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ABSTRACT 
 
In recent years, the increase in the frequency and intensity of extreme rainfall events 
accompanied with typhoons has brought significant landslide and debris flow disasters in 
Taiwan. This study is aimed to better understand the mechanisms triggering landslide hazards 
so that casualties and property damages can hopefully be reduced in the events of future 
natural disasters through ultimately some appropriate warning system. For the active landslide 
analysis, a two-dimensional numerical program, GeoStudio, and a three-dimensional 
numerical program, FLAC 3D, were employed and modeling practice was performed. The 
reliability of the resulting numerical results was validated with field data from one case study 
at Song-Mao landslide site. It is expected that the landslide initiation, enlargement and 
reactivation can be more confidently predicted through the use of aforementioned 
physics-based models. 
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INTRODUCTION 
 
Slope instability study is increasingly getting attentions in many countries around the world, 
including Taiwan. The causes of landslides in slopes are attributed to a number of factors. 
Notably, rainfall is known to be one of the most significant triggering factors for landslides 
(Ng and Shi, 1998). In general, the rainfall infiltration could result in changing the suction and 
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the moisture of soil, raising the unit weight of soil, and reducing the shear strength of soil in 
the colluvium of landslide. The stability of landslide is closely related to the groundwater 
pressure in response to rainfall infiltration, the geological and topographical conditions, and 
the physical and mechanical parameters. To assess the potential susceptibility to landslide, an 
effective modeling of rainfall-induced landslide is essential (Tsaparas et al., 2002; Jiao et al., 
2005; Central Geological Survey, 2008). 
 
Taking the Song-Mao landslide as an example, this paper presents the modeling of 
rainfall-induced landslide using a numerical approach coupled with infiltration, seepage, 
stability and deformation. The establishment of model was based on the in-situ investigation, 
including geological drilling, field geological investigation, geophysical investigation, and 
borehole explorations. The material strength and hydraulic properties of the model were 
obtained both from the field and laboratory tests. In addition, monitoring data of landslide 
were collected and used to compare with the modeling results. 
 
The Song-Mao landslide site, located at Dajia river watershed in central Taiwan (Fig. 1), is an 
active landslide triggered by earthquake and typhoon events. The precipitation in the area is 
about 2,150 mm annually of which the majority occur on summer (about 64%), and the 
average temperature is 15.2℃. Investigative results show that there are signs of deformation 
destruction at the Song-Mao landslide site which has made it a site with high failure potential 
(Fig. 2). 
 

 
Fig. 1  Location map of Song-Mao landslide site 
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Fig. 2  View of the whole landslide site and investigation photos (taken on 11/2007) 

 
 
HYDROGEOLOGIC INVESTIGATION 
 
As we know, hydrogeologic properties are the key components and input to numerical 
analysis. For improving the understanding of landslide behaviors, this project conducted the 
investigation of hydrogeologic properties of the Song-Mao landslide site using several 
methods. They included geological drilling, surface geological investigation, topsoil 
double-ring infiltration test, geophysical exploration (such as resistivity image profiling, RIP; 
borehole televiewer and packer test), pressure plate test and laboratory testings. Table 1 shows 
the purpose and application of above investigation methods (Chung et al., 2008). For site 
characterization, borehole drilling and downhole testings including borehole acoustic 
televiewer and packer system to study the hydrogeologic properties of weathered rocks were 
conducted for the hydrogeological investigation of active landslides. The double-ring 
infiltration test and laboratory tests were also made to obtain the mechanical parameters. The 
results of investigation methods of Table 1 provide topography, geology, and hydrogeological 
property for establishing the conceptual model of Song-Mao landslide. 
 

Table 1  The purpose and applications of hydrogeologic investigation 
Method Purpose and applications 

Geological drilling 
1. Geological structure and mapping; 
2. Hydrogeologic properties of numerical analysis; 
3. Potential slip surface of landslide. 

Surface geological investigation 1. Topographic and geologic features. 

Double-ring infiltration test 
1. Infiltration rate of colluvium top soil; 
2. Hydrogeologic properties for numerical analysis. 

Resistivity image profiling method 
1. Potential slip surface of landslide; 
2. Aquifer characteristics and geologic features. 

Borehole televiewer 
1. Borehole image and geologic features; 
2. Orientations of geologic features; 
3. Collection and interpretation of core samples. 

Packer test 
1. Hydraulic conductivity of rock mass; 
2. Aquifer system characteristics of landslide site. 

Pressure plate test 
1. Soil-water characteristics curve of colluvium; 
2. Hydrogeologic properties for numerical analysis. 

Laboratory test 1. Hydrogeologic properties for numerical analysis. 



