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Abstract
This study evaluates landslide risks in the Bau Trang Lake area, Vietnam, by integrating field data, geospatial analysis, and geotechnical 
modeling. Bau Trang Lake, a critical ecological and economic site, faces increasing landslide threats driven by hydrogeological dynamics 
and human activities, particularly unregulated tourism. Using seven thematic maps - geology, topography, slope, soil properties, water 
permeability, mechanical strength, and land use impacts – this research develops a hazard map categorizing the area into five risk 
levels: very low, low, medium, high, and very high. High-risk zones, concentrated along the southern and southwestern shores of Bau 
Ba, are characterized by steep slopes, loose sandy soils, and high water permeability, exacerbated by seasonal rainfall and human-
induced soil compaction.
The findings highlight the ecological and economic significance of high-risk zones, which include key tourism destinations. To 
mitigate risks, the study recommends structural solutions like retaining walls and geotextiles, alongside non-structural measures 
such as reforestation, zoning regulations, and stakeholder engagement. These strategies aim to balance tourism development with 
environmental conservation, ensuring long-term sustainability. This research provides a replicable framework for landslide risk 
assessment and offers actionable solutions to support resilience in environmentally sensitive regions.

1. Introduction
The conservation and sustainable management of natural 

ecosystems have become critical global priorities, particular-
ly in light of escalating environmental degradation caused 
by human activities. Bau Trang Lake, located in Hoa Thang 
Commune, Bac Binh District, Binh Thuan Province, Vietnam, 
represents a significant ecological asset, valued not only for 
its national importance but also for its international role in 
biodiversity preservation. Its distinctive integration of sand 
dunes and freshwater ecosystems forms a unique natural 
landscape, playing a crucial role in water resource conserva-
tion, maintaining soil ecological balance, and safeguarding 
cultural heritage [1].

The significance of this ecosystem extends beyond its 
environmental contributions, as Bau Trang Lake serves as a 
prominent tourist destination, drawing numerous visitors an-
nually with its stunning landscapes and distinctive geographi-
cal features. However, the rapid and unregulated development 
of tourism and infrastructure has given rise to pressing envi-
ronmental issues, including heightened risks of landslides and 
ecological degradation. Consequently, promoting the sustain-
able utilization of this natural resource is essential not only for 
preserving its environmental integrity but also for sustaining 
the socio-economic benefits it offers to the local community. 

The pressing necessity for a thorough landslide risk as-
sessment at Bau Trang Lake was underscored by a significant 
incident on 3 May 2023 [2]. On this date, a major landslide 
occurred along the northeastern shore of the lake, sparking 
considerable concern among the local community and stake-
holders. This event not only caused substantial disruption to 
the ecosystem but also highlighted serious questions about 
the long-term sustainability of activities in the area.

Landslide hazard mapping is an important aspect of disas-
ter management, integrating various methods to assess vul-
nerability, hazard, and risk associated with landslides. The de-
velopment of effective landslide hazard maps is imperative to 
inform stakeholders and guide land use planning, especially 
in areas prone to such geological events. A fundamental com-
ponent of landslide hazard mapping is the creation of land-
slide vulnerability maps, which identify areas at risk based 
on historical data and environmental factors. Caleca et al. 
emphasize the importance of integrating previous landslide 
vulnerability studies to produce spatial probability indices for 
landslide events at the regional scale [3]. Similarly, Wubalem 
emphasizes that vulnerability maps not only identify influ-
encing factors but also support the assessment of the compar-
ative impact of these factors on landslide events [4]. Integrat-
ing comprehensive datasets, including landslide size and type, 
is essential to improve the accuracy of risk assessments [5].

The methods used in landslide hazard mapping have 
evolved significantly, taking advantage of advances in geo-
spatial technology and data analysis techniques. For example, 
the British Geological Survey has developed a multi-stage 
approach that combines traditional mapping techniques with 
modern geospatial technologies to improve the characteriza-
tion of landslide-prone areas [6]. This approach is support-
ed by Xiao et al., who advocate the hybridization of different 
modeling techniques to enhance predictive performance in 
vulnerability assessment [7]. Furthermore, the use of artifi-
cial intelligence, such as artificial neural networks, has been 
proposed to improve the accuracy of landslide vulnerability 
assessments by analyzing complex datasets [8].

