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Landslides are considered one of the most serious
problems in the mountainous regions of the northern
part of Vietnam due to the special topographic and ge-
ological conditions associated with the occurrence of
tropical storms, steep slopes on hillsides, and human
activities. This study initially identified areas suscep-
tible to landslides in Ta Van Commune, Sapa District,
Lao Cai Region using Analytical Hierarchy Analysis.
Ten triggering and conditioning parameters were ana-
lyzed: elevation, slope, aspect, lithology, valley depth,
relief amplitude, distance to roads, distance to faults,
land use, and precipitation. The consistency index
(CI) was 0.0995, indicating that no inconsistency in the
decision-making process was detected during compu-
tation. The consistency ratio (CR) was computed for
all factors and their classes were less than 0.1. The
landslide susceptibility index (LSI) was computed and
reclassified into five categories: very low, low, mod-
erate, high, and very high. Approximately 9.9% of
the whole area would be prone to landslide occur-
rence when the LSI value indicated at very high and
high landslide susceptibility. The area under curve
(AUC) of 0.75 illustrated that the used model provided
good results for landslide susceptibility mapping in the
study area. The results revealed that the predicted
susceptibility levels were in good agreement with past
landslides. The output also illustrated a gradual de-
crease in the density of landslide from the very high to
the very low susceptible regions, which showed a con-
siderable separation in the density values. Among the
five classes, the highest landslide density of 0.01274 be-
longed to the very high susceptibility zone, followed by
0.00272 for the high susceptibility zone. The landslide
susceptibility map presented in this paper would help
local authorities adequately plan their landslide man-
agement process, especially in the very high and high
susceptible zones.
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1. Introduction

Landslides are among the most significant natural dis-
asters worldwide, occurring throughout all types of ter-
rains and climatic conditions [1–4]. The northern moun-
tainous regions have long been considered one of the most
landslide-prone regions in Vietnam [5, 6]. Requirements
of economic development and population pressure have
also significantly burdened the slope stability in hilly ar-
eas with the replacement of arteries and residential re-
gions on natural slopes. In addition, other activities, in-
cluding deforestation, mining, land cover change, slope
cut, and tree cutting on slope sides, would result in in-
creased slope failures, especially during triggering events,
such as prolonged rainstorms due to heavy tropical cy-
clones and depressions of greater frequency and higher
intensity [7].

With regards to Al-Umar [8], Chalkias et al. [9], Witten
et al. [10], Bui et al. [11], and Metternicht et al. [12],
three major techniques for landslide susceptibility are
quantitative, qualitative, and semi-quantitative methods.
Statistical and physically based methods are two main
approaches to the quantitative method. The statistical
method generally assumes the same combination of in-
stability parameters across the target region. The phys-
ically based method would apply different mechanisms,
but it requires detailed input data and is often associated
with high uncertainty [4]. The qualitative method, in-
cluding inventory and heuristic approaches, is an expert-
based approach drawing on landslide inventory and his-
torical information to determine and evaluate major pa-
rameters. This approach also identifies sites with simi-
lar conditions of geomorphology and geology to estimate
the susceptibility of failures. The inventory map requires
satellite images, in addition to ground surveys and a his-
torical database of landslide occurrence, to highlight the
scale and location of past landslides. This approach is
seen as one of the most fruitful susceptibility mapping
techniques, providing the spatial distribution of historical
landslides. It would be used to evaluate risks of slope fail-
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ure on a regional scale. The heuristic approach depends
mainly on the knowledge and experiences of scientists,
and involves the type and degree of landslide risks, re-
quiring long-term data of landslide and causative factors
to evaluate potential failures. The semi-quantitative ap-
proach refers to a qualitative method incorporated with
ranking and weighing to evaluate landslide susceptibil-
ity [13, 14]. The Analytical Hierarchy Process (AHP), in-
troduced by Saaty in 1980 [15–17], is an example of the
semi-quantitative approach.

In Vietnam, most studies have applied the statistical
method to evaluate the landslide hazard for medium-scale
prediction using a statistical index and logistic regression
model [11, 18], support vector machines [14, 19], deci-
sion tree, and Naı̈ve Bayes [19] neuro-fuzzy model, fuzzy
logic and evidential belief function model [13], Bayesian
regularized neural network (BRNN) [20], and artificial
neural network [21]. The AHP method was also applied in
some studies to evaluate landslide risks in Vietnam, such
as the Son La reservoir basin (Son La), Deo Gio (Bac
Kan), and Mai Chau (Hoa Binh) [22–24]. For example,
in research on landslide susceptibility and zoning in the
Son La hydropower basin, eight criteria, including eleva-
tion, aspect, slope angle, rainfall, lithology, weather crust,
linear, and vegetation cover, were used to determine the
landslide susceptibility index (LSI) [22]. Seven other pa-
rameters (slope aspect, slope angle, lithology, land use,
soil type, the density of deep dissection, and density of
horizontal dissections) were used to calculate LSI in Ha
Giang [25]. Hien [26] computed the LSI in Quang Nam
Province considering nine conditioning factors, namely
slope, fault density, lithological, weathering crust, autumn
rainfall, deep disruption density, land use, river density,
and distance to roads.

The primary advantage of AHP is that all parameters of
landslide would be included in the computation and per-
form a certain role in the decision-making process. Based
on heuristic and inventory analysis, the semi-quantitative
method would identify the risk region in small-scale ar-
eas [27]. The AHP also allows opinions to be quanti-
fied and transformed into a coherent decision model [15].
Althuwaynee et al. [28] found that AHP is a more reli-
able method for criteria rating than the Bayesian method.
According to Kayastha et al. [29], for the Tinau water-
shed in Nepal, the AHP was considered a reasonable ap-
proach for landslide susceptibility when it produced a re-
liable outcome. Similarly, AHP provided output with
about 53% overlap with the observed landslide layer in
the research of landslide susceptibility in the Izeh Basin,
southwestern Iran [30].

In this paper, the AHP model combined with GIS tech-
niques was used to establish a landslide susceptibility map
for a region in Ta Van and Hau Thao Communes, Sapa
District, Lao Cai Province, Vietnam. This approach is
used to evaluate the weights, normalize factors, and iden-
tify landslide occurrences into five categories, very low,
low, medium, high, and very high. To evaluate landslide
susceptibility, 10 parameters were considered – geomor-
phology (elevation, slope, aspect, relief amplitude, and

valley depth), geology (lithology), distance to faults, dis-
tance to roads, rainfall, and land use. The receiver operat-
ing characteristic technique (ROC) is used to evaluate the
accuracy of the final map based on the landslide inventory
map, in addition to field surveys.

2. Study Area

Sapa, a district of northwestern Lao Cai Province, has
experienced more slope failure events than other regions
in North Vietnam [3, 31]. Special characteristics in topog-
raphy and geology, including complicated terrain surface,
steep slopes, and narrow valleys have led to widespread
landslides in this district; most of the landslides (51/53)
documented in 2014 occurred on artificial slopes [32].
Since 2010, Provincial Road No. 152, cutting through
the steep mountain slope at Ta Van and Hau Thao Com-
munes, has been displaced several times from km7 + 550
to km7 + 600, with the largest displacement of around
1 m and 2 m toward the vertical and transverse direc-
tions, respectively [33]. This sliding block is located close
to a special cultural heritage area of Ta Van Village, the
“Sapa Antique Engraved Rocks Area.” Recently, a seri-
ous landslide occurred along Road 152 at km9 + 100 on
August 5, 2019, leading to about 300 m3 of loose soil and
rock and causing one death (Fig. 1(d)). Therefore, iden-
tifying the landslide vulnerability is necessary to set up
adequate measurements to protect the preservation region
and reduce losses caused by slope failures.

The research area is located in the mountainous ter-
rain between longitudes 103.88◦E to 103.93◦E, and lat-
itudes 22.28◦N and 22.33◦N in Ta Van and Hau Thao
Communes, Sapa District, Lao Cai Province. It belongs to
the high rainfall region of the Hoang Lien Son mountain
range, with an average annual rainfall of about 2755 mm
(from 1943 to 3679 mm) [34]. Herb cultivation is the
main crop in Sapa, while rice has been cultivated in the
terraced rice ecosystem [31]. The rainy season from May
to September often accounts for approximately 80–85%
of the annual precipitation. The topography in this re-
gion tends to be dissected in both vertical and horizon-
tal directions, leading to strong relief amplitudes [14].
The elevation ranges from 747 to 2372 m with slope an-
gles varying from 0◦ to 85◦. This region has a compli-
cated geological structure with different formation ages
and is covered by granite rock, sub-alkaline granosyenite
in Ye Yen Sun complex, thick-bedded marble, dolomite
and tremolite marble in Da Dinh formation, conglomer-
ate, gritstone, clay shale, and calcareous siltstone in Cam
Duong formation, and diorite, granite, and granodiorite in
Po Sen complex [35]. The study area consists of debris
deposits of granites with large and small tectonic faults
in the northwest-to-southeast direction [28, 33]. The dis-
tribution of geological formations with different ages and
origins in addition to large cleavages are two major con-
tributions to the tectonic faults in this area. The cover
soil layer is highly weathered with a thickness from 10
to 20 m [28, 33]. There are two soil types in this region:
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Fig. 1. a) Location of study area; b) Digital elevation model (DEM) of the study area [3]; c) Aerial photo of some landslide scars
(solid lines) along Road 152; d) Landslide in the field.

Lithosols and Ferric Acrisols, fine-textured, steeply dis-
sected to the mountainous (I-Af-3c) and Orthic Acrisols
within 90 cm, medium and fine-textured, steeply dissected
to mountainous (Ao90-2/3c) [36].

3. Methodology and Dataset

3.1. Methodology
The flow chart of landslide susceptibility mapping is

showed in Fig. 2.

3.1.1. Analytic Hierarchical Process
Based on Satty’s proposal [15–17], the AHP method

was applied to assign preferences among variables,
wherein a sequence of pair-wise comparisons would re-
duce the complexity of the decision. While it involves
subjective preference in the ranking of factors, the AHP
method has several advantages by considering all infor-
mation related to landslide in the decision-making pro-
cess; additionally, decision rules are based on the experi-
ence and knowledge of experts. This widely used method
includes five consecutive steps for the implementation
process: i) identify component factors for a decision-
making problem, ii) arrange factors in a hierarchical or-
der, iii) assign a numerical value for each factor associated
with the subjective relevance, iv) set up a matrix for com-
parison, and v) compute the normalized eigenvector [29].

The AHP method involves the construction of decision
criteria to identify the importance of each criterion using
a numerical relational scale, including equally (1), mod-
erately (3), strongly (5), very strongly (7), extremely (9),

Fig. 2. Flow chart of landslide susceptibility.

and the intermediate values (2, 4, 6, 8). The AHP also en-
ables the determination of the rating inconsistencies using
the consistency index (CI), computed as a function of the
largest eigenvalue λmax and the number of comparison n:

CI =
λmax −n

n−1
. . . . . . . . . . . . . (1)

An average random consistency index (RI) was gener-
ated randomly from the reciprocal matrixes using scales
of 1/9, 1/7, 1/5, 1/3, 1, 3, 5, 7, and 9 [15]. A consistency
ratio (CR) between the consistency index (CI) and the ran-
dom consistency index (RI) is used to check the consis-
tency of the comparison performance [16]. The inconsis-
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tency is acceptable in case the value of CR is smaller than
or equal to 0.1; subjective judgment will be required if CR
is greater than 0.1.

3.1.2. Landslide Susceptibility Mapping
All the weighted parameters will be combined using the

weight linear combination (WLC) method. The sum of
the products of the weight value of causative factor (Wj)
and that of the class in the causative factor j (wi j) yields
the landslide susceptibility index (LSI) for n causative fac-
tors:

LSI =
n

∑
j=1

Wjwi j. . . . . . . . . . . . . (2)

3.1.3. Landslide Validation
One of the most important tasks in the landslide predic-

tion modelling is validation from the landslide inventory
map using the receiver operating characteristic technique.
A ROC curve consists of a two-dimension graph illustrat-
ing the true-positive rate on the vertical axis and the false-
positive rate on the horizontal axis [37]. The area under
the ROC curve (AUC), varying from 0.5 to 1.0, tests the
pixel classification with and without landslides. The value
of AUC, which is closer to 1, refers to a higher accuracy
of the model.

3.2. Dataset
According to Varnes [38], landslide hazard is defined as

the probability of landslide occurrence based on a set of
geo-environmental parameters. In this study, a database of
landslide conditional and causative factors was collected
from the field survey, in addition to other inventory maps,
such as those of geology, topography, land use, and soil
types. Landslide triggering parameters can be mapped di-
rectly from in situ data, field surveys, and sampling data,
or indirectly using interpolation processes. Some exam-
ples of the direct map group are lithology, land use, pre-
cipitation, and landslide inventory maps. Elevation, slope,
aspect, valley depth, relief amplitude, distance to roads,
and distance to faults belong to the indirect map group.

Regarding the direct map group, information on ge-
ology and faults was obtained from geological and
mineral resources map (Sheet Kim Binh) at the scale
of 1 : 200,000 [35]. The lithology map was established
based on the geology map with the same scale. The high-
resolution land use and land cover map for 2016 with a
resolution of 10 m was obtained from Japan Aerospace
Exploration Agency (JAXA) [39]. In addition, the road
system was collected from the open-street map, while
precipitation data were collected from the meteorologi-
cal authorities [34]. The digital elevation map was used
to generate slope, aspect, relief amplitude, and valley
depth maps. While those maps were created with differ-
ent scales, the overlay task was implemented with ArcGIS
software.

The landslide inventory map was established using
25 historical landslide locations, in addition to air pho-
tograph interpretations, which were verified and mapped
during the field surveys [32, 40].

3.2.1. Lithology
Lithology is considered one of the major triggering

parameters because the variation of lithology structures
would affect the permeability and strength of slope ma-
terial [14, 41]. The lithological map of the study area
was classified into three groups: Metamorphic rock with
rich carbonate component (MRC) in Da Dinh forma-
tion (NP3-ε1đđ), Metamorphic rock with rich quartz com-
ponent (MRQ) in Cam Duong formation (ε1cđđ1), and
acid-neutral magmatic rocks (AMR) in Po Sen com-
plex (δ γPZ1 ps) and Ye Yen Sun complex (γEys) [32, 35]
(Fig. 3(a)).

3.2.2. Topography Condition
Elevation is often utilized as a topographic factor in

landslide susceptibility assessment; it does not directly in-
fluence the occurrence of landslides, but it exerts a signif-
icant influence on other parameters, including tectonics
and rainfall [8, 11]. In addition, slope failure is often as-
sociated with topographic conditions generated from the
DEM map. In this study, we utilized the ALOS World 3D
(AW3D) 1 m DEM, which was computed through an im-
age matching process taken with the Digital Globe satel-
lite constellation [3]. This data source is the most impor-
tant for generating many causative factors, such as slope,
aspect, valley depth, and relief amplitude. The elevation
map was reclassified into five groups: i) 751–1100 m,
ii) 1100–1320 m, iii) 1320–1540 m, iv) 1540–1810 m,
and v) 1810–2340 m (Fig. 1(b)). Slope performs a signifi-
cant role in bearing shear stresses on the displacement, es-
pecially at higher slope angles [41]. We applied the natu-
ral break to separate the slope condition in this region into
five categories: i) flat to gentle slope (<13◦), ii) moderate
slope (13◦–25◦), iii) moderately steep slope (25◦–37◦),
iv) steep slope (37◦–51◦), and v) very steep slope (51◦–
86◦) (Fig. 3(b)). Aspect – the steepest downslope direc-
tion of each grid-cell – is often applied to evaluate the
landslide susceptibility because it can influence wind, pre-
cipitation, and solar radiation. In this study, the slope as-
pect was divided into nine classes: i) North (N), ii) North-
east (NE), iii) East (E), iv) Southeast (SE), v) South (S),
vi) Southwest (SW), vii) West (W), viii) Northwest (NW),
and ix) Flat (Fig. 3(c)).

The valley depth is defined as the elevation difference
between the given pixel and the upstream ridge. It serves
to identify the distribution of the upslope area, which is
the result of material loading on the slope [42]. The val-
ley depth map was established using SAGA GIS software
and included five categories: i) <5.6 m, ii) 5.6–14 m,
iii) 14–24 m, iv) 24–37 m, and v) >37 m (Fig. 3(d)). The
relief amplitude, an important factor for landslide occur-
rences, refers to the difference between the highest and
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Fig. 3. a) Lithology [35]; b) Slope; c) Aspect; d) Valley depth; e) Relief amplitude; f) Distance to faults; g) Distance to roads
( c© OpenStreetMap contributors); h) Land use [39]; i) May–September precipitation [34].
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lowest points within a terrain unit. This map was con-
structed using the focal statistic tool in ArcGIS 10.2 and
was classified into five categories: i) <296 m, ii) 296–
418 m, iii) 418–540 m, iv) 541–680 m, and v) >680 m
(Fig. 3(e)).

3.2.3. Distance to Faults
The geological fault often relates to the high land-

slide susceptibility due to the decrease of rock strength
caused by tectonic break [43]. Distance to the fault, ex-
tracted from the geological map, significantly contributed
to slope instability due to the strength of the rock mass.
This was constructed based on Euclidean Distance in
ArcGIS 10.2 software and reclassified into five categories:
i) <50 m, ii) 50–100 m, iii) 100–200 m, iv) 200–500 m,
and v) >500 m (Fig. 3(f)).

3.2.4. Distance to Road
The distance to road is major anthropogenic parame-

ter affecting landslide occurrence. Road constructions in
mountainous terrain often leads to the appearance of steep
slope-cut and affects the natural equilibrium condition of
rock and soil. Additionally, the nearer the distance to the
road system, the higher the risk of landslide hazards. The
distance to road map was generated using Euclidean Dis-
tance in ArcGIS 10.6 and was classified into five groups:
i) <50 m, ii) 50–100 m, iii) 100–200 m, iv) 200–500 m,
and v) >500 m (Fig. 3(g)).

3.2.5. Land Use
Changes in land use or land cover, especially the in-

trusion of residential areas and other activities in the
forest, would trigger slope instability. Moreover, land-
slide may occur in un-vegetated land as well as in veg-
etation ground cover with strong and large root sys-
tems [14]. The land use map in this dataset includes
12 categories: i) Water, ii) Urban/Built-up, iii) Rice,
iv) Other crops, v) Grass/Shrub, vi) Orchard/Crop mo-
saic, vii) Barren land, viii) Evergreen broadleaf forest,
ix) Coniferous forest, x) Deciduous forest, xi) Plantation
forest, and xii) Mangrove [39]. In this study, the land
use was reclassified into seven major groups: i) natural
forest, ii) plantation forest, iii) other croplands, iv) rice,
v) urban/built-up, vi) barren, and vii) others (Fig. 3(h)).

3.2.6. Rainfall
Spatial distribution of rainfall would trigger land-

slide occurrences through pore pressure on the unsta-
ble slope [44]. Additionally, landslides often occur
in the rainy season. In this study, average seasonal
precipitation in the rainy season (May–September) in
the study area was interpolated from observed data at
local rain-gauge stations and grouped into five cate-
gories: i) 1706–1740 mm, ii) 1740–1761 mm, iii) 1761–
1782 mm, iv) 1782–1802 mm, and v) 1802–1833 mm
(Fig. 3(i)) [45].

4. Results and Discussion

In this study, a multi-criteria evaluation approach was
used to identify the potential occurrences of the landslides
in Ta Van–Hau Thao through the application of a GIS-
based AHP. Ten variables were employed for suscepti-
bility analysis: slope, elevation, aspect, lithology group,
valley depth, relief amplitude, precipitation, distance to
roads, distance to faults, and land use (Table 1).

The AHP model considers the weighting of variables
and their classes and is based on ratings provided by ex-
pert opinion. Such opinions might vary according to each
individual expert; in other words, AHP could be subject
to certain limitations of uncertainty and subjectivity. The
spatial relationship between landslide conditioning fac-
tors and locations of landslides is therefore necessary for
expert judgment. In this study, 70% of the recorded data
were used to analyze typical characteristics of past land-
slide scars to establish the pair-wise comparison matrix
for factors and class regarding their weight based on Saaty
methodology [15–17, 44, 46].

