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Abstract

Introduction. This study evaluates the impact of lake water levels, rainfall, and the presence of small pits on the stability
of the banks of Bau Trang Lake, a national scenic site in Binh Thuan Province, Vietnam. Methods. To assess the slope
stability safety factor, several scenarios were simulated using GeoStudio 2024 software with the SEEP/W and SLOPE/W
modules. Results. With a safety factor reduction of less than 1%, the results show that the small pit has a minimal effect on
lake bank stability. The lake water level plays a critical role: low water levels increase the likelihood of instability, whereas
high water levels enhance stability and lower pore water pressure. Particularly when combined with low water levels,
intense or prolonged rainfall significantly decreases the safety factor by increasing soil saturation and reducing shear
strength. The study recommends maintaining stable water levels, reinforcing high-risk areas, and implementing effective
drainage systems to mitigate the effects of rainfall. These findings provide a scientific basis for sustainable management
strategies to preserve the environment and landscape of Bau Trang Lake, and guide future research on shoreline stability

under geological and climatic influences.
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Introduction

One significant issue that requires careful
attention on lake and river banks is slope erosion.
According to previous research, the erosion process
is influenced by both natural and human-induced
factors, including geography, geology, water levels,
wind-blown sand, and human activities. Slope
stability is strongly affected by rainfall characteristics
such as intensity, duration, and patterns (Na et al.,
2023; Qian et al., 2021; Wang et al., 2022; Zhang
and Lu, 2021). Prolonged and intense rainfall can
increase pore water pressure and soil moisture,
thereby reducing the soil's shear strength and
undermining slope stability (He et al., 2023; Huang
et al., 2023; Liu, 2023; Na et al., 2023). This can
raise the likelihood of landslides, particularly during
long periods of heavy rainfall. Additionally, the initial
moisture content and groundwater level of the slope
are important factors determining slope stability
under rainy conditions (He et al., 2021; Huang et
al., 2023; Liu, 2023; Zhang and Lu, 2021). Slopes
are more prone to sliding during intense rainfall
when humidity and groundwater levels are high.
Studies have shown that slopes with high moisture
content and elevated groundwater levels are more
susceptible to instability during rainfall (Morya et
al., 2019; Wang et al., 2021). The distribution of soil
layers and soil structure also affects slope stability.
Cracks, fissures, and transitions between soil layers
can increase permeability, enhancing the infiltration

of rainfall into the soil (Dou et al., 2021; Li et al.,
2023; Zeng et al., 2018). Uneven water distribution
within soil layers can alter pore water pressure and
reduce the soil’s shear strength, thereby increasing
the likelihood of slope failure.

The shape and height of a slope also influence
its stability under rainfall. Slopes that are steep
and high are more susceptible to rainfall-induced
instability (Qian et al., 2021; Zhang et al., 2023).
Studies have shown that the steeper and higher
the slope, the more likely it is to experience failure
during heavy rainfall. Therefore, assessing slope
geometry is important for predicting the likelihood of
slope failure. Slope reinforcement measures, such
as the use of anti-sliding piles, bioreinforcement,
and tree planting, have been shown to be effective
in mitigating the impact of rainfall on slope stability
(Huang et al., 2023; Sun et al., 2020; Wang et al.,
2021). These measures help improve soil strength
and reduce the likelihood of slope failure during
heavy rainfall events. The use of numerical models
and physical simulation experiments has contributed
to understanding the complex interactions between
rainfall, water levels, and slope stability, providing
important insights into sliding mechanisms and the
effects of differentfactors on slope behavior (Lv, 2023;
Tang et al., 2020; Wang et al., 2022; Zhang et al.,
2023). Numerical models also help predict scenarios
that may occur in practice, thereby supporting more
effective slope design and management.
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Bau Trang Lake, a national scenic site located
in Hoa Thang Commune, Bac Binh District, Binh
Thuan Province, Vietnam, is a unique natural
freshwater ecosystem featuring striking landscapes,
including white sand dunes interlaced with clear blue
waters. In addition to its ecological and economic
functions, Bau Trang is also a tourist destination with
great potential due to its pristine natural scenery
and favorable environmental conditions. The
conservation and sustainable use of Bau Trang Lake
are therefore of practical importance in the context
of developing tourism linked to the protection of local
natural resources. However, lake shore erosion has
become an increasing concern, particularly after the
severe erosion event at Bau Ba, a part of Bau Trang
Lake, on May 3, 2023, which caused significant
damage to the ecosystem and terrain and may have
endangered tourist safety. This incident underscores
the urgent need to assess the causes of landslides
in the area. This study examines the effects of
rainfall and water levels on the stability of Bau Trang
Lake’s banks using numerical modeling techniques
(GeoSlope software).