HYDROGEOLOGIC INVESTIGATION 
 
Fig. 3(a) shows the layout and design of monitoring system, including hydrologic monitoring 
(rain gauge and observation well) and deformation monitoring (LiDAR, total station and 
inclinometer). The practical layout of monitoring system for Song-Mao landslide is shown as 
Fig. 3(b). There are several strong typhoons (KALMAEGI, FUNGWONG, SINLAKU, and 
JANGMI typhoon) to hit Taiwan during July to October in 2008. The total rainfall is 186 mm, 
310 mm, 681 mm, and 367 mm, respectively. Fig. 4 shows the trend of the groundwater level 
and rainfall data of Song-Mao landslide (BH-01 and BH-05). Monitoring data shows seasonal 
variation has a significant influence on the change of ground water level. For example, the 
ground water level of BH-01 is raising from -15 m to -12 m in Winter/Spring. 
 

 
(a) Layout of the monitoring system 

 
(b) Location of monitoring system at Song-Mao landslide site (taken on 2007) 

Fig. 3  Layout and arrangement of the monitoring system at Song-Mao landslide site 
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Fig. 4  Trend of the groundwater level and rainfall data 
 
Fig. 5 shows the deformation monitoring data at Song-Mao landslide site. Fig. 5(a) illustrates 
two significant potential slip surface under the Song-Mao landslide site, located respectively 
at depth 18~20 m (approximately close to the interface between the colluvium and weathered 
slate) and 58~60 m (close to the interface between the weathered rock and bedrock). 
Furthermore, the cumulated deformation and deformation rate monitored in well BH-03 are 
displayed in Fig. 5(b) and 5(c), respectively. As a whole, the cumulated deformation of 
shallow slip surface (18~20 m deep) is about 10.91 mm and the average deformation rate is 
1.71 mm per month before typhoon seasons. Especially, the cumulated deformation is about 
34.57 mm and the average deformation rate is 10.28 mm per month during the KALMAEGI 
and FUNGWONG typhoon events. Unfortunately, the inclinometer of BH-03 was later 
damaged because of a significant shear displacement at the interface between the colluvium 
and weathered slate (18~20 m deep). It can be concluded from the result of Figure 5 alone 
that the Song-Mao site is an active landslide site. 
 
 
NUMERICAL ANALYSIS 
 
To improve the understanding of active landslide triggering mechanisms especially focused 
on the rainfall-induced landslides, modeling and analysis using two-dimensional unsaturated 
numerical programs, GeoStudio, and three-dimensional numerical program, FLAC 3D, were 
made. 
 
2D stability analyses of rainfall-induced landslides 
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The two-dimensional numerical program (GeoStudio) was adopted for this study. GeoStudio 
is useful for a wide variety of geotechnical problems and developed from GEO-SLOPE 
International Ltd. GeoStudio can be used to simulate both saturated and unsaturated 
ground-water flows under steady-state and transient conditions. The SEEP/W module of 
GeoStudio was used to simulate, in particular, the pore-water pressure changes that may occur 
in the field. Flux sections were used to determine the infiltration rate in slopes. The 
SLOPE/W module of GeoStudio was used to quantify how the changes in pore pressures 
affected the stability of the slope, conceptually and quantitatively represented by the factor of 
safety. In this case study, the profile of Song-Mao landslide is shown in Fig. 6. The slope has 
an angle of approximately 20°. The slope is covered, on top, by various thickness of residual 
soils, the weathered product of the Lushan formation. 
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(b) Cumulated deformation of BH-03 from 2007 to 2008 
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(a) Deformation curve of BH-03 (c) Deformation rate of BH-03 from 2007 to 2008 
Fig. 5  Deformation monitoring data at Song-Mao landslide site 
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Fig. 6  Geometry of 2D mesh slope used for the numerical analysis 
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Morphometric and geotechnical analyses were carried out for Song-Mao landslide site 
through a series of in-situ and laboratory tests, the results of which were used as input for 
subsequent modeling process. Firstly, based on laboratory tests, the soil-water characteristics 
curve (SWCC) for colluvium of the Song-Mao landslide site are derived as displayed in Fig. 
7. 
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Fig. 7  SWCC for colluvium at Song-Mao landslide site 

 
Secondly, a finite element seepage analysis for transient conditions was then employed to 
simulate changes in pore water pressure during rainfall events, using the computed infiltration 
rate as the ground surface boundary. Finally, using the data from the previous step as input, 
the limit equilibrium Morgenstern-Price slope stability method was applied to calculate the 
variations in the factor of safety during rainfall events. Table 2 summarizes the parameters 
used for slope stability analyses. 
 

Table 2  Parameters used for slope stability analysis 

 Colluvium Weathered rock Bedrock 
Hydraulic conductivity 

Ks (m/sec) 
1.76×10-6 9.62×10-7 3.82×10-8 

Water content 
w (%) 

30.4 25 21 

Unit weight 
γt (kN/m3) 

15.7 26.4 26.5 

Friction angle 
Φ (deg) 

30 29 36 

Cohesion 
C (kPa) 

10 90 500 

Young’s modulus 
E (kPa) 

50000 1250000 2600000 

 
According to the above data, we can estimate the factor of safety (F.S.) of each potential slip 
surface by SLOPE/W modulus. The result of stability analysis shows that the F.S. of the 
critical slip surface is 1.36, which located at the interface between colluvium and weathered 
slate (Fig. 8(a)). The F.S. of the minor potential slip surface is 1.40, which located at the 
interface between weathered slate and bedrock (Fig. 8(b)). According to the result of Fig. 8, 
we can understand that Song-Mao landslide is in the safety and steady status without raining. 
 
