioned in section 
3.1.1, is shown in Figure 12. However, the slip sur-
face after landslide is selected to be the calibration for 
simulating the numerical model in this study.  

Moreover, the digital elevation model in 2011 
which before disaster is used to compare with the dig-
ital surface model mentioned in post-disaster survey 
for estimating the landslide volume. Furthermore, the 
changes of elevation caused by landslide are deter-
mined after comparing. Therefore, the landslide vol-
umes can be estimated by the area and change of 
height. Besides, the changes of height are shown in 

Figure 13. After estimating, the area of erosion equals 
2,729 m2 and the landslide volume equals 19,278 m3 
as shown in Table 3. However, since the erosion area 
is considered by different reasons and methods, the 
estimation for landslide volume is larger than the re-
sult in rapid report, which is 7,200 m3.  

 
 

 
Figure 12. Observed slip surface by UAV survey 

 
 
Figure 13. Observed changes of height by UAV survey 

 
Table 3. Estimation of landslide volume 
__________________________________________ 
0Depth  Number of grids  Mean elevation   Volumes 

(m)    (m2)      (m)      (m3) __________________________________________________ 
0.0 ~ 2.5   831      1.25     1039 
2.5 ~ 5.0   443      3.75     1661 
5.0 ~ 7.5   441      6.25     2756 
7.5 ~ 10.0   366      8.75     3203 
10.0 ~ 12.5   375      11.25     4219 
12.5 ~ 15.0   340      13.75     4675 
15.0 ~ 17.6   106      16.28     17.25 _______________________ 
             Total     19278 __________________________________________ 

 



4.2 Landslide simulation results 
According to the uncertainty of the soil properties, 

the back analysis which can describe the real condi-
tion in situ is selected in this study. Besides, the main 
result of IRIS model after simulating is the critical 
slip surface which occurred at the smallest factor of 
safety. In other words, the criteria of failure slope is 
determined when factor of safety is less than 1 in this 
study. Furthermore, the occurrence time of landslide 
in IRIS model also can be estimated by the historical 
rainfall data. In brief, when the simulation date of 
rainfall data went to the end, IRIS model will stop es-
timating and return the result of critical slip surface 
with the smallest factor of safety simultaneously.  

Although 72 cases of test models have been esti-
mated, only 15 cases with the factor of safety less than 
1, which mean the slope is unstable, are considered as 
shown in Table 4. Besides, as mentioned in section 3, 
1st May is the date that begin to simulate both rainfall-
infiltration module and sloe stability module. Hence, 
those failure cases with occurrence time at 1st May are 
ignored in this study because that the slopes have 
been unstable in antecedent rainfall instead of 0613 
torrential rainfall. 

 
Table 4. The results after simulating 
__________________________________________ 
Collapse cases in simulation ___________________________________________________ 
Case No.  ks    c’    ϕ’   Occurrence time 
     (m/s)   (t/m2)   (degrees)     (-) _________________________________________ 

58    10-6   1.52     31   2017/06/15 16:50 
59    10-6   1.52     30   2017/05/01 00:00 
60    10-6   1.52     29   2017/05/01 00:00 
61    10-6   1.52     28   2017/05/01 00:00 
62    10-6   1.52     27   2017/05/01 00:00 
63    10-6   1.52     26   2017/05/01 00:00 
64    10-6   1.52     25   2017/05/01 00:00 
65    10-6   1.02     32   2017/05/01 00:00 
66    10-6   1.02     31   2017/05/01 00:00 
67    10-6   1.02     30   2017/05/01 00:00 
68    10-6   1.02     29   2017/05/01 00:00 
69    10-6   1.02     28   2017/05/01 00:00 
70    10-6   1.02     27   2017/05/01 00:00 
71    10-6   1.02     26   2017/05/01 00:00 
72    10-6   1.02     25   2017/05/01 00:00 __________________________________________ 
 
 In brief, according to back analysis, the 58th case 

which has the occurrence time at 16:50 15th June is 
the ideal model in this study since the estimated oc-
currence time is close to the current one in situ. In this 
case, the permeability, the cohesion and the friction 
angle of soil are 10-6 m/s, 1.52 t/m2 and 31 degrees 
separately. Furthermore, the critical slip surface esti-
mated by the IRIS model and observed from post-dis-
aster survey are both shown in Figure 14. After com-
paring the estimated slip surface with the observed 
one, the weakest layer seems between the colluvium 
and the bedrock. However, the scale of estimated slip 
surface is less than observed one because of the limi-

tation of the IRIS model. For estimating slope stabil-
ity in IRIS model, the simulation is stopped when the 
factor of safety is less than 1. On the other words, this 
model can’t simulate the second disaster after the first 
one occurred. Therefore, the top part of estimated slip 
surface is higher than observed one. 

 

 
Figure 14. Estimated critical slip surface of simulation 

5 CONCLUSION 

For post-disaster survey, the UAV has been used 
to investigate the site condition, including the terrain 
changes and the orthophoto after landslides. Besides, 
the digital surface model (DSM) have been estab-
lished for building the geometry model in IRIS 
model. Furthermore, the landslides volume can be es-
timated conservatively with the digital terrain model 
(DTM) which are produced before and after disaster. 
However, this study gives some distinct procedures 
for post-disaster survey. 

Moreover, after building the geometry model from 
DSM made by UAV, the IRIS model plays an im-
portant role in simulation of landslide. In this study, 
72 cases of IRIS model have been tested for back 
analysis. Although one of the results is fitting not only 
the occurrence time, but also the critical slip surface 
in situ, there are some suggestion for this model after 
testing. In this study, only first disaster is concerned 
so that the estimated critical slip surface is more con-
servative than the observed one which may have sec-
ond or more disaster after the first one occurred. 
Hence, the model should be updating for its limitation 
to simulate the landslide continuously. For future 
works, this study also suggests the soil layer be di-
vided to different layers with different permeabilities 
for some cases that have deeper depth of soil layer. 
However, the assumption of different permeabilities 
may let the simulation of landslide be more conserva-
tive and close to reality. 

In conclusion, the brief procedures of post-disaster 
survey and the steps for landslide simulation is sug-
gested in this study. Therefore, these results can es-
tablish an operable standard operating procedure 



which can help government officials to make appro-
priate decisions for post-disaster survey and remedial 
measure of landslide area in the future. 
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