Research Data and Methodology

Research Area

Bau Trang Lake is a freshwater lake surrounded
by a system of coastal sand dunes. It is located in
Hoa Thang Commune, Bac Binh District, Binh Thuan
Province (10°00'50” — 11°09'30” N; 108°16°55" —
108°31’12” E) (Fig. 1). Two primary types of terrain
occur in the study area: (1) sand dunes, mainly
distributed in the northern and northeastern parts of
the lake and formed on Pleistocene and Holocene
deposits; and (2) flat surfaces, found in the western
and southwestern parts of the lake and developed
on Pleistocene marine deposits.

HOA THANG

Data Collection

a) Topographic data

Topographic data were collected from two main
sources: 1:10,000 topographic maps issued by the
Vietnam Department of Surveying and Mapping, and
5 m resolution Digital Elevation Model (DEM) data
from the ASTER GDEM dataset. For spatial analysis,
the research team used ArcGIS software to process
and integrate the data, thereby generating detailed
slope and slope direction maps to assess the current
terrain conditions of the area (Fig. 2).

Based on these maps, topographic analysis was
performed to identify areas at high risk of landslides
through a comprehensive assessment of factors
such as slope, slope direction, and the geological
characteristics of the ground. In particular, the main
research cross-section was selected at the site
of the serious landslide incident on May 3, 2023,
in order to focus on analyzing the specific causes of
instability at that location.

A specific factor considered in the study was the
presence of a small waterhole located approximately
135 meters from the landslide site. This waterhole
was hypothesized to have influenced groundwater
infiltration and movement in the area. Therefore,
a detailed analysis of the relationship between this
waterhole and the existing geotechnical conditions
was conducted to clarify the role of groundwater
in destabilizing the slope and triggering the landslide.

b) Geological data

The study area is mainly composed of Cenozoic
sediments, including two major formations —
Pleistocene and Holocene — each with distinct
origins, material compositions, and geotechnical
properties. Pleistocene sediments include two
main groups: marine sediments of the Phan Thiet

Fig. 1. Location of Bau Trang Lake on Google
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Fig. 2. Geological cross-section of the study area

Formation (mQ,,pt) and wind-drift sediments (vQ,,).
The marine sediments consist primarily of fine- to
medium-grained sand, sometimes mixed with silty
sand, with colors ranging from white and yellow
to red, reflecting different stages of deposition in
the Pleistocene marine environment. In contrast,
the wind-drift sediments are characterized by fine-
grained quartz sand with a yellow-brown color,
indicating the influence of arid climatic conditions and
high wind speeds in the past. Holocene sediments
include both wind-borne and fluvial deposits. The
wind-borne sediments (vQ21-2, vQ22-3) are mainly
medium-grained quartz sand with pearly particles,
and their colors range from yellow-brown to light
yellow. The fluvial sediments (aQ22-3) consist
primarily of silty sand and sand, reflecting transport
and deposition under fluvial or nearshore conditions.

The analysis showed that the soils are mainly
sandy soils and sandy loams, classified according
to the mechanical composition of the sediments. For
sandy soils of the Holocene sediments, the physical
and mechanical properties — natural moisture
content (W), porosity (n), saturation (Sr), compaction
coefficient (a), cohesion (c), and internal friction angle
(¢) — were 18.2 %, 36.2 %, 84.3 %, 0.013 cm#kg,
0.014 kg/cm?, and 24.56°, respectively. These
values reflect the typical properties of sandy soils
formed in Holocene environments, characterized
by moderate compaction and low shear strength.
For sandy soils of the Pleistocene sediments, the
corresponding physical properties were 18.3 %,
35.2 %, 89.1 %, 0.010 cm?*kg, 0.011 kg/cm?, and
26.46°, indicating slight differences in saturation and
cohesion compared to the Holocene sandy soils. For
sandy loam soils of the Pleistocene sediments, the
values were 17.5 %, 34.6 %, 88.1 %, 0.009 cm?kg,
0.012 kg/cm?, and 28.56°, showing improved shear
resistance and higher overall stability.

Geological data were collected from a 30 m
deep borehole (code: HK1) located at the landslide
site. A standard penetration test (SPT) was
performed throughout the borehole at 2 m intervals.
Soil samples were analyzed in the laboratory to
determine the physical and mechanical properties
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of the soil, including grain size distribution, natural

moisture content, porosity, saturation, compaction

coefficient, cohesion, and internal friction angle.
Parameters of soil layers are shown in Table 1.

Table 1. Parameters of soil layers

Soil layer [kN\I(m3] [(f] [klga]
1 19.9 24°56' 1.4
1a 20.1 2514’ 1.9
20.3 26°46' 1.1
2a 19.9 26°45' 1.8
3 20.5 28°56' 1.2
c) Hydrological data

Rainfall: Rainfall data were collected from the
Bau Trang meteorological station. Observations
from 1978 to 2020 show a decrease in annual
rainfall from 1,325.7 mm in 2016 to 436.3 mm in
2020. The rainfall regime in the area is divided into
two distinct seasons: the rainy season, from June
to November, with an average rainfall of 724 mm,
and the dry season, from December to May of the
following year, with an average rainfall of 48 mm. In
this study, rainfall of 9 mm over a 2-hour period was
used to simulate the influence of rain on the stability
of the Bau Trang Lake slope (Fig. 3).

Lake water level: Lake water level data (Fig. 4)
were continuously recorded by a TF-Luna LIDAR
sensor at hourly intervals. This sensor uses laser
distance measurement technology to determine the
lake’s waterlevel with high precisionrelative to a fixed
reference point. Using these data, changes in water
level over time were examined and their effects on
slope stability were assessed. The lake water level
varied consistently during the first five months of
2024 (January 1 — May 31, 2024) compared with
2023. The water level remained at 2.5 m throughout
January and for nearly half of February, but by May
it decreased by 0.1 m. Specifically, the water level
was stable at 2.3 m in May, both before and after
the Bau Ba lake bank landslide (which occurred at
approximately 10:30 a.m. on May 3, 2023).
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Fig. 3. Average annual rainfall at the Bau Trang station
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Fig. 4. Water level fluctuations of Bau Trang Lake

Stability Analysis Model

This study uses GeoStudio 2024 software
developed by GEO-SLOPE, focusing on two main
modules: SEEP/W and SLOPE/W. SEEP/W is
a powerful tool for analyzing seepage flow and
calculating permeability coefficients and pore water
pressures under different soil conditions. Meanwhile,
SLOPE/W plays a key role in slope stability analysis
by identifying potential sliding surfaces and
calculating safety factors.

It is important to note that SLOPE/W is closely
integrated with SEEP/W, allowing the calculation of
safety factors based on effective stress and pore
water pressure. This integration not only improves
the accuracy of the analysis but also supports
engineers in predicting and mitigating slope failure
risks, especially in environments with complex
hydraulic conditions.

SEEP/W, a specialized module of the GeoStudio
software suite, is widely used to analyze seepage
flow in soils under various hydraulic conditions.
The tool is based on the fundamental principles

of seepage mechanics — Darcy’s law. Darcy’s
law (g = —ki) states that the seepage flow rate (q)
is directly proportional to the hydraulic gradient (i)
and the permeability coefficient (k). The negative
sign indicates that water always flows from a
region of high potential to a region of low potential.
A thorough understanding of this law forms the basis
for developing more complex governing equations
describing seepage flow.

In two-dimensional seepage analysis, a 2D
governing equation is used to model the movement of
seepage through soil. This partial differential equation,
derived from the law of conservation of mass and
Darcy’s law, provides a mathematical foundation
for predicting pore water pressure distribution and
modeling seepage flow within the soil

i(k 8HJ+£(Z¢ a£j+Q:@, (1)
ox v\ 7 oy ot
where:

* His the hydraulic head;

* k and ky are the permeability coefficients in the
x and y directions, respectively;

¥ ox
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* Qs the source term, representing the amount
of water added to or removed from the system per
unit volume;

* B is the volumetric water content;

o tis time.

Another important factor in soil mechanics is the
soil's water retention capacity, measured through
the volumetric water content (VWC) index. This
capacity is influenced by soil type, porosity, and soil
structure. VWC plays an essential role in analyzing
and evaluating the characteristics of unsaturated
soils.

SLOPE/W analyzes slope stability using the
limit equilibrium approach. The method is based on
dividing the slope into slices and evaluating the force
equilibrium of each slice. A body remains in a static
state when all acting forces are in balance (Fig. 5).
This means that the total force and total moment
acting on the body must be zero.

>MO0 = 0 (the sum of moments about point O is
zero).

> FH = 0 (the sum of horizontal forces is zero).

> FV =0 (the sum of vertical forces is zero).

The general formula of the limit equilibrium
method is expressed through two safety factor (FoS)
equations:

D (¢'BR+ (N —up)Rtan ¢’
F, = ) (2)
D W,-YNf+> Dd
D (c'Beosa+ (N —uP)tand’ cos o)
Y Nsino—) Dcoso

)

Fy

where:

* F_ and F, are the safety factors calculated
from moment equilibrium and force equilibrium,
respectively;

« c'is the effective cohesion;

* Bis the width of the slice;

* Ris the radius of the slip arc;

* Nis the normal force;

Xe
kh/l E-
W
E
£ A
X S,
N

Fig. 5. Diagram of forces acting on a soil slice
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» uis the pore water pressure;

» ¢'is the effective internal friction angle;

« W_is the horizontal component of the slice
weight;

* N, is the normal force due to external loading;

» Dd is the pull or thrust force;

» ais the inclination angle of the slice.

Results

To assess slope stability under various rainfall and
water level conditions, four representative simulation
scenarios were analyzed using the SEEP/W and
SLOPE/W modules of GeoStudio.

Case 1. Lake water levels at elevations 34.2 m
and 32.0 m, without water in the small hole.

Case 2. Lake water levels at elevations 34.2 m
and 32.0 m, with water in the small hole.

Case 3. Lake water levels at elevations 34.2 m and
32.0 m, without water in the small hole, with rainfall.

Case 4. Lake water levels at elevations 34.2 m
and 32.0 m, with water in the small hole, with rainfall.

The calculated stability safety factors for all
four scenarios are presented in Figs. 6-9 and
summarized in Table 2.

The results in Table 2 show that at a water level
of 34.2 m, the safety factor decreased slightly from
1.414 to 1.399 when the small hole contained water,
with a slight difference of about 1 %. Similarly, at a
water level of 32.0 m, the safety factor decreased
from 1.296 to 1.263 under the same conditions.
However, this reduction remains within acceptable
safety limits. Therefore, the small hole plays only a
secondary role and is not a major factor influencing
the stability of the lake bank. The findings indicate
that the presence of the small hole near Bau Trang
Lake had only a minor effect on overall slope stability.

The variation in water levels (34.2 m and 32.0 m)
clearly influences the safety factor. When the
water level is at 34.2 m, the average safety factor
is approximately 1.4, significantly higher than the
average value of 1.27 corresponding to a water level of
32.0 m. This demonstrates that higher water levels help
reduce pore water pressure, thereby enhancing slope
stability. Conversely, lower water levels increase pore
water pressure and soil saturation, which substantially
reduces stability. Maintaining the lake water level within
a stable range is therefore an important measure
to ensure the safety of the shoreline.

Rainfall also has a significant impact on the
stability of the lake bank, especially when combined
with water level fluctuations. During rainfall events,
the safety factor at a water level of 34.2 m decreases
slightly from 1.302 to 1.296. However, when the water
level drops to 32.0 m, the safety factor decreases
more sharply, from 1.074 to 1.066. This suggests
that rainfall increases soil saturation, reduces shear
strength, and weakens overall stability. Heavy
or prolonged rainfall events heighten the risk of lake
bank erosion, particularly when the water level is low.
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Fig. 9. Lake water levels at elevations 34.2 m and 32.0 m, with water in the small hole, with rainfall (Case 4)

Table 2. Summary of calculated stability
safety factors

Small hole with

Small hole without
Water water water

level | Without With Without With
rain rain rain rain

1 34.2 1.414 1.302 1.399 1.296
2 | 320 1.294 1.074 1.263 1.066

No.

Conclusion

This study evaluated in detail the effects of lake
water level, rainfall, and the presence of small holes
on the stability of the Bau Trang Lake bank. Based
on the results of numerical simulations and analyses
of experimental data, the following main conclusions
are drawn:

1. The overall stability of the lake bank is not
significantly affected by the presence of small holes
near Bau Trang Lake (a reduction of approximately
1-2.5 %). Although the safety factor decreases
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slightly, the reduction remains within acceptable
safety limits.