Furthermore, the role of landslide data repositories is cru-
cial in generating reliable hazard maps. Westen et al. assert 
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that multi-temporal landslide information is important for 
generating quantitative probability maps, as it provides de-
tailed information on the spatial and temporal dynamics of 
landslides [9]. This view is supported by Thennavan and Ga-
napathy, who discuss various methods of inventory analysis, 
including image interpretation and historical record review, 
to understand the conditions and processes that lead to land-
slides [10].

In addition to vulnerability mapping, landslide hazard 
and risk assessment includes assessing the potential impacts 
of landslides on human settlements and infrastructure. Fell 
et al. emphasize the need for authorities to have detailed 
hazard maps to inform land use planning and risk manage-
ment strategies [11]. Integrating vulnerability assessments 
with hazard maps allows for a more comprehensive under-
standing of landslide risks, as demonstrated by Shah et al. 
in their integrated approach using geographic information 
tools [12].

In summary, the literature on landslide hazard mapping 
emphasizes the importance of a multifaceted approach that 
combines historical data, advanced modeling techniques, and 
comprehensive repositories to effectively assess and manage 
landslide risks. As methods continue to evolve, integrating 
new technologies and interdisciplinary approaches will be 
important to improve the accuracy and reliability of landslide 
risk assessments.

This study aims to develop landslide risk maps, identify 
contributing factors, and provide a foundation for effective 
risk management. These efforts are not only important for 
protecting the ecological and economic value of Bau Trang 
Lake, but can also serve as a model for other vulnerable areas 
facing similar challenges.

2. Data and Methodology
2.1 Data collection

This study employs a combination of spatial analysis, 
geotechnical methods, and field observations to assess and 
map landslide risk in the Bau Trang Lake area. The analysis 
is based on the development of seven thematic maps, which 
form the foundation for hazard evaluation.

The geological map provides insights into the area's geo-
logical structure and sedimentary layers, offering critical 
information on the foundation and material characteristics. 
The topographic map illustrates elevation and slope features, 
which are essential for identifying areas prone to landslides. 
Complementing this, the slope map focuses specifically on 
slope angles and their influence on landslide risk, as steeper 
slopes are commonly linked to terrain instability.

The soil map identifies soil types and their physical prop-
erties, such as soil strength and bearing capacity, contribut-
ing valuable data to the analysis. The lakeshore permeability 
map evaluates the effects of water seepage on the stability of 
the lakeshore, recognizing that water infiltration can weaken 
soil strength and trigger landslides. The soil mechanics map 
provides detailed information on soil mechanical properties, 
aiding in the assessment of bearing capacity and subsidence 
risk. Lastly, the land use impact map examines the influence 
of human activities, including changes in vegetation cover 
and infrastructure development, on landslide susceptibility.

These thematic maps were digitized, analyzed, and inte-
grated into a comprehensive risk modeling framework. This 
integration establishes a robust data foundation for landslide 
risk assessment and management in the Bau Trang Lake area, 
enabling more effective mitigation strategies.

2.2 Research methodology
a. Geospatial analysis

MapInfo software plays a pivotal role in developing the-
matic maps for hazard analysis. The software is used to dig-
itize spatial data from raw sources, such as geological and 
topographical datasets, transforming them into a digital for-
mat compatible with modern analytical tools [13]. Editing 
and refining geographic features within MapInfo enhances 
accuracy, improves representativeness, and ensures alignment 
with field observation data. Additionally, MapInfo facilitates 
the integration and overlay of thematic layers, such as geo-
logical features and land use patterns, to produce composite 
maps for in-depth analysis. Leveraging MapInfo's capabilities 
ensures that input data meets the stringent standards required 
for high-precision hazard modeling.

Fig. 1. The study area as depicted on Google Maps

Fig. 2. Location of the landslide at Bau Trang Lake (Source: VNExpress)

Rys. 1. Obszar badań przedstawiony na Mapach Google

Rys. 2. Lokalizacja osuwiska nad jeziorem Bau Trang (Źródło: VNExpress)
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Furthermore, Vertical Mapper [14,15] is employed to 
convert vector data from thematic maps into raster format, 
standardizing datasets and ensuring compatibility across 
varying resolutions. The use of raster data significantly en-
hances computational efficiency in hazard modeling and im-
proves visualization, as it provides a continuous surface ideal 
for representing slope and spatial variability.

b. Risk modeling
The authors utilized the Raster Calculator [16] to inte-

grate seven thematic maps - geology, topography, slope, soil 
properties, water permeability, soil mechanics, and land use 
impacts - into a comprehensive risk assessment framework. 
Each thematic map was assigned a specific weight and score 
reflecting its relative impact on landslide risk, and the total 
score was aggregated to calculate a composite risk index for 
each spatial unit. This process resulted in a single raster layer 
representing varying levels of landslide susceptibility, which 
formed the basis for risk zoning.

The composite raster data were categorized into five 
distinct risk levels: very low, low, medium, high, and very 
high, using the Natural Breaks (Jenks) classification meth-
od [17,18]. This approach minimized within-group variance 
while maximizing between-group variance, ensuring statisti-
cally significant differentiation between risk levels.

The resulting risk zones provide an accurate representa-
tion of geospatial trends, offering a scientifically robust foun-
dation for risk zoning. By linking quantitative data with prac-
tical applications, the model delivers actionable insights for 
effective landslide risk management and mitigation strategies.

c. Visualization
The risk areas are presented through color-coded maps, 

facilitating intuitive interpretation of the results. Each risk 
level is represented by a distinct color gradient, ranging from 
green (very low risk) to red (very high risk), effectively il-

lustrating the spatial distribution of landslide susceptibility. 
These visualizations enable stakeholders to easily identify 
high-priority areas requiring immediate intervention.

The maps adhere to international cartographic standards, 
featuring a high-resolution scale of 1:5,000 and comprehensive 
annotations and captions. This ensures they are accessible and 
user-friendly, even for non-expert audiences. The use of ad-
vanced geospatial tools and visualization techniques enhances 
the scientific rigor of this study, providing a reliable and practi-
cal foundation for landslide risk assessment and management.

2.3 Field techniques
Field data provided crucial empirical insights that com-

plemented the analytical processes. Unmanned Aerial Vehi-
cles (UAVs) and GPS-based survey tools were employed to 
generate detailed topographic maps of Bau Trang Lake and 
its surrounding areas [19,20]. Soil and geotechnical investi-
gations were carried out through exploratory drilling and soil 
sampling to evaluate key parameters, including soil composi-
tion, compaction, and mechanical strength - critical factors in 
slope stability analysis.

Additionally, in-situ observations were conducted across 
164.27 hectares of land adjacent to the lake shore. These ob-
servations documented features such as slope gradients, veg-
etation cover, and visible signs of erosion. The integration of 
field techniques with geospatial and analytical methods pro-
vided a comprehensive basis for assessing landslide risk in the 
study area.

2.4 Zoning criteria
Risk classification was conducted using a quantitative 

scoring system derived from the thematic maps. Each criteri-
on was assigned a score ranging from 0 (indicating minimum 
risk) to 10 (indicating maximum risk). This scoring frame-
work enabled a systematic evaluation of landslide susceptibil-
ity across the study area( appendix 1). 

Fig. 3. Landslide risk map of the Bau Trang lake area

Fig. 4. Regional distribution of risk zones

Rys. 3. Mapa ryzyka osuwisk na obszarze jeziora Bau Trang

Rys. 4. Regionalny rozkład stref ryzyka
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The total scores derived from the seven thematic maps 
were categorized into five risk levels, as follows:

•	 Very Low (0–35 points): Areas characterized by high 
elevation, low slope angles, and compact soils, exhib-
iting minimal susceptibility to landslides.

•	 Low (35–45 points): Areas with moderate slopes and 
soils of medium permeability, indicating low suscep-
tibility.

•	 Medium (45–50 points): Areas with medium slopes, 
higher soil permeability, and moderate compaction, 
reflecting a moderate level of risk.

•	 High (50–55 points): Areas with steep slopes and 
highly permeable soils, which significantly increase 
susceptibility.

•	 Very High (55–63 points): Areas with steep slopes, 
loose soils, high permeability, and evident signs of 
active erosion, representing the highest level of land-
slide risk

3. Results
3.1 Risk zoning

The landslide risk map for the Bau Trang Lake area was 
developed by integrating seven thematic maps: geology, to-
pography, slope, soil properties, water permeability, me-
chanical properties, and land use impacts. These maps were 
combined using a raster-based model, resulting in a compre-

hensive landslide risk zoning map. The final map delineates 
five distinct risk levels: very low, low, medium, high, and very 
high.

3.2 Regional distribution of risk zones
The risk zones at Bau Trang Lake were delineated through 

the analysis of a 310-hectare area, encompassing both the wa-
ter surface and 164.27 hectares of land extending from the 
lake shore to adjacent regions. The classification into five dis-
tinct risk zones - very low, low, medium, high, and very high 
- offers a comprehensive understanding of the area's suscep-
tibility to landslides, highlighting variations in vulnerability 
across the region.

The landslide risk zoning at Bau Trang Lake identifies five 
distinct risk levels, each defined by specific geomorphological 
and land-use characteristics:

Very low risk zone (75 ha, 45.47%). This is the most stable 
area due to favorable geomorphological and soil conditions, 
with elevations above 40 m and slopes ranging from 5° to 15°. 
The zone comprises compacted red sand and stabilized white 
sand with medium mechanical strength and low permeabili-
ty. It is primarily located along the northeastern and south-
eastern banks of Bau Ong, extending along Provincial Road 
715 to the southern edge of Bau Ba. Dominated by protective 
forests and perennial planting areas, this zone contributes sig-
nificantly to soil stabilization and erosion prevention.

Appendix1. Criteria for classifying landslide risk areas
Załącznik 1. Kryteria klasyfikacji obszarów zagrożonych osuwiskami
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Low risk zone (61 ha, 37.31%). This area exhibits mod-
erate landslide susceptibility, with elevations between 36 and 
40 m and slopes of 8° to 15°. The soils, consisting of stable 
red and white sands with medium water permeability, support 
diverse land uses, including forest and agricultural activities. 
This balance of natural vegetation and human activity helps 
maintain moderate stability.

Medium risk zone (8.6 ha, 5.23%). Representing a tran-
sitional area between stability and instability, this zone has 
elevations of 38 to 40 m and slopes ranging from 8° to 25°. 
The soils are primarily loose white sands with medium to high 
water permeability and medium mechanical properties. Con-
centrated along the central west bank of Bau Ong and the cen-
tral bank of Bau Ba, this zone includes sparse protective forest 
and bare land, indicating reduced natural stability.

High risk zone (16 ha, 9.52%). Characterized by eleva-
tions of 35 to 40 m and slopes of 15° to 25°, this zone com-
prises loose red and white sands with high water permeability 
and medium to high mechanical properties. It is mainly dis-
tributed along the western bank of Bau Ong and the southern 
middle bank of Bau Ba. Sparse vegetation, including perenni-
al crops and bare soil, exacerbates instability.

Very high risk zone (4.03 ha, 2.45%). Although the small-
est in size, this zone is of strategic importance due to its high 
susceptibility to landslides. With elevations of 35 to 37 m and 
slopes ranging from 5° to over 25°, it is dominated by loose 
white sands with very high water permeability and low cohe-
sion. Located at the southern tip of Bau Ba near the Trinh Nu 
sand dunes, this area is heavily impacted by tourism activities, 
particularly off-road vehicle trails, which exacerbate soil in-
stability and erosion.

3.3 Key Findings from the hazard map
Spatial analysis reveals that high-risk areas are predom-

inantly concentrated along the southern and southwestern 
shores of Bau Ba. These regions exhibit geomorphological 
characteristics such as steep slopes and loose sandy soils, 
which significantly increase the likelihood of landslides. The 
instability is further exacerbated by fluctuations in lake water 
levels. Seasonal variations in rainfall and evaporation contrib-
ute to cycles of soil saturation and drying, making the slopes 
more prone to failure. In contrast, areas with low and very low 
risk are primarily located in regions with gentle slopes and 
higher elevations, particularly in the northern and eastern 
parts of Bau Ong and Bau Ba. These zones are characterized by 
compacted soils with low water permeability, which enhance 
resistance to erosion and reduce landslide susceptibility.

Human activities, especially those related to tourism, are a 
significant driver of increased landslide risk in the study area. 
The construction of tourism infrastructure, such as off-road 
vehicle trails, temporary walkways, and observation points, 
has led to a reduction in natural vegetation cover - an essen-

tial factor in stabilizing sandy soils. The loss of vegetation not 
only exposes the soil to direct erosion by wind and water but 
also diminishes its capacity to absorb and distribute stress. 
Additionally, soil compaction from heavy visitor traffic and 
vehicle use reduces water infiltration, causing localized sur-
face runoff that accelerates erosion. The southwestern shore 
of Bau Ba, particularly near the Trinh Nu sand dunes, has be-
come a hotspot for instability, requiring immediate manage-
ment interventions.

Although the very high-risk zone accounts for a relatively 
small portion of the overall area, its strategic importance is 
substantial. These zones encompass key tourism destinations, 
such as the Trinh Nu sand dunes, which are vital to the local 
economy. The May 3, 2023 landslide event in this area under-
scored the vulnerability of these zones to recurring landslides. 
Without timely interventions, similar incidents are likely to 
persist, posing risks to visitor safety and threatening the eco-
logical balance of the region.

To address these challenges, a combination of structural 
and non-structural measures is necessary. Structural solu-
tions, such as the installation of retaining walls and geotex-
tiles, can provide immediate stability in the most vulnerable 
areas. Simultaneously, non-structural approaches, including 
reforestation and restricted access to critical zones, can sup-
port long-term sustainability and reduce future risk

4. Conclusion
This study presents a comprehensive assessment of land-

slide risk in the Bau Trang Lake area by integrating field data, 
geospatial analysis, and geotechnical modeling. This approach 
effectively identifies high-risk areas and uncovers the under-
lying causes of landslide susceptibility. The findings reveal 
that landslides in this region result from a complex interplay 
of natural and anthropogenic factors, including hydrogeolog-
ical dynamics, soil cohesion degradation, and pressures asso-
ciated with tourism activities.

The hazard zonation map developed in this study classi-
fies the area into five distinct risk levels, ranging from very 
low to very high. While high and very high-risk zones com-
prise a small proportion of the total area, they hold significant 
ecological and economic importance. These zones are charac-
terized by steep slopes, loose sandy soils, and high permea-
bility, making them particularly vulnerable to landslides. The 
study emphasizes that poorly managed tourism activities have 
exacerbated land instability and heightened landslide risks.

The findings not only provide a scientific foundation for 
risk mitigation strategies but also play a crucial role in pro-
moting sustainable development for the Bau Trang Lake area. 
By addressing both ecological preservation and local econom-
ic potential, this research offers actionable insights to balance 
conservation efforts with tourism development, ensuring 
long-term resilience and sustainability.
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Integracja analizy geoprzestrzennej i danych terenowych na potrzeby mapowania ryzyka 
osuwisk nad jeziorem Bau Trang

Niniejsze badanie ocenia ryzyko osuwisk na obszarze jeziora Bau Trang w  Wietnamie, integrując dane terenowe, analizę 
geoprzestrzenną i modelowanie geotechniczne. Jezioro Bau Trang, krytyczny obszar ekologiczny i gospodarczy, stoi w obliczu rosnącego 
zagrożenia osuwiskami spowodowanego dynamiką hydrogeologiczną i  działalnością człowieka, w  szczególności nieuregulowaną 
turystyką. Korzystając z  siedmiu map tematycznych - geologii, topografii, nachylenia, właściwości gleby, przepuszczalności wody, 
wytrzymałości mechanicznej i wpływu użytkowania gruntów – w ramach tych badań opracowano mapę zagrożeń kategoryzującą 
obszar na pięć poziomów ryzyka: bardzo niski, niski, średni, wysoki i bardzo wysoki. Strefy wysokiego ryzyka, skoncentrowane wzdłuż 
południowego i  południowo-zachodniego brzegu Bau Ba, charakteryzują się stromymi zboczami, luźnymi piaszczystymi glebami 
i wysoką przepuszczalnością wody, pogarszaną przez sezonowe opady deszczu i zagęszczanie gleby spowodowane przez człowieka.
Wyniki badania podkreślają ekologiczne i  gospodarcze znaczenie stref wysokiego ryzyka, które obejmują kluczowe ośrodki 
turystyczne. Aby złagodzić ryzyko, badanie zaleca rozwiązania strukturalne, takie jak ściany oporowe i  geowłókniny, wraz ze 
środkami niestrukturalnymi, takimi jak ponowne zalesianie, przepisy dotyczące zagospodarowania przestrzennego i zaangażowanie 
zainteresowanych stron. Strategie te mają na celu zrównoważenie rozwoju turystyki z ochroną środowiska, zapewniając długoterminowy 
zrównoważony rozwój. Badania te zapewniają powtarzalne ramy oceny ryzyka osuwisk i oferują praktyczne rozwiązania wspierające 
odporność w regionach wrażliwych środowiskowo.

ocena ryzyka osunięcia się ziemi, jezioro Bau Trang, analiza geoprzestrzenna, zrównoważona turystyka, mapowanie zagrożeńSłowa kluczowe:




