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Abstract
The fragile environment along the roads and mining sites provides advantageous conditions 

for the development of landslides in Nguyen Binh county of Cao Bang province. Landslide 
susceptibility mapping is of great importance for geo-environment control and restoration 
planning. In this paper, a total of 235 landslides in Nguyen Binh county, Cao Bang province 
were collected through historical landslide inventory and remote sensing identification. Eight 
lithological, geomorphic and hydrological predictive factors, mainly derived from geological map, 
remote sensing images and digital elevation model (DEM), were prepared initially for landslide 
susceptibility assessment. Predictive capability of these factors was evaluated by using the methods 
of Statistical Index (SI) and Bayesian statistics. The rank probability score was used to validate 
and compare the comprehensive predictive capabilities of the two models. Results showed that 
SI model achieved higher prediction capability, proving its advantage of solving nonlinear and 
complex problems. Comparing the estimated landslide susceptibility map with the ground-truth 
one, the high-prone area tends to be located in the middle area with multiple fault distributions 
and the steeply sloped hill.

Keywords: Statistical Index; Bayesian statistics; Landslide susceptibility mapping; Nguyen 
Binh; Cao Bang.

1. Introduction
Landslides have become one of the most critical natural hazards causing loss of lives, 

economic losses and environmental disruptions in Vietnam. Since 2000, landslide disasters 
have caused about 480 death or missing; the estimated economic loss is of 1.5b USD. Although 
earthquake and rainfall are the main triggering factors for landslide occurrences globally, terrain 
and geological conditions, and other human activities are factors that strongly influence to these 
occurrences (Nguyen et al., 2018, Nguyen, 2022). Consequently, landslides are complex processes 
that are still difficult to predict.

Various advanced methods and techniques for prediction landslides have been proposed to 
use for landslide assessment, however, prediction powers of resulting models have still a critical 
point. Though the technology and methods of landslide prediction have become more and more 
advanced and diversified, a few attempts have been made to predict landslides in Cao Bang province 
of Vietnam (Pham et al., 2020; Nguyen, 2022). For this reason, regional landslide susceptibility 
mapping is very important in predicting the landslide and preventing their damage in Cao Bang, 
especially in Nguyen Binh county.

The main purpose of this article was to analyse the landslide susceptibility using two models, 
namely Statistical Index (SI) and Bayesian statistics. The environmental factors were converted 
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to 10 × 10 m grid. Through a detailed literature review (Corominas et al., 2014, Bui et al., 2016; 
Nguyen et al., 2018) and compared with the collected data of Nguyen Binh county, we chose 
the following as key factors: Elevation, slope angle, Topographic Wetness Index (TWI), Terrain 
Ruggedness Index (TRI), lithology, distance to faults, NDVI and rainfall. The SI and Bayesian 
models were used to calculate the landslide susceptibility index (LSI); using each value, and then 
the landslide susceptibility map was acquired. At last, we used the Area Under the Curve (AUC) 
of Relative Operating Characteristics (ROC) to check the accuracy of the models. In the end, the 
comparison and evaluation of the two models were carried out to choose the better one. These 
landslide susceptibility maps were the first applied in the Nguyen Binh county, so it was very 
important to the government and local people.

2. Study area and data used

2.1. Study area

Nguyen Binh county is located in the southwestern part of the Cao Bang province in the 
northern region of Vietnam. It covers an area of about 840.6 km2 between longitudes 105°42’15”E 
and 106°11’00”E, and between latitudes 22°29’15”N and 22°48’35”N. The elevation ranges from 
140 to 1950 m above the sea level and gradually decreases from north-west to east direction.

The study area belongs to a humid subtropical monsoon region, with hot, rainy and dry 
seasons. The rainy season is normally from June to October with a high frequency of intense 
rainfall in July and August. The annual average precipitation of study area is about 1,500 - 2,000 
mm and in the rainy season, the average rainfall is around 250 - 270 mm per month. According to 
the statistic from government report, the frequency and intensity of the rainfall are concentrated 
over a short period that triggers most of the landslides in the study area. On 14 and 15 July 2019, 
many rainfall induced landslides occurred in Cao Bang province, which caused the destruction 
of many houses and roads and the death of villagers, 918 houses and 1.000 ha of rice field were 
under the flood water. According to the Cao Bang Meteorological Bureau, between 14 and 16 
July, Nguyen Binh county experienced three periods of heavy rain shortly before the destructive 
landslides and flows. The cumulative rainfall at this site reached 189.1 mm on 15 - 16 July and 98 
mm on 17 - 18 July.

2.2. Data

A total of 235 landslides were identified and investigated by field surveys, remote sensing 
images and combining the landslides’ historical locations recorded by the Vietnam Geological 
Survey projects during 2012 - 2020. The landslide boundaries were mapped and the centroid 
of these landslides was chosen to map landslide susceptibility. For landslide modelling, these 
landslides were randomly split into two parts in a 70/30 ratio: Part 1 includes 165 landslides used 
for model training, whereas the remaining 70 landslides were used for model validation. Figure 
below shows the distribution of these landslide locations. In this study, the non-landslide locations 
were selected randomly using iGeoHazards software, the number of non-landslide points is equal 
to that of landslide points and randomly split into two parts (70/30) for verifying models.
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Figure 1: Location of landslides in Nguyen Binh county

The number of conditioning factors to be used for landslide susceptibility assessments is 
also debated and varies from few factors (Pradhan et al., 2010; Akgun, 2012) to a larger number of 
factors (Catani et al., 2013; Meinhardt et al., 2015). However, a landslide model with many factors 
does not guarantee a high prediction result (Pradhan and Lee, 2010). In some cases, the quality of 
the resulting models is reduced with the inclusion of noise factors (Bui et al., 2015).

Based on our analysis of these landslide inventories and study area, a total of 8 landslide-related 
factors were selected: Elevation, slope angle, Topographic Wetness Index (TWI), Terrain Ruggedness 
Index (TRI), lithology, distance to faults, NDVI and rainfall. Since slope stability is directly related 
by terrain types and geomorphologic processes, a DEM for the study area was generated first based 
on topographic maps at scale of 1:10,000. Then slope angle, TWI, TRI were extracted. TWI and TRI 
were also selected as factors that influencing instability of slopes because these factors are correlated 
to hydrogeological conditions such as the surface runoff and infiltration (Lanni et al., 2012).

a) b)
Figure 2: Maps of a) Elevation and b) Slope angle

TWI (Moore and Burch, 1986) is defined as:

)tan/ln( βsATWI = (1)

where AS represents the catchment area (m2/m), β is the slope of each grid, respectively.
The TRI is computed for each grid cell of a DEM by calculating the sum change in elevation 

between the central grid cell and the mean of an 8-cell neighborhood of surrounding cells (Riley 
et al., 1999). The equation is:
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22 )(min)(max DEMDEMTRI −= (2)

a) b)
Figure 3: Maps of a) TWI and b) TRI

 
a)

b)

Figure 4: Maps of a) Geology and b) Distance to faults
Lithology relates to geomechanical properties that influences weathering crust in underlying 

bedrocks (Dai and Lee, 2002); Therefore, lithology is considered to be one of the most important 
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factors for landslide susceptibility assessment. The lithologic map of the study area was constructed 
based on the geological maps at the scale of 1:50,000 (Nguyen Binh - Phu Thong and Cao Bang - 
Dong Khe sheets) and partly at the scale of 1:200,000 (Bao Lac and Chinh Si - Long Tan sheets) 
collected from the General Department of Geology and Minerals of Vietnam. Seven groups 
were defined based on the similarity of lithologies. Fault is also a factor that influences strength 
parameters of bedrocks and therefore closely relates to slope instability (Dai and Lee, 2002). The 
distance to faults map in this study was constructed by buffering fault lines.

NDVI is an index for vegetation density (Peduzzi, 2010) that indirectly influences to 
landslides, so NDVI was also used in this analysis. NDVI values were estimated from the Landsat 
8 OLI image using the common equation as follows:

)/()( RIRRIRNDVI +−= (3)

where NIR is the reflectance of the Earth’s surface in the near infrared channel (0.725 - 1.1 
μm) and R is the red channel (0.5 - 0.68 μm).

Regarding rainfall, spatial distribution of rainfall could influence saturation of soils, so 
rainfall was used in this analysis. Maximum daily rainfall data were extracted and the inverse 
distance weighted method was used to construct the rainfall map of the study area.

a) b)
Figure 5: Maps of a) Maximum daily rainfall and b) NDVI

3. Landslide susceptibility mapping

3.1. Application of SI and Bayesian models
The SI model is relatively a simple and understandable probabilistic model. It is defined as 

the ratio of the area where landslides occurred in the total study area and is also the ratio of the 
probabilities of a landslide occurrence to a non-occurrence for a given attribute (Solaimani et al., 
2012). The LSI was calculated by a summation of each factor value, defined as:

∑
=

=
n

i
iILSI

1
(4)

where I is the statistical index (SI) or contrast value (C) from Bayesian model of each factor’s 
class and LSI is the landslide susceptibility index.

The study area contains 8,386,334 pixels, converted into point type and mapped by PG-
Steamer platform. The SI and C value from Bayesian model of all the thematic layers used in this 
study was calculated in iGeoHazards and MS Excel. A SI or C value of 1 is an average value for 
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the area landslides occurring in the total area, a value higher than 1 means a higher correlation 
which indicates a high probability of landslide occurrence, and a value lower than 1 means lower 
correlation which indicates a low probability of landslide occurrence (Ozdemir and Altural, 2013). 
Landslide susceptibility maps were constructed using the LSI values. The calculated LSI values 
for SI model of the study area range from 2.24 to 16.75 with the average of 12.33 and standard 
deviation of 2.02. The calculated LSI values for Bayesian model of the study area range from 
-11.61 to 8.66 with the average of 3.55 and standard deviation of 2.75. Obviously, larger LSI values 
indicate a higher susceptibility for landslides. The LSI values were classified into four classes for 
low, moderate, high and very high, respectively.

a) b)
Figure 6: Landslide susceptibility maps of a) SI and b) Bayesian models

3.2. Accuracy evaluation

0

10

20

30

40

50

60

70

80

90

100

0 10 20 30 40 50 60 70 80 90
Cumulative area (%)

C
um

ul
at

iv
e 

la
nd

sl
id

e 
oc

cu
rr

en
ce

 (%
)

SI
Bayes

Figure 7: AUC representing success rate of the models

The landslide susceptibility maps derived by two models were tested using the training data 
sets that were used for model building process as well as from those landslide data (validating 
data sets) that were not used in these models building process. Spatial effectiveness of these 
susceptibility maps was checked by AUC. The rate curves were created, and the rate explains 
how well the model and controlling factors predict the landslide. The model with the highest 
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AUC is considered to be the best. To obtain the success rate curve and predictive rate curve for 
landslide susceptibility maps, the calculated index values of all cells in the maps were sorted in 
descending order. Then the cumulative area percentages of ordered index values were categorized 
into 100 classes with 1 % cumulative intervals as the horizontal axis. The cumulative percentage 
of landslide numbers corresponding to LSI values range as the longitudinal axis, and classified LSI 
maps were prepared by iGeoHazards and MapInfo packages.

The success rate results were obtained by comparing the landslide training data with the 
susceptibility maps AUC plot assessment results showed that the AUC values were 0.8034 and 
0.7912 for SI and Bayesian models, meaning the overall accuracy was 80.34 % and 79.12 %, 
respectively. From the results of the AUC evaluation, it is seen that the map produced by SI model 
exhibited the best result for landslide susceptibility mapping in the study area.

4. Discussion and conclusion

The study indicated that the two models are suitable in landslide susceptibility mapping. 
These models were validated and compared using known landslide locations and the receiver 
operating characteristics curve. The result shows that all the models perform well on both the 
training and validation data. The area under the curve showed that the goodness-of-fit with the 
training data is 80.34 % and 79.12 % for SI and Bayesian model, respectively. The map produced 
by SI model exhibited the best result for landslide susceptibility mapping in Nguyen Binh county 
of Cao Bang province. The superior performance of the SI model may be due to the fact that it does 
not need any assumptions about the distribution of variables, nor assume a linear model, and it can 
select the most conditioning factors on landslide occurrence.

Landslide susceptibility maps from this study provide fundamental and essential information 
of the causes and effective factors on landslide occurrence of the area. These maps can be effective 
in hazard management and its mitigation measures. Also, it is worth mentioning that the similar 
method can be used elsewhere where the same geological and topographical feature prevails.
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