2. The stability of the lake bank depends largely
on the lake’s water level. The results show that
higher water levels reduce pore water pressure
and increase the safety factor, while low water
levels raise the risk of instability, especially when
combined with other adverse factors such as
heavy rainfall (with reductions exceeding 21 %).
Recommended measures include maintaining
stable lake water levels and reinforcing high-risk
areas to reduce erosion hazards and ensure bank
safety.

3. Rainfall — particularly heavy or prolonged —
leads to increased soil saturation and decreased
shear strength. This significantly reduces the safety
factor and heightens the likelihood of bank erosion,
especially when water levels are low.

4. The study highlights the need for future
research on lake shore stability under harsh and
complex geological and climatic conditions.
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BJIMAAHUE OCAQKOB U YPOBHSA BObl HA YCTOMYUBOCTb
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AHHOTauuA
BBegeHue. B HacTosilem uccnenoBaHWM OLEHMBAETCS BMMSIHAE YPOBHSI BOAbl B 03epe, aTMOC(epHbIX 0CaaKoB
WU HanuMuuMs ManbiX BMaauMH Ha ycTondmBocTb OGeperoB o3epa bay YaHr — HauMoHanbHOro nNpuMpoaHOro obbekTa

B NpoBUHUMM BuHbTXyaH, BbeTtHam. Metopgbl. [Ans oueHkn koaduumeHTa 3anaca yCTOMYMBOCTM OTKOCOB OblNo
BbIMNOIHEHO MOAENVPOBaHNE HECKOMbKUX CLieHapueB ¢ ncnonb3oBaHneM moaynen SEEP/W n SLOPE/W nporpammHoro
komnnekca GeoStudio 2024. Pe3ynksTaThl NokasbiBatoT, YTO HebonbLlas BnagnHa oKa3biBaeT HE3HAYUTENbHOE BrMSHUE
Ha yCTOMYMBOCTb GEpEroBoOW NMHMMK, MOCKOMbKY CHMXEHME KoadpdumumeHTa 3anaca coctaensieT meHee 1 %. YpoBeHb
BOAb! B 03epe ABMSAETCS KMNtoYeBbiM (DAKTOPOM: HU3KME YPOBHMW MOBbLILLIAKT BEPOSTHOCTb MOTEPU YCTOMYMBOCTM, Toraa
KaK BbICOKME YPOBHM CMOCODOCTBYIOT €€ yBENMYEHUIO 1 YMEHbLUIAOT NopoBoe AasreHne. OcobeHHO 3aMETHOE CHUKEHUE
KoadpumumeHTa 3anaca HabnogaeTcs Npy MHTEHCUBHBIX UMW NPOAOIMKUTENBHBIX OCaZKax B COMETAHUU C HU3KUM YPOBHEM
BOAb!, YTO NMPUBOAMUT K YBEMNUYEHUIO HACLILLEHHOCTU TPYHTA U CHUXXEHWUKO €ro NMpOYHOCTHbIX XapakTepucTuk. B pabote
pekoMeHayeTcs noadepXuBaTb CTabWMbHbIA YpOBEHb BOAbI, YKPEMMSATb Y4YaCTKM MOBLILIEHHOrO PUCKA W BHEAPSATb
3a(pdheKTBHbIE ApEHaXKHblE CUCTEMbI B LIENSIX YMEHbLUEHUS BO3OENCTBUSA ocadkoB. [Mony4veHHble pesynsTaThl Cryxart
OCHOBOW AN pa3paboTky YCTOMYMBLIX CTPATErMIn ynpaBneHusl C LeNbio COXPaHEHWUst NMPUPOAHOW cpelbl 1 naHawadTa
o3epa bay YaHr, a Takke 060CHOBbLIBAOT HEOOXOAMMOCTE AanbHENLLNX UCCNEeNOBaHWN YCTONYMBOCT GEPEroBON 30HbI
NoA BNUSIHUEM FeoNOrMYecKNX 1 KIMMaTu4ecknx bakTopoB.

KniouyeBble cnoBa: 03epo bay YaHr; yCTOM4YMBOCTb CKIIOHOB; YPOBEHb BOAbl; ocaaku; GeoStudio.
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