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Foreword

The publication series “Advances in the Earth, Mining and Environmental Sciences for
Safe and Sustainable Development” was conceived as a platform to promote scientific
innovation, interdisciplinary collaboration, and knowledge exchange in support of safer,
greener, and more sustainable development. Volume 1: Advanced Technologies and Artificial
Intelligence in the Earth and Environmental Sciences established this foundation by
highlighting the rapid emergence of digital technologies, artificial intelligence, and
computational approaches that are reshaping the way we observe, analyze, and understand
the Earth system.

Building upon this momentum, Volume 2: Earth, Mine, and Environmental Sciences for
Green, Sustainable, and Prosperous Development in the Era of a Nation’s Rise extends the
vision of the series into a broader scientific and societal context. While Volume 1
emphasized technological advancement, Volume 2 focuses on how these technologies -
along with traditional and emerging scientific approaches - are being integrated to address
real-world challenges related to environmental stewardship, sustainable resource
management, climate resilience, and green growth.

This volume comprises 79 peer-reviewed articles contributed by authors from 10
countries and regions, reflecting an expanding network of international collaboration and
the growing global commitment to advancing Earth, mining, and environmental sciences.
The diversity of institutional backgrounds and research approaches represented here
underscores the relevance of these topics to the shared pursuit of green, resilient, and
inclusive development.

The volume is structured into three thematic parts, each representing a critical axis of
sustainability-oriented research:

Part 1 - Earth, Mine and Environmental Sciences towards the Sustainability

This part brings together studies on geohazards, geotechnical engineering, mining
science, hydrogeology, and environmental geology. The contributions highlight innovative
approaches to landslide and geohazard assessment, advanced geotechnical modeling and
underground construction behavior, sustainable mining practices, and environmental
monitoring for land, water, and geological systems. These works reinforce the essential
principles of ensuring safety, environmental protection, and sustainable resource
utilization, forming the foundation for resilient national progress.

Part 2 - Digital Transformation for Prosperous Development

The second part illustrates how Al, machine learning, remote sensing, WebGIS, and
geospatial intelligence are revolutionizing data acquisition, environmental monitoring,
hazard prediction, and decision-making. The studies presented explore big data and deep
learning techniques for landslide modeling, WebGIS-based early warning systems, UAV
and hyperspectral imaging applications, groundwater forecasting, air quality assessment,
and digital transformation-driven environmental governance. These contributions
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demonstrate the transformative role of digital technologies in fostering prosperous,
evidence-based, and future-ready development.

Part 3 - Green Development: Perspectives of the Earth, Mine and Environmental
Sciences

The final part focuses on the scientific foundations and practical pathways toward
green growth, environmental restoration, and sustainable livelihoods. The articles cover
marine and coastal ecosystem management, microplastic pollution, wastewater treatment,
green materials and circular economy solutions, biodiversity and climate-related studies,
greenhouse gas monitoring, and sustainable tourism planning. Collectively, these
contributions reflect a holistic, interdisciplinary approach to green development,
integrating environmental science, socio-economic considerations, and policy-relevant
insights.

As a whole, Volume 2 presents a comprehensive and timely collection of scientific
advances that align with national and global priorities for sustainability. It showcases how
Earth, mining, and environmental sciences are evolving to meet the challenges of a rapidly
changing world, advancing the shared goal of a safer, greener, and more prosperous future.

We extend our sincere appreciation to all authors, reviewers, editors, and supporting
institutions for their dedication and contributions. Their collective efforts have made this
volume a meaningful addition to the scientific literature and a valuable reference for
researchers, practitioners, policymakers, and students.

Editorial Board

vi
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Abstract: Natural disasters are often triggered
by extreme weather events, earthquakes,
volcanic eruptions, and tsunamis, which can
subsequently induce secondary hazards such as
river floods, mudflows, and landslides.

Among these, geohazards related to soil
swelling (expansive soil phenomena) frequently
occur in sedimentary layers. Swelling soils can
lead to structural failures of buildings, roads,
tunnels, railways, retaining walls, and other
infrastructures, and can also induce landslides.

However, the mechanisms of soil swelling
are still not fully understood. Such phenomena
are typically observed in soils containing clay
minerals such as smectite, with
montmorillonite being the most expansive. To
clarify these mechanisms, laboratory tests were
conducted wusing samples with varying
montmorillonite contents. From  the
experimental results, a practical equation was
derived for fitting the swelling behavior of soils.

For the early detection or prediction of
such geohazards, various monitoring systems
have been developed. This paper also
introduces a newly developed geophone-based
monitoring system for early detection and
prediction of such geohazards.

Keywords: soil swelling test; montmorillonite;
geohazard; monitoring system.

INTRODUCTION

In recent years, extreme weather events
have been frequently observed worldwide. In
addition, large-scale geological hazards have
been reported-particularly in Asian countries,
where about 65% of such events occur. These
disasters often appear as landslides, mudflows,

and river floods, and are frequently accelerated
by rapid land development associated with
population growth.

Most affected regions consist of
sedimentary and  tuffaceous  volcanic
formations, where weathering and
hydrothermal alteration have produced

smectite-rich clay layers. These formations are
closely related to soil swelling and expansive
clay behavior, which often contribute to
landslide activity in these areas. [14, 23]

Swelling phenomena in soils are mainly
caused by specific clay minerals such as
smectite, among which montmorillonite shows
the strongest swelling capacity. Many studies
have been conducted on these phenomena. [9,
11, 16, 19, 20]

Figure 1 presents two famous examples of
landslides that occurred during the snowmelt
season in Niigata and Akira Japan. In both
cases, the slip surfaces contained smectite.

Both landslides occurred during the
snowmelt season within the Green Tuff Belt
Zone along the Japan Sea side, where old
bentonite mines are also distributed.

Figure 2 shows landslide disaster statistics
over the past 83 years (1915-1997) in Akita
Prefecture, Japan. Both of the above-mentioned
landslides are included in this dataset. The
chart indicates that large landslides mostly
occur at the end of the snowmelt season in
regions characterized by Green Tuff formations
of Quaternary and Tertiary origin. These areas
are typically near valleys, mountains, or hilly
terrain, where many geohazards have been
recorded.
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(a) The Kokugawa Landslide, occurred in March 2012 in
Niigata Prefecture

(b) The Hachimantai Sumikawa Hot Spa Landslide,
occurred in May 1997 in Akita Prefecture

Figure 1. Two examples of landslides occurred during the snowmelt season in Japan. In both cases, the slip
surfaces contained smectite
(The dotted area indicates the Green Tuff zone, and O indicates an old bentonite mine on the map of Japan).
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Figure 2 Landslide sediment discharge against slope
angle by 40 cases

According to the statistics, approximately
70% of landslides along the Japan Sea side
occur during the thawing season. In these
regions, most slip surfaces are found within the
same geological formation—the Green Tuff
areas rich in swelling clay and affected by
abundant  snowmelt  water.  Therefore,
landslides in these areas are considered to be
accelerated by the combined effects of both

factors.

Figure 3 shows simple images of landslide
slope conditions (a) snow cover season and (b)
snow melting time. Figure 4 shows
meteorological data corresponding to the
landside in Figure 1(b).
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//
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Figure 3. Slope conditions during (a) the snow-
covered period and (b) the snowmelt period



ADVANCES IN THE EARTH, MINING AND ENVIRONMENTAL SCIENCES FOR SAFE AND SUSTAINABLE DEVELOPMENT

Mean Air Temperature

g

g
Mean Air Temperature (°C)

g 8

Snow Cover Depth (cm)

91721 91731 91/4/1 91/5/1

Year /Month/Date

nn 96/12/1 LN

8o

Figure 4 Meteorological Data corresponding
to the landside in Figure 1(b)
(Sumikawa Electrical Station data)

It is considered that water table of the
underground stays usually at low level in snow
season, however at the end of winter season, its
level getting high according snow melting
together with air temperature become high.
Besides, snow melting accelerates and then
underground water level naturally rises up to
more high level as shown in the figures. At the
same time soil temperature is getting high,
then covered snow weight become light and
then underground water level rising up
together. Due to these reasons make frequent
landslide events in these Green Tuff areas. [1, 2,

4,5, 8,15,17,18, 23]

R i % )
B 3

(c) Tﬁnnel destruction

! .

(b)House wrecking *
Figure 5 Geohazards by swelling phenomena

Figure 5 shows another geo-hazards due
to swelling phenomena of soil. As shown in this
figure, the swelling phenomenon of soils is
difficult to understand because of its complex
mechanisms involving mineral composition,
moisture variation, and stress conditions. This
unpredictable behavior frequently leads to
serious ground deformation, causing damage to

foundations, pavements, and other structures.
Consequently, swelling-induced failures have
resulted in considerable economic losses in
many construction projects worldwide.

UNDERSTANDING SWELLING BEHAVIOR OF
CLAYS: LABORATORY EXPERIMENTS AND
FIELD APPLICATIONS

To better understand the swelling
characteristics of clays that contribute to
landslide hazards, several laboratory
experiments have been conducted. [1, 2, 4, 8,
18] Based on these experimental results using
montmorillonite, a swelling equation was
developed. Furthermore, its applicability was
tested against field cases of swelling observed
during mining and tunneling, where the
equation successfully described the observed
deformations. [7]

Numerous landslides in sedimentary soil
areas have also been linked to swelling clays,
together with long-term creeping behavior
frequently observed. For early detecting sensor
of this kind of geohazards, there are many
types of monitoring systems had been
developed till today. [3]

In this paper, geophone-based monitoring
system is recommended as one of the excellent
rededicating  measurement  systems for
geohazards.

MECHANISMS OF SOIL SWELLING AND
EXPERIMENTAL MATERIALS

Swelling-prone ground often causes
various geotechnical troubles in design and
construction, which are mainly attributed to
the following factors.

Following detail would be the most of
reasons of swelling and expansion of soil.

(1) Mechanical expansion caused by water
absorption.

(2) Including swelling clays.

(3) Clay structural change caused by water
absorption.

(4) Heat and pressure cause changes in the
crystal structure.
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(5) Relaxation of concealed earth pressure.
(6) Plastic deformation by tectonic movement
(7) Freezing of pore water increasing.

These are almost relate to the volume
change and relate to accelerated many kinds of
geohazards [5].

Swelling may occur by the reason mainly
following physical and mechanical conditions.

From the above, swelling behavior
basically express as following sample
conditions. The swelling behavior can be
expressed by the following general function:

Ps = f(Ck, Mq, Wp, Wc, Sp, Ec, Pc, Wi,
T, « «)neees (1)

where Ck: kind of clay minerals, Mq: content of
swelling clay minerals, Wp: kind of pore water,
Wec: ionic density of pore water, Sp: structure
and arrangement of clay, Ec: compacted
hardness of sample, Pc: confining pressure, Wi:
initial water content of the sample, and T:
temperature. etc.

In this way, there are so many kind of
factors existing for measurement against
geotechnical swelling behavior by laboratory
experiments, therefore, several limited factors
were selected for laboratory tests. In which,
due to these volume change factors are not yet
analyzed well, it has also been still remained
several problems to be researched especially
the mechanism of swelling.

In this study, available predicting
explanations for swelling are proposed through
the laboratory tests by using a newly developed
apparatus.

The samples used in this study were pure
montmorillonite powder (called Kunigel Vi
Moo, as shown in Figure 7) and mixtures of
Kunigel V1 with pure kaolinite powder (called
CT Kaolinite), prepared under controlled
conditions with varying water contents and
compaction levels, while maintaining a stable
chamber temperature of 15 °C [6].

Figure 6 shows an original rock called
Kunigel V1 of original bentonite rock including
much of montmorillonite.

Figure 6. shows an original rock of Kunigel V1

Figure 7 shows the X-ray diffraction
(XRD) pattern of Kunigel V1. The XRD analysis
indicates that Kunigel Vi contains small
amounts of feldspar and quartz, but it is known
as the highest-purity montmorillonite-bearing
rock in Japan. [16, 20]
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Figure 7. X-ray diffraction spectrum of Kunigel
V1 : Kunigel V1 is the original rock of
montmorillonite, containing small amounts of
quartz, feldspar, and sericite.

Figure 8 shows one of the soil mechanical
experiment results between Kunigel V1 (M) and
Kaolinite (K) mixing materials. Kaolinite
believed as non-swelling material. Therefore, to
understand the behavior of these mixing
materials, several experimental results obtained.

As one of the results, Figure 8 shows the
relationship between sample flow index (If)
and liquid limit (W1). From the chart, there is a
high linear relationship was found obtained as
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shown in the figure. That is, in case of high
montmorillonite content shows high flow index
If-value as is shown in the equation of the
Figure 8.

In this figure, Ms50-Ks0 means each
sample mixed in %. According to the test
results, we can say why the soil mass
(landslide) moving on a slope estimate that
landslide may accelerate generally by the
degree of containing of montmorillonite.

120
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= 80

« N100 ]
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Figure 8. Soil mechanical characteristics of
mixed clay powder composed of
montmorillonite (M) and kaolinite (K)

Figure 8 shows the soil mechanical
characteristics of mixed clay powders
composed of montmorillonite (M) and
kaolinite (K). As the M mixing ratio of
montmorillonite increases, the flow index (If)
also increases.

From above soil mechanical experiments,
a good relationship was shown with a following
linear equation as shown in Figure 8. According
to the relation, big If -value was obtained in the
area of high montmorillonite content sample.
This is a one of the substantial sources that
landslide behavior may be accelerated depends
on the If-value. Addition to this, almost soil of
landslide in green tuff area rich in
montmorillonite.

Therefore, If-value is considered as an
additional symbol for the possibility of land-
sliding. The swelling of montmorillonite-rich
layers induces micro-fracturing and small
particle movements that generate detectable
ground vibrations. In addition, the bulk
movement of the mass can produce significant
impacts or vibrations. This provides a sound

basis for applying geophone-based monitoring
to swelling-induced geohazards.

SWELLING PRESSURE (PS) BY LABORATORY
TESTS

Soft foundation including swelling clay
minerals such as montmorillonite behaves
accompanying with elastic-perfectly plastic
deformations. The purpose of this paper is to
investigate such the stress strain relationship of
montmorillonite-kaolinite mixture materials.
First of all, how long does it take to come final
swelling phenomena? Next how big the final
swelling pressure? These are investigated first
using different mixture montmorillonite
samples. These are already have been tried by
many researchers wuntil today, and had
proposed many types of expression about
swelling potential. [1, 2, 4, 18]

In this study, Ps was measured by
handmade apparatus using montmorillonite
mixed sample setting up inside oedometer, then
distilled water was supplied to the samples
packed in the consolidation oedometer vessel of
which volume keeping at any time constant.
Then the swelling pressure was measured under
the constant temperature at 15 °C.

Figure 9 shows experimental results of
swelling pressure Ps against time. Swelling test
tried for the different montmorillonite content
samples varying 100% (M100) to 20% (M20). In
case of Moo sample, swelling phenomena
appeared 3 weeks more over till to be finished.
From the result of Mioo sample swelling, it is
estimated that the swelling pressure may yield
approximate 200 kPa at the maximum.

200
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150 E—_ Mao
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Figure 9. Experimental results of swelling pressure
against time
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Next, the time scale was converted into a
logarithmic scale, as shown in Figure 10. This
transformation allowed the swelling behavior
to be represented by a logistic-type equation as
follows:

Ps=Psf/[1+exp(a-kt)] -+ (2)

where Psf (in kPa) is the final swelling pressure,
k is a constant depending on the
montmorillonite content, and t is the elapsed
time (in minutes).

The use of the logarithmic time scale
made it possible to fit the experimental data
with a single equation that can also be applied
to field observations, such as swelling
deformation encountered during coal mine
construction as shown in Figure 1.

When Ps is converted into deformation
(in cm), the same equation can describe other
swelling phenomena as well. Therefore, the
proposed equation is considered applicable to a
wide range of similar geohazards.
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Figure 10. Water content (W1i) different material
chart for M50
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Figure 11. Application of swelling equation for
Mining Construction [19].

MONITORING SYSTEM AND NEW
DEVELOPED DEVICE FOR GEOPHONE

In recent years, the frequency of record-
breaking heavy rainfall events associated with
global warming, as well as sediment disasters
triggered by earthquakes in mountainous
regions, has been increasing worldwide. These
phenomena have caused severe damage to
infrastructure, residential areas, and
transportation networks, highlighting the
vulnerability of natural slopes and engineered
embankments. Consequently, the development
of reliable technologies for continuous and
real-time monitoring of sediment movement
has become an urgent issue, not only for early
warning and disaster prevention but also for
improving the understanding of slope failure
mechanisms and enhancing the resilience of
geotechnical structures.

Even when considering the above-
mentioned geotechnical characteristics, it is
actually difficult to predict and prevent ground
failures in advance. Therefore, various
monitoring techniques have been developed to
mitigate landslide disasters; however, the
current situation is still far from sufficient. The
main reason is that the development of
methods to directly observe “soil movement,”
which serves as a clear precursor phenomenon
before slope failure, has not been adequately
pursued so far. The following section describes
the latest technique that enables continuous
monitoring of soil movement.

In recent years, the frequency of record-
breaking heavy rainfall associated with global
warming, as well as sediment disasters
triggered by earthquakes in mountainous
regions, has been increasing worldwide.
Consequently, the development of technologies
for continuous monitoring of sediment
movement has become an urgent issue.

Among the available sensing devices,
geophones have attracted particular attention
because they are capable of continuously
monitoring ground vibrations and quantifying
the impact energy generated by sediment
collisions. [12, 13, 21, 22].
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Research Overview

Amount weight of soil and
gravel falling down on slope k&

Sound of soil colliding with Geophone -
: 0
T $

Accumulated energy from debris flow

Figure 12. Overview of full time monitoring of slope
collapse by geophone

Tron ball impact
experiment device

Box

Cover steel
plate

Integration circuit

Microphone
Figure 13. Geophone appearance and configuration

This study proposes a method for the
continuous monitoring of slope failures using
geophones  integrated  with  IoT-based
communication technologies. A geophone
detects acoustic or vibrational signals
generated by the impacts of soil and gravel
particles, while an integrating circuit integrates
these signals to calculate the corresponding
energy or weight values. This process allows

the system to provide quantitative, real-time
evaluations of sediment movement, offering a
practical tool for the early detection of slope
instability and landslide hazards.

Figure 12 presents an overview of
continuous slope-collapse monitoring using
geophones. Figure 13 shows the geophone’s
appearance and its configuration for this
monitoring system, while Figure 14 illustrates
the integration of sound pressure resulting

from soil impacts.
% Plate
A
Collision sound
wave

Jn

Integration circuit patented
by Dr. Sakajo and Mr. Tsuruta i ALy

Figure 14. Integration of sound pressure from soil
impact

Experiments and Results

Laboratory experiments using iron ball
impacts were conducted to simulate soil
collisions. The results confirmed a correlation
between impact acoustic pressure and soil
weight. The relationship can be expressed as a
linear equation

W=qP""" (3)

where W represents the soil weight, P is the
integrated acoustic pressure, and o means an
experimentally derived proportionality constant.

Figure 15 shows the integration of sound
pressure into the weight of falling soil.

Weight of soil movement, W

W=a-P

Experiments of soil collision
to obtain the right hand chart

Figure 15. Converting the integral sound pressure
into the weight of falling soil

Integrated acoustic pressure, P
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Before = measurement, slope-collapse
experiments were conducted using soil of
known weight. By this, both the soil weight
during collapse and the impact acoustic
pressure detected by geophones were recorded,
allowing the proportionality constant o to be
estimated.

System Configuration

The proposed system consists of the
following components:

1. Geophone and Integration Circuit -
Measurement and  conversion  of
sediment collision energy.

2. IoT Module - Data transmission to a
cloud server via PC or mobile devices.

3. Auxiliary Sensors - Water level gauge,
cameras, and other sensors for enhanced

monitoring.

4. Power Supply - Solar power system
enabling autonomous operation in off-
grid areas.

Figure 16 and Figure 17 show the concept
of IOT system and the concept of continuous
monitoring system, respectively.

Cloud Server

t

Upload information of sediment volume

t

Through internet, access the information

= [

Cell phone
e sensor to integrate sediment volume by the collision sound. Anothe

=
" AN
y
Geophone*

is available to sense vibration

Figure 16. The concept of IOT system

As shown in Figure 16, with the
advancement of IoT technologies, field
monitoring data from remote sites can now be
transmitted in real time and accessed through
computers or mobile devices at the office. This
capability enables engineers and disaster
management authorities to continuously
observe slope conditions, detect early warning

10

signs of potential landslides, and make prompt
decisions for the rapid implementation of
preventive measures, thereby significantly
enhancing the effectiveness of landslide risk
management and early warning systems.

LoT for various sensors

Cloud Server |

10T module

(A)

(BC&E)

Water level gauge i

Supplying solar power
to off-grid areas

Solar system

. Panel
¥ Controller

MAX100m Battery
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Figure 17. The concept of continuous monitoring
system

As shown in Figure 17, this system not
only monitors sediment movement using
geophones but also captures data on
groundwater fluctuations and photographs of
surface deformations, enabling a
comprehensive  observation of landslide
dynamics. By utilizing solar panels, the system
can operate without an external power supply.
In addition, it can run continuously for up to
one month using a high-capacity battery.

Application Examples

Applications be

explained as follows.

of geophones can

(1) Detection of debris flows in mountain
streams.

(2) Monitoring of slope deformation for early
warning of collapse.
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(3) Continuous monitoring of complex
disasters such as cliff collapses, landslides,
and debris flows triggered by earthquakes
and heavy rain.

(4) A proposal for continuous monitoring of
sediment movement using geophones
during complex disasters

Figure 18 shows an example of geophone
installation in a mountain stream. Figure 19
presents a proposal for installing geophones on
a slope.

Solar panel

® =

\ N

Figure 18. Example of geophone installation in a
mountain stream

Capture picture od
@ slope deformation

Water level gauge
is necessary

a. Detecting falling soil on
the existing ground

A
b. Detecting falling soil
passing over a small
dyke

Figure 19. Proposal for installing geophones
on a slope

Figure 20 illustrates a proposal for
geophone installation to address various types
of hazards, indicating that geophones could be

applied in multiple scenarios. Figure 21
demonstrates the potential for complex
geohazard events.

As shown in Figure 20, sediment

movement occurs as a precursor phenomenon
in all three types of mass movements: (a) cliff
collapse, (b) landslide, and (c) debris flow. In
addition, as illustrated in Figure 21, sediment
movement caused by river flooding and

11

geophone measurements in the surrounding
mountainous areas can be simultaneously
observed. This capability is expected to be
useful for early warning of compound disasters
triggered by earthquakes or heavy rainfall.

N

a) Cliff collapse b) Land slide ¢) Debris flow

Figure 20. Proposal for installing geophones to deal
with various types of geological hazards

Figure 21 Complex Disaster by the Noto Peninsular
Earthquake January 1, 2024 and February Heavy rain
February 1-5, 2024.

The geophones were calibrated by
applying various waveforms under different
temperature conditions and verifying their
agreement with theoretical values. The
reliability of the measurements can be
evaluated by analyzing the recorded data, and
continuous measurements over a seven-day
period allow the observation of daily variations
and trends.

CONCLUSION

The following conclusions have been
developed.

(1) Swelling-induced geohazards frequently
occur in soils containing montmorillonite,
particularly within sedimentary formations
such as the Green Tuff zone.

(2) Laboratory experiments showed that
swelling pressure and deformation are
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strongly influenced by montmorillonite
content and can be effectively described
using a logistic-type model.

The flow index (If) is proposed as a
practical indicator for assessing landslide
susceptibility in montmorillonite-rich soils.

(4) The newly developed geophone-based

monitoring system offers a viable early-
warning tool for detecting ground
deformations  related to  swelling
phenomena.

The continuous geophone monitoring
system demonstrates high potential for
early detection and prediction of sediment-
related disasters. Its integration with IoT
and renewable energy technologies enables
stable operation even in remote areas, and
future  deployment across  diverse
topographies is expected to significantly
mitigate disaster risks.
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Abstract: Landslides represent one of the most
severe environmental hazards in mountainous
regions, threatening sustainable development,
ecosystem stability, and community safety. This
study addresses landslide susceptibility mapping
in the Nam Ma watershed, Northern Vietnam, as
a contribution to green and climate-resilient
development. We employ a Random Forest
model integrated with digital geospatial
techniques to explore the effects of sample ratios
and validation methods on predictive
performance. Seventeen predisposing factors
related to topography, geology, land use, and
hydrology were analyzed. Three validation
strategies designed partition (70/30), random
cross-validation, and spatial-clustered cross-
validation were compared to enhance model
robustness. Results indicate that increasing the
proportion of landslide-free samples improves
specificity but reduces sensitivity, revealing a
trade-off that requires optimization. The optimal
ratio of 1:1.33 yielded balanced performance, while
random cross-validation slightly outperformed
other methods. The findings highlight the
importance of methodological design in machine
learning-based  hazard modeling. Beyond
methodological insights, this research underlines
the  potential of  Data-driven  digital
transformation in environmental sciences to
support land management, disaster prevention,
and sustainable development in landslide-prone
areas.

Keywords: landslide susceptibility, random
forest, sample ratio, model validation method,
Nam Ma watershed.
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INTRODUCTION

Landslides are among the most
destructive natural hazards in mountainous
regions, causing severe damage to
infrastructure, property, and human lives.
Identifying areas prone to landslides is
essential for effective disaster risk management
and sustainable land-use planning (Guzzetti,
Reichenbach, Ardizzone, Cardinali, & Gallj,
2006). In recent decades, various approaches
have been applied for landslide susceptibility
mapping, ranging from statistical to machine
learning (ML) techniques (Lima, Steger, Glade,
& Murillo-Garcia, 2022; Reichenbach, Rossi,
Malamud, Mihir, & Guzzetti, 2018). Among
them, the Random Forest (RF) model has
become one of the most widely used due to its
strong capability to manage complex, nonlinear
data and its robustness against noise (Behnia &
Blais-Stevens, 2018; Goetz, Brenning, Petschko,
& Leopold, 2015; Hong, Miao, Liu, & Zhu, 2019;
Park & Kim, 2019; Trigila, ladanza, Esposito, &
Scarascia-Mugnozza, 2015).

However, landslide datasets often suffer
from class imbalance, as recorded landslides
occupy only a small portion of the study area.
Ensemble methods such as Balanced Random
Forest and EasyEnsemble can mitigate this
issue, but data imbalance remains a major
source of uncertainty in model prediction (Al-
Najjar, Pradhan, Sarkar, Beydoun, & Alamri,
2021). The selection of appropriate ratios
between landslide and non-landslide samples
plays a crucial role in model performance
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(Guns & Vanacker, 2012; Heckmann, Gegg,
Gegg, & Becht, 2014; Hong et al, 2019;
Pourghasemi, Kornejady, Kerle, & Shabani,
2020; Van Den Eeckhaut et al., 2006), while the
choice of validation strategy such as design-
based split, random k-fold, or spatial cross-
validation significantly affects the reliability of
susceptibility mapping (Bui, Tuan, Klempe,
Pradhan, & Revhaug, 2016a; Merghadi,
Abderrahmane, & Bui, 2018).

This study examines the influence of
different sample ratios and validation methods
on the performance of the Random Forest
model for landslide susceptibility mapping in
the Nam Ma watershed, Lai Chau Province,
Vietnam. The watershed is characterized by
steep terrain, high rainfall, and complex
geological conditions, making it highly
susceptible to landslides. The findings aim to
provide insights into selecting optimal
sampling and validation strategies to enhance
the accuracy and reliability of landslide
susceptibility assessment in mountainous
regions.

STUDY AREA AND DATA

The Nam Ma watershed, a tributary of the
Da River, is located in Sin Ho District, Lai Chau
Province, northern Vietnam. The basin covers
approximately 732 km?, with the main river
extending about 55 km. The area is
characterized by rugged topography, complex
geology, and active tectonics typical of the
northwestern mountain ranges of Vietnam.
Sixteen lithological units occur within the
basin, with dominant formations including Ban
Phap, Vien Nam, Yen Chau, and Bac Son.
Several fault systems trending northwest—
southeast shape the drainage network and
geomorphic pattern. The region experiences a
tropical monsoon climate, with heavy rainfall
concentrated from April to October and peak
precipitation in June-July. Land cover is
primarily forest, agricultural, and unused land;
however, deforestation and shifting cultivation
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have significantly reduced forest cover in
recent decades. According to the Lai Chau
Disaster  Prevention  Agency, landslides
frequently cause severe damage to houses,
cropland, and infrastructure. Notably, after
intense rainfall on 27 June 2018, a large
landslide buried 28 houses in Sang Tung
village, Ta Ngao commune, illustrating the high
landslide risk in the basin.

Based on the data accessibility and literature
review, seventeen predisposing factors were
selected for landslide susceptibility modelling,
covering topographic, environmental, geological,
and hydrological domains (Table 1). These
include elevation, slope, aspect, plan and profile
curvature, topographic wetness index (TWI),
height above the nearest drainage (HAND),
Normalized Different Vegetation Index (NDVI),
land cover, land wuse, soil depth, lithology,
distance to faults, distance to streams, distance to
roads, distance to edge (ridge), and maximum 24-
hour rainfall.

Topographic variables derived from a
10 m DEM are vital for representing slope
stability conditions. Slope, TWI (Beven &
Kirkby, 1979), and HAND (Nobre et al., 2011;
Renno et al.,, 2008) were key indicators of
hydrological accumulation and relative
terrain position. Environmental factors such
as NDVI and land cover were obtained from a
Sentinel-2 image (21 February 2018) using
supervised classification, while land use data
were extracted from the 2015 Sin Ho district
map (1:25,000 scale). Rainfall data were
interpolated from 14 rain gauge stations to

generate a spatial map of long-term
maximum daily precipitation. Geological
data, including lithology and fault

distribution, were derived from the 1:200,000
national geological map, and soil depth data
from the provincial soil map. All spatial data
were resampled to 10 m resolution and
projected to UTM Zone 48N (WGS84) for
consistent analysis in ArcGIS.
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Table 1. Data used for landslide predisposing factors in Nam Ma (Viet Nam)

Data Conditioning Data source Min Max
factor
Topographical | Elevation Topographic maps (110 000) | 15.6 m 2463.5 m
factors provided by Viet Nam Department of
the Survey, mapping, and
Geographic Information
Slope (degree) DEM - derived 0 83.34
Aspect DEM - derived Category
Plan curvature DEM - derived -5.54905 | 8.50977
Profile Curvature | DEM - derived -16.1187 13.6822
TWI DEM - derived -2.148 20.41
HAND DEM - derived om 998.35 m
Environmental | NDVI Sentinel 2 - derived -0.57 0.994
factors Land cover Sentinel 2 - derived Category
Land use Land use map 2015 of Sin Ho district | Category
(1:25.000) provided by the local
government
Distance to | Stream derived by DEM om 2468.4 m
stream
Distance to edge Edge derived by DEM om 970.824 m
Max daily rainfall | 30 years daily rainfall 14 rain gauge | 205.19 399.71 mm/day
stations provided by (National | mm/day
Centre for Hydro-Meteorological
Forecasting
Distance to road Road network extract from the Lai | om > 5000 M
Chau Road map
Soil depth Soil map (province scale) provided | o cm >100 cm
by the Department of Natural
Resources and Environment of Lai
Chau.
Geological Lithological Geological map (1:200 000) Provided
factor formations by the Department of Geology and | Category
Minerals Viet Nam
Distance to fault Fault line extracted from the |om 5148.98 m
Geological map. Provided by the
Department of Geology and Minerals
Viet Nam
METHODOLOGY located in Sang Tung village, Ta Ngao

. . commune.
Sample selection strategies

To obtain reliable non-landslide samples,
areas without known landslide activity were
identified using the LandTrendr algorithm
(Kennedy, Yang, & Cohen, 2010), which
detects long-term surface disturbance from
Landsat time series. This approach minimizes
misclassification by excluding unstable terrain
(Chu, Chiang, & Lin, 2020). For model training
and validation, 80% of the landslide samples
(1,004 points) were used, while 20% (238

Landslide sample points were derived
from a combination of post-event Google Earth
imagery (landslides recorded in 2018) and the
official landslide inventory map of Lai Chau
Province compiled by the Vietnam Institute of
Geosciences and Mineral Resources (Hung et
al., 2017). A total of 1,242 landslide centroids
were extracted, with the largest landslide
(about 28 ha include source and damaged area)
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points) were reserved as an independent
testing subset. The same number of non-
landslide points (238) was selected for testing
to ensure a balanced evaluation.

Ten sampling ratios between landslide
and non-landslide data were then established
for model calibration (Table 2), ranging from
1:0.33 to 1:6. Each ratio was used to generate a
separate model (MOD1-MOD1o), allowing the
evaluation of model sensitivity to sample
proportion.

Table 2. Description of the sample strategies

Ratio Non-
Model |Landslide/Non | Landslide . Total
landslide landslide

MOD1 1:0.33 1004 331 1335
MOD2 1:0.5 1004 502 1506
MODs3 11 1004 1004 2008
MOD4 11.33 1004 1335 2339
MODs 11.5 1004 1506 2510
MOD6 1:2 1004 2008 3012
MOD7y 13 1004 3012 4016
MOD8 14 1004 4016 5020
MODg 15 1004 5020 6024
MODio 1:6 1004 6024 7028
Random forest

RF is a powerful machine-learning

technique that uses the Bootstrap sample
approach to train many decision trees (DTs)
with large depths. The RF ensemble model
combines the results of the DTs by taking a
majority vote for classification tasks or
counting an average for regression tasks. This
approach ensures that the model generalizes
well and does not overfit the training data
(Breiman, 2001). RF is suitable for continuous
and categorical predictor variables and can
minimize variance while maintaining the
ensemble's bias (Maxwell et al.,, 2020). The
unselected samples (out-of-bag) are used to
evaluate the uncertainties of the model
training. RF is widely used in various fields,
including landslide susceptibility research, due
to its ability to generalize well (Behnia & Blais-
Stevens, 2018; Goetz et al., 2015; Hong et al.,
2019; Lai, Chiang, & Tsai, 2019; Trigila et al.,
2015). This study used RStudio software with
updated packages to develop the RF model.
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Model performance

Model performance was evaluated using
both validation subsets and independent test
data under three validation schemes:

- Design-based split (70/30): random
partition of training (70%) and validation
(30%) data.

- Random  k-fold cross-validation
(RandomCV): the dataset divided into k = 10
random folds, iteratively trained and validated.

- Spatial cluster k-fold cross-validation
(SpatialClusterCV): spatially constrained folds
created through hierarchical clustering based on
sample  coordinates to reduce spatial
autocorrelation.

Performance metrics included sensitivity
(producer’s accuracy), specificity, precision
(user’s accuracy), overall accuracy, Kappa
coefficient, and area under the ROC curve
(AUC) (Chung & Fabbri, 2003; Congalton, 1991;
Maxwell et al., 2020). These indices quantify
different aspects of predictive performance and
reliability. Models with AUC > o0.9 were
considered excellent, and Kappa > 0.6
indicated substantial agreement (Van Den
Eeckhaut et al., 2006).

Simulation

. Design-based
(7030) PRy

Different ratios

Predisposing
factors

r \ Pre-train

subscts

| Spatial k-fold - RF
cv

Testing —
Landslide & data
Non-landslide

Figure 1. Workflow of this study

By maintaining a constant independent
testing subset across all experiments, the study
ensured that variations in model performance
were attributed solely to changes in sampling
ratio and validation strategy rather than
differences in test data. The overall
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methodological workflow is

Figure 1.

RESULTS AND DISCUSSION

Spatial cluster CV

Figure 2. Landslide susceptibility map (enlarged
area): over prediction (MODi ratio 1:0.33), The
appropriate result (MOD4 ratio 1:1.33), and under
prediction (MODio ratio 1:6).
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Figure 3. Accuracy assessment of different
training cases

illustrated in
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Model validation and testing results
show in Figure 3. In general, the change in
the ratio lead model results in predictability
variation. Results show that by increasing the
ratio from 1:0.33 (MOD1) to 1:1.33 (MODy),
testing results increase gradually in accuracy
values (except specificity). The test result
also shows that accuracy decreases when the
ratio increases above 1:1.33 (except AUC,
specificity, and precision keep increasing).
However, it is not the same case with
validation results. Sensitivity, specificity,
kappa, and AUC are quite consistent, but the
overall accuracy and precision show the
opposite of the test result.

In this study, according to the result of
different sample ratios between landslide and
non-landslide samples, the precision and recall
will be crossed at the point where the ratio at 1.33.
So, based on this result, we summarize that the
best ratio of landslide and non-landslide should
be higher than 11 and smaller than 1:1.5.

* MOD!
Linear (MOD4)

« Test_sample
Linear (MOD1)
1

- MOD4
Linear (MOD10)

= MODI0

’. -'-"'-'-?-.‘-""-‘:5-".-"
Over predicted "= P, sho %
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07
06 Frme

0.5 ] T

Susceptibility index

0 |y

Under pfedicted "

0 100 200 300

Number of samples
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Figure 4. Uncertainty of model prediction: the cases
with over prediction (MODi ratio 1:0.33), the
appropriate result (MOD4 ratio 1:1.33), and under
prediction (MODio ratio 1:6)

The result in Figure 4 shows that the
model result will tend to over predicted
landslides when the number of non-landslide
samples is smaller than the amount of landslide
(red point); in contrast, the problem will



VOLUME 2: EARTH, MINE, AND ENVIRONMENTAL SCIENCES FOR GREEN, SUSTAINABLE, AND PROSPEROUS DEVELOPMENT ...

obviously occur when increasing the
proportion of non-landslides much higher than
total landslide sample in training data. In that
case (MODg, ratio: 1:5), more landslide area
will be missed classification in the model result
(brown point). The better performance is
present at the MOD4 with the proportion of
1:1.33 (blue point).

Contribution of selected predisposing factor

The selected predisposing factors were
under the multicollinearity test before feeding
the model. The result of variance inflation
(VIF) and tolerance (TOL) values of each
factor. The values of VIF < 3 and TOL > 0.3
indicate that seventeen factors are no
multicollinearity. Results in Figure 5 show the
relative importance of predisposing factors
with three specific cases MOD1, MOD4 and
MODu1o. Generally, different training subsets
will lead to different ranks of factors
contributing to the model. However, we can
see that the seven important factors in all the
cases are land cover, NDVI, slope, elevation,
rainfall (max 24-hour rainfall), distance to
road, and distance to fault.

Landcover

Depth of soil 17

Aspect 134

Landuse >y Rainfall

Plan curvature Elevation

HAND =® Distance to road

T™WI Distance to fault

Distance to stream Profile curvature

Lithology

Distance to edge

—e—MOD1 —e—MOD2 MOD3 —e—MOD4 —o—MODS

MOD6 —e—MOD7 —e—MOD§ —o—MOD9 —o—MODI10

Figure 5. Relative rank of predisposing factor
important over the training cases

Discussion

This study developed a semi-automatic
approach to examine how varying the ratios
between landslide and non-landslide samples
influence the performance of landslide
susceptibility models using three Random
Forest-based validation strategies. The results
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demonstrate that the balance between positive
and negative samples plays a critical role in
model reliability. For the Nam Ma watershed,
employing seventeen predisposing factors, the
optimal proportion was found between 1:1 and
1:1.5, with the most suitable at 1:1.33. When
either class becomes predominant, the model
tends to over- or underpredict susceptibility.
This aligns with previous studies that
emphasize the need for a balanced dataset to
ensure stable model behavior (Heckmann et
al., 2014; Pourghasemi, Kornejady, Kerle, &
Shabani, 2019).

Among the three validation methods, the
design-based 70/30 split and the random k-fold
cross-validation  produced  similar  and
consistent results, with random CV performing
slightly better. In contrast, the spatial cluster
cross-validation achieved the lowest accuracy
and showed underestimation tendencies at
higher sample ratios. The simplicity of the
design-based 70/30 split explains its popularity
in previous research (Bui, Pradhan, Lofman,
Revhaug, & Dick, 2012; Chen, Zhang, Li, &
Shahabi, 2018; Kadavi, Lee, & Lee, 2018;
Pourghasemi et al., 2020; Wang et al., 2016).
Nevertheless, this study supports the
recommendation of Petschko et al. (2014) that
non-spatial random cross-validation provides a
more robust framework for landslide
susceptibility modelling (H. Petschko, A.
Brenning, R. Bell, J. Goetz, & Glade, 2014).

Maintaining a constant independent
testing subset for all experiments proved
essential for fair comparison between training
conditions and validation approaches. The
results further suggest that increasing training
data generally improves model stability, but
excessively large or small samples may reduce
performance due to data imbalance or
overfitting. The trade-off between sensitivity
(producer’s accuracy) and precision (user’s
accuracy) can guide the selection of an
appropriate ratio for optimizing predictive
performance. Therefore, future studies should

carefully consider sampling ratios and
validation schemes to ensure accurate,
transferable, and reliable landslide

susceptibility models.
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« Landslide

Figure 6. Landslide susceptibility maps based on different training subsets with Design-based (left); RandomCV
(center) and Spatial-cluster CV (right) method (a) MODz, (b) MOD2, (c) MOD3, (d) MODg, (e) MODs, (f)
MODS6, (g) MOD7, (h) MODS, (i) MODg, and (j) MOD1o

CONCLUSIONS

This study evaluated the impact of varying
ratios between landslide and non-landslide
samples on landslide susceptibility modelling
using the Random Forest algorithm in the Nam
Ma watershed, Lai Chau Province, Vietnam. A
total of seventeen conditioning factors
representing topographic, geological,
hydrological, and land-cover conditions were
incorporated into the model. The results
confirmed that the ratio between landslide and
non-landslide samples plays a crucial role in
determining model accuracy and predictive
stability. When the number of non-landslide
samples was smaller than that of landslides, the
model tended to overestimate susceptibility,
while an excessively large proportion of non-
landslide samples led to underestimation.

Three validation methods: design-based
(70/30), random k-fold, and spatial cluster k-
fold cross-validation were compared to assess
model robustness. The findings indicated that
the design-based and random k-fold
validations produced consistent and reliable
results, whereas spatial cluster cross-validation
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yielded slightly lower accuracy due to spatial
dependence within the dataset. The top seven
contributing factors to landslide occurrence
were identified as land cover, NDVI, slope,
elevation, maximum 24-hour rainfall, distance
to road, and distance to fault, emphasizing
their strong influence on slope instability in the
region.

Overall, this study highlights the
importance of selecting representative and
balanced datasets to ensure the reliability of
machine learning-based landslide susceptibility
models. The outcomes provide valuable
insights for optimizing sampling and validation
strategies, supporting the application of
Random Forest in landslide risk assessment.
These results also serve as a scientific basis for
local authorities to enhance land-use planning
and develop effective landslide mitigation
measures in mountainous areas.
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Abstract: In September 2024, Typhoon Yagi
brought prolonged and intense rainfall,
triggering thousands of landslides that caused
catastrophic damage and severe casualties in
Northern Vietnam. This paper presents a
preliminary analysis of landslide-induced
seismic wave signals recorded at the broadband
seismic monitoring stations. Three seismic
events were generated by rainfall-induced
deep-seated landslides in Lang Nu, Ba Thau
and Khe Bin villages. The data examination
indicates that the duration of landslide seismic
ranged from tens of seconds to several minutes,
indicating phases corresponding to initiation,
rapid downslope motion, and deposition.
Notably, spectral analysis of landslide signals
revealed the same seismograms characterized
by elongated waveform patterns with gradual

onsets and without defined P- or S-wave phases.

The seismic signals of the Lang Nu long-
traveling landslide generated the longest
ground motion among the recorded events,
which lasted for more than two minutes. These
distinct signatures are consistent with many
studies worldwide and provide valuable
spectrogram features for identifying and
characterizing landslide-generated seismic
events. The findings represent the first
documented evidence of landslide-related
seismic signals in Vietnam. They highlight the
potential for developing real-time seismic
monitoring systems for detecting, identifying
and issuing early warnings of catastrophic
landslides in remote mountainous regions.
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INTRODUCTION

Typhoon Yagi struck mainland Vietnam
in September 2024, producing torrential
rainfall, causing extensive economic and
human losses due to widespread of landslides
across the Northern provinces (Fig. 1).
According to the Vietnam Disaster and Dyke
Management Authority (VDMA, 2024), by
September 19, 2024, Typhoon Yagi had left 333
people dead or missing and 1,929 injured. The
three former provinces with the highest
number of casualties were Lao Cai, Cao Bang
and Yen Bai with corresponding death and
missing tolls of 150, 57, and 54 people,
respectively (VDMA, 2024). In which landslides
were responsible for 264 of the deaths,
accounting for 79% of all fatalities (Tien et al.,
2025). The newly established Lao Cai province,
which included both Lao Cai and Yen Bai
provinces before July 1, 2025, was severely
affected by economic losses and fatalities
caused by landslides.

Fig. 1 shows rainfall data monitored at rain-
gauge stations of Tinh Tuc (Cao Bang
province), Pho Rang, Tan Phuong and Luc Yen
(Lao Cai province) in the period from 7 to 12
September. According to collected data,
landslides mainly occurred on 9 and 10
September when the cumulative rainfall
reached approximately 370 after 3 days to 635
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mm after 4 days, respectively. Notably, single
events of rapid and deep-seated landslides
caused catastrophic disasters with a very high
number of fatalities, for example: the rapid,
long-traveling Lang Nu landslides claimed 67
lives; the Khuoi Ngoa landslide caused 34
deaths; the Nam Tong landslide buried 18
people; and the Lung Sung debris avalanche
left 11 people dead. The formation of large-scale
landslides not only caused shocking human
casualties but also forced many households in
residential areas to relocate to new settlements.
The details of the study area, locations and
photos of several deep landslides are presented
in Fig. 2.
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Figure 1. Rainfall associated with Typhoon Yagi
between 7 and 13 September, 2024 at Tinh Tuc, Pho
Rang, Tan Phuong and Luc Yen rain-gauge stations

(source: VDMA 2024)
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Figure 2. (a) Study area with location of deep-seated landslides and seismic monitoring stations; UAV photos
showing deep-seated landslide, including (b) Lang Nu, (c) Ba Thau, (d) Khe Bin and (e) At Thuong

Several deep-seated landslides rapidly
moved downslope and produced strong ground
motions. The Vinh Tuy and Sa Pa broadband
seismic stations in the Northern region
recorded clear ground motion signals
coinciding with the temporal occurrence of
three large landslides in Lang Nu, At Thuong
and Ba Thau villages. These broadband seismic
stations consisted of VIVB located at Vinh
Tuy town, Bac Quang district, Ha Giang
province (currently Vinh Tuy commune, Cao
Bang province); and SPVO and SPVB in Sa Pa
town, Lao Cai province (currently Sa Pa ward,
Lao Cai province) (Fig. 2). In which, the VTVB
station was closest to the three seismic-
generated landslides in At Thuong, Ba Thau
and Lang Nu villages with a distance of 28, 38
and 41 km, respectively. Whereas, the two
SPVO and SPVB seismic stations are located in
close proximity to each other in Sa Pa ward and
are about 75 km away from the Lang Nu
landslide.

The 2024 Lang Nu rockslide is located in
Phuc Khanh commune, Lao Cai province,
which was induced by rainfall at about 5:55 AM
(local time in GMT+7) on 10 September 2024
(Tien et al, 2025). The large-scale deep
landslide, approximately 370 m long, 190 m
wide, and 45 m deep, mobilized roughly 1.1
million m? of material (Fig. 2b). The sliding
mass traveled a distance of about 4,220 m at an
estimated average velocity of 10 m/s, burying 37
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households in Lang Nu village. The Lang Nu
has been considered one of the most
devastating natural landslides in Vietnam’s
history, given the large number of casualties
and its profound socio-economic consequences
(Tien et al., 2025).

The other two deep-seated landslides that
generated seismic signals occurred in Khe Bin
village (Lam Thuong commune) and Ba Thau
village (Bao Yen commune) of Lao Cai
province. These events occurred at
approximately 12:45 p.m. on 9 September and
6:00 a.m. on 12 September (local time, GMT+7),
respectively. The Ba Thau large-scale
landslide’s source was about 300 m long, 10 m
wide, and 50 m deep, mobilized a runout
distance of about 820 m (Fig. 2c). Whereas, the
At Thuong rockslide with its source body
measured up to 160 m in length, 75 m in width
and 20 m in deep. This landslide produced a
long traveling runout of around 600 and buried
two people and many houses. Among three
landslide seismic events, the Lang Nu sliding
initiation and motion had a longest duration
ranging from 3 to 5 minutes (Tien et al., 2025).

Seismic signals generated by landslides,
often referred to as ‘“landslide-triggered
earthquakes”, have been widely investigated in
by many scientists in countries such as Japan,
Taiwan, China, France, Italia, Switzerland,
Canada and the United States (Surinach et al.,
2005; Favreau et al., 2010; Lacroix et al., 2012;
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Hibert et al., 2014; Yamada et al., 2016; Li et al.,
2019; Chao et al, 2017, Kuo et al, 2018).
Recording seismic data from deep-seated
landslides is crucial for landslide study because
it enables the identification of the landslide
location and occurrence time, as well as the
interpretation of the underlying physical
processes. These factors provide valuable
infromationan for real-time detection and early
warning in remote mountainous areas.
Numerous events on deep-seated landslides
triggered by rainfall were studied in Vietnam
(Luong et al., 2016; Lan et al., 2019; Van Tien et
al., 2021a; 2021b; 2023; and 2025). However,
Vietnam still lacks comprehensive studies and
sufficient seismic observations of landslide-
generated signals. Therefore, this study
presents the initial results of an investigation
into landslide-generated seismic waves, to
provide a scientific basis for detecting large-
scale landslides in remote mountainous areas
of Vietnam.

METHODS

We conducted a total of six site surveys
between September and December, 2024 to
collect amounts of information on landslides
triggered by Typhoon Yagi in Lao Cai
(including the former Lao Cai and Yen Bai
provinces), Tuyen Quang (including the former
Ha Giang and Tuyen Quang provinces), and
Cao Bang provinces. Particularly, the detailed
information on fourteen deep-seated landslides
(such as location and time occurrence) was
collected and verified by interviewing
witnesses and residents (Fig. 2). Wave signals
recorded from broadband seismic stations,
namely VTVB, SPVO and SPVB, was examined
in detail according to the temporal occurrence
of deep-seated landslides.

Identification of seismic signals generated
by landslides, local earthquakes, or
anthropogenic noise was visually conducted on
the spectrogram of seismic waves, which was
based on typical signatures regarding the
shape, frequency content, amplitude variation
and duration of the seismic signals. In which
tectonic earthquake waves are dominantly
characterized by distinct P- and S-waves and
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low-frequency content (Li et al., 2019). In
contrast, landslide seismic signals show a
longer duration, chaotic and large frequency
content than local earthquakes (Chen et al,
2013). According to previous studies (Surinach
et al., 2005; Chen et al., 2013; Allstadt, 2013;
Lacroix, 2012), the duration of local
earthquakes typically ranges from a few
seconds to several tens of seconds. In contrast,
deep-seated landslides often generate seismic
signals that last from several tens of seconds to
several minutes. In terms of frequency content,
landslide-induced seismic signals may extend
up to 10-20 Hz, whereas small earthquakes
generally exhibit dominant energy below 5 Hz.
Fig. 3 shows key features of seismic signals
generated by the Kon Tum earthquake
(Magnitude = 3.0), which took place on
December o1, 2024. It is clear to identify the P-
wave and S-wave from the seismogram band.
The duration of the earthquake was about 38
seconds.

Amplitude (counts)

Frequency (Hz)

s L N R
Time (s)

Figure 3. Seismic signal generated by the 3.0M Kon
Tum earthquake: (a) N-S component seismogram,
and (b) Time-frequency characteristics

Available seismic data recorded at the
Vinh Tuy (VT) and Sa Pa (SP) stations (namely
VTVB, SPVB and SPVO stations) were
manually examined, separated and extracted
from the ambient noise. The seismic signal was
first processed with a 1-20 Hz band-pass filter
to suppress background noise. A Fourier
transform was subsequently applied to derive
the time-frequency spectrum. The analysis
used a 1024-sample window with 80% overlap,
providing a balanced trade-off between



VOLUME 2: EARTH, MINE, AND ENVIRONMENTAL SCIENCES FOR GREEN, SUSTAINABLE, AND PROSPEROUS DEVELOPMENT ...

temporal and frequency resolution for
detecting landslide-related signals. The power
spectral density was converted to decibels to
improve visual contrast, and only frequency
components below 60 Hz were retained to
emphasize the dominant seismic energy
associated with landslide processes. Fig. 4
shows the spectrograms of ambient
background noise and the landslide-induced
seismic signal recorded at the Vinh Tuy station.
The ambient noise exhibits a stable and
uniform frequency distribution with nearly
constant energy over time, reflecting typical
stationary background conditions. Whereas the
landslide-generated seismic signal displays
significantly higher energy levels with irregular
and chaotic frequency content.

- 15
Time (second)

50 100 150 200 250 300 350
Time (second)

Figure 4. Spectrogram features of Lang Nu seismic
signals recorded at the Vinh Tuy station: (a) 30
seconds before, and (b) during the sliding

RESULTS AND DISCUSSION
Seismic signals generated by Lang Nu landslide

The  original  broadband  seismic
waveforms of the Lang Nu landslide were
recorded at three stations, namely SPVO,
SPVB, and VTVB stations (Figs. 5 and 6). Each
station displays three seismic components
(HHE, HHN, and HHZ). The recorded
waveforms reveal an emergent and long-
duration signal distinguished from the
preceding background noise. In Fig. 6, the
dashed rectangle represents the seismic signals
identified from the landslide event. In the
time-series data, a distinct energy increase is
observed beginning around 70 seconds and
lasting until approximately 220 seconds,

26

corresponding to a total duration of about 150
seconds (Fig. 6). This time duration is
interpreted as the period of the main slope
movement, representing the initiation,
acceleration, and deceleration phases of the
Lang Nu landslide. The seismic signal revealed
that the Lang Nu landslide occurred at 22:57:40
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Figure 5. Original seismic waveform of the Lang Nu
landslide recorded at (a) the SPVO, (b) the SPVB,
and (c) VI'VB broadband seismic stations

Based on these original seismic records,
spectrogram and seismogram analyses were
conducted to characterize further the
frequency content, temporal evolution, and
dynamic process of the Lang Nu landslide
event. The Lang Nu spectrogram is
characterized by emergent onset, prolonged
strong energy release, and the absence of clear
P- and S-wave arrivals (Fig. 6). Significantly,
the spectrogram signature of the Lang Nu
landslide signal showed a cigar-shaped feature.
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Figure 6. The N-S component seismogram showing
spectrogram features of the Lang Nu landslide
seismic
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Seismic signals generated by Ba Thau landslide

Fig. 7 presents the broadband seismic
waveform and its corresponding spectrograms
of the Ba Thau landslide, recorded at the VIVB
station. According to the time series of wave
data, the landslide took place at 6:00 am on
September 12, 2025. The waveform exhibits an
emergent onset followed by a gradual increase
in amplitude. The total duration of the main
signal was about 50 s, which indicates the long-
period failure process rather than a short
impulsive source. The spectrograms (E-W and
N-S components) display concentrated energy
primarily in the 1-22 Hz frequency band, with a
chaotic and irregular distribution.
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Figure 7. The Ba Thau landslide seimic: (a) original
seismic waveform and the N-S component
seismogram

Seismic signals generated by Khe Bin landslide

For the Khe Bin landslide seismic, the
waveform shows a large high-frequency
content for approximately 50 seconds,
suggesting a strong energy mass movement
process. It also revealed an absence of distinct
P- and S-waves during the acceleration of the
ground motion. In the spectrogram, the energy
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is mainly confined to the high-frequency band
(~ 10220 Hz) with limited vertical extension
(Fig. 8). Despite being the nearest to the VTVB
station among the three landslide seismic sites,
the Khe Bin landslide generated a relatively
weak seismic signal, most likely because of its
smaller scale. Characteristics of landslide-
generated seismic signals of three sliding event
are denoted in Table 1.
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Figure 8. Seismic signal generated by the Khe Bin
landslide: (a) N-S component seismogram, and (b)
spectrogram features

Based on extensive interviews with local
eyewitnesses, the estimated landslide
occurrence times are nearly consistent with
the onset times of the recorded seismic
signals. The observed time difference, which
is likely on the order of several tens of
seconds, primarily reflects the seismic wave
travel time and the distance between the
landslide source and the seismic monitoring
stations. Accurately determining the timing
of landslide occurrence contributes to a
better understanding of landslide
phenomena and  their = mechanisms,
supporting hazard assessment and the
development of appropriate response
scenarios. In the case of Lang Nu village, the
seismic data indicate that the single
landslide occurred at approximately 05:57:40
am on 10 September 2024 and the associated
long-runout movement rapidly traveled
downslope and burried the village.
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Table 1. Summary of landslide-generated seismic

signals
Seismic Duration
signals (s) Frequency (Hz)
Lang Nu ~ 140 1-15
Ba Thau ~ 50 1-22
Khe Bin ~ 50 1-20
The results also provide important

insights into their potential application for
real-time detection and early warning. The
distinct seismic characteristics observed—
including long-duration signals, lack of clear P-
and S-wave phases, and dominant energy in
the 1-20 Hz frequency band—can serve as
robust diagnostic indicators for automatic
event classification. These parameters could be
integrated into real-time detection algorithms,
for example through continuous spectrogram
monitoring and  machine-learning-based
classifiers to identify non-earthquake emergent
signals. Incorporating these spectral and
temporal features into an operational warning
framework would enable near-real-time
recognition of large, fast-moving landslides,
even at night or in remote areas where no
human observations are possible.

With a denser broadband-seismic
monitoring network, the identification of
unidentified deep-seated landslides becomes
significantly more reliable by using signals
recorded at a minimum of three seismic
stations. Although the density of available
broadband seismic monitoring stations in the
northern Vietnam study area is very sparse,
three large landslide seismic generating
detectable seismic signals have confirmed the
reliability of the observations. It strongly
demonstrates the significance and necessity of
developing a more comprehensive broadband
seismic monitoring network to effectively
capture the seismic signatures of large-scale
deep-seated landslides. In northern Vietnam,
where remote mountainous areas are highly
susceptible to landslides, effective detection
and warning will depend on a denser,
strategically distributed network to enhance
the capability to identify landquake events
(e.g., landslides and their secondary hazards).
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CONCLUSIONS

Three large deep-seated landslides
induced seismic signals were recorded in Lang
Nu, Ba Thau and Khe Bin villages during
Typhoon Yagi in September 2024. The
seismogram indicates a long-period, elongated
waveforms with emergent onset and no clearly
distinct P or S wave arrivals. The seismic
signals provide information on the timing of
occurrence and the duration of these landslide
events. Whereas the analysis of waveform and
spectrogram features helps to distinguish
landslide signals from tectonic earthquakes.
Large  high-frequency  contents lasted
approximately one to three minutes, indicating
phases corresponding to initiation, rapid
downslope motion, and deposition.

The data analysis strongly demonstrates
the significance and necessity of development
of broadband seismic monitoring systems in
order to capture the seismic signals of large
landslides. In northern Vietnam, remote
mountainous areas are highly prone to
landslides, effective detection and warning will
depend on a dense seismic network to
significantly enhance the capability to identify
landquake events (such as landslides, debris
flows). The broadband seismic monitoring
systems would not only enhance scientific
understanding of landslide dynamics but also
contribute significantly to mitigating the
impacts of landslides and their consequent
secondary hazards in Northern Vietnam.
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Abstract: This study establishes rainfall
thresholds for landslides along National
Highway No. 32 (NH32) through Van Chan -
Gia Hoi, Lao Cai Province, based on 24 major
events recorded between 2000 and 2024.
Analytical approaches include the rainfall
intensity—duration (I-D) relationship and the
Bayesian probability model P(A|L,D). Three
dominant rainfall types were identified: (i)
short-duration, high-intensity rainfall (2-5
days) triggering failures within 1-3 days; (ii)
medium-duration rainfall (4-8 days) causing
failures after 3-5 days; and (iii) long-duration,
low-intensity rainfall (9-10 days) leading to
delayed failures with high cumulative totals.
Four empirical thresholds (I, s, Isp, and Igp)
were derived, and Iso represents the baseline
warning threshold. Bayesian analysis shows
that landslide probability P(A|I,D) > 0.5 mainly
occurs under short, high-intensity rainfall
exceeding 40-60 mm/day for more than 2-3
consecutive days. The integration of I-D and
Bayesian models enables the development of
dynamic probabilistic thresholds, enhancing
the effectiveness of early warning and landslide
prevention for mountainous areas of Van Chan
- Tu Le regions.

Keywords: Landslide; Bayesian probability;
intensity—duration relationship; early warning

INTRODUCTION

In recent years, under the influence of
climate change and the increasing frequency of
extreme weather events, severe landslides and
flash floods have occurred in many countries,
including Vietnam. Studies on rainfall-induced
landslides typically focus on detailed analyses
of rainfall duration, intensity, and cumulative
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amount over a given period and area to identify
the triggering rainfall thresholds.

Within the context of global climate
change, numerous studies have reported
increasing trends in both intensity and
duration of extreme rainfall—key factors
contributing to the rising risk of landslides. Bi
et al. (2023) analyzed a 60-year rainfall record
(1961-2020) across nine regions in China and
documented several long-lasting rainfall events
(4-40 days) with total precipitation ranging
from 150 to 400 mm that caused typical
landslides. Zhou et al. (2019) employed the
Probable Maximum Precipitation (PMP) index
to assess extreme rainfall in Hong Kong and
found that 24-hour totals could reach 668-1290
mm, sufficient to trigger debris flows. In
Thailand, Chaithong (2023) applied the
Generalized Extreme Value (GEV) model to
construct I-F-D curves, revealing extreme
rainfall events of 9o-175 mm/day with an
upward recurrence trend. In Taiwan, rainfall
exceeding 80oo mm/day or intensities over 8o
mm/h have frequently led to catastrophic slope
failures (Wu, 2019). In Japan, Sato and Shuin
(2023) as well as Mori and Ono (2019) reported
that cumulative rainfall of 300-600 mm within
five days caused hundreds of severe landslides.
These findings demonstrate that extreme
rainfall has become increasingly common
across monsoonal Asia, highlighting the urgent
need for more scientific and quantitative
determination of rainfall thresholds for
landslide initiation.

Building upon this foundation, numerous
studies have focused on developing rainfall
thresholds using probabilistic, statistical, and
machine learning approaches to improve
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landslide prediction. Berti et al. (2012)
pioneered the application of Bayesian
conditional probability to derive probabilistic
rainfall thresholds in the Emilia—-Romagna
region of Italy, using 4,141 landslide events and
daily rainfall records from 1939 to 2012. Their
results revealed a sharp increase in landslide
probability beyond a specific intensity-
duration threshold, representing a physical
boundary of system response. Do and Yin
(2018) extended this approach to the Ha Giang
region of Vietnam, utilizing 57 years of rainfall
data and 37 recorded landslides to establish a 3-
day rainfall threshold, where landslide
probability rose sharply from 0.08 to 0.67 when
rainfall intensity exceeded 40 mm.

At a broader scale, He el.al. (2020) applied
quantile regression to determine event-
duration (E-D) thresholds for the whole of
China based on 771 events (1998-2017), showing
that dry-season thresholds are significantly
lower than those of the wet season. Ning et al.
(2023) developed intensity-duration (I-D)
thresholds from downscaled TRMM satellite
data (500 m resolution) wusing machine
learning, identifying an optimal threshold of I5,
= 21.03 x D71.0% for the Wudu area. More
recently, Peng and Wu (2024) employed
Multilayer  Perceptron (MLP) and 3D
Convolutional Neural Network (CNN-3D)
models to construct E-D-R frameworks that
integrate rainfall thresholds with landslide
susceptibility mapping for daily hazard
warning in the Three Gorges Reservoir area.

Overall, recent studies reveal a clear shift
from analyzing the characteristics of extreme
rainfall events toward the development of
probabilistic and machine learning-based
rainfall thresholds. This modern approach not
only captures the inherent uncertainty in the
rainfall-landslide  relationship  but also
enhances the applicability of landslide early
warning systems at regional and national
scales. Determining rainfall thresholds through
statistical analysis of historical rainfall-
landslide datasets is considered an effective
method, particularly when reliable and long-
term data are available.
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In this study, a dataset covering the
period 2005-2024 (nearly 20 years) of rainfall
and landslide events was compiled and
statistically analyzed to establish rainfall
thresholds for landslide initiation in the
southwestern part of Lao Cai Province.
Furthermore, the Bayesian probability
approach was integrated to define probabilistic
warning levels, providing a basis for improved
prediction and prevention of rainfall-induced
landslides in mountainous regions.

STUDY AREA

The study area is located along the section
of National Highway No. 32 from Van Chan to
Gia Hoi and includes adjacent areas within Lao
Cai Province (Figure 1). It lies in the Tu Le
depression, at elevations ranging from 200 to
800 m above sea level, and is characterized by a
tropical monsoon climate with strong seasonal
variability. The mean annual temperature
ranges from 18°C to 32°C, and heavy rainfall
commonly occurs during the summer months
from June to September.

Based on the 1:50,000-scale geological
map, the region comprises the Tram Tau, Tu
Le, and Sinh Quyen formations, as well as the
Nam Kim and Tu Le, Ngoi Thia complexes. The
predominant lithologies along NH.32 and at
observed landslide sites are rhyolite and
trachyte, metamorphosed sedimentary rock
containing organic coal with displaying varying
structural patterns. Most landslide-prone
slopes consist of foliated to thinly foliated and
moderately to highly weathered rocks. The
rock fabric, bedding orientation, and degree of
weathering are key factors controlling slope
instability and active landslide zones in the
area. Along NH.32, several locations exhibit
high landslide susceptibility, notably in Gia Hoi
(Nam Bung, Nam Pui, Nam Lanh, Nam Kip),
and Nam Muoi-Son Luong communes. These
areas were selected for detailed rainfall-
landslide correlation analysis and geotechnical
investigation in the subsequent sections. A
general overview of the geographical and
geological settings of the study area is
presented in Figure 1.
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Figure 1 Geological map of the study area and potential landslide locations

DATA AND METHODS
Data collection

The datasets used for analyzing the
correlation between rainfall and historical
landslide events were compiled from multiple
sources, including previous research projects,
published studies, and local records (Duong,
2025). The analysis focused on major rainfall
and landslide events that occurred between
2000 and 2024. For each event, rainfall
parameters such as the number of rainy days,
rainfall intensity, and cumulative rainfall were
extracted and statistically analyzed. These
parameters were then used to estimate rainfall
probability, the conditional probability of
rainfall-induced landslides, and to define
rainfall thresholds for landslide initiation.

Rainfall data were obtained from the
Van Chan meteorological station, which is

32

managed by the  National Hydro-
Meteorological Service of Vietnam. Landslide
event information was cross-checked with field
reports and secondary data from local
authorities to ensure reliability and temporal
accuracy.

Determination of rainfall thresholds

Rainfall thresholds for landslide initiation
were determined using the empirical intensity-
duration (I-D) relationship. This approach
identifies the minimum rainfall conditions
capable of triggering slope failures by
examining the correlation between mean
rainfall intensity (I) and rainfall duration (D)
prior to each landslide event. The pairs of
values (I, D) were plotted on a log-log scale,
and statistical regression was applied to
estimate the threshold curve. The results
confirm that the minimum rainfall intensity
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required to trigger landslides decreases with
increasing rainfall duration, following a power-
law relationship expressed as: I=aD”

Bayesian probability analysis

Bayes’ theorem was applied to evaluate
the conditional probability of landslide
occurrence under different rainfall conditions
(Berti et. al., 2012). The dimensional Bayesian
model is expressed as:

P(BIA) .P(A)
P(B)

P(A|B) = (1)

where: A represents the occurrence of a
landslide event, B represents the rainfall
condition;

P(A|B) is the posterior probability, i.e.,
the probability of a landslide given that rainfall
B has occurred;

P(B|A) is the likelihood, i.e., the
conditional probability of observing rainfall B
given that a landslide has occurred;

P(A) is the prior probability, i.e., the
probability of a landslide occurring regardless
of rainfall conditions;

P(B) is the marginal probability, i.e., the
total probability of observing rainfall B without
considering whether a landslide occurred.

The individual probabilities are estimated
as follows

Ng _ Nwmia)
Ne' P(BIlA)= Na

P(4) = 4 P(4) =

where: Ny is the total number of rainfall events
during the study period (2000-2024) with a
cumulative rainfall of more than 5 mm over
two consecutive days, N, is the total number of
rainfall events that triggered landslides, Nj is
the total number of rainfall events with rainfall
magnitude B, N(B|A) is the number of rainfall
events of magnitude B that coincided with
landslides. This probabilistic framework allows
the estimation of the conditional probability
P(A|B), thereby quantifying the likelihood of
landslide occurrence under specific rainfall
intensities and durations.
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RESULTS AND DISCUSSION

Characteristics of Rainfall Patterns Triggering
Landslides

Based on the collected data and analysis
of rainfall events that triggered landslides, 24
cases were identified between 2000 and 2024 in
the Van Chan area (Yen Bai Province). The
results, summarized in Table 1, show that these
rainfall events exhibit three dominant patterns
as described below.

Type I - Short-duration, high-intensity
rainfall events

This group includes heavy or extreme
rainfall events lasting 2-5 days, with landslides
typically occurring very early—within the first
1-3  days of the rainfall sequence.
Representative cases include SKo3, SKo7, SKi6,
SKi8, SK20, SK21, SK22, SK23, and SK24 (Table
1). Figure 2 shows the rainfall intensity and
accumulated rainfall as an example for type I.
The mean rainfall intensity during these events
ranged from 13.3 to 63.5 mm/day, while daily
rainfall at the time of failure reached 24-159
mm/day, reflecting the strong impact of short-
term  concentrated  precipitation.  The
cumulative rainfall prior to failure generally
ranged from 24 to 194 mm, which is lower than
that of the other two types. These events
commonly occur during the main rainy season
(July-September), coinciding with widespread
heavy rainfall over the Van Chan region.

250 300

mmmm Rainfall Intensity

250
159.4
200
150

100

Rainfall Intensity (mm/d)

50 50

m = = W,

7-Sep-24 8-Sep-24 9-Sep-24 10-Sep-24 11-Sep-24 12-Sep-24

Accumulated rainfall (mm)

SK24, Landslide at 8 Sept 2024

Figure 2. Example of a rainfall event of Type I
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Type II - Medium-duration, moderate-
intensity rainfall events:

These events last for about 4-8 days, with
landslides typically occurring after 3-5 days of
rainfall, as an example in Figure 3.
Representative cases include SKoi, SKo2, SKo4,
SKos, SKog, SKi3, SKi4, and SKis. The mean
rainfall intensity during the events ranged from
15 to 52 mm/day, while daily rainfall on the day
of landsliding reached 13-104 mm/day. The
cumulative rainfall at the time of failure varied
from 47 to 260 mm, suggesting that prolonged
infiltration and soil saturation play an
important role. These events mainly occur
during late summer and early autumn (July-
October), when antecedent soil moisture is
already high due to previous rainfall.
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SK14, Landslide at 30 Aug 2028

Figure 3. Example of a rainfall event of Type II

Type III - Long-duration, low-intensity
rainfall events

This group is characterized by prolonged
rainfall lasting 9-10 days, with landslides
occurring later in the sequence, typically
between the 6th and 1oth days, as shown in
Figure 4. Representative cases include SKo6,
SKo8, SKio, SKii, SKi2, SKiy, and SKig. The

mean rainfall intensity throughout the events
was relatively low (u-39 mm/day), but
cumulative rainfall at failure was very high,
ranging from 68 to 383 mm. Daily rainfall on
the day of landsliding was quite high (21-155
mm/day), indicating that gradual saturation
processes were the dominant triggering
mechanism. Such events usually occur during
the peak rainy season (June-September), when
long-term rainfall accumulation exceeds the
slope’s hydrological threshold.
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Figure 4. Example of a rainfall event of Type III

Correlation between rainfall
duration (I-D relationship)

intensity and

From the collected data and the analysis
of the above events, a correlation diagram was
constructed to examine the relationship
between the mean rainfall intensity or the
cumulative rainfall up to the time of failure and
the total rainfall duration until landslide
occurrence (Figure 5). This study demonstrates
the rainfall intensity—duration (I-D)
relationship for landslide-triggering events as
presenting in Figure 5. The empirical I-D
threshold curves obtained from the dataset are
expressed as follows:

Table 1. Characteristics of rainfall patterns inducing landslide in Van Chan-Tu Le area

No. | Landslide event and Entire rainfall event At the time of landslide occurrence
date (dd/mm/yyyy) causing landslide
Total | Cumulative Mean rainfall Day of Rainfall Cumulative | Maximum
rainy rainfall of intensity failure Intensity rainfall up daily
days the entire (mm/day) since on the day to failure rainfall
event (mm) rainfall of failure (mm) Imax
onset (mm) (mm/day)
1 SK03 8/8/2008 5 188,3 37,66 2 123,7 128,1 123,7
2 SK07 19/8/2016 5 189,5 37,9 1 78,9 78,9 78,9
3 SK16 10/9/2019 2 25,9 12,95 1 24,8 24,8 24,8
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4 [ sk18 | 15/10/2020 3 190,6 63,53 2 96,6 149,1 96,6
5 | sk20 | 4/9/2022 2 43,5 21,75 2 38,6 43,5 38,6
6 | SKk21 | 12/9/2022 4 57,8 14,45 2 42 46,6 42

7 | sk22 | 2/10/2022 4 53 13,25 2 46,7 51,6 46,7
8 | sk23 | 25/06/2024 5 144,8 28,96 2 17,3 93,6 76,3
9 | sk24 | 8/9/2024 7 269 38,43 2 159,4 193,7 159,4
10 | sko1 | 28/9/2005 4 195,5 48,88 3 104 194,6 104

11 | sko2 | 7/8/2006 5 84,1 16,82 3 41,2 56,6 41,2
12 | skoa | 23/1/2010 3 47 15,67 3 13,7 47 23,1
13 | skos | 30/7/2013 5 261,6 52,32 4 61,7 259,3 109,4
14 | sko9 | 5/8/2017 5 66,9 13,38 4 51,3 64,8 51,3
15 | sk13 | 25/8/2018 3 42,9 14,3 3 37,9 42,9 37,9
16 | sk14 | 30/8/2018 3 258 36,86 3 96,5 157,5 96,5
17 | sk15 | 30/8/2019 3 196,3 28,04 4 63,5 86,2 63,5
18 | skoe | 2/8/2015 8 252,1 31,51 6 154,8 233 154,8
19 | skos | 12/7/2017 6 68,3 11,38 5 21,4 68 30,8
20 | sk11 | 11/10/2017 6 259,2 51,84 5 125,3 257,6 125,3
21 | SK10 | 16/9/2017 10 169,7 18,86 10 69,5 169,7 69,5
22 | sk12 | 21/7/2018 10 391,3 39,13 3 70,4 382,8 121,8
23 | sk17 | 18/08/2020 9 216,4 24,04 6 38,2 143,3 38,2
24 | sk19 | 10/6/2021 9 258,4 28,71 5 46,8 146,4 46,8
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Figure 5. Correlation between rainfall intensity and
duration triggering landslides

Lo = 94.56 D03%represents the extreme
rainfall threshold, typically associated with
short-duration (1-3 days) and very high-
intensity rainfall exceeding 70-100 mm/day.
These events often trigger rapid and
widespread landslides, corresponding to Type I
rainfall conditions.

I,s = 79.40 D037 reflects strong rainfall
events lasting 3-5 days, high-intensity rainfall
of 50-65mm/d, and in which may induce
localized landslides once slopes become
saturated. This level is generally associated
with Type II rainfall patterns.

Iso = 74.37 D7°-627 represents the median
(baseline) threshold, corresponding to the
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rainfall exceeding 25 mm/d. It is considered the
basic warning threshold for the Van Chan-Tu
Le area, applicable to Type II and Type III
events where prolonged infiltration weakens
slope stability.

lop = 38.22 D083 denotes the low-
intensity (less than 25 mm/d), long-duration
threshold. Landslides under such conditions
primarily result from cumulative saturation
and progressive slope weakening.

The I-D model not only characterizes the
variability of rainfall parameters leading to
landslides but also enables a clear ranking of
hazard levels according to distinct rainfall

patterns, providing a scientific basis for
establishing area-specific rainfall-landslide
warning thresholds for study area. The

statistical correlation between rainfall and
landslide occurrences derived here thus serves
as the primary basis for defining operational
warning thresholds in the study area. However,
for large-scale landslides, local conditions vary
significantly and some landslide bodies require
more  detailed site-specific analysis to
determine precise, location-specific triggering
thresholds. Based on the statistical
classification, representative rainfall scenarios
were identified; these characteristic patterns
are then used to construct rainfall scenarios for
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site-level stability analyses of individual

landslide masses.

The intensity-duration (I-D) relationship
has been widely applied in recent studies and is
recognized as an effective empirical tool for
establishing rainfall thresholds because it is
constructed directly from historical rainfall-
landslide records specific to each region (Berti
et al,, 2012; He et al., 2020; Ning et al., 2023).
The common power-law form [ = aD™ varies
significantly across different study areas, as the
coefficients a and b strongly depend on local
climatic conditions, terrain steepness, and soil-
rock characteristics. In this study, the threshold
Iso = 74.37-D™0.%27 exhibits a relatively high
coefficient a and a steeper exponent b
compared with many humid mountainous
regions in China (b = 0.3-0.5 in He et al., 2020;
Ning et al, 2023), indicating that short-
duration high-intensity rainfall plays a more
dominant role along National Highway 32. Our
b value is also higher than the ranges
commonly reported in broad international
reviews (Guzzetti et al., 2007; Peruccacci et al.,
2017), reflecting the steep topography, weakly
weathered materials, and clustered extreme
rainfall typical of the Northwest Vietnam
region. These findings are consistent with Do
and Yin (2018), who emphasized that
antecedent saturation and extreme rainfall in
mountainous Vietnam can steepen the I-D
curve compared with temperate regions.
Therefore, the threshold proposed in this study
is appropriate for the local context but should
be calibrated when applied elsewhere.

Results on the Probability of Landslide
Occurrence

In the Bayesian model, P(A|LD)
represents the conditional probability of a
landslide occurrence given rainfall intensity (I)
and duration (D). For practical use in early
warning, probability levels were classified by
color: P > 0.5 (red) - high risk, requiring
immediate warning; 0.3 < P < 0.5 (orange) -
moderate risk, requiring close monitoring; and
P < 0.3 (yellow-green) - low risk, typically
corresponding to short or low-intensity rainfall.
This classification facilitates the conversion of
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intuitive visual
timely decision-

probabilistic results into
information, supporting
making by local authorities.

Based on the statistical dataset of rainfall
and landslide events from 2000 to 2024, the
Bayesian conditional probability model was
applied to evaluate landslide occurrence as a
function of rainfall intensity and duration. The
results indicate a significant increase in
landslide probability when rainfall intensity
exceeds 40 mm/day and duration extends
beyond 2-3 consecutive days. The red bars in
the figure mark the zones with the highest
probability (P > o.5), corresponding to short-
duration, high-intensity rainfall events (Type I)
identified in Table 1.

Conversely, orange and green areas
represent medium to low probabilities (P <
0.3), mainly associated with long-duration,
low-intensity rainfall (Type II and Type III),
where landslides occur primarily due to
cumulative soil saturation. The Bayesian model
highlights the nonlinear relationship between
rainfall parameters and landslide likelihood:
rainfall intensity acts as a direct triggering
factor, while rainfall duration governs the
process of water accumulation and progressive
slope weakening.

The integration of the I-D and Bayesian
models demonstrates a clear complementarity:
the I-D model defines the quantitative rainfall
thresholds for triggering conditions, whereas
the Bayesian model provides the corresponding
probability of landslide occurrence for each (1,
D) combination. This integration shifts the
approach  from  static  threshold-based
assessment to dynamic probabilistic early
warning, enabling near real-time risk
forecasting. The results show that the highest
landslide risk occurs when rainfall intensity
exceeds 40-60 mm/day for more than 2-3
consecutive days, where the Bayesian
probability = P(A|LD) exceeds 0.5
corresponding to a red warning level. Under
such conditions, the early warning system
should be activated, and local mitigation
measures promptly implemented to reduce
landslide risk in the Van Chan - Gia Hoi area.
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Figure 6. Probability of landslide occurrence based
on rainfall intensity and duration

CONCLUSIONS

This study is part of a research project
aimed at defining rainfall thresholds for
landslide initiation along NH.32 in Lao Cai
province (Van Chan-Gia Hoi), based on
statistical records of rainfall and landslide
events from 2000 to 2024. A total of 24 major
landslide events were analyzed using the
rainfall intensity-duration (I-D) relationship
and the Bayesian conditional probability model
P(A|1,D) to establish a scientific foundation for
landslide early warning.

(1) The results indicate three primary
rainfall types in the this area: (i) short-
duration, high-intensity rainfall (2-5 days)
triggering early failures within the first 1-3
days, with daily rainfall of 42-160 mm/day; (ii)
moderate, medium-duration rainfall (4-8 days)
causing landslides after 3-5 days, with daily
rainfall of 13-104 mm/day; and (iii) long-
duration, low-intensity rainfall (9-10 days)
resulting in delayed failures (days 6-10) with
daily rainfall (21-154 mm/day) but high
cumulative totals (68-383 mm).

(2) The I-D analysis established four
rainfall  thresholds (L, ILys, Iso, Ioo)
corresponding to  different  exceedance
probabilities. Among them, I5, represents the
basic warning threshold, while I,o-Iy;s
characterize extreme rainfall conditions
capable of triggering rapid and widespread

DIAII N
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failures. Bayesian analysis further revealed that
short, high-intensity rainfall events (Type I)
exhibit high probabilities of landslide
occurrence (P(A|L,D) > o.5), particularly when
rainfall intensity exceeds 40-60 mm/day for
more than 2-3 consecutive days.

This study proposes integrating the I-D
threshold model with the Bayesian probability
model for dynamic landslide early warning.
Specifically, when I and D exceed or approach
the I,o-I,5 thresholds and P(A|L,D) > o.5, a red
alert (very high risk) should be issued.
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Abstract: Accelerated by China's booming
economy and rising energy demands, the
frequency of mining activities has increased
significantly, and the rainfall has intensified the
impact of mining activities. In these mining
areas,Numerous mining slope destabilization
failures have occurred, leading to significant
loss of life and property. Therefore, this study
to explore the deformation and failure
mechanism of collapse can provide prevention
and control value for such slopes in southwest
China.

The physical model test results revealed
that sequential mining and rainfall activities
induce  progressively  increasing  stress
variations, exhibiting a cyclical pattern of stress
concentration, relaxation, and stabilization.
Mining initiated the formation of tension and
separation fractures, which were exacerbated
by rainfall. Through these cracks and
infiltration of rock and soil, rainwater causes
the moisture content in the upper part of the
model to increase faster. Displacement values
within the model progressively increased with
ongoing coal seam mining, primarily occurring
in the mining area's roof and extending to the
model's top following rainfall.

Mining operations disrupt the slope's
stress equilibrium, generating an extensive
fracture network in the overburden and
adjacent to the mined-out area. Monitoring
data from the physical model reveal that stress
redistributes upward over time, resulting in
fractures at the slope's trailing edge. These
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fractures progressively extend downward to
intersect with the mined-out area, creating
potential sliding planes within the slope.
During rainfall events, rainwater infiltrates the
slope through both the geotechnical bodies and
existing mining fractures. This leads to
increased saturation levels in the slope's
geotechnical bodies. As rainwater penetrates
deeper, alterations in pore water pressure
trigger deformation failure mechanisms within
the slope, and also exacerbating the spread of
mining-related fractures toward the free face.
which greatly affects the stability of the slope.
The failure mode of the Pusa slope is
characterized by the following sequence:
bending-pulling-subsidence-creep-dumping.

The deformation and failure processes can
be categorized into four stages: mining-
induced disturbances, fractures propagation
and extension, creep deformation, instability
failure.

Keywords: Geological effects of underground
mining, Heavy rainfall, Deformation and failure
mechanism, mining slope, Physical model test.

INTRODUCTION

With the rapid development of China's
economy and increased energy demand, the
intensity of various mining activities has
increased, and mining collapses in the
southwestern mountainous areas have become
increasingly frequent (Zhang et al. 2020; Chen
et al. 2021; Liu et al. 2022;). Mining induced
collapse s usually have characteristics such as
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large scale, strong suddenness, and complex
disaster patterns and have received worldwide
attention due to the significant risks (Stephen
et al. 2006; Yu et al. 2020). Moreover, frequent
rainfall and mining activities occur frequently
in southwest China, and large-scale collapses
often occur under the combined action of these
internal and external forces, resulting in serious
loss of life and property (Xu et al. 2016; Ma
2017; Tao et al. 2022). In southwest China, there
are a large number of mining slopes, which are
usually steep at the top and slow at the bottom,
hard at the top and soft at the bottom, and
have complicated geological conditions (Li et
al. 2016; Zheng et al. 2018). Coupled with
external factors such as frequent human
mining activities and heavy rainfall, it makes
favorable condition for the occurrence of
collapse hazards (Yang et al. 2022b; Sun et al.
2021). Therefore, it is of great social significance
to study the failure mechanism of such slopes.

Frequent underground mining activities
are very likely to cause the collapse of the roof
of the mined-out area, which causes the rock
mass to form "cantilever beam effect" and thus
generate mining fractures (Ma et al. 2018;
Fernandez et al. 2020). The deformation
process of mining slope can be divided into
four stages,that is initial deformation stage,
slow deformation stage, sharp deformation
stage, and stable deformation stage (Shi et al.
2016; Zhao et al.2016) . In 2009, a large rock
slide occurred in Jiwei Mountain, Wulong,
Chonggqing, China, resulting in 74 people killed
and 8 injured, and many scholars conducted
research on it; Xu et al. (2009) used remote
sensing, 3D laser scanning and numerical
simulation to analyze the landslide of Jiwei
Mountain affected by underground mining;
Feng et al. (2016) used physical similar model
experiments to simulate the deformation and
damage process of the landslide.

The scholars have studied the deformation
mechanisms of mining landslides by different
menthod, this paper takes the Pusha collapse
in Guizhou as an example, and studies the
interlayer stress, fracture progress, moisture
content and overburden  displacement
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characteristics of the slope under the action of
mining and rainfall through field geological

investigation and physical similar model
experiment, revealing its mining stress-
fracture-displacement dynamic change

characteristics and distribution evolution law;
the research result provides a reference basis
for future analysis of the failure mechanism of
mining collapse.

GENERAL CHARACTERISTICS OF THE PUSA
COLLAPSE

Geological characteristics

o
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Fig. 1. Aerial photo of Pusa collapse

On August 28, 2017, a large collapse
occurred in Pusa Village, Zhangjiawan Town,
Nayong County, Guizhou Province, resulting in
26 deaths, 9 missing and 8 injured (Fan et al.
2018; Cui et al. 2022). Pusa collapse topography
is "steep at the top and slow at the bottom",
reaching 70° at the steep slope and 10°-25° at
the slow slope. The collapse area is divided into
collapse source area (I), scraping area (II) and
accumulation area (III); the elevation of the
trailing edge of the collapse is about 2120 m,
the elevation of the foot of the slope is about
1922 m, and the relative elevation difference is
about 200 m; the horizontal distance from the
collapse source area to the front of the
accumulation area is 780 m, the average
thickness of the accumulation body is 4m, the
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square volume is 860000 m’, and the maximum
width of the accumulation area is 480 m. there
are three faults (F1, F2, and F3) in the area, and
the faults have no direct influence on the coal
seam and the collapse zone (Fig. 2) (Xiong et
al. 2022).

Legend
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houndary

i
undary

|—] Section line
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| Clir
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M14 goaf
M10 goaf

M16 goal

[ Coal seam

Fig. 2. Plane graph of study area

The attitude of rock is generally 200°29°,
there are 3 groups ofjoints developed in the
slope, namely, Nio ~ 15°E/SE£80 ~ 90°,N81 ~
84°W/NE4z80 ~ 90, and N5o0 ~ 60°E/SE4£80 ~
go°and the exposed strata are from top to
bottom (Fig. 3): (1) Quaternary (Q,):
distributed on the top of the slope and the
gentle slope, the thickness is unevenly
distributed between o and 15 m. (2) Lower
Triassic Yelang Formation (T,y): distributed in
the middle and upper part of the slope, the
strata are divided into two sections; the upper
section (T,y*) is mainly limestone, gray in color,
about 50 m thick; the lower section (Ty') is
mainly muddy siltstone, purple in color, about
70 m thick. (3) Upper Permian Changxing-
Dalong Formation (P;c+d): distributed in the
lower part of the slope, mainly limestone, gray
in color, about 18 m thick. (4) Upper Permian
Longtan Formation (P,l): distributed in the
lower part of the slope and is a coal strata,
mainly mudstone, siltstone and coal; this strata
contains a total of 26-44 coal seams, among
which there are 6 recoverable coal seams, M6,
Mio, Mi14, M16, M18 and M-2o0, the average
thickness of the mined Mi16, M14 and Mio is
1.48 m, 1.23 m and 2.12 m respectively.

Coal seam mining characteristics

The coal seams that have been mined so
far are M16, M14 and Mio. The sequence of coal
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seam mining is M16-M14-Mio from the bottom
to the top, all using the long wall coal mining
method. Before 2012, M16 was mainly mined,
and deep and large fractures occurred on the
trailing edge of the slope from September to
December 2011; M14 and Mio were mined from
2013 to 2017. During the mining period, the
slope surface occasionally collapsed. The mine
eventually ceased mining in August 2017, at
which point M16, M14 and Mio were essentially
mined out (Fig. 2).

Rainfall

Affected by the monsoon climate, the area is
mainly concentrated in the summer rainfall,
while the winter rainfall is less, and the
collapse occurs in August when the rainfall is
more concentrated. According to the perennial
rainfall monitoring data, it can be seen that the
most rainfall is in June every year, and the
accumulated rainfall can reach 223 mm, while
the least in December, only 22 mm. the
accumulated rainfall in Nayong County from
January to May, 161.6 mm in June, 228.7 mm in
July, and 162.3 mm in August 2017, and the
daily rainfall in August is shown in Fig. 4.

Geological section
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Fig. 3. Profile of the Pusa collapse along principal
sliding direction (A-A' in Fig. 2): 1. Limestone; 2.
Muddy siltstone; 3. Mudstone; 4. Attitude; 5. Coal
seam; 6. Mined-out area area; 7. Fault; 8. Karst
fissures; 9. Second member of the Yelang Formation
of the Lower Triassic; 10. First member of the Yelang
Formation of the Lower Triassic; 1. The Changxing-
Dalong Formation of the upper Permian; 12. Upper
Permian Longtan Formation
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RESEARCH METHODS AND PRINCIPLES

In order to to reveal the deformation and
damage mechanism of the slope, a generalized
physical model of Pusa collapse engineering was
established (Fig. 5). The similarity constants of the
model are determined according to the three
theories of similarity (geometric similarity,
mechanical similarity, and physical similarity);
geometric similarity is a similar relationship
between the model and the prototype in terms of
size and shape, mechanical similarity is a similar
relationship in terms of mass size, and the
mechanical similarity can also be expressed in
terms of unit weight, and physical similarity is a
similar relationship in terms of physical properties
such as compressive strength, cohesion, angle of
internal friction,etc. Firstly, based on the size of the
Pusha collapse and experimental conditions, the
geometric similarity constant Cp is determined to
be 400, then the length, width and height of the
model size are designed to be 160 ¢cm, 50 cm and
110 cm respectively (Fig. 5); secondly, the
similarity constant of the weight of the rock mass
C, is determined to be I; finally, the similarity
constant of the physical properties C, is determined
to be 400. Since it is difficult to keep all the
physical and mechanical parameters of the model
similar to the prototype (Dong et al. 2020; Wang et
al. 2022), and this experiment focuses on the
deformation and failure mechanism of the slope,
the physical property similarity index is the
compressive strength and the mechanical similarity
index is the unit weight.

Based on available information, the fault in the
study area has no direct influence on this collapse,
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so the effect of the fault is not considered in the
current experiment (Xiong et al. 2022). As the rock
joints have an important role in the deformation and
damage of slopes, they are considered in the
experiment using mica sheets, and the spacing and
trace length are considered as geometric similarity
ratio (Fig.6g). Model box, rainfall equipment, data
acquisition and monitoring equipment are required
for the experiment (Figs. 6b-f).

=)

4 I
/ “ Rainfall equipment / 2
Vaum [} ) ) I ] : g
= - 4
e l‘ & [ } r } . ' i
i ) / = 6
Modelbox| | w7
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High-speed

camera
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Fig. 5. Generalized model: 1. Stress monitoring point;
2. Moisture content monitoring point; 3.
Displacement monitoring point; 4. Limestone; 5.
Muddy siltstone; 6. Mudstone; 7. Mined-out area; 8.
Coal seam

Micasheet

Fig. 6. Distribution of monitoring points and
experiment equipments: (a) distribution of
monitoring points: T is the stress monitoring point,
S is the moisture content monitoring point, the
numbers at the bottom and left of the model are
those of the displacement grid method; (b) rainfall
equipment; (c) moisture sensor; (d) stress sensor; (e)
model box; (f) equipment for data collection; (g)
joints made of mica sheets
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The similar materials of the model are two
parts: aggregate and cementing material, quartz
sand and barite powder are chosen for aggregate,
gypsum and cement are chosen for cementing
material, and borax is used as an additive to better
restore the actual situation and derive the slope
deformation damage law. Material 1 simulates

limestone, material 2 simulates argillaceous
siltstone, material 3 simulates mudstone, and
material 4 simulates coal seam. The designed coal
seam to be excavated is simulated by sand, and the
mechanical parameters and the matching of each
strata with similar materials are shown in Table 1.

Table 1 Mechanic parameters of lithology and similar materials

Lithology Densigy Compressive strength Quaf‘tz sand: . Gypsum: Barite
(g/em’) (kPa) Cementing material Cement powder/Aggregate

Limestone 2.71 83.6x10° / / /
Argillaceous 221 47.7x10° / / /
siltstone

Mudstone 1.83 29.8x10° / / /
Coal seams 1.62 22.7x10° / / /
Material 1 2.69 232 14:1 5:1 50%
Material 2 2.14 173 5:1 1:0 50%
Material 3 1.75 73 3:2 1:0 10%
Material 4 1.57 62 12:1 10:1 10%

THE SCHEME OF MINING AND RAINFALL

Sand is used to simulate coal seam mining by
first filling plastic bags with sand to make sand

bags, and setting coal pillars between the sand bags.

The coal seam mining process from bottom to top
is M16, M14 and M10 respectively, where M16
mines 3 mining areas and M14 and M10 mine 2
mining areas separately. The mining sequence is
MI6(D—>M16@ —>M16B)—MI16 coal pillar —
M14D—>M14@ —Ml14 coal pillar—>M10®—>
M10@—MI10 coal pillar (Fig.6a). The simulated
rainfall strength is set to three levels: 30 mm/day,
60 mm/day and 140 mm/day, and the rainfall start
time and duration of each level are adjusted
according to the deformation and damage of the
model until the rainfall is maintained for a period
of time even after the slope destabilization and
damage.

DATA MONITORING AND COLLECTION

The stress changes, fracture progress,
moisture content and overburden displacement in
different locations need to be monitored. The grid
method is used on the side of the model to monitor
the change law of overburden displacement, and
the camera is used to take pictures at regular
intervals and record the fracture progress at the
same time. Stress monitoring points are set up at
each strata and coal seam roof location, 10 in total,
and the stress change process is continuously
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collected using TESTER static signal collector
with a 10s interval. The moisture content of each
strata is monitored to reflect the influence of
rainfall infiltration on slope stability; 5 moisture
content monitoring points are arranged, and the
moisture content of each strata is collected by the
moisture content sensor, and the collection time
interval is 10s (Fig.6a).

EXPERIMENTS RESULTS

The law of rock stress variation

A total of 10 stress monitoring points are
arranged in the experiment (Fig. 6a). Coal seam
mining and rainfall will break the original stress
balance of the slope, and thus stress adjustment will
occur, so it is necessary to find out its change law
through monitoring (Fig. 7). The initial stress values
of monitoring points 1~10 were 18.17 kPa, 18.09
kPa, 15.91 kPa, 15.52 kPa, 12.67 kPa, 12.27 kPa,
9.49 kPa, 6.21 kPa, 5.96 kPa, and 1.07 kPa.

When mining M16, the rock mass unloading
occurs thus leading to stress relaxation, causing the
stresses in the nearby T1, T2 and T4 to drop
rapidly at the 5 h, while the upper monitoring
points farther away from M16 show a slow rising
trend due to the concentration of stress in the rock
mass. At 10 h, the upper plate of M16 was
separated and collapsed, while rock fractures began
to develop, and the stresses in T2 and T4 increased
by 6.1 kPa and 5.0 kPa respectively. After the
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collapse of roof of M16, a small fluctuation of
stress occurred in all monitoring points; after the
stress adjustment, the slope is in a balanced state at
30 h~40 h.

When mining M14, the stress in T4 suddenly
increased by 7.5 kPa at 58 h, while the stress was
transferred upward, causing a small increase in T7,
T8 and T9 stresses, and the roof of M14 was
separated and collapsed. At 60 h~90 h, small-scale
block dropping, delamination and collapse
continued to occur on the upper plate of M14, and
the stresses in T7, T9 and T10 dropped to 8.8 kPa,
4.2 kPa and -0.8 kPa, respectively, while the
stresses at other monitoring points remained stable
overall.

When mining M10, the stress in the upper
part of TS5, T6 and T7 increased by about 3.0 kPa at
105 h, and the roof of M10 fell and collapsed at
115 h, leading to delamination and unloading in the
upper part of the rock, and most of the monitoring
points experienced a slow increase in stress due to
the extrusion. With the continued mining of M10, a
widespread collapse occurred at approximately
131 h, and the rock mass was extremely
fragmented and the slope was continuously
deformed toward the free face, with abrupt changes
in stresses at T3, T4, T7, T8, and T9.

—T1
T6
Mi4

T2—T3 T4 s

T7—T8 T9 T1o
MI0 Rainfall
Subidence

309 M6

Roofcollspse | Roof collapse

of MI6
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Y

Stress(kPa)

0 20 40 60 80 100 120 140 160 180

Time(h)

200 220 240 260

Fig. 7. The law of rock stress variation during mining

After the rainfall, the roof of the mining area
collapsed extensively at 142 h, and all monitoring
points experienced stress changes. As the rainfall
continued, it promoted the further development of
fractures resulting in rock fragmentation, and the
slope intensified deformation and dumping to the
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free face, and a large-scale subsidence
displacement occurred at 181 h, and finally the
slope collapsed at 213 h.

Fracture Evolution

After the mining of M16, the slope fractures
appear firstly in the coal seam roof. Two obvious
delaminated fractures D1 and D2 were developed
in the roof, of which D1 was 48 cm long and 1 mm
wide; D2 was 28 cm long and 1 mm wide. D3 and
D4 are developed in the bottom plate of M14 and
M10 respectively, D3 is 52 m long and 1 mm wide;
D4 is 28 cm long and 0.8 mm wide. The more
obvious tension fractures are T1 and T2, T1 is
about 28 cm long and 1 mm wide; at the same
time, small-scale tension fractures are also
developed near M16, which connect with each
other and make the upper roof rock fall and
collapse (Fig. 8a).

Fig. 8. Fracture evolution under mining and rainfall
(D represents the separation fracture, and T
represents the tensile fracture): (a) the excavation of
the Mi6; (b) the excavation of the Mig; (c) the
excavation of the Mio; (d) rainfall

After M14 mine-out, the roof had a tendency
to collapse downward after losing support over a
large area, and several new tension fractures and
separation fractures were added. Meanwhile, the
width of D4 was expanded from 0.8 mm to 1.5
mm, new tension fractures T3, T4, T5 and
separation fractures D5 were added to the M14
roof, and new separation fractures D6 and D7 were
added to the M10 roof and extended along the
horizontal direction with about 24 cm length. As
the slope model has a tendency to deform and
dump to the free face, it leads to stress
concentration in the upper part of the left side of
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M10, forming tension fracture T6 and extending to
the top of the slope with 11.2 cm length (Fig. 8b).

After the completion of MI10 mining, the
overburden bent and settled downward to form an
"arch collapse zone". The mining of M10 affects
almost the whole model, and the mining fractures
are strongly developed, producing multiple parallel
separation fractures from bottom to top, and more
tension fractures in the middle and upper part of
the model, forming a "fracture zone". The width
and extension length of MI10 roof separation
fractures do not differ significantly, with extension
lengths ranging from 35 cm to 45 cm and widths
ranging from 1 mm to 3 mm. As time progressed,
T6 extended downward to connect with the fracture
near M10, and T1 at the bottom of M14 extended
in a horizontal direction (Fig. 8c).

After the deformation of the model is
stabilized under the action of mining, then rainfall
is applied and the rainwater penetrates into the
interior of the slope along the fractures, and the
erosion of the rainwater promotes the development
of the fractures of the slope, which gradually
extend and connect with each other. The
continuous deformation of the middle and lower
rock masses in the model has led to the
development of fractures in the shoulder of the
slope. Although rainfall can promote fracture
extension penetration, the fractures are mainly
formed under the action of mining.

Rainfall Infiltration

After the model mining deformation stress is
stabilized, the rainfall simulation experiment is
conducted. The first rainfall is performed between
hours 139 and 142, with a strength of 30 mm/day;
the second rainfall is performed between hours 82
and 186, with a strength of 60 mm/day; and the
third rainfall is performed between hours 210 and
215 with a strength of 140 mm/day. As shown in
Fig. 9, the trends of the overall changes of S4 and
S5 after rainfall are generally consistent, and the
changes of S1, S2 and S3 are also generally the
same. When the first rainfall was conducted, S4
and S5 responded rapidly and the moisture content
increased more, to 22.2% and 25.3%, respectively,
while S1, S2 and S3 increased by less; then the
first rainfall stops after 142 h, and the water
content of the five monitoring points gradually
decreases to the stable value. The response rate of
all five monitoring points was faster after the
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second rainfall, which was due to the increase of
rainfall intensity to 60 mm/day. The third rainfall
intensity reaches 140 mm/day, and the peak
moisture content of the monitoring points increases
compared with the first two times, and the increase
of S3 is consistent with S4 and S5, indicating that
the downward development of the upper fracture
provides a good channel for the infiltration of
rainwater at this monitoring point. After three
rainfalls, the infiltration of rainwater increases the
water pressure inside the slope (Ray et al. 2007;
Qiu et al. 2020; Ma et al. 2022), and the rainwater
promotes the basic penetration of the slope
fractures, and the slope reaches the critical point of
instability damage, and finally the slope collapses
under the push of water pressure.

S2: S3 S4 S5
30mm/day 60mm/day  140mm/day

—SI

30 4
Mining

Water ratio(%)

0 20 40 60 80 100 120 140 160 180 200

Time(h)

220 240 260

Fig. 9. Change of water ration during rainfall
Overburden Displacement

The model has 13 horizontal measurement
lines (A~M) from top to bottom and 27 vertical
measurement lines (1~27) from left to right; among
them, the location of measurement lines A, B and
C is the upper plate of M 16, measurement line D is
the upper plate of M14, and above measurement
line E is the overburden of M10.

When mining M16, the subsidence of the two
measurement points of the A measurement line is
less than 5 mm, the subsidence of the B~F
measurement lines are less than 5 mm, and the
subsidence of the other measurement lines is
smaller compared to the A~F measurement lines.

M14 mining makes the upper rock mass
occur cracking and separation, which has an impact
on D~M measurement line, among which the
subsidence of D and E measurement line is larger,
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also the roof of this mining area also shows the
phenomenon of "big in the middle and small at the
end". When mining M10, the fracture expansion
penetration caused the overburden deformation to
intensify and bending subsidence occurred,
especially the E~G measurement line in the upper
part of M10 experienced a large amount of
subsidence, and the maximum displacement could
reach 38 mm. The A~D measurement line was
compressed by the upper rock mass of M10, and a
smaller amount of subsidence occurred.
Subsequent rainfall caused the model to undergo
subsidence and deformation on a wide scale. It can
be seen that with the mining of coal seams,
different degrees of subsidence will occur at
different locations, but the overall trend of
subsidence is rising, especially the upper plate of
the mining area will show a substantial increase
with the continuous mining of coal seams; finally,
under the action of rainfall subsidence further
expands until destabilization damage occurs.

The horizontal displacement mainly occurs in
the late mining stage and rainfall stage. It is
stipulated that the horizontal displacement is
positive to the outside of the slope and negative to
the inside of the slope (because it is difficult to
collect the horizontal displacement data in the
rainfall stage and the model mainly occurs vertical
displacement, so this experiment only records the
vertical measurement line with relatively large
horizontal displacement, as Fig. 10n shows). The
horizontal displacement of the rear part of the model
(I) is mainly concentrated in the upper part of this
area, when M16, M14 and M10 are finished mining
and the horizontal displacement only increases about
2 mm after rainfall. The horizontal displacement of
the upper part of the model (II) has a decreasing
trend from the top of the slope downward; after the
mining of M14, fractures appear on the trailing
edge; with the mining of M10, the fractures on the
trailing edge expand and extend until they penetrate
the mining area, and new fractures appear on the
crest of the slope; after the rainfall, rainwater
prompted the fractures on the trailing edge to open
and expand, and the horizontal displacement
continues to increase under the pushing and
squeezing effect of water pressure, and the
maximum horizontal displacement can reach 68
mm. The bottom part of the model (IIT) moves both
outward and inward, but the displacement is
relatively small; with the expansion of the mining
area, the fractures gradually penetrate, the upper
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plate appears to bend and break, and the rock mass
moves horizontally outward;, The horizontal
deformation of the leading edge of the slope (IV) is
especially intense. With the continuous mining of
the coal seam, the rock mass of the leading edge is
pushed by the rock mass of the trailing edge to dip
and deform to the free face, and the rainfall effect
makes the fractures expand, resulting in the
continuous dip of the rock mass of the leading edge
to the outside of the slope, and the maximum
horizontal displacement is 70 mm.
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Fig. 10. Overburden displacement during mining and
rainfall: (a)~(m) vertical displacement of the
monitoring points, 1 to 27 indicates vertical
measurement lines; (n) horizontal displacement of
the monitoring points

ANALYSIS OF DEFORMATION AND FAILURE
MECHANISM

In summary, the deformation and damage
process of Pusa collapse can be divided into four
stages (Fig. 11):

(1) Mining disturbance

After MI16 mining, stress redistribution
occurs in the roof of the mining area, the rock mass
unloads to the mining area, generating separation
fractures and will be accompanied by the
phenomenon of falling and collapse, and the stress
jump occurs before and after the collapse; with the
continuous mining of MI16, stress adjustment
occurs near the mining area, and several small
tension fractures appear.

(2) Fracture propagation and extension

With the mining of M14, multiple separation
fractures and tension fractures were developed in
the roof, and the rock at the top of the slope began
to dip and deform to the free face leading to
tension fractures at the trailing edge of the slope.
After M10 mining, the deformation and damage of
the slope intensified, and the upper part of the
mining area formed a bubble area and a fracture
development area, and the fracture at the trailing
edge extended downward to the mining area.

(3) Creeping and slipping deformation
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After rainfall, the rainwater penetrates into
the slope along the trailing edge fractures, and the
rock mass in the middle and lower part of the slope
is infiltrated, resulting in reduced strength and
horizontal shear deformation, and reduced slip
resistance, and the slope starts to creep and slip
deformation to the airside under the action of water
pressure; as the rainfall continues, the trailing edge
fractures through the mining area gradually widen
and gradually fill with water, and the water
pressure generated inside the slope body
accelerates the creep and slip.

(4) [Instability failure

Due to the continuous rainfall and the
expansion of the influence of the collapse area, the
fractures become wider and longer, and the
strength of the rock mass decreases due to
fragmentation, the water pressure increases
continuously, which makes the "locking section" of
the slope body suddenly be sheared off, and the
rock mass is broken instantly releasing huge
energy, which is quickly converted into mechanical
energy of movement, so that the slope is sliding out
at high speed in the way of debris flow, and the
collapsed body is blocked by the small hill at the
foot of the slope to move in two directions and
finally accumulates at the foot of the slope in a
"fishtail shape".

(d) h

Fig. 11. Slope deformation and failure process: (a)

mining disturbance (b) fracture propagation and

extension; (c) creep deformation; (d) instability
failure
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CONCLUSION

In this paper, the interlayer stress, fracture
progress, moisture content and overburden
displacement characteristics of the slope under the
successive effects of mining and rainfall are
studied by field investigation and similar model
experiments in the context of the Pusa collapse in
Guizhou; The following points were obtained:

(1) When mining M16, the stress change in
the roof of M 16 is obvious, but the stress change in
the upper part of the model is small, with a stress
lag effect; with the successive mining of M14 and
M10, the overall stress change in the model is
larger. After the rainfall, the stress response is
more obvious, and the phenomenon of "sudden rise
and sudden fall" appears; stress concentration
appears near the mining area, and a large number
of tension fractures are formed, providing
boundary conditions for the occurrence of collapse.

(2) When the coal seam is mined, the
fractures and tension fractures are developed, and
rainfall promote propagation of the fractures; the
separation fractures are mainly located in the fall
zone above the mining area, while the tension
fractures are mainly located near the mining area
and in the upper part of the model.

(3) After the rainfall, the rainwater infiltrates
downward from the fractures at the trailing edge to
the interior of the slope, and the moisture content
response of the upper rock mass is more drastic
than that of the lower rock mass. As the rainfall
continues, the rainwater promotes the propagation
of fractures and the softening of the rock, while the
water pressure inside the slope rises and pushes the
slope towards the airside for creeping and slipping
deformation.

(4) Slope deformation damage can be divided
into four stages, namely mining disturbance,
fracture propagation and extension, creeping
deformation, and instability failure. At the
beginning of mining, stress adjustment occurs in
the overlying rock, and the roof of the mining area
collapses and departs from the seam; as the coal
seam continues to be mined, the stress
redistribution range expands, and a large number of
fractures appear near the upper plate and the
mining area, the overlying rock seam appears the
"cantilever effect". As the rainfall infiltrates, the
fractures widen and lengthen; meanwhile,the water
pressure rises, the slope is deformed by creeping
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and sliding to the free face, and the cantilever beam
structure begins to fracture gradually; as the
rainfall continues, the "locking section" (Fig. 12c)
of the slope is suddenly sheared off, and the
cantilever beam structure is completely destroyed,
thus releasing great energy and finally the slope
was destabilized.

(5) The terrain height and steepness and well-
developed joints cannot be artificially controlled,
but the mining process can be artificially optimized
to minimize the disturbance to the mountain. In
future, satellite remote sensing, InSAR technology
and UAV remote sensing technology can be used
to monitor its surface displacement to achieve early
warning of disasters and thus avoid a lot of losses.
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Abstract: Landslides are one of the most
serious natural hazards threatening
transportation safety and socio-economic
development in mountainous regions of
Central Vietnam. National Highway 40B, which
traverses steep terrain in Quang Nam Province,
is highly vulnerable to frequent landslides,
particularly during the rainy season. This study
aims to assess and zonate landslide
susceptibility along Highway 40B using a

logistic regression model combined with
extensive field survey data. A landslide
inventory was constructed from field

observations and historical records, in which a
total of 278 landslides were identified across
Quang Nam Province, including 137 sites
located along National Highway 40B that were
used for detailed analysis in this study. Ten
conditioning factors were selected based on
their ~ geomorphological and  geological
relevance, including slope, aspect, elevation,
lithology, distance to faults, distance to rivers,
distance to roads, land use, normalized
difference vegetation index (NDVI), and
rainfall. Logistic regression was employed to
establish the statistical relationship between
the presence or absence of landslides and these
conditioning  variables. = The  resulting
susceptibility map was classified into five
categories: very low, low, moderate, high, and
very high. Model performance was evaluated
using the receiver operating characteristic
(ROC) curve, yielding an area under the curve
(AUC) value of 0.83, indicating good predictive
capability. The results highlight that slope
angle, lithology, and distance to roads are the
most significant factors influencing landslide
occurrence. The susceptibility map provides
critical information for local authorities and
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transport agencies to prioritize monitoring,
maintenance, and mitigation measures along
Highway 40B. This study demonstrates the
effectiveness of logistic regression in landslide
susceptibility assessment and contributes to
improving road safety and disaster risk
management in mountainous areas of Vietnam.

Keywords: Landslide susceptibility, Logistic
regression, Highway 40B, Quang Nam
Province, Field survey.

INTRODUCTION

Vietnam’s mountainous regions are highly
prone to landslides due to steep topography,
fragile geological structures, and intense
monsoonal rainfall. The central provinces,
including Quang Nam, experience frequent
slope failures that severely affect roads,
settlements, and local livelihoods. National
Highway 40B, a vital transportation corridor
linking the lowlands of Quang Nam to the
Central Highlands, has been repeatedly
disrupted by landslides during heavy rainfall
events. For example, in the 2023 rainy season,
more than 10 major slope failures occurred
along the Nam Tra My segment, damaging
road surfaces and causing economic losses
exceeding 19 billion VND.

Landslide susceptibility mapping (LSM)
has become an essential tool for disaster risk
reduction and land-use management in
mountainous regions. Among various statistical
and machine learning methods, logistic
regression is widely used due to its simplicity,
interpretability, and ability to handle both
categorical and continuous variables. When
combined with GIS and remote sensing, LR can
efficiently model spatial relationships between
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landslides and conditioning factors, providing
reliable susceptibility zonation maps even in
data-scarce regions.

Previous studies in Vietnam have applied
logistic regression and machine learning
models for regional-scale landslide
susceptibility mapping (Pham et al., 2017;
Nguyen et al, 2020; Hong et al, 2016).
However, few have focused specifically on
transportation corridors, where both natural
and anthropogenic factors strongly interact.
This study addresses that gap by analyzing the
spatial susceptibility of landslides along
Highway 40B a critical yet highly vulnerable
route in Central Vietnam.

The main objectives of this study are: (i)
to develop a verified landslide inventory and
conditioning factor database for Highway 40B;
(ii) to quantify the relative contribution of each
factor using logistic regression; and (iii) to
produce a validated susceptibility map for
practical hazard mitigation and infrastructure
planning.

STUDY AREA

The study area covers the mountainous
segment of National Highway 40B within
Quang Nam Province, central Vietnam. The
terrain is characterized by elevations ranging
from 100 to over 1,500 m above sea level,
dissected by steep slopes exceeding 30°.
Geographically, the study area extends from
approximately 15°04’ to 15°20'N and 108°00' to
108°30’E, covering about 1,200 km? of
mountainous terrain along the Nam Tra My
and Bac Tra My districts. The region lies on the
western flank of the Truong Son Range,
dominated by metamorphic and sedimentary
rocks of the Paleozoic-Mesozoic age,
frequently cut by faults and weathered zones.

According to the geological map (Figure
1), the dominant lithological units include
schist, sandstone, shale, and weathered granite
belonging to the  Paleozoic-Mesozoic
formations. Metamorphic rocks such as gneiss
and amphibolite are widely distributed in the
upper slopes, while intrusive rocks such as
biotite granite occur along several road
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sections. These formations are highly fractured
and weathered, which significantly reduce
slope stability, especially where cut slopes
intersect fault zones. In addition, colluvial and
alluvial deposits occupy the lower valleys and
road embankments, contributing to shallow
landslides after intense rainfall events. The
map of the study area was constructed using
the original 1:50,000-scale administrative and
geological maps of Quang Nam Province as
base maps.

Geological map of the study area along National Highway 40B, Quang Nam Province

Figure 1. Geological map of the study area along
National Highway 40B, Quang Nam Province.

The tropical monsoon climate produces
high annual rainfall (2,500-3,000 mm),
concentrated  between  September  and
December. Intense storms and typhoons are
the main triggers of slope failures. Vegetation
cover varies from dense natural forest in upper
elevations to agricultural and degraded land
near roads and settlements. In addition to
natural conditions, anthropogenic activities
have increasingly contributed to slope
instability.  Extensive road construction
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involving slope cutting, along with hillside
cultivation and deforestation, has significantly

disturbed the natural slope equilibrium,
thereby intensifying landslide occurrences
along the highway corridor.

Given the combination of steep
topography, complex geology, and heavy

rainfall, this section of Highway 40B represents
one of the most landslide-prone areas in
Central Vietnam, making it suitable for
detailed susceptibility analysis using logistic
regression.

DATA AND METHODS
Data Sources

Surveys were conducted along National
Highway 40B during the 2023 rainy season. A
total of 278 landslides were recorded in Quang
Nam Province, of which 137 were located along
National Highway 40B and used for model
construction. Topographic information (slope,
aspect, and elevation) was derived from the 30
m-resolution SRTM DEM. Lithology and faults
were digitized from the 1:50,000-scale
geological map of Quang Nam Province
published by the Department of Geology and
Minerals of Vietnam and validated through
field observations. Distance to roads and rivers
was generated using Euclidean distance
analysis in ArcGIS 10.4.1, based on updated
OpenStreetMap and topographic maps. Land
use and NDVI were extracted from Sentinel-2
imagery (2023). Rainfall data (2013-2023) were
collected from ten meteorological stations
managed by the Quang Nam Hydro-
Meteorological Center.

All spatial datasets were standardized to a
30 m grid resolution to ensure consistency
across analyses. The data sources, purposes,
and formats are summarized in Table 1.

Table 1. Data sources and descriptions

o Format /
Factor | Description Source Resolution
Elevation | Derived from | SRTM DEM Raster, 30
(m) the Digital (NASA) m
Elevation
Model
(DEM)
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Slope (°) Calculated Derived from Raster, 30
from DEM DEM m
Aspect (°) | Calculated Derived from Raster, 30
from DEM DEM m
Lithology | Geological Geological map | Vector
formations | of Quang Nam | (polygon)
and rock Province
types (1:50,000),
Department of
Geology and
Minerals of
Vietnam
Distance |Euclidean Derived from Raster, 30
to faults distance geological map |m
(m) from mapped | (1:50,000)
fault lines
Distance |Euclidean Derived from Raster, 30
to rivers distance topographic m
(m) from main map
rivers
Distance |Euclidean OpenStreetMap, | Raster, 30
to roads distance updated by field |m
(m) from road survey (2023)
network
Land use / |Land Sentinel-2 Raster, 30
land cover |classification |imagery (2023) |m
categories
NDVI Normalized |Calculated from |Raster, 30
Difference Sentinel-2 (2023) | m
Vegetation
Index
Rainfall Mean annual | Quang Nam Raster
(mm) rainfall Hydro- (interpolate
(2013-2023) | Meteorological |d), 30 m
Center
Landslide |278 mapped |Google Earth Point
inventory |landslides (2021-2023), (vector)
(137 along Field verification
Highway (2023)
40B)
Following the compilation and

standardization of all datasets (Table 1), the
spatial database was integrated into ArcGIS
10.41 for analysis. Each thematic layer was
resampled to a uniform 30 m resolution to
ensure spatial compatibility. The landslide
inventory and conditioning factors were then
overlaid to extract variable values for both
landslide and non-landslide points, forming the
input dataset for subsequent modeling using
logistic regression.

Landslide Inventory

A detailed landslide inventory was
constructed using a combination of Google
Earth imagery (2021-2023) and extensive field
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investigations conducted during the 2023 rainy
season. A total of 278 landslides were identified
across Quang Nam Province, among which 137
sites were located along National Highway 40B
and used for model development. Landslide
boundaries were manually delineated on high-
resolution images and verified in the field to
ensure spatial accuracy.

The inventory was categorized by
landslide type, size, and geomorphological
setting. Each site was cross-checked with local
government records and previous hazard
reports provided by the Quang Nam
Department of Transport. Non-landslide points
were randomly selected from stable slopes with
similar topographic and geological conditions,
ensuring a balanced dataset for modeling.

Figure 2 illustrates the spatial distribution
of mapped landslides along National Highway
40B. Landslide occurrences are mainly
concentrated in steep mountainous areas,
particularly within zones underlain by highly
weathered granite and fractured metamorphic
rocks.

Current status map along National Highway 40B

Figure 2. Landslide distribution map along National
Highway 40B
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Conditioning Factors

Ten conditioning factors were selected
based on their geomorphological and
geological relevance as well as data availability.
These factors include slope angle, aspect,
elevation, lithology, distance to faults, distance
to rivers, distance to roads, land use, NDVI,
and rainfall. The selection was guided by
previous regional studies and best practices in
landslide susceptibility mapping, and by the
characteristics of mountainous terrain in
Central Vietnam, where rainfall, slope, and
lithology play dominant roles in slope
instability.

Topographic parameters (slope, aspect,
elevation) were derived from the 30 m SRTM
DEM. Lithology and fault systems were
digitized from the 1:50,000-scale geological
map, while distance-based factors (roads,
rivers, and faults) were computed using the
Euclidean distance tool in ArcGIS 10.4.1. Land
use and NDVI were obtained from Sentinel-2
imagery (2023), reclassified into five major
categories: forest, plantation, agriculture, bare
land, and built-up area. Mean annual rainfall
(2013-2023) was interpolated from ten
meteorological stations using the Inverse
Distance Weighting (IDW) method.

All conditioning factor layers were
standardized to a uniform 30 m spatial
resolution and aligned within a common
coordinate system (VN-2000, Zone 48N).
Multicollinearity among factors was tested
using the Variance Inflation Factor (VIF) in
SPSS, and only variables with VIF < 5 were
retained for the logistic regression model.

Statistical testing indicated that seven
predictors retained in the final logistic
regression equation were significant (P < 0.05):
slope, aspect, rainfall, weak lithology (lithology
class), bare land (land-use class), distance to
stream, and distance to road. Three variables—
elevation, NDVI, and distance to faults—were
not statistically significant, with P-values of
0.33, 0.7, and 0.9, respectively. Therefore,
these three non-significant factors were
excluded from the final model to improve
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model  performance and avoid over-

parameterization.
Logistic Regression Model

The logistic regression model relates the
probability of landslide occurrence (P) to the
set of independent variables (Xi) as:

1
P= 1+ e—(Bot+ B1X1+ B2X2+ B3X3++ BnXn)

where [, is the intercept and B; are regression
coefficients. The model was implemented in
SPSS 26 wusing the maximum likelihood
estimation method. Significant variables were
selected based on the Wald statistic (p < 0.05).
The resulting coefficients were exported to GIS
to generate a spatial probability map.

Model Validation

Model performance was evaluated using
the ROC curve and AUC (Area Under the
Curve). AUC values between 0.8 and o.9
indicate good prediction accuracy.
Additionally, a confusion matrix was used to
calculate accuracy, sensitivity, and specificity.

RESULTS
Statistical Analysis

The logistic regression analysis produced
a statistically significant model (P < 0.05) that
effectively distinguishes between landslide and
non-landslide locations. The final model
incorporated seven conditioning factors with

both positive and negative coefficients
reflecting their influence on landslide
occurrence.

The regression coefficients indicate that
slope angle (B = 0.089) and weak lithology (8 =
0.412) have the strongest positive influence on
landslide probability. Steeper slopes increase
shear stress and reduce gravitational stability,
while weathered granite and schist lithologies
exhibit low cohesion and shear strength. Bare
land (B = 0.258) also increases susceptibility
due to the absence of vegetation roots and
higher surface runoff during heavy rainfall.
Negative coefficients for distance to stream and
distance to road indicate that slopes located
closer to drainage channels or cut slopes are
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more prone to failure because of toe erosion

and excavation. These relationships are
consistent with physical observations in
tropical mountainous terrains of Central
Vietnam.

The final regression equation obtained
from SPSS analysis is expressed as: Logit(P) =
-3.274 + 0.089(Slope) + o0.307(Aspect) +
0.067(Rainfall) + o0.412(Weak lithology) +
0.258(Bare land) - o0.031(Distance to stream) +
0.022(Distance to road).

This equation was used to compute the
probability of landslide occurrence across the
study area, which was then transformed into a
spatial susceptibility index using ArcGIS 10.4.1.

Landslide Susceptibility Mapping

The calculated landslide susceptibility
index (LSI) was classified into five levels using
the natural breaks (Jenks) method: very low,
low, moderate, high, and very high
susceptibility. Figure 3 shows the spatial
distribution of susceptibility along National
Highway 40B. The results indicate that
approximately 31.7% of the study area falls
within the high and very high classes, 25.4%
within moderate, and the remaining 42.9%
within low or very low susceptibility zones.
Table 2 presents the distribution of landslide
susceptibility levels across 98 segments of
Highway 40B. These quantitative results
provide the basis for interpreting the spatial
pattern of susceptibility in Figure 3.

Table 2. Distribution of landslide susceptibility levels
across 98 segments of Highway 40B

Susceptibility | Estimated Segment

Level number of | proportion
segment (%)

Very Low 25 26

Low 36 37

Moderate 15 15

High 12 12

Very High 10 10

Total 98 100

The predicted “very high” and “high”
susceptibility zones correspond closely with
actual landslide clusters observed during field
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surveys in 2023, particularly between km 75-95
in Nam Tra My District. This spatial agreement
between predicted and observed landslides
demonstrates the reliability of the logistic
regression model for practical road hazard
management along Highway 40B. Most of
these areas are characterized by steep slopes
and weak lithology, where slope cuts for road
widening and drainage construction further
decrease stability.
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Figure 3. Classified landslide susceptibility zones
along National Highway 40B

Model Validation

Model performance was evaluated using
the receiver operating characteristic (ROC)
curve shown in Figure 4. The ROC curve
measures the ability of the logistic regression
model to distinguish between landslide and
non-landslide locations based on the predicted
probability values. The area under the ROC
curve (AUC) value of 0.823 indicates good
predictive capability, confirming that the model
effectively discriminates between stable and
unstable slopes along the highway corridor.

The validation results showed that more
than 80% of the recorded landslides were
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located within the high and very high
susceptibility zones predicted by the model.
This strong correspondence between predicted
and observed landslide locations demonstrates
the reliability and robustness of the logistic
regression model for practical hazard
assessment.

The findings suggest that the logistic
regression approach provides a realistic
representation of landslide susceptibility along
Highway 40B. Nevertheless, certain local
discrepancies remain in areas with limited field
data or where land-use changes have occurred
recently.  Incorporating  higher-resolution
rainfall data, soil geotechnical properties, and
dynamic triggering factors in future work could
further improve model precision and predictive
performance.
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Figure 4. Receiver Operating Characteristic (ROC)
curve of the logistic regression model.

DISCUSSION

The spatial pattern of high susceptibility
zones aligns well with observed landslide
events along Highway 40B. Slope steepness and
lithological weakness are the dominant
intrinsic factors, while heavy rainfall acts as the
primary trigger. Anthropogenic influences—
especially road cuts and deforestation—further
aggravate slope instability.

Compared to previous studies in northern
Vietnam (e.g., Lao Cai, Yen Bai), the AUC value
obtained here is slightly higher, reflecting good
model reliability despite limited data. Logistic
regression remains a valuable and transparent



ADVANCES IN THE EARTH, MINING AND ENVIRONMENTAL SCIENCES FOR SAFE AND SUSTAINABLE DEVELOPMENT

tool for regional-scale landslide assessment,
particularly when combined with GIS.
However, some limitations exist: (i) the model
assumes linearity between predictors and
logit(P); (ii) rainfall data lack high temporal
resolution; and (iii) the inventory may
underrepresent small or historical landslides.

Future work should integrate more
dynamic parameters (soil moisture, vegetation
index), employ higher-resolution DEMs, and
explore hybrid models combining logistic
regression with machine learning algorithms.

The results highlight the need for
integrating landslide susceptibility assessment
into road design and maintenance planning in
mountainous areas of Quang Nam Province. In
particular, the high-susceptibility segments
identified along Highway 40B should be
prioritized for slope stabilization, drainage
improvement, and continuous monitoring.
These findings provide scientific support for
local authorities to allocate resources efficiently
for disaster risk reduction and infrastructure
resilience.

CONCLUSIONS

The logistic regression model provided a

statistically ~consistent and interpretable
framework for evaluating the spatial
probability of landslides along National

Highway 40B. The results indicate that slope,
lithology, and rainfall are the most influential
factors controlling slope instability in the study
area. These findings align with previous
research in tropical mountainous regions
(Pham et al., 2017; Nguyen et al., 2020; Hong et
al,, 2016), which emphasized the role of steep
gradients and weak lithologies under intense
monsoonal rainfall conditions.

Compared with earlier regional-scale
susceptibility studies in Vietnam (e.g., Nguyen
et al., 2020), the present research focuses
specifically on the transportation corridor level,
which provides more practical insights for
infrastructure management. The AUC value of
0.823 obtained in this study is comparable to
those reported in other logistic regression-
based models in Southeast Asia, demonstrating
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the robustness of the approach when applied to
limited field data.

The strong correlation between predicted
high-susceptibility zones and actual landslide
occurrences suggests that the model effectively
captures both the geomorphological and
anthropogenic  factors influencing slope
failures. In particular, the concentration of
high-risk segments in Nam Tra My District
corresponds to areas with active slope cutting,
poor drainage, and weathered metamorphic
rock formations, confirming that road
construction and human modification of slopes
significantly accelerate landslide processes.

Despite the model's good performance,
certain limitations must be acknowledged. The
logistic regression approach assumes linear
relationships between conditioning factors and
landslide probability, which may oversimplify
the complex interactions among rainfall,
lithology, and slope structure. Moreover, the
rainfall data used were averaged over a ten-year
period, which may not capture short-term
storm intensity peaks that trigger failures.
Future studies should integrate time-
dependent rainfall variables, soil moisture data,
and higher-resolution DEMs to enhance
prediction accuracy.

The findings also have direct implications
for local planning and disaster mitigation.
Integrating the susceptibility results into
transportation management systems would
enable the Quang Nam Department of
Transport to prioritize slope stabilization and
monitoring at critical road segments. In
particular, the high-susceptibility = zones
identified between km 75-95 along Highway
40B should be treated as priority areas for
maintenance and drainage reinforcement.

Overall, this study demonstrates that
logistic regression remains a cost-effective and
reliable tool for landslide susceptibility
assessment in data-scarce mountainous areas.
When coupled with GIS and field verification,
it can support more resilient road network
design and proactive hazard management in
Central Vietnam.
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Abstract: Monsoon and typhoon regions are
simultaneously global hotspots for landslides,
including Northern Vietnam. While
monsoon/typhoon rainfall is the dominant
triggering factor, the response of the
environmental system to this trigger differs
across areas. A similar amount of rainfall can
trigger isolated shallow landslides, clusters of
shallow landslides, or deep-seated landslides—
all during the same event. Geomorphological
observations of various landforms have allowed
us to identify several predisposing features
responsible for landslide development of a
specific type and size. The first factor is the
permeability of the sliding surface. When the
sliding surface is permeable, differences in soil
saturation levels and the increased weight of
the top layers become a significant landslide
trigger. In the case of an impermeable sliding
surface, rainwater does not infiltrate the soil
profile, and liquefaction of weathered material
and soil just above the sliding surface causes
the mass wasting process. The second factor is
the type of bedrock. Solid bedrock parallel to
the slope direction at shallow depth increases
the probability of rock material sliding. Deeply
weathered rock material suggests higher
friction and should be more stable. The third
factor is a slope meso-topography. Convex
slopes, with higher slope angle in some
sections are more prone for landsliding. Most
of the source areas were located above a
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steeper section, which suggests important role
of this relief element.

Keywords landslides, triggering factors,
landforms, geomorphology, meso-topography,
North Vietnam.

INTRODUCTION

Vietnam is one of the most landslide-
prone countries in the world and a hotspot for
various mass movements that occur annually
due to steep elevation differences and heavy
monsoon and typhoon rainfalls (Tu et al. 2016;
Froude and Petley 2018; Van Tien et al. 2021b, a,
2024; Gomez et al. 2023; Fidan et al. 2024).
Mountainous areas in this country are also
highly populated, meaning that all landslide
events directly affect local communities (Van
Tien et al. 2021a). The wide range of
environmental, geological, and hydrological
conditions under the annual and seasonal
pressure of extreme rainfall presents major
challenges for understanding and analyzing
landslide processes. Most research on rainfall-
induced landslides focuses on rainfall as the
primary trigger—its amount, intensity, and
temporal accumulation. In this article, the
authors aim to draw the reader’s attention to
other environmental factors that act as co-
triggers  influencing the occurrence of
landslides in specific locations. As the title
indicates, we do not yet have numerical results;
instead, we would like to share general field
observations as a basis for future discussion.
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Figure 1. Location of the study sites: 1- Tien Nguyen, Pac Peng, Lang Cang, Nam Chang, 2- Nam Luc, Nam
Tong, 3- Tan Phuong, 4- Minh Xuan, 5- Muong Hoa, 6- Ho Bon 1-3, 7- Ky Son. background map by Google
Earth.

Table 1. General information of studied landslides. Length of accumulation/transport zone calculated from
highest source zone in the catchment till end of accumulation in the valley bottom.

. Source zone type by Shallow/deep- Flash flood or Transport/accumulation
Location - .
Varnes’ classification seated debris flow zone length*
Ho Bon 1 Translational slide Shallow Yes 140 m
Ho Bon 2 Translational slide Shallow Yes 90m
Ho Bon 3 Slump Shallow Yes 30m
Nam Chang (cluster) Translational slide Shallow Yes 1720 m
Nam Luc Translational slide Deep-seated No 249 m
Muong Hoa Translational slide Shallow No 1163 m
Ky Son (sandstone, | Earth flow Shallow Yes 3800 m
cluster)
Ky Son (garnite, cluster) Translational slides Shallow Yes 3800 m
Lang Cang Translational slide Shallow No 104 m
Pac Peng Translational slide Shallow No 20m
Nam Tong Translational slide Deep-seated No 752 m
Tan Phuong Translational slide Deep-seated No 671 m
Tien Nguyen Debris flow Deep-seated No 640 m
Minh Xuan Rotational slide Deep-seated No 299 m
Study area of thick weathered soil mantles, even on steep

Northern Vietnam, with an elevation range
from the highest peak, Phan Xi Pang (3,147 m
a.s.l.), down to about 30 m a.s.l. in the Red River
valley, is a mountainous region characterized by
very high relative relief. As the result, the terrain
forms long, steep slopes with high potential
energy. The warm and humid climate leads to
intensive rock weathering and the development

60

slopes (Gian et al. 2017). The area has the
tropical monsoon climate with two distinct
seasons: rainy and dry season. Mean total annual
rainfall varies strongly and is between approx.
1,800 mm in western parts till even 4,600 mm in
some parts (Gobin et al. 2016). The very strong
rainfall events are connected with tropical
typhoons, which are the main cause of
significant number of fatal landslide accidents
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and damage (Pham-Thanh et al. 2020). The
average annual temperature is between 19 and
22°C. The vegetation is mainly mixed forest, in
some part cinnamon plantations, croplands, and
rice planted on terraces.

The study sites investigated during three
post-monsoon  field campaigns included
observations on few dozens of landforms and
detailed mapping on 14 landslides located in
villages: Ho Bon, Nam Chang, Nam Luc,
Muong Hoa, Ky Son, Lang Cang, Pac Peng,
Nam Tong, Tan Phuong, Tien Nguyen, Minh
Xuan at four provinces: Lao Cai, Yen Bai, Ha
Giang, and Nghe An (Figure 1). Most of the
locations were investigated only once, shortly
after the monsoon-triggered landslide events.
Only the Nam Chang landslide cluster was
visited twice to collect additional soil samples.

The study sites represent a variety of
landform types. Some of them are shallow
landslide clusters (e.g., Ky Son or Nam Chang),
while others consist of individual landslides
occurring within catchments that are strongly
affected by landsliding (each landslide is a
separate landform, but at the catchment scale
they form a cluster, e.g., Ho Bon). Some sites,
such as Ho Bon, were also affected by a flash
flood event in the wvalley bottom, which
exhibited very strong morphological energy
due to the large amount of rock material
delivered to the valleys from landslides (e.g., Ky
Son, Nam Chang). Deep-seated landslides
occurred in all cases as individual landforms,
not connected with other cascading
geohazards, but they transported huge volumes
of rock material.

Methods

The geomorphological insights presented in
this paper are based on a field survey, including
relief mapping and measurements of landforms
associated with landslides such as the main
scarp, slope angles of the sliding surface and
transport zone, and other features related to
morphogenetic processes. Field campaigns
were conducted during three consecutive post-
monsoon seasons in 2022, 2023, and 2024. The
fieldwork included assessments of
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geomorphological conditions across entire
catchments or slopes, detailed field
documentation, landslide geomorphological

mapping, UAV surveys, and soil sampling.
Additionally, analysis of local situation and
slope location on Google Earth imagery was
performed.

RESULTS AND DISCUSSION

Observed landslide landforms were highly
diverse. While this may seem obvious, the
considerable variation found within a single
monsoon region supports the conclusion that
rainfall is the dominant triggering factor, but
other influences such as geology, topography,
and soil depth are very important factors
influencing the final mechanism in a much
larger scale than is usually assumed. The same
initial trigger (monsoon or typhoon rainfall)
generates different mechanisms in nearby
areas. Neighbouring catchments, with a similar
amount of rainfall, manifest mass movement as
clusters of shallow slides, isolated single
landslides, or deep-seated failures etc. This
indicates that although intense rainfall serves
as the primary trigger, other environmental
factors act as modifiers that determine the
specific failure mechanisms, geomorphological
processes, and ultimately, the resulting
landforms. Their role is still not enough
recognised and need to be research much
deeper.

Following the widely accepted, updated
Varnes landslide classification (Hungr et al.
2014), the most common source zones in the
study area can be categorized as translational
slides (Figure 2A), while the corresponding
accumulation zones are typically earth or
debris flows (Figure 2B). Part of landforms have
features typical for debris avalanche, but
usually the accumulation zone indicates strong
hydration of the deposited material (Highland,
Bobrovsky 2008). This discrepancy suggests
that the most frequently occurring landslide
type is “complex,” which is not particularly
informative for detailed geomorphological
interpretation. Different types of landslides in
the source zones ultimately create very similar
cone-shaped landforms and share similar



VOLUME 2: EARTH, MINE, AND ENVIRONMENTAL SCIENCES FOR GREEN, SUSTAINABLE, AND PROSPEROUS DEVELOPMENT ...

transport and accumulation mechanisms. This
is an effect of deep weathering in the warm-
humid climate, which results in the lack of
compact rock formations above potential
sliding surfaces. Strongly weathered, sandy-
gravel slope material after the sliding process
does not form rock packets, but rather highly
saturated earth/gravel masses covering slope
below, reaching wvalley bottom or even
transported further to lower parts of channels
as cascading geohazard (landslide-debris flow-
flush flood) This regularity appears to be, at
least in part, independent of the geological
substrate, since the same pattern was observed
across different lithologies, including granite
(Nam Chang), metamorphic rocks (Nam Luc),
and sandstone (Ky Son).

Figure 2. Source zone classified as translational slide
(A), accumulation zone as earth flow (B). Nam Tong
landslide, 2024. Photos by P. Kroh.

An important factor is the permeability of
the sliding surface. When the sliding surface is
permeable, differences in soil saturation levels
and increased weight of upper layers become
the direct trigger of the landslide. In the case of
an impermeable sliding surface, rainwater does
not infiltrate deeper into the soil profile, and
the liquefaction of weathered material just
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above the sliding surface initiates the process.
The depth of mobilized slope deposits is
related to this mechanism and influences the
volume of transported material, especially in
shallow landslides.

The liquefaction of soil above bedrock is
sometimes associated with suffusion, and its
more advanced stage — soil piping. The soil-
piping process leads to the concentration of
subsurface water flow and the accumulation of
additional rainwater infiltrating into the soil
profile from a larger area, with a delay relative
to the typhoon/monsoon event. Evidence of
such mechanisms was observed at the Nam
Tong study site, where a pipe outlet was visible
on the main scarp, with water flowing out of it
(Figure 2A). This mechanism is further
supported by the timing of the landslide, which
occurred two days after the main typhoon
rainfall.

In certain landscape settings, landslides
occur more often and in greater numbers under
the same  triggering  conditions. A
topographical feature observed at most study
sites with the bedrock as the sliding surface
was a steeper slope section located below the
source area (Figure 3). In some locations, it was
in the form of a bedrock step, while in others, it
appeared as a locally steepened part of the
slope. Generally, the meso-scale slope profile
was convex, with the landslide niche situated
just above the most convex section.

Another geomorphological characteristic
that distinguishes Vietnamese landslides from
those in the temperate climate zone is much
stronger erosional effect within the transport
zone. This effect is associated with the deeply
weathered slope materials typical of warm,
humid climates. Weathered slope deposits are
poorly consolidated and are therefore highly
susceptible to erosional forces. Even relatively
small and shallow landslides can mobilize large
volumes of soil from the slopes below the
initial area, producing extensive earth or debris
flows. The typical textbook scenario—where an
accumulation zone lies directly below the
landslide niche—was rarely observed in the
studied areas. Almost all examined sites
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displayed long transport channels with strong
erosional effects (Figure 4). Moreover, the
accumulation zones were usually much larger
than what could be accounted for by the
volume of slope deposits from the source zones
alone.

Figure 3. Steeper section of the slope manifested as
bedrock step below landslide source zone. Muong
Hoa landslide, 2024. Photo by P. Kroh.

;, B . =gt

Figure 4. Example of strong erosional effect below
relatively small landslide source zone. Nam Chang
landslide cluster, 2022. Photo by P. Kroh.

An important morphological factor
influencing the sliding surface in the studied
areas is its strong relationship with the dip and
strike of the bedrock. In semi-arid and
temperate climatic zones, the relationship
between landslides and bedrock is traditionally
classified as asequent, consequent, or
insequent (Varnes, 1978). However, in the
studied region of Vietnam, the vast majority of
landslides were consequent. The sliding surface
followed the bedrock surface, so the dip and

63

strike of the bedrock corresponded to the
azimuth and slope angle of the landslide plane
(Figure 5). This is also an effect of the
weathering conditions in warm-humid climate
and poor consolidation of the slope deposits
with the underlying bedrock, as mentioned
above.

Figure 5. Sliding surface corresponds with dip and
strike of the bedrock. Nam Chang landslide cluster.
Photo by P. Kroh.

The complexity of the nature is a truism,
yet all scientists must confront this challenge
when attempting to understand natural
processes. Research on landslide mechanisms
in northern Vietnam highlights this problem
very clearly. The links between individual
environmental components are so intricate
that a complete understanding of these
mechanisms remains extremely challenging.
The role of specific processes, such as the type
of sliding surface or the presence of piping or
subsurface water flow can often only be
evaluated post-factum, once their effects
become visible in the landscape.

Meso-scale slope topography and bedrock
depth can be identified prior to landslide
events, and are increasingly feasible to analyze
using remote-sensing big-data approaches with
machine-learning tools. However, many
important mechanisms, such as mentioned
above suffusion or piping, still cannot be
reliably assessed at larger spatial scales, for
which predictions or forecasts for a village or
commune would be required. Even with very
advanced algorithms, these environmental



VOLUME 2: EARTH, MINE, AND ENVIRONMENTAL SCIENCES FOR GREEN, SUSTAINABLE, AND PROSPEROUS DEVELOPMENT ...

factors currently remain beyond our ability to
analyze with sufficient accuracy.

Despite these challenges,
geomorphological mapping remains a highly
effective method for understanding the
mechanisms governing the formation of
mountain landscapes.

CONCLUSIONS AND FINAL REMARKS

Seasonal monsoon and typhoon rainfall,
combined with described above
geomorphological conditions create a significant
landslide hazard. Interactions between rainfall,
topography, geology, and soil properties are
highly complex, and the role of individual
components within this system is difficult to
evaluate. Geomorphological analyses of rainfall-
induced landslides indicate that, although
monsoon and typhoon rainfall remains the
primary trigger, other environmental factors
determine the type, scale, volume, and extent of
landslide processes. A good example of this
complexity is the set of secondary processes,
such as suffusion and soil piping, which are
rarely considered by researchers, yet may play a
crucial role in controlling the location of
landslides.

Long-term weathering has produced slope
deposits that are easily saturated and poorly
consolidated. This condition promotes intense
erosion within the transport zone, as well as
flow-type transport and accumulation of rock
masses. As a result, the earth/debris flow type
dominates in the accumulation zones, even
when the source zones can be classified
differently.

The strong predominance of translational
landslides in the source zones indicates that
the dip and strike of the bedrock are key
factors, playing a much greater role in this
region than in temperate or colder climates,
where the proportion between rotational and
translational landslides differs.
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Abstract: Deforestation without reforestation
causes global warming which, undoubtedly, is a
risk to human beings. Floods in desserts,
glaciers collapsing, lakes and rivers drying up,
mountain wild fires, and occurrences of
unpredicted weather that damage crops, are
various recent phenomena alerting us to
protect the nature of the earth. Increment of
carbon dioxide in the atmosphere is the main
reason causing global warming and abnormal
weather, which is a fact pointed out by many
natural environmental scientists. Unplanned
logging on forest slopes along roadsides causes
landslides resulting in casualties every year in
this world. It is also one of the causes of
increment in carbon dioxide and destruction of
the environment. Well planned reforestation
with suitable plants can reduce such casualties
and prevent environmental damage, as trees
play an important role in stabilizing the slopes
to prevent the occurrence of landslides as well
as reducing carbon dioxide and contributing to
environment  conservation.  Given  this
situation, in this study we propose the selection
of the appropriate trees as a countermeasure to
shallow landslides.

Keywords: Reforestation, Slope Failure,
Global Warming, Carbon Dioxide,
Environment, Sustainability.

INTRODUCTION

Nowadays, there are many natural
disasters that are happening and causing
billions of dollars in economic loss every year.
Undoubtfully, human beings’ activities, namely
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unplanned loggings, fuel burnings and
unnecessary  developments,  trigger the
tremendous climate changes that damage the
earth’s environment. Incidents such as: i)
unpredicted heavy rainfall caused floods in
Dubai on 16 April, 2024; ii) the Blatten glacier
collapse occurred on 28 May 2025, in
Switzerland, resulted in many casualties; iii)
the land ice sheets in both the Antarctica (as
shown in Figure 1) and Greenland have been
losing mass year by year; iv) the occurrence of a
linear precipitation band in Kyushu, Japan, has
caused many slope failures and floods in
Fukuoka, Nagasaki, Kumamoto and Kagoshima
in August 2025, which is something that had
never happened in their history before. The
trend of the rising number of days in a year
with temperatures higher than 35° in Japan (as
given in Figure 2) shows a clear sign of global
warming. These abnormal phenomena have
occurred due to the increment of greenhouse
gases, such as carbon dioxide, methane and
nitrous oxide, which are released to the
atmosphere, thus contributing to global
warming, according  to  the study
https://news.climate.columbia.edu/2021/02/25/

carbon-dioxide-cause-global-warming/ by
Jason E Smerdon.
Suitable reforestation and replanting

activities, and saving energy usage are very
much encouraged to prevent the situation
becoming worse as well as to bring back the
green to our planet, the earth. Reforestation is
not only to secure the environment and to stop
desertification, it can also prevent slope surface
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failures to save human lives and properties.
Here, we shall discuss, in particular, about the
function of plant roots as a means in the
prevention of shallow landslides in the hill
slopes and in mitigating global warming by
planting trees for reducing carbon dioxide
emissions towards environmental conservation.
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Figure 1. Antarctica Mass Variation since 2002
(Data source: Ice mass measurement by NASA's
GRACE satellites, NASA)
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Figure 2. Number of days with temperatures Z 35° in
Japan, from 1 Jan. 2000 until 25 September 2025
(Data source: Japan Meteorological Agency)

THE ADVANTAGES OF PLANTING TREES
Root Functions and Slope Failure Prevention

Recently, unexpected rainfall volume,
caused by a linear precipitation band in many
places, triggered slope failures in hilly areas,
and the number of incidents has increased
tremendously, year by year. Reforestation by
planting trees on the slope is one of the natural
approaches to prevent surface landslides and
also to provide: a) water source cultivation
function, such as flood mitigation, water
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resource retention, and water purification, b)
creating a comfortable environment, as the
roots absorb water and the evaporation of
water from the leaves to cool down the
temperature, c) the plants’ fine roots which are
symbiotic with soil microorganisms, fostering
nutrient absorption provides a conservation
function of biodiversity, and d) a timber
production function, as stated by Hirano Y.
(2024).

Most tall trees, such as the Quercus
serrata (Figure 4) and the Japanese cedar(fir),
have two types of roots to stabilize themselves
(Makita N., 2024). There are horizontal roots
and taproots. Horizontal roots overlap one
another with the roots of neighbouring trees to
form a network to strengthen retention, thus
preventing their displacement. Taproots play
an anchor role to grow deep into the soil like
stakes, to prevent sloping land movements
(Figure 3). As the lengths of the Quercus
serrata and Japanese cedar taproots are
approximately 3 meters, they are very effective
to prevent surface landslide, which is less than
3 meters depth.

Horizontal Root Retention Effect

Shear Plane

Taproot Anchoring

Figure 3. Root Soil Shear Resistance
(Source from “Guideline for Building Disaster-
Resilient Forests” by Forestry Division, Nagano

Prefectural Government, 2008)

Oil palm trees (Figure 5), also have 2 types
of roots, and they are mostly found in Malaysia
and Indonesia. They are cultivated not only for
producing oil for food, oil for industry, and as
biofuel, but they can also prevent slope failures
and conserve a green environment. In
accordance with Yazid 1. 1. (2018), the
horizontal oil palm roots can be found at a
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depth of 15-20 cm and spread along 2 m from
the stem. The taproots are found at a depth of
90 cm up to 2 m inside the ground.

Similar to the Quercus serrata and the
Japanese cedar, the horizontal roots that spread
in the surface layer of the soil will grip the soil,
and the taproots serve to anchor the soil that
structurally support the plant stand so that the
trees would not be easily uprooted by the
movement of the soil mass.

Quercus serrata roots

Figure 4 The radius of horizontal Quercus serrata
roots is about 1 meter and the depth of taproots is
more than 2 meters (source from Nine Sketch Co.,
Ltd, Hamamatsu City, Japan
https://www.gsketch.com/archives/date/2022/01)

Besides stabilization from land
movements, by planting oil palm trees
(reforestation), oil palm roots also play an
important role in providing a conducive
environment for microbial activity and final
bacillus decomposition of organic materials in
the form of organic acid, where it can improve
both physical soil properties in terms of
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chemical composition and porosity. These
changes are expected to create an environment
suitable for the roots to grow and develop
optimally.

Oil palm roots can also be seen as a help
in maintaining the growing environment
balance system by generating a natural water
catchment. This can be seen in the dry season,
where the grass under the oil palm trees do not
dry out very quickly, and with the soil humidity
being maintained in quite optimal conditions.

To maintain such an optimal environment,
the prevention of nutrient losses through
runoff needs to be implemented. In a study
reported in Vijiandran J.R. (2017), heavy rainfall
causes soil and nutrient loss through surface
runoff and erosion in oil palm plantations.
Compound fertilisers are recommended for
maintaining the heath of oil palm trees, as they
clearly contribute towards much lower losses
for nitrogen, phosphorus and magnesium
compared to the use of the straight fertilisers.
Potassium losses were reported to be
marginally higher for the compound fertilisers
compared to the straight fertilisers. Other than
the terracing method, Mohsen B. (2014)
recommended organic mulches and silt pits to
conserve water, soil and nutrients from runoffs
by rainfall in sloping lands to contribute
towards an optimal environment.

Figure 5 Oil palm trees (Source from: The Oil Palm
Tree: Parts, Anatomy, Structure, and Characteristics
by Chimeremeze Emeh, Palm Oil Pathway)

It is thus clear that reforestation with
suitable plants on the slopes, together with
proper biological, chemical and physical
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treatment, can prevent surface erosion, which
could otherwise lead to slope failure. The
proposed  steps would conserve the
surroundings environment by storing water,
purifying water, allowing rainwater to soak into
the surface soil for flood prevention, as well as
provide fresh air supply, especially oxygen, and
lowering temperatures.

Study on Shear Reinforcement Strength by Tree
Roots

In Abe K. (1997), the simulation and
analysis of slope stabilization using tree roots,
on different types of soil, were carried out and
the results were reported, as given in Table 1
and Table 2. As a target of comparison, Type A
has 8o c¢m thickness of top soil that is direct
contact with the bedrock. The bedrock does
not have fractures. Essentially, the top soil is
not stable in the steep slope. Type B slope has
80 cm thickness of top soil that is direct
contact with the bedrock, but the bedrock has
many fractures. Taproots can penetrate these
bedrock fractures, and their intrusions made
the slope stable. Type C slope also has 80 cm
thickness of top soil, but in between the top
soil and bedrock, there is transition layer. Tree
roots can grow through this transition layer but
can be affected by the hardness of the
transition layer. After surveying (forest stand
and tree root distribution) and running pull-
out tests, without considering the pulling angle
and root displacement, by applying a practical
AS (shear reinforcement strength) model and a
root distribution model, the increment of
values of AS occupied as a factor of safety
values can be obtained.

However, according to a study by
Kaketani R. (2018), after taking into account
the pulling angle and root displacements, the
deterrence of slope failure in the slope, the
ratio of AS in Abe K. (1997) study, was

considered to be overestimated by 29% to 58%.

Figure 6 is the graph showing data on the
ratio of AS obtained in factor of safety vs
forest age, with the pulling angle and root
displacement being taken into account.
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Table 1. Slope factors (initial condition for slope
stability simulation)

Slope Type A B C
Slope Angle (°) 32 32 32
Thickness of top soil (cm) 80 80 80
Soil cohesion (N/cm?) 0.2 0.2 0.2
Soil internal angle (°) 30 30 30
Cohesion of bed rock
(N/em?) 20 20 20
;l;\)ternal angle of bedrock 40 0 0
Depth of subsurface 0 0 0
ground water (cm)
Soil density (t/m?3) 1.3 1.3 1.3
Density of bedrock (t/m3) 2.5 2.5 2.5
Maximum depth of root 80 100 100
growth(cm)
Table 2. Tree factors
Tree A
ree Age (Japanese 10 20 30 40
Cedar)
Diameter at Breast 50 | 13.8 | 200 | 243
Height(cm)
Tree Height (m) 5.4 12.1 | 15.8 | 18.1
Tree trunk
4 22 134 1
density(ha™) 3430 65 345 030
Ao(m?) 29 | 44 | 74 | 97
Note: Ao: Area occupied by one tree.
30
2 o’ —&—Type B
e 2 (29%)
g 2 —@—Type B
a ype
2 - 15 / HH' (58%)
g R ==
S =10
< Type C
G 5 j (29%)
RS 0
E =@=—Type C
0 10152025303540 (58%)

Forest Age (year)

Figure 6. Relationships between forest age and ratio
of AS occupied in a factor of safety

Factor of Safety Calculation with and without
Shear Strength Reinforcement by Tree Roots

The factor of safety value is calculated by
using simulation (Koay et al., 2013) on the
equation of factor of safety (Hiramatsu et al.,
1992) as below:
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c
F= T st {ys -H-(ys—yb)-H1}-cos 6 -tan®
{ys‘H + (yt—ys)-H1}-sinf

where H is soil height (m) , H1 is ground water
table (m), 6 is slope angle (°), r is resisting
force of the slope (N/cm?), t is sliding force
(N/cm?), ¢ = cohesion force (soil sticky force)
(N/cm?), @ = internal friction angle(°), ys = soil
unit weight (g/cm?), yt = saturated soil unit
weight (g/cm?®) and yb= soil unit weight in
water (g/cm?), the slope angle = 28°, and the
soil properties: cohesion = 0.25 N/cm?, effective
porosity/valid porosity = 0.4, saturated
hydraulic conductivity = 0.02 m/h, internal
friction angle = 35 ° and soil unit weight = 1.36
g/cm?, which data are obtained by site
surveying and laboratory test. With the
consideration of tree roots contribute shear
reinforcement strength positively for slope
stabilization, the factor of safety becomes

F,=x-F

where the value x is depending on the age of
forest. We apply the data from Abe K. (1997)
and assume 58% overestimated Kaketani R.
(2018). The simulation results, by using F
calculation (Koay et at., 2013), show that after 4
hours continuous 2omm/h rainfall, factor of
safety value is 0.996 as 1*. row in Table 3, which
means the slope is in the risk condition. Other
rows in Table 3 show F, result of the simulation,
and the effectiveness of shear reinforcement
strength by tree roots in slope stability is well
proven.

Table 3. Effectiveness of the tree roots by simulation

Forest Age
(vearS)g (58% o\:.(errated) Fovalue <1
O(without tree) 1.000 after 4th hour
10 1.017 after 5th hour
15 1.069 after 6th hour
20 1.114 after 8th hour
25 1.133 after 8th hour
30 1.147 after 8th hour
35 1.161 after 9th hour
40 1.168 after 9th hour
45 1.181 after 9th hour
50 1.185 after 9th hour
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Analysis Data from the Monitoring Site

The rain gauge, in the monitoring site
(Figure 7), which is located 05°36.042'N;
101°,35.546’E, elevation go6m and the height of
the peak is 1065 m, along East-West Highway
in Malaysia, recorded the volume of rainfall
exceeded 415cm in 3 days, from o0o:00 22",
December, 2014 to 23:59 24". December, 2014,
where the slope angle was 33°. Inclinometers
started showing the movement of slope at
05:00, 22/12/2014. And, our simulation result,
with the slope angle = 33° (site survey) and the
soil properties: cohesion = 0.25 N/cm?, effective
porosity/valid porosity = 0.4, saturated
hydraulic conductivity = o0.02 m/h, internal
friction angle = 35 ° and soil unit weight = 1.36
g/cm?, showed that the F value was also below 1
in the slope, at 05:00, 22/12/2014, as Table 4.

Figure 7. Monitoring site 05°36.042'N; 101°, 35.546'E
along East-West Hi§hway in Malaysia
(taken on 22", April 2014)

Figure 8. The site photo (inclinometer case) was
taken on 22™. April, 2014 before the slope failure

o
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Table 4. Simulation result of F values by using

- . mm (*)
rainfall data from rain gauge 25 +— Hourly Rainfall (mm) 8
Date and Time Rainfall (cm/h) F Value e=fl== nclinometer Lower 1.8m (°) -7
20
22/12/2014 1:00 7.5 1.0161 L6
22/12/2014 2:00 14 1.012 -
15
22/12/2014 3:00 20 1.0078
-4
22/12/2014 4:00 8 1.0054 K
10
-3
22/12/2014 5:00 125 0.9941
22/12/2014 6:00 15.5 0.9882 s M2
22/12/2014 7:00 7.5 0.9853 -1
22/12/2014 8:00 5.5 0.9756 o - 0
A T = s s R R R R S
22/12/2014 9:00 6.5 0.9708
th hour from 21/12/2014 00:00:00
22/12/2014 10:00 3.5 0.9704
Figure 10. Data from inclinometer and rain
22/12/2014 12:00 5 0.9759
22/12/2014 13:00 1 0.9829
22/12/2014 14:00 0.5 0.9910
22/12/2014 15:00 0.5 0.9994

After the heavy rainfall, the crack
occurred surroundings the inclinometer case
Figure 9 comparing to Figure 8. From the result
of the simulation as in Table 4, F value was
below 1 at 05:00, 22nd. December, 2014and the
inclinometer also showed the slope movement
at 05:00, 22nd. December, 2014 (Figure 10).

" PR s

Figure 1 Monitoring site photo which was taken on
26™ December 2014 after landslides happened in
05°,36.066'N; 101°,30.483'E

According to the news, landslides
happened in 05°,36.066'N; 101°,30.483'E at 8:59
pm, zgrd. December 2014, where is near to
monitoring  site  (https://api.nst.com.my/
news/2015/09/east-west-highway-closed-after-
cave). Figure m, which was taken on 26™.
December 2014., shows that there were still
trees in above the head scarp. We can conclude
that tree roots raised F, value to above 1. With
the assumption that trees age was 15 years, top

: soil height was 100 cm, and with the survey
Figure 9. The site photo (inclinometer case) was results from Abe K. (1997) and Kaketani R.
taken on 16™. February 2015 after the slope failure (2018), F,was equal or larger than 1.0271 ((1 +
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0.139 - 0.42) - 0.9704, where 0.9704 is the lowest
F value in Table 4). Trees still in above the head
scarp, after heavy rainfall during that period,
proved that the tree roots had effect to prevent
landslide. In the other words, if reforestation,
by planting suitable trees, was carried out in
the monitoring site, the slope movement might
not happen.

GREEN AND HEALTHY ENVIRONMENT

Energy Sustainability and Reducing Carbon
Dioxide for Preventing Global Warming

Besides increasing shear reinforcement
strength by trees, photosynthesis process by
green plants, with chlorophyll, under sunlight
produces glucose and oxygen. During
photosynthesis, plants take in carbon dioxide
from the air and water from the soil. Using
sunlight, they transform these carbon dioxide
and water into glucose and oxygen. This
process is essential for producing food and
oxygen, reducing greenhouse gases which
cause global warming, and supporting lives on
the earth. Planting more trees in the garden
and hilly areas is not only to stabilize the slope,
it also reduces carbon dioxide and protects the
green environment.

By the below photosynthesis equation:
6CO, + 6H,0 + Light Energy — C¢H ;5,04 + 60,

it is clear that trees absorb carbon dioxide and
produce oxygen which is needed for breathing.
According to the survey by Forestry Agency,
Japan in year 2022 (https://www.rinya.maff.
go.jp/j/sin_riyou/ondanka/20141113_topics2_2.h
tml) and the calculation, in one year, one fir
tree(36years to 40 years) can absorb
approximately 8.8 kg carbon dioxide and it also
produces about 6.4 kg O, to atmosphere. In
one year, one family consumes 30.9 GJ energy
and emits 2.74 tonne of carbon dioxide was
reported by Ministry of The Environment,
Japan in 2023. It needs at least 312 fir trees to
absorb one family carbon dioxide emission in
Japan. In Kira T. and Tsunahide T. (1967) study,
the gross productivity may follow the same
trend with increasing stand age. The biomass of
woody organs also increases monotonously
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with age. The amount of organic matter in the
soil which is consumed by the respiration of
woody organs might have the same increment
ratio. The respiratory consumption by leaves is
naturally expected to be proportional to their
biomass.

According to The Indonesian Palm Oil
Association (GAPKI) report, every hectare of oil
palm plantations can absorb around 161 tons of
carbon dioxide every year, and produce oxygen
at around 18.7 tons ((https://gapki.id/en/news/
2020/07/n/ecology-the-hidden-side-of-palm-oil/).
The higher the outcome of production of oil
palm plantations will absorb more carbon
dioxide from the air, and the more oxygen will
be emitted to the air for human beings.

Moreover, the oil palm plantations are
also part of the important chain that links the
sun light with the energy sources which are
needed by human beings, and planted in hill
slopes in Indonesia and Malaysia. Through the
photosynthesis process, the energy from the
sun is captured and stored in the forms of
chemical energy sources as biomass.

Trees absorbs carbon dioxide and stores
the energy sources by conversion carbon to
biomass. The combustion of biomass, for
example tree trunks and palm oil, emits carbon
dioxide. Carbon dioxide will be absorbed again
by trees without increasing the volume of
carbon dioxide to become carbon neutral. It
helps to prevent the increment of carbon
dioxide toward energy and green environment
sustainability.

Reforestation Activities

Reforestation, by planting suitable type of
trees in the deforestation areas, especially in
the hilly areas, can prevent the slope failures,
the erosion and the soil runoff. However, as it
will cause uncontrolled plants diseases and
pollen allergy to the public, monoculture
should be avoided, although it is more
economical effectiveness in the short term.
Multi-species  plantation, in reforestation
activities, is much recommended for the long
term. By the same time, heavy punishment
laws on natural forest destruction activities


https://gapki.id/en/news/%202020/07/11/ecology-the-hidden-side-of-palm-oil/
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should be
deforestation.

imposed to stop unnecessary

The above-mentioned trees, Quercus
serrata, fir and oil palm tree are just examples
for the study. It does not carry out the meaning
of encouragement planting such tress for
reforestation in everywhere. Right type of trees
for right type of environment must be taken in
consideration for sustainability to counter
global warming to reduce disaster happening.

CONCLUSION

Slope stabilization by reforestation is an
approach that is both environment friendly and
contributes towards biological sustainability, as
well as avoids losses of lives, the occurrence of
desertification, and economic losses. Planting
more plants in urban areas is very much
encouraged for a healthy living environment
and also for global warming mitigation. The
reforestation actions for bringing back the

green on this planet should be taken
immediately before it is too late.
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Abstract: Safe and efficient exploitation of
steep coal seams is a significant challenge for
Vietnamese mining engineers. Traditional
extraction techniques—including shortwall
methods with wood support, single hydraulic
supports, and flexible shield models (such as
XDY)—have proven to offer low efficiency and
result in high casualty rates. Some mines have

attempted longwall technology; however,
mechanized coal separation is often
unsuccessful due to poor adaptation of

equipment to strong impacts from complex
geological conditions. Recent experimental
trials have successfully demonstrated the
diagonal longwall technique using the ZRY
support model, providing a foundation for
wider application across Vietnamese mines.
Nonetheless, = this  technique  revealed
drawbacks during the mining preparation
phase.

Previously, installation of ZRY flexible
supports was performed in an upward
sequence from below, causing imbalance at the
roadway floor and uneven loading at the roof,
which led to support failure and collapse at the
longwall face. This paper analyzes mining
systems and leverages the technical features of
the ZRY support to reorganize the initial
installation direction—from the ventilating
roadway down to the haulage roadway,
progressing stepwise toward the transport
entry.

Research results and actual applications
have demonstrated that the improved method
eliminates the cost of additional installation
roadways, shortens the time required for

74

longwall faces to reach design capacity by 10-
15 days (from 85-9o days down to 75 days),
achieves a coal recovery rate of 9o-95% (25-
30% higher than traditional shortwall
methods at 70-75%), and attains labor
productivity of 6.0-6.5 tons per shift—2-3
times higher than conventional sublevel
mining methods.

Keywords: Support model ZRY, ventilating
roadway, transportation roadway, installation
raise, load, coal seam 6(7).

INTRODUCTION

A coal seam is considered to be dip when the
buried angle is more than 45°, mining for these
steeply inclined hard coal deposits is very
difficult 122633. Compared to the gently inclined
coal seams, mining for the LDACSs (large dip
angle coal seams) causes a reduction in the
normal component and an increase in the
tangential component of supporting gravity 4648.
The reduction in the normal component leads to
a reduced weight that the support can bear,
therefore, smaller working of the support will be
resisted. The high tangential element increases
the sliding power, which impacts the support
along the inclination direction of the coalface. As
a result, support is likely to tilt and slide
102024. Moreover, the stability of longwalls with
steep seams is affected not only by the dip angle
but also by the strike angle of the coal seams
(i.e. underhand or overhand mining) or passing
through faults and other tectonic zones 1719.In
particular, the support in the coalface is
subjected to the large horizontal stress
imposed by the roof, which will significantly
reduce stability of the support 24043. Thus,
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mining for the large dip coal seams has
potential risks because of instability caused by
the weak nature of the surrounding rocks and
their movement after excavation 253944.

The shortwall techniques such as sublevel,
room and pillar, blasting gallery... or the longwall
can be used to exploited the steep seams. The
sublevel caving system originated from the ore
mining, sublevel caving (SLC) is a mass mining
method that based on using the gravity flow of
the blasted ore and waste rock in cave. This
method has been applied for mining the dipping
steep coal seams for over sixty years despite only
being fully mechanized at the beginning of the
21" century 194851 In recent years, with the
saturation of conventional coal mine resources,
increasingly, steeply dipping coal seams (SDCS)
with a dip angle of 35-55 and complex
enrichment conditions are being mined 2952.
Many scholars have carried out systematic
research on the mining technology of SDCS, for
example, top-coal caving mining and staggered
roadway layout mining were successfully
applied for SDCS 48s1.

To extract high-quality coal resources, a
completely mechanized variant of the sublevel
caving system was designed on the basis of
standard machines and equipment applied in
coal mining. Exploitation was conducted from
top to down at the levels of the particular
mining sub-level drilling wells with the roof
caving 23. The faces in the extracted coal
release areas were protected by a pair of system
of specially designed mechanized mining. One
of the basic issues that is revealed during the
extraction process of subsequent mining panels
is the changeability of the rate of resource
mining. The mining losses changed in the
available resources from 10% to 50% 5051.

The room and pillar method, known as
the bord and pillar method, is a shortwall
method. This method is developed by pushing
the water to drift from the main roadways to
the block of coal seam forming the rooms.
Pillars are formed by letting the coal be non-
adhesive between the rooms. Depending on the
characteristics of the coal and the rock above
the seam, a part of coal in the pillars will be
extracted, the remaining coal pillars will be
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used to support the roof and control the
movement of the strata. The diagram of the
room and pillar method is presented in Figure
2b. This method is widely applied in areas
whose surfaces need to be improved, for
example, coal seams located under the
residential areas, rivers, or roadways. The room
and pillar method is also applied in areas where
longwall methods face up with difficulties due
to poor corrosion of coal at the top and/or in
the beneath strata 42527.

Another method, named the blasting
gallery (BG) method which is considered a
modern room and pillar method, has been used
in French and Indian coal mines. Operation of
the BG method is roadway development along
the door of the coal seam in the room and
pillar pattern, following as the final extraction
of the seam in the transmission line, creating
drill holes from the developed galleries in ring
patterns. The coal will be broken by the
blasting method then. Blasted coal is removed
by load haul dump machines (LHD) 42527. The
difference between the two methods is that
coal extraction from the pillar in the BG
method is undertaken by the drill and blasting
method, while in the room and pillar method,
roadway development and coal extraction are
carried out by the continuous miners. As a
result, the BG method can exploit very thick
seams by one transmission line, which is
usually divided into slices when the continuous
miners extract. A diagram of the BG method is
presented in Figure 2c and 2d. The shortwall
methods achieve high productivity but a low
rate of coal recovery, resulting in a lot of labor
accidents.

In the 1970s, the Soviet Union developed
fully mechanized mining technologies for
mining thick, medium-thick, and steeply
dipping coal seams 56. In the 1980s and 1990s,
the United States, Germany, France, the
United Kingdom, India, Spain, and other
countries also applied mechanized mining
methods and ground control techniques to
access steeply dipping coal seams; these
methods were also used to handle limited
experiments 131424. After nearly two decades of
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research and development, China has made
significant progress in developing the mining
theory, application of essential technology and
equipment to exploit steeply dipping coal
seams, has succeeded in transforming from
non-mechanized mining to fully mechanized
longwall mining (fully mechanized caving) in
certain conditions, and has solved the basic
safety problem in mining steeply dipping seams
2122145. The main technical difficulties in
applying fully mechanized mining technology
are controlling the surrounding rock and
mining  equipment  stability,  skidding
prevention, and flying gangue prevention.
Based on the analyzed trend, prosperous
development directions for steeply inclined
coal seam mining are proposed 93347.
Hongsheng said that: 1. Controlling the
equipment stability of steeply inclined working
face needs to be advanced. Gliding and
toppling over of equipment are the main
problems in steeply inclined working faces
during mining. The adaptive capacity of
supports to the change in coal seam thickness
must be improved; 2. More working faces need
to be automated. The difficulty for workers in
walking in the steeply inclined working faces
restricts the cutting speed since the machines
are operated by those workers. Thus, automatic
mining machines and self-advancing supports
are investigated and developed. 3. Rib spalling
control techniques need to be improved.
Anytime, the roof fractures and the face guard
are not stretched out, the massive rib spalling
can happen. This would lead roof falling which
block the lower end of the working face.
Therefore, the structure and capacity of face
guard should be enhanced to change the
mechanical characteristics of coal walls and the
wall stability.

Thus, almost all mines still use non-
mechanized mining methods such as oblique
short-wall and longwall, except for some mines
that have medium-thick or extra-thick coal
seams, which are mined by the fully
mechanized methods. Mines in which fully
mechanized methods are not applied meet
restrictions of production and operation, such
as low production efficiency, poor safety
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operating environments, and frequent casualty
accidents. Fully mechanized mining is very
clearly difficult for a steep coal seam with a
large inclination angle and a hard roof 262849.

DIFFICULTIES IN MINING THE STEEP SEAMS
IN VIETNAM

In Viet Nam, coal is distributed mainly in
Quang Ninh, Thai Nguyen, Hoa Binh, Hai
Duong.... but the coal basin in Quang Ninh
possesses most of the national coal reserves. All
mines in Quang Ninh have steep seams such as
seam 5, seam 6, seam 7 in Ha Lam coal mine,
seam 10, 9V, 9T, 9BT in the South of the
projects of shield pillar underground mining in
Mao Khe, Uong Bi, Ha Long .... Moreover, these
steep seams have small coal reserves, are
divided by faults, strongly changes in thickness,
slope angle so it is vey difficult to return on
investment if fully mechanized mining
methods are used there. Total coal reserves at
these steep seams are 40% of the reserves in
the whole region. The steep seams have been
exploited with the support of wood
instruments, I-shaped steel bars tied by cables,
the single hydraulic support, the flexible shield
for a long time. In the longwall, most of the
working faces are supported by the wood
instruments, therefore the height of the
longwall is usually from 2,0 - 2,2 meters, thus
workers of average height can access the roof
and attach the beams, as well as control the
risks that may occur when the roof falls.
However, the main problem of mining the
thick seams is that coal is left on the roof or at
the door of the mining table 13738. With an
effort for increasing the coal production and
improving the rate of recovery coal, the
longwall method with many slices is used to
exploit seams whose thickness is more than 4,5
meters. This method was applied at the end of
1980s in some Quang Ninh underground mines
such as Vang Danh, Ha Lam, with a view of
improving the ability of coal recovery in mining
the thick seams. A thick seam of coal is mined
by two or more slices taken parallel to the mine
in descending order. Slices are sequentially
taken in independent sides from top to end,
simultaneously or not simultaneously; the
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height of each slice is 2.0-2.2m. To separate the
underlying slices, an artistic roof is created by
leaving a layer of coal seam with a thickness of
0.4 to 1.om among the slices 353738.
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Figure 1. Statistics of reserves with thickness and
slope angle of the coal seams in Quang Ninh

Although the multi-slice longwall method
improves the rate of coal recovery more than
the single-segment longwall, the mining
productivity is low due to some peaks. The
main issue of extracting the beneath slices is
that controls the stability of the roof. The
remaining art charcoal layer among the slices is
easy to be fractured due to the weight of the
rock blocks broken from the goaf of the upper
slices. Therefore, if the art coal layer is too thin,
it is necessary to do more work to control the
potential hazards of the fallen roof on the
longwall, especially in which the face of the
beneath slices operate under the goaf area of
the upper slices. In addition, the instability of
the roof can make it unsafe. Leaving a thick
layer of art coal among the slices can prevent
the potential danger from the broken rock
block that falls down, but in this case, loss of
coal is greater 63738.

With steep seams, the most common
methods used in Vietnam in the past were the
blasting gallery method BG as Figure 2c, the
Blasting sub-level stopping system in Figure 2a.
The supporting material is wood or steel, coal
is separated by the dynamite. These two
systems have the low investment capital, fast
payback time, and easy operation. The other
challenge of the application of the room and
pillar method in Quang Ninh mines is the road
development technology being used there. In
the room and pillar method, many gateroads
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need to be driven, and coal that was extracted
from roadway development accounts for a large
proportion of the total coal product. The
gateroads should be operated by mechanized
mining equipment in order to get a high output
from the room and pillar method. However, the
disadvantage was seen that almost all gateroads
in the underground coal mines in Quangninh
have been driven by the drilling and blasting
method, coal is loaded on the chain conveyor
or locomotive cars by manual means, and the
face is supported by steel arches or timber
beams 43437. The main reason for the low
advance rate is the attrition of time and labor
in transporting and erecting support materials,
because all the gateroads are supported by arch
steels or steel/wooden bars. when the coal
seams are so steep that the workers must
exploit continuously, driving through the
gateroads and transporting support materials
by manual method will certainly increase the
costs and time of roadway development.
Therefore, the low advance rate of the process of
roadway development will limit the efficiency and
prevent the increase of coal production if the
room and pillar method is applied in the
Quangninh coal field 43538.

In reality, the production BG method has
high productivity per man-shift. However, the
ability of coal recovery is low and the
proportion of accidents is high, which are
disadvantages of the method. Statistics from
many coal mines applying the BG method show
that coal recovery is less than 60%. The reason
is due to the weak or moderately strong roof of
seams, so in mining process a large amount of
coal is blocked by collapsing rock from the roof,
or by drifting props for supporting before
blasting, as illustrated in Figure 2d. In some
situations, a large volume of coal was still hanging
in the goaf area. Workers were easy to break
safety management regulations, they entered into
the goaf area to drill one or more small blast
holes in order to get some of the stuck coal.. In
reality, a lot of death has been reported in the
Quangninh coal eld because of cases like that

41637.



VOLUME 2: EARTH, MINE, AND ENVIRONMENTAL SCIENCES FOR GREEN, SUSTAINABLE, AND PROSPEROUS DEVELOPMENT ...

c. The blasting gallery (BG) method
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Figure 2. Mining system of room and pillar method, BG and Sublevel method

In Viet Nam, exploiting by sublevel method
with using  the single hydraulic supports,
supported by semi-mechanized shields model
XDY-1T2 / LY or mining by dynamite are being
limited (Shown in fig 2a and 3). This method has
the same disadvantages as BG method such as
low coal recovery, hight proportion of happening
accidents, large ratio of roadway development per
produced tons of coal, many driven gateroads in
steeply flooded conditions 353638. The
mechanization technology retreats along with
the seam dip, extracting the high steep thin
coal seams by coal plough has been applied
since 2008 in Mao Khe and Hong Thai coal
mine, supported by shield support 2ANSHA. In
the period of 2007-2013 (Figure 3a), with
mining of steep thick seams, Vang Danh and
Ha Long coal mines had trial application of
shortwall technology, face was supported by
power shield model KDT-1, KDT-2, and top
coal caving through blasting drilling in the long
hole (Figure 3b) 78u. However, both of the
projects fail to achieve the proposed target.
Objective reasons are complicated geological
conditions, water making coal slurry, too big
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mine pressure ... Subjective reasons are that
distance between the rigs is large, the manual
dynamite charging technology is inefficient and
time-consuming due to non mechanized
explosion stage, in the bordering area between
the longwall and the ventilation roadway, and
transportation continuously has to resist
cropping ... (for the longwall using the KDT rig);
Much work must be done manually, the jacking
in the adjacent area between the longwall and the
ventilation roadway, transportation takes many
stages due to large-scale face sliding, and slipping,
toppling of the equipments, so application of fully
mechanized mining technology be difficult and
limited, the large investment capital is not
suitable to the seam with small reserves, the slope
angle of the seam makes the support fall ...

Fully mechanized mining is very difficult
for a steep coal seam with a large inclination
angle and a hard roof [12]. As a simple and easy
mining method, a flexible shield method for
supporting minerals mining has been widely
used in the steep coal seam mining. However,
mining under a hard roof by the caving
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method, a large area of the roof can be hung,
which will lead to a collapse of integrity and

a. Diagram of mechanized mining in Mao Khe

Section A-A

2o
o

will have a strong impact on the working face
32629.

b. Using the support model KDT

Figure 3. The fully mechanized technique was used in Mao Khe and Ha Long mines

MINING METHOD FOR OVERCOMING THE
INFLUENCE OF THE LARGE SLOPE ANGLE

Rationale

For a long time, underground mining in
Vietnam has faced many challenges in
exploiting the steep seams; it is essential to
increase productivity and safety in these areas.
The above analysis shows, shortwall face has
high productivity per shift but the amount of
preparation roadway is large (sublevel), coal
loss is big (room and pillar, BG), or equipment
is inappropriate with regional geological
conditions (KDT rig or 2ANSH technology) so
it is necessary to improve technique to match
the specific characteristics of Vietnamese
mines 8151832. Besides, the longwall operates
more stably than the shortwall. Therefore, the
mining direction for the steep seams is the
longwall method. In term of geometry, the
inclined angle created by the diagonal of the
rectangle is always smaller than the right angle.
This is an important basis for forming the
diagonal longwall system. The diagonal
longwall is established by building a raise that
is dug diagonally at a steep angle to the
direction and slope angle of the seam, then
form a diagonal face with a slope angle of 20 to
30 degrees (Figure 4a). The key technical issues
for achieving the safe, efficient coal mining and
high coal recovery ratio are the surrounding
rock control in strong strata behaviors that
operate face -to- face, efficient mining
technology, and development of equipment in
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the complicated mining seam. Thus, the paper
studies “hydraulic support and surrounding
rock coupling control theory and technology”
based on long-term technological research and
innovation practice 202941.

The invent of the support model ZRY
(Figure 4b) is the result of specialized research
for the slope seams, especially suitable for
small-scale seams because the price of the
model ZRY is cheaper than the mechanized
support [18, 33, 34]. The support ZRY is flexible
with all variation conditions in thickness and
slope angle of the seam. Each soft support ZRY
consists of details: (1) oriented bar: connects to
the roof bar by turning pegs, slide on the
seamwall when the support moves, (2) roof bar
(main bar): connects to the oriented bar
(turning pegs) and the rear bar (hard pegs), (3)
rear bar: connects to the roof bar (hard pegs)
and the tail bar (turning pegs), (4) Tail bar:
connects to the rear bar by the turning pegs to
control the tail bar straight or folded, (5) Piston
for controlling the tail bar: One side is
connected to the rear bar, the other is
connected to the tail bar, operated by control
hand and hydraulic system. - The hydraulic
system controls piston of the tail bar: the cyclic
hydraulic system, has 3 control hands to
operate the tail bars of three supports. With
such a structure like that, all the pressure
generated by the collapsed rock wall is
transferred to enhance the friction force at the
top and foot of the support, so, the protection
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ability for the longwall space is increased.
Because of not having the beneath plate, the
hydraulic piston is both a force transfer

element and a flexibility creating part when the
thickness and slope angle change.
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a. Diagram of digging the mining previous preparation

roadway method.

b. The support model ZRY

Figure 4. Diagram of constructing the diagonal longwall using the support model ZRY

Experiment for assessing the production
reality

Base on the above analyzed theory, the
Vietnam Coal and Minerals Corporation
conducted experiments from 2015 to 2018 in 3
different steep seams in some mines such as
Hong Thai (2015-2017), Uong Bi (2016-2019),
Mong Duong (2017-2020).

Preparation: The mining area is prepared
by stratifying according to the ventilation
roadway and the transportation roadway. The
vertical height of the longwall floor (stratified)
is usually chosen 30 + 50m, corresponding to
the length of the diagonal longwall of 60 + 110
m (the slope angle of the longwall is 25 + 289).
At the ventilation level and the transportation
level of the floor (or strata), the roadway is dug
along the ventilation seam and the
transportation seam to the field border. From
the longwall along the transportation seam at
the border, a coal removing crosscut and the
initial travel crosscut are dug, the distance
between two crosscuts is 6 + 8 m. The length of
the crosscut depends on the width of the coal
pillar for protecting the transportation
roadway, the minimum length of crosscut is
s.om. At the point where stop digging the
crosscut, a roadway that connects two
crosscuts is opened, then the diagonal raise is
opened up to the ventilation roadway based on
the connecting roadway. From the initial raise,
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the soft support will be installed to exploit the
longwall. During the mining process, digging
the coal removing crosscutit and ahead
ventilating the longwall face is conducted
simultaneously, the distance between the
crosscut is 6.0 + 8.0 m so that, in front of the
longwall face, 2 + 3 crosscuts are maintained
ahead.

The longwall mining: Mining is conducted
by drilling and blasting, the sequence of mining
is from bottom to top in segment with the
length shown according to the mining
passport, the mining progress of the face is
0.8m per one cycle. The longwall uses the
mechanical soft support, on the top of the
support, a steel mesh is covered to prevent and
limit rock from entering the longwall and to
help the support to be recovered conveniently.
At the foot of the longwall, the horizontal
longwall is maintained with a length of 15 -:- 20
m, at the head of the longwall, the horizontal
longwall is maintained with a length of of 10 -:-
15 m. After each mining cycle, the supports
themselves move in the direction of the mining
face with a distance that is equal to the mining
progress through rock pressure broken above
the support and the weight of the support.
According to the progress of the movement,
the horizontal longwall part at the foot is
longer and the horizontal longwall part on the
ventilation roadway is shorter. Therefore, after
a certain number of mining cycles, the supports
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at the foot of the longwall need to be recovered
and moved to along the ventilation seam to
install additionally.

Coal transportation: Coal mined from the
longwall face slides down to the coal removal
crosscut, then flows to the roadway raking
trench along the transportation seam. From the
roadway along the transportation seam, coal is
transfered outside though the mine's general
transportation route

Ventilation: Ventilation for the longwall is
conducted through the general pressure
reducing line of the entire mine. Clean wind
outside enters the open roadway, go up the
transportation seam and the coal removing
crosscut to ventilate the longwall. The waste
wind of the longwall goes throung the
ventilation seam and is pushed out according
to the wind escaping roadway.

o 25°

. - ‘Aﬂc;;ﬂsxnl ngll
# Rotationang! I

.. Workingface

coalout gate .~

[£5] Transport roadway

a. Installing the support

Drainage: Water released from the mining
area of the longwall flows itself through the
drainage ditch system on the roadway designed
with an outward slope of 5%o and drains
outside by the drainage system of the mine.

Diagram of preparation and exploitation
steps applied for underground mines in Quang
Ninh is shown in Figure 3a, 4, 5.

Step 1: Dig the preparation roadway
system that includes the transportation raise
connecting the ventilation roadway and the
main transport roadway, then from the raise
excavate the stratified roadway, dig the
diagonal raise to install the support model ZRY.
Dig other roadways as (Figure 4°, 5a).

Step 2. Install equipment system and the
support model ZRY in the diagonal roadway.
Drilling and blasting to load for the support
(Figure sb).

b. Drilling and blasting to load for the support

Figure 5. Install and load for the support

Step 3. Conduct periodic mining (reach design capacity) as Figure 6.

1y * % ',:;,\{i‘&
0> N
Pt
vy

a. Drill the blast holes on the ground

b. Blast to break coal
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c. transport coal and move the support

d. Finish one mining period

Figure 6. Diagram of the periodic mining

The experiment result in period of 2015-
2020

The real experiment was conducted in
Hong Thai coal company (2015-2017) at the
seam 9oB# level + 30 / + 95. The used
technology achieved remarkable efficiency:
average coal poduction was 400 tons/a day, the
labor productivity reached 5.5-6.0 tons/a day
(2-3 times as high as the sublevel method), and
the coal loss was only from 12.6-16.3% [1, 18].
This technology has improved safety and has
been suitable to working conditions in the
steep seams. Moreover, application of the
diagornal longwall system with the support
ZRY reduced the development speed of
roadway per ton of coal production, only 16.7
m/1000 tons (average degree of 30-40 m/1000
tons in sublevel and BG method). The time is
90 days from preparation period of the mining
area to mining period with designed capacity
achievement, the proportion of residual coal in
the goaf area is about 30-35%.

The next tests in Uong Bi (2016-2019) and
Mong Duong (2017-2020) had the similar
results. Summary of application results of the
new method until the end of 2020 shown that
this mining technology has many outstanding
advantages of technique and safety that are
better than the other mining technologies at
the same conditions. In terms of economic -
technical indicators, the method gains the high
labor productivity, coal loss and cost for
roadway preparation are low, expense for wood
is low. In terms of safety, process of mining is
simple and easy to access, the longwall is
ventilated by the wind network of mine so the
working conditions for workers are improved.
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The equipment in the longwall is little, the
structure is simple, so the incidents in
production are quickly overcome, which helps
exploitation stably and continuously. The
flexibility of the support model ZRY in
geological conditions that strongly changes in
thickness, slope angle, ensures a good support
for the mining space in the longwall. Average
labor productivity of 6.0-6.5 tons/ton (per
man-shift) is 2-3 times as high as sublevel
mining method. On the other hand, the
construction cost for roadway meters/1000 tons
of coal of the sublevel mining method is 35-45
m/1000 tons of coal, this of the diagonal
longwall method using the support ZRY is 16.7-
25 m/1000 tons of coal. This technology has the
same productivity and safety level as some
longwall faces that operate with lower slope
angles and it is very suitable with steep seams,
small reserve scale.

IMPROVEMENT OF TECHNIQUE IN THE
MINING PREPARATION PHASE. CASE STUDY
OF THE LONG WALL AT SEAM 6 (7) LEVEL -
175/-110 IN NAM KHE TAM MINE

Figure 4a shows that the process of load
for the support is incapable of recovering fully
coal behind the longwall (the red circle lines),
the amount of recovery coal is 65-75% of total
coal in the letter A area. It takes 85-9o days to
complete the preparation steps for the periodic
mining phase (gaining the design capacity).
However, the rate of recover coal can increase
more and the expense of digging the
installation roadway is able to be economized
on the base of the moving feature of the
support ZYR in the diagonal longwall.
Therefore, the proposed solution is that
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accesses the ventilation roadway and dig down
the transportation roadway. To demonstrate
the above theory in practice, an experiment is
conducted in Nam Khe Tam mine at seam 6(7)
level -175/-110.

Natural characteristic of the area

The experimental area is at seam 6, Nam
Khe Tam, Cam Pha city, Quang Ninh province,
Vietnam. Seam 6(7) has some characteristics
as: Average thickness (my,) is 3.79 m; Average
slope angle (o,) is 48% Volumetric weight of
coal (y) is 1.44T/ m?; Side length (Lp) is 260m;
Length in slope direction of stratification (Lg)
40; rock in the side of seam: a siltstone layer
located directly on the coal seam has the
thickness of 8.6 + 32.2m, average of 15.8m,
there are layers of claystone, lenticular coal
clay. The siltstone layer has compressive
strength 6, = 41.61 + 3910.00kG/cm?, average of
425.79kG/cm?, average volumetric weight y=
2.68g/cm?. The wall rock layer is a siltstone of
moderate stability and collapse. Above the
siltstone layer there is a set of sandstone with a
thickness of 12.7 + 34.8m, with an average of
22.3m. Compressive strength of sandstone layer
o, = 117.74 + 3433.51kG/cm?, volumetric weight
y = 2.70g/cm?. The wall rock layer is sandstone
which is stable and difficult to collapse. Pillar

a. Location of Nam Khe Tam mine

rock: a layer of siltstone whose thickness varies
from 2.1 to 3.2m lies under the coal seam.

Designing and experimental construction in
the longwall at seam 6(7) level -175/-110 nam
khe tam mine

The support was chosen to be ZRY 36/45L
model, the distance between central points of
the pillars which were used to support the end
roof and the roof of the working face is 1.15 m.
The guide girder, the top girder, the guard
girder and the tail girder were shown as (Figure
3b). Among them, the guide beam (1.000 mm)
is connected to the top beam (1.940 mm). The
globe-shaped pillar head is used as an auxiliary
support. The guard girder (950 mm) is
connected to the tail girder (1,200 mm) and a
hydraulic jack was installed in the middle of
the connection segment to adjust the angle of
the tail girder for coal separation and also
adjust the chord length of the support with a
view to adapting to different changes in
thickness of coal. Working range of the model
ZRY 36 / 45L is suitable for the thickness of 2.5-
6m, the slope angle of the seam from 45°-81°.
Coal was separated by using dynamite.
Roadway are dug in coal, level roadway -110
serves ventilation, the one level -175 is used to
transport coal. The diagram for establishing the
mining system is shown as (Figure 7b).

A /’ ~
,/Rﬁ;sc«t\/fay/lég 1-175-140
77 7 /7/1741;1 1@ rrsue
/S A p 4,3/3{,«‘ " 234.284

AN

b. Diagram of the design area

Figure 7. Location of the studying area

Step 1. dig the raise level -175/-110, dig
other roadways and install the support model
ZRY in the ventilation roadway with the length
of 20 m as Figure 7b and 8a .
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Step 2. Drill blasting and loading on the
support in the ventilation roadway (Figure 8b).
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Ventilation roadway level -110

Raise way -175/110

nection gate

5

Transport gate No1

-

= i
5

f—— jormm——

8m Transport roadway level -175

a. Step 1dig the preparation roadway and install the
support ZRY in the ventilation roadway

Blast holes

Ventilafion roadway

1.700_.700.

b. Step 2. Drill blasting and load for the support in the
ventilation roadway

Figure 8. Diagram of construction in step 1and 2

Step 3. To conduct coal separation,
explosives are sequentially loaded into the
boreholes to break up the intact coal mass. The
procedure progresses in order from the haulage
roadway up toward the ventilation roadway.

The extension of the longwall resulting
from this coal extraction process is
supplemented with additional ZRY supports at
the ventilation roadway. The footwall points
are gradually lowered, step by step bringing the
longwall to the designed inclination of 25 to 28
degrees. During the cutting process, the

flexible support at the crown of the longwall
becomes shorter; therefore, it is necessary to
install auxiliary supports in the ventilation
roadway (Figure 9a).

Step 4. Continue to drill and blasting to
separate coal - transport - move the support as
shown in ga until the longwall approaches to
flute throat 1. At any time, flute throat 1 is the
coal loading line, the raise level -170/-110 will be
the material transportation roadway (Figure

gb).

Ventilation roadway level -110

L\dd supports possition

N O\ ZRY sugpors
Raise way -175/110

~}.._ Transport gate No1
Conection gate
L 8m |

3 El’g"ﬂ\t'er:tilaﬁon roadway

: @}“"" T ZRY suparts

g Raise way -175/110

Transport gate Ny 1
- TranspotgateNoZ  Bogster fan

e

-

Transport roadway level -175

= K Transportation roadway

a. Step 3. Lower the coal floor

b. Step 4. Lower the coal floor until approaching to the
crosscut roadway N, (transport gate N,1)

Figure 9. Diagram of implementing in step 3 and 4

Step 5. Continue to align the foot of the
furnace to have enough length of 10-15m. At
that time, the process of building the diagonal

longwall finishes, the working face transfers to
the periodic mining state as shown in Figure
10a.
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a. Diagram of building the longwall in the periodic
mining phase

b. Image of the longwall using the support model ZRY
in the periodic mining phase

Figure 10. Results of building the longwall ZRY in the periodic mining phase

RESULTS AND DISCUSSION

Table 1. Compare obtained results from the old method and the new one

Criteria The old method (shortwall | The new method (longwall
technique) technology)

Construction time for achieving the | 85-9o days 75 days

design capacity

Rate of coal recovery 70-75% 95%

Expense for production

Must dig the roadway to
install equipment

No need to dig the roadway
for installing equipment

The new way of mining preparation
shortens time of achieving the design capacity
with 10 -15 days, hardly spends money and
labor digging the installation roadway, the
recovered coal production is 9.356 tons (about
95% of total reserves in the area where loads
for the support A. The whole periodic mining
process has gone very smoothly without any
significant errors. Thus, the improvement of
technique in the initial set-up for the ZRY
longwall gives chance to widely apply this
technique for many other areas with similar
exploitation conditions.

CONCLUSIONS

The diagonal longwall mining technique,
utilizing the ZRY support model and dynamite
for coal fragmentation, represents an optimal
solution for steep, medium-thick, and small-
scale coal seams in Quang Ninh. By leveraging
the movement characteristics of the ZRY
support, installing support within the
ventilation roadway, and progressively
lowering the floor level according to the
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designed slope angle toward the transportation
route, the mining preparation phase can be
completed efficiently.Preparation for initial
installation as the proposal in the article solves
shortcomings of the old plan and achieves
some advantages such as: (1) - Longwall was
exploited earlier; (2) - Reduce the metres
coefficient of the preparation roadway: The
upper face at the beginning which was dug
perpendicular to the seam is shorter than that
in semi-inclined  excavation, it was
unneccessary to dig the roadway system along
the stratified seam, so the cost of support wood
was saved; (3)- The initial blast and break
almost took place on the support in the DVTG
roadway, so the work was very convenient.; (4)-
The recovery of resources was maximum, there
was no loss of the coal pillar behind the
working face of the diagonal longwall.; (5) -
Safety in construction and installation was
good , the longwall was ventilated by the
general antihypertensive of the mine, so
microclimate factors were guarante.
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Abstract: Square tunnels are increasingly
important in underground construction due to
their  advantages, such as simplified
construction of the square shape and efficient
use of the tunnel's cross-sectional area. In this
paper, based on the characteristics of tunnels
in the Hanoi metro system, the authors used
the Plaxis2D program to model a square cross-
section tunnel at a shallow depth of H = 20 m.
This paper then conducted a series of
simulations to investigate the internal forces in
the tunnel lining (made of reinforced concrete
with a thickness of t = 0.35 m), varying the
Young's modulus (E) values of the surrounding
soil and rock. The research results show that
changes in the elastic modulus E of the soil
significantly affect the internal forces in the
tunnel lining. This highlights the substantial
influence of the surrounding soil and rock
properties on the tunnel's stability, as reflected
in the internal forces within the lining.

Keywords: elastic modulus, tunnel lining, the
internal force, the square tunnel, investigation.

INTRODUCTION

Tunnels with square and rectangular
cross-sections were among the first types of
tunnels developed. These tunnels offer
significant advantages, including simplified
construction and calculation, the ability to
utilize large cross-sectional areas, lower
construction costs, and easier control over the
tunnel's shape. Consequently, square and
rectangular tunnels are receiving considerable
attention in research and practical applications
within underground construction projects.
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Relevant publications and studies on the design
and calculation of these tunnels include:
Bierbaumer AH (1913), Wang JN (1993); ITA
(1998); Penzien ] and Wu C (1998); Wood JH
(2004, 2005); Penzien Z (2000); Mashimo, H., &
Ishimura, T (2005); Moller, S. C., & Vermeer, P.
A (2008); Du D.C et al., 2018; Gospodarikov,
A.P et al., 2018; Nguyen T.C et al., 2019; Sahoo,
J.P.; Kumar, B (2019); Nguyen C.T et al., 2022;
Do NA et al, 2020, and others. Based on
existing research, the calculation and
determination of loads from the surrounding
soil/rock on the supporting structures of
square and rectangular tunnels have been
addressed in considerable detail. However, the
variability of soil/rock environments, the
location of underground structures, and the
specific  characteristics of the tunnels
themselves  (cross-sectional area, depth,
support structure properties, etc.) necessitate
further in-depth research. Specifically, the
influence of the surrounding soil/rock
environment on the internal forces within the
tunnel lining requires more comprehensive
investigation. This paper utilizes the Finite
Element Method (FEM) via Plaxis2D software
to model a square tunnel within a soil and rock
environment with defined properties. This
model enables the study of the influence of the
soil and rock environment - specifically,
Young's modulus (E) - on the internal forces
within the reinforced concrete tunnel lining.
The results obtained provide insights into the
impact of Young's modulus (E) on these
internal forces, enabling an assessment of the
tunnel's stability during operation.
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MODELING SQUARE TUNNELS USING THE
FINITE ELEMENT METHOD WITH PLAXIS2D
SOFTWARE

Tunnel Characteristics

This study examines a tunnel with a
square cross-section. The tunnel's dimensions
are 5.5 x 5.5 meters, and it is located 20 meters
(H = 20 m) below the ground surface (Nguyen
C.T etal., 2022).

Table 1. Characteristics of square tunnel

NO Parameters Unit | Value
1 Yo'ungsmodulus of the tunnel MPa | 35000
lining, E,
2 |Poisson of the tunnel lining, v, - 0,15
3 | Thickness of tunnel lining, t m 0,35
4 |Tunnel depth, H m 20
Table 2. Parameters of the soil mass surrounding
the tunnel
NO Parameters Unit |Value
1 |Young's modulus, £ MPa 10
2 | Poisson, v - 0,34
3 |Soil density, y kN/m® | 18,1
4 Horizontal pressure coefficient, i 05
Ko
5 | Cohesion, c kPa 22,5
6 | Angle of internal friction, ¢ Degree 33

The surrounding soil is assumed to be
homogeneous, isotropic, and continuous,
without distinct layers or interfaces. The Mohr-
Coulomb criterion is used to model the
mechanical behavior of the soil and rock
around the tunnel (given the research
conditions, the tunnel is under a static load,
with the surrounding soil is homogeneous and
isotropic). The tunnel lining is constructed
from monolithic reinforced concrete and is
expected to behave in an elastic-plastic
manner. Detailed characteristics of the tunnel
and the surrounding soil and rock are
presented in Table 1 and 2.

Establishing the relationship and operation of the
square tunnel with the surrounding soil

As introduced in Part 1, this paper utilizes
the finite element method (FEM) to develop a
model of a square tunnel and the surrounding
soil. Plaxis 2D software was chosen for this
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research due to its advantageous features,
including its ability to accurately simulate key
elements such as the tunnel's geometric
dimensions, the supporting structure, and the
surrounding soil conditions. Furthermore, the
software can establish relationships and
simulate simultaneous interaction between the
soil around the square tunnel and the tunnel
lining. To ensure the accuracy of the research
results and compatibility with the computer's
configuration, the 15-node element type was
selected for simulating both the tunnel and the
surrounding soil. The tunnel lining is
represented as reinforced concrete, modeled
using plate elements. The connection between
the tunnel lining and the surrounding soil
(interface) is also simulated to allow for
simultaneous interaction and deformation. In
this study, the surrounding soil and the tunnel
lining are considered to deform together.

To ensure the independence of the tunnel
model study area and the surrounding soil
mass, the study area was designed with the
following dimensions: 100 m wide and 40 m
high, resulting in a model with 35,195 nodes
and 41,360 zones. The dimensions of the study
area, which include the square tunnel and the
surrounding soil, were determined based on
the influence of external factors on the tunnel
construction  process. By using these
dimensions, the impact of external boundary
forces on the study results has been minimized.
Figure 1 