Table 3 shows the F.S. of slip surface in the difference rainfall intensity. From Table 3, we 
can find that the sensitive slip surface is the interface between colluvium and weathered slate. 
The F.S. of this slip surface will reduce to 0.85 from 1.57 when rainfall intensity up to 210 



mm. In addition, the F.S. of minor slip surface (upper shear zone) will reduce to 0.97 from 
1.59 when rainfall intensity up to 310 mm. It illustrates that Song-Mao landslide has slip 
potential during heavy rainfall period. The critical and minor slip surface located at 20 m to 
40 m under the ground. Furthermore, the F.S. of many slip surface will under 1.0 when the 
rainfall intensity up to 380 mm. Comparing the results of monitoring and analysis shows the 
result of analysis has well performance with monitoring data. For example, deformation 
monitoring data (Fig. 5) has a significant slip surface between colluvium and weathered slate 
during FUNGWONG typhoon period (the rainfall intensity of FUNGWONG typhoon is 213 
mm). 
 

  
(a) Interface between the colluvium and weathered slate  (b) Interface between the weathered slate and bedrock 

Fig. 8  Slip surface and F.S. of Song-Mao landslide 
 

Table 3  Trend of F.S. of slip surface and rainfall intensity 

Factor of safety Rainfall intensity 
(mm/day) Slip surface 1 Slip surface 2 Slip surface 3 Slip surface 4 

0 1.57 1.59 1.40 1.57 

210 0.85 1.41 1.26 1.44 

310 0.33 0.97 1.10 1.19 

380 0.23 0.79 0.89 1.07 

Note: Slip surface1 means the interface between colluviun and weathered slate; slip surface 2 means the upper 
shear zone; slip surface 3 means the lower shear zone; slip surface 4 means the interface between weathered slate 
and bedrock. 
 
3D stability analyses of rainfall-induced landslides 
 
The three-dimensional numerical program (FLAC 3D) was adopted for this study. FLAC 3D 
utilizes an explicit finite difference formulation that can model complex behaviors for 
advanced geotechnical analysis of soil, rock, and structural support in three dimensions. It 
developed from Itasca Consulting Group Inc. The simulated F.S. and failure surface are 
determined by the strength-reduced concept plus the displacement history of a control point 
and the maximum shear strain contour, respectively. According to the results of site 
investigation (Table 1), the conceptual model of Song-Mao landslide site is shown in Fig. 9. 
 
In 3D stability analyses, the important issue is to find out the potential failure area. Therefore, 
the study assumes the different groundwater level to analyze the F.S. and shear strain 
distribution of Song-Mao landslide. Fig. 10 shows the F.S. and shear strain distribution for 
long period of time. The overall F.S. of Song-Mao landslide is 1.22 which is greater than 1.0. 
The maximum shear strain zone is located at the steep lower slope. 



Fig. 11 shows the simulated shear strain distribution of Song-Mao landslide during a heavy 
rainfall period. It shows the maximum shear strain zone is located at the upper slope during 
heavy rainfall period and the F.S. is less than 1.0. 2D and 3D analysis illustrate Song-Mao 
landslide is stable for a long period of time, but instability occurs during heavy rainfall period. 
 

 
*①: BH-01；②: BH-03；③: BH-05 

Fig. 9  Geometry of 3D-mesh slope used for numerical analysis 
 

  
(a) Shear strain distribution of analysis zone       (b) Shear strain distribution along the analysis profile 

Fig. 10  Simulated shear strain distribution of Song-Mao landslide site 
 

 
Fig. 11  Simulated shear strain distribution of Song-Mao landslide site during heavy rainfall period 

 



CONSLUSIONS 
 
For the study of active landslide investigation, monitoring and modeling, we have finished (1) 
landslide field testing, monitoring and analysis, (2) establishment of conceptual model of 
landslides, and (3) analysis of the influence of hydrogeology on rainfall induced landslides. 
The result of this study shows that the F.S. of landslide is around 1.4~1.6 over a long period 
of time. However, when the climate changes, such as a heavy rainfall process, the factor of 
safety will be reduced to less than 1.0. It means that the Song-Mao landslide is unstable under 
such extreme rainfall events. According to the modeling and monitoring data, we find that the 
potential slide surface located about 18~20 meter in depth underground, which is the interface 
between the colluvium and the weathered slate. In conclusion, preliminary results 
demonstrated that good agreement was found between assessed landslide susceptibility and 
the in-situ phenomenon. 
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