Regarding the performed weighting process, the most
important variable is the slope (0.2811), followed by the
lithology group (0.2043) and relief amplitude (0.1464).
While elevation is often treated as an indirect contribu-
tion to the slope failure [27], the least important param-
eters in this study are elevation (0.0160) and slope as-
pect (0.0219). Gentle slopes typically demonstrate a low
probability of landslides due to their lower shear stress.
In addition, most of landslides in this study area were
recorded along the main road during the transect walk in-
vestigation. The rise in slope angle from 13◦–25◦ com-
bined with road excavation and inadequate construction
on slope sides would activate the occurrence of landslide.
Very steep slopes are subject to landslides due to the lack
of adequate land-use plan, such as deforestation and con-
structions; consequently, a decrease of landslide occur-
rence was observed in this category. The region with a
relief amplitude of below 296 m has the greatest propor-
tion of landslide points (49% of landslides were recorded
in the study site), making up approximately 38% of the
whole region, followed by that with relief amplitude
from 296 m to 400 m. Additionally, the region of moder-
ate value of valley depth (5.6–14 m) has the largest pro-
portion of landslide points, followed by the region with
valley depth of 14–24 m. In this study site, the area with
large and extremely large values of relief amplitude and
valley depth is not associated with historical landslides.

The consistency index (CI) of 0.0995 illustrated that
there was no inconsistency in the decision-making pro-
cess during the computation. The consistency ratio (CR)
was computed for all factors and their classes; the values
of less than 0.1 indicated suitable and reliable results.

The LSI value of the study area ranged between 0.09
and 0.46 and was reclassified into five landslide sus-
ceptibility classes: very low (0.09–0.16), low (0.67–
0.26), moderate (0.26–0.36), high (0.36–0.41), and very
high (0.41–0.46) (Fig. 4).

The landslide susceptibility zonation map was verified

534 Journal of Disaster Research Vol.16 No.4, 2021



Developing a Landslide Susceptibility Map
Using the Analytic Hierarchical Process

in Ta Van and Hau Thao Communes, Sapa, Vietnam

Table 1. Weights of factors and classes using AHP pairwise matrix.

Factor Class Class
weight

Factor
weight

Lithology
CR = 0.075

ARM 0.231
0.204MRC 0.665

MRQ 0.104

Aspect
CR = 0.025

N 0.050

0.022

NE 0.076
E 0.087
SE 0.137
S 1.161
SW 0.184
W 0.148
NW 0.143
F 0.014

Relief
Amplitude [m]
CR = 0.006

<296 0.444

0.146
296–418 0.262
418–540 0.153
540–680 0.089
>680 0.053

Distance to fault
[m]
CR = 0.006

<50 0.444

0.061
50–100 0.262
100–200 0.153
200–500 0.089
>500 0.053

Seasonal rainfall
[mm]
CR = 0.018

1706–1740 0.051

0.028
1740–1761 0.086
1761–1782 0.139
1782–1802 0.233
>1802 0.490

Factor Class Class
weight

Factor
weight

DEM [m]
CR = 0.054

751–1100 0.503

0.016
1100–1320 0.260
1320–1540 0.134
1540–1810 0.068
1810–2343 0.035

Slope [◦]
CR = 0.031

<13 0.168

0.281
13–25 0.413
25–37 0.267
37–51 0.091
51–86 0.060

Valley depth [m]
CR = 0.006

<5.6 0.153

0.114
5.6–14 0.444
14–24 0.262
24–37 0.089
>37 0.053

Land use
CR = 0.025

Natural forest 0.032

0.041

Plant forest 0.046
Other crop lands 0.159
Rice 0.350
Urban/built up 0.070
Others 0.237
Barren 0.106

Distance to road
[m]
CR = 0.006

<50 0.444

0.086
50–100 0.262
100–200 0.153
200–500 0.089
>500 0.053

using field information based on past landslides, most of
which were documented during the transect walk along
the main roads. In this study, the ROC curve analysis
was conducted based on the true-positive rate and false-
positive rate of identified landslides. All inventory land-
slide data (25 locations) were used in the computation.
The area under the curve value of the accuracy curve
was computed using the pROC package in R [47]. The
AUC value of 0.75 indicates 75% prediction accuracy of
the model. The large-scale geological map, in addition
to the limit of landslide data, especially for small land-
slides (Table 2), constituted the major constraints on bet-
ter simulation. According to recent studies, almost all
of the surveyed landslides were found in accessible areas
along main arteries and near residential regions and were
typically associated with road-cut slopes [3, 39, 48–50].
In addition, rapid changes to exposed land after sliding
events, as well as residential and other infrastructure fa-
cilities, also led to difficulties in documenting past land-
slides. The very high susceptibility areas in remote re-
gions were difficult to reach; therefore, some landslides
could not be recorded.

The results given in Table 2 showed that the land-
slide density for the very high susceptibility zones
was 0.01274, which is the largest value in the five zones.
This value persisted with other research, showing that an
ideal susceptibility map of landslide occurrence typically
illustrated a small extent area of very high susceptibil-
ity [27]. The output also illustrated a gradual decrease
in the density of landslides from the very high to the
very low susceptible regions, which showed a consider-
able separation in the density values. This revealed a
good agreement between the calculation and classifica-
tion of susceptibility associated with the occurrences of
past landslides.

5. Conclusion

A landslide susceptibility map in Ta Van and Hau Thao
Communes has been established using the AHP model.
The results showed that 1.24% and 8.66% of the whole
study area belonged to very high and high susceptible
classes, respectively, and were prone to landslide occur-
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Fig. 4. a) Landslide Susceptibility Index computation in the study area; b) Zoom in LSI at center region of the study area; c) LSI
overlaid on aerial photo of some landslide scars along road 152.

Table 2. Observed landslide density in the landslide susceptibility zonation map.

Susceptibility
zones

Area of susceptibility zone
within the study site

Area of susceptibility zone
within recorded landslide scars Landslide

density
[m2] [%] [m2] [%]

Very low 4,613,674 13.77 0 0.00 0
Low 13,760,040 41.06 140 0.65 0.00001

Moderate 11,821,279 35.27 8,302 38.40 0.00070

High 2,902,286 8.66 7,888 36.49 0.00272
Very high 414,958 1.24 5,288 24.46 0.01274

rence. The output showed agreement with related studies
in indicating the significance of the slope (13◦–37◦) and
lithology group (MRC). Very low, low, and moderate sus-
ceptibility would occur at 13.77%, 41.06%, and 35.27%
of the total study area, respectively (Fig. 4). The AUC
value of 75% showed the accuracy of the AHP model in
landslide susceptibility assessment in the study area. The
landslide susceptibility map presented in this paper would
be a good source for local authorities to focus on the very
high and high susceptible zones for the adequate manage-
ment of landslides.

References:
[1] E. C. Spiker and P. L. Gori, “National Landslide Hazards Mitigation

Strategy – A Framework for Loss Reduction (Circular 1244),” U.S.
Geological Survey, 64pp., 2003.

[2] F. Nadim, “Words into Action Guidelines: National Disaster Risk
Assessment – Hazard specific risk assessment – Landslide Hazard
and Risk Assessment,” 2017.

[3] T. V. Tran, V. H. Hoang, H. D. Pham, and G. Sato, “Use of
Scoops3D and GIS for the Assessment of Slope Stability in Three-
Dimensional: A Case Study in Sapa, Vietnam,” Proc. of the
Int. Conf. on Innovations for Sustainable and Responsible Mining
(ISRM 2020), Vol.2, pp. 210-229, 2021.

[4] T. T. T. Le and S. Kawagoe, “Evaluation of Landslide Susceptibility
in Cau River Basin Using a Physical-Based Model under Impact
of Climate Change,” Open J. Mod. Hydrol., Vol.9, No.1, pp. 1-19,
2019.

[5] T. T. T. Le and S. Kawagoe, “Study on Landslide Category Base on
Temporal-Spatial Characteristic Distribution in Northern Vietnam

536 Journal of Disaster Research Vol.16 No.4, 2021



Developing a Landslide Susceptibility Map
Using the Analytic Hierarchical Process

in Ta Van and Hau Thao Communes, Sapa, Vietnam

Using Satellite Images,” Int. J. GEOMATE, Vol.14, No.43, pp. 118-
124, 2018.

[6] L. Q. Hung, N. T. H. Van, P. V. Son, N. H. Nihn, N. Tam, and
N. T. Huyen, “Landslide Inventory Mapping in Fourteen Northern
Provinces of Vietnam: Achievements and Difficulties,” Proc. of the
4th World Landslide Forum (WLF 2017), Vol.1, pp. 501-510, 2014.

[7] H. Goto, Y. Kumahara, S. Uchiyama, Y. Iwasa, T. Yamanaka,
R. Motoyoshi, S. Takeuchi, S. Murata, and T. Nakata, “Distribu-
tion and Characteristics of Slope Movements in the Southern Part of
Hiroshima Prefecture Caused by the Heavy Rain in Western Japan
in July 2018,” J. Disaster Res., Vol.14, No.6, pp. 894-902, 2019.

[8] M. Al-Umar, “GIS Based Assessment of Climate-Induced Land-
slide Susceptibility of Sensitive Marine Clays in the Ottawa Region,
Canada,” Ph.D. Thesis, University of Ottawa, 2018.

[9] C. Chalkias, M. Ferentinou, and C. Polykretis, “GIS-Based
Landslide Susceptibility Mapping on the Peloponnese Peninsula,
Greece,” Geosciences, Vol.4, No.3, pp. 176-190, 2014.

[10] I. H. Witten, E. Frank, and M. A. Hall, “Data Mining: Practical Ma-
chine Learning Tools and Techniques,” 3rd Ed., Morgan Kaufmann
Publishers, 2011.

[11] D. T. Bui, O. Lofman, I. Revhaug, and O. Dick, “Landslide Suscep-
tibility Analysis in the Hoa Binh Province of Vietnam Using Statis-
tical Index and Logistic Regression,” Nat. Hazards, Vol.59, Article
No.1413, 2011.

[12] G. Metternicht, L. Hurni, and R. Gogu, “Remote Sensing of Land-
slides: An Analysis of the Potential Contribution to Geo-Spatial
Systems for Hazard Assessment in Mountainous Environments,”
Remote Sens. Environ., Vol.98, No.2-3, pp. 284-303, 2005.

[13] D. T. Bui, “Modeling of Rainfall-Induced Landslide Hazard for the
Hoa Binh Province of Vietnam,” Ph.D. Thesis, Norwegian Univer-
sity of Life Sciences, 2012.

[14] D. T. Bui, T. A. Tuan, N.-D. Hoang, N. Q. Thanh, D. B. Nguyen,
N. V. Liem, and B. Pradhan, “Spatial Prediction of Rainfall-Induced
Landslides for the Lao Cai Area (Vietnam) Using a Hybrid Intelli-
gent Approach of Least Squares Support Vector Machines Inference
Model and Artificial Bee Colony Optimization,” Landslides, Vol.14,
No.2, pp. 447-458, 2017.

[15] T. L. Saaty and L. G. Vargas, “Hierarchical Analysis of Behavior
in Competition: Prediction in Chess,” Behav. Sci., Vol.25, No.3,
pp. 180-191, 1980.

[16] R. W. Saaty, “The Analytic Hierarchy Process – What It Is and How
It Is Used,” Math. Model., Vol.9, Nos.3-5, pp. 161-176, 1987.

[17] T. L. Saaty, “Decision Making with the Analytic Hierarchy Pro-
cess,” Int. J. Serv. Sci., Vol.1, No.1, pp. 83-98, 2008.

[18] X. L. Truong, M. Mitamura, Y. Kono, V. Raghavan, G. Yonezawa,
X. Q. Truong, T. H. Do, D. T. Bui, and S. Lee, “Enhancing Pre-
diction Performance of Landslide Susceptibility Model Using Hy-
brid Machine Learning Approach of Bagging Ensemble and Logis-
tic Model Tree,” Appl. Sci., Vol.8, No.7, Article No.1046, 2018.

[19] D. T. Bui, B. Pradhan, O. Lofman, and I. Revhaug, “Landslide
Susceptibility Assessment in Vietnam Using Support Vector Ma-
chines, Decision Tree, and Naı̈ve Bayes Models,” Math. Probl.
Eng., Vol.2012, Article No.974638, 2012.

[20] D. T. Bui, B. Pradhan, O. Lofman, I. Revhaug, and O. B. Dick,
“Landslide Susceptibility Assessment in the Hoa Binh Province
of Vietnam: A Comparison of the Levenberg–Marquardt and
Bayesian Regularized Neural Networks,” Geomorphology, Vol.171-
172, pp. 12-29, 2012.

[21] B. T. Pham, D. T. Bui and H. V. Pham, “Spatial Prediction of Rain-
fall Induced Landslides Using Bayesian Network at Luc Yen Dis-
trict, Yen Bai Province (Viet Nam),” Proc. of Int. Conf. on Earth
Sciences and Sustainable Geo-Resources Development (ESASGD
2016), Environmental Issues in Mining and Natural Resources De-
velopment (EMNR) Session, pp. 161-170, 2016.

[22] T. A. Tuan and N. T. Dan, “Research the Landslide Susceptibility
and Zoning in the Son La Hydroelectricity Area by the Saaty’s An-
alytical Hiearchy Process (AHP),” Vietnam J. Earth Sci., Vol.34,
No.3, pp. 223-232, 2012 (in Vietnamese).

[23] M. D. Do and Q. K. Dang, “Interpretation of Landslide Danger at
Deo Gio (Wind Pass) Area Ngan Son District, Bac Kan Province,”
Vietnam Geotech. J., Vol.15, No.1, pp. 10-19, 2011.

[24] D. V. Nha and D. N. Hai, “Landslide Susceptibility in Mai Chau
District, Hoa Binh Province, Vietnam,” Vietnam Natl. Univ. J. Sci.
Dev., Vol.13, No.3, pp. 416-426, 2015 (in Vietnamese).

[25] M. N. Do, T. T. Dang, and M. D. Do, “Application of GIS and
Analytic Hierarchy Process (AHP) Method to Establish Map of
Landslide Susceptibility in Xin Man District, Ha Giang Province,
Vietnam,” Vietnam Natl. Univ. J. Sci. – Earth Environ. Sci., Vol.32,
No.28, pp. 206-216, 2016 (in Vietnamese).

[26] T. T. H. Nguyen, “Assessing Conditions for Formation and Land-
slide Hazard in the Context of Climate Change in Quang Nam
Province,” Ph.D. Thesis, Hanoi University of Education, 2017.

[27] M. Papadakis and A. Karimalis, “Producing a Landslide Suscep-
tibility Map Through the Use of Analytic Hierarchical Process in
Finikas Watershed, North Peloponnese, Greece,” Am. J. Geogr. Inf.
Syst., Vol.6, No.1A, pp. 14-22, 2017.

[28] O. F. Althuwaynee, B. Pradhan, H.-J. Park, and J. H. Lee, “A Novel
Ensemble Bivariate Statistical Evidential Belief Function with
Knowledge-Based Analytical Hierarchy Process and Multivariate
Statistical Logistic Regression for Landslide Susceptibility Map-
ping,” CATENA, Vol.114, pp. 21-36, 2014.

[29] P. Kayastha, M. R. Dhital, and F. De Smedt, “Application of the
Analytical Hierarchy Process (AHP) for Landslide Susceptibility
Mapping: A Case Study from the Tinau Watershed, West Nepal,”
Comput. Geosci., Vol.52, pp. 398-408, 2013.

[30] B. Feizizadeh, M. Shadman Roodposhti, P. Jankowski, and
T. Blaschke, “A GIS-Based Extended Fuzzy Multi-Criteria Eval-
uation for Landslide Susceptibility Mapping,” Comput. Geosci.,
Vol.73, pp. 208-221, 2014.

[31] K. B. Dang, B. Burkhard, F. Müller, and V. B. Dang, “Modelling
and Mapping Natural Hazard Regulating Ecosystem Services in
Sapa, Lao Cai Province, Vietnam,” Paddy Water Environ., Vol.16,
No.4, pp. 767-781, 2018.

[32] Q. H. Le, “Report on Investigation and Establishment of Landslide
and Rockslide Inventory Map at Scale 1:50,000 in Mountainous
Area in Lao Cai Province,” 2014.

[33] D. M. Nguyen and Q. H. Tran, “Feature of Large-Scale Landslide
at Hau Thao Area, Sa Pa Town, Lao Cai Province,” P. D. Long
and N. T. Dung (Eds.), “Geotechnics for Sustainable Infrastructire
Development,” pp. 917-922, Springer, 2020.

[34] T. Thomas, L. Christiaensen, Q. T. Do, and L. D. Trung, “Natural
Disasters and Household Welfare: Evidence from Vietnam,” Policy
Research Working Paper No.5491, The World Bank, 2010.

[35] Department of Geology and Minerals of Vietnam, “Geological and
Mineral Resources Map of Vietnam on 1:200,000, Kim Binh–Lao
Cai Zone (F-48-VIII&F-48-XIV),” 2005.

[36] Open Development Mekong, “Soil type of Vietnam,” 2016,
https://data.opendevelopmentmekong.net/dataset/soil-types-in-
vietnam?type=dataset [accessed September 10, 2020]

[37] A. El Jazouli, A. Barakat, and R. Khellouk, “GIS-Multicriteria
Evaluation Using AHP for Landslide Susceptibility Mapping in
Oum Er Rbia High Basin (Morocco),” Geoenviron. Disasters, Vol.6,
No.1, Article No.3, 2019.

[38] E. E. Brabb, “Innovative Approaches to Landslide Hazard and Risk
Mapping,” Proc. of the 4th Int. Symp. on Landslides, pp. 307-323,
1985.

[39] Japan Aerospace Exploration Agency (JAXA), “High-Resolution
Land Use and Land Cover Map of Mainland Vietnam,”
2016, https://www.eorc.jaxa.jp/ALOS/en/lulc/lulc vnm v2006.htm
[accessed September 18, 2020]

[40] A. Yalcin, “GIS-Based Landslide Susceptibility Mapping Using
Analytical Hierarchy Process and Bivariate Statistics in Ardesen
(Turkey): Comparisons of Results and Confirmations,” CATENA,
Vol.72, No.1, pp. 1-12, 2008.

[41] T. Danjo and T. Ishizawa, “Quantitative Evaluation of the Relation-
ship Between Slope Gradient and Infiltration Capacity Based on a
Rainfall Experiment Using Pit Sand,” J. Disaster Res., Vol.15, No.6,
pp. 745-753, 2020.

[42] H. Hong, W. Chen, C. Xu, A. M. Youssef, B. Pradhan, and
D. T. Bui, “Rainfall-Induced Landslide Susceptibility Assessment
at the Chongren Area (China) Using Frequency Ratio, Certainty
Factor, and Index of Entropy,” Geocarto Int., Vol.32, No.2, pp. 139-
154, 2017.

[43] W. Chen, M. Panahi, and H. R. Pourghasemi, “Performance Eval-
uation of GIS-Based New Ensemble Data Mining Techniques of
Adaptive Neuro-Fuzzy Inference System (ANFIS) with Genetic Al-
gorithm (GA), Differential Evolution (DE), and Particle Swarm
Optimization (PSO) for Landslide Spatial Modelling,” CATENA,
Vol.157, pp. 310-324, 2017.

[44] E. Nohani, M. Moharrami, S. Sharafi, K. Khosravi, B. Pradhan,
B. T. Pham, S. Lee, and A. M. Melesse, “Landslide Susceptibil-
ity Mapping Using Different GIS-Based Bivariate Models,” Water,
Vol.11, No.7, Article No.1402, 2019.

[45] T. T. T. Le, S. Kawagoe, and R. Sarukkalige, “Estimation of Prob-
able Maximum Precipitation at Three Provinces in Northeast Viet-
nam Using Historical Data and Future Climate Change Scenarios,”
J. Hydrol. Reg. Stud., Vol.23, Article No.100599, 2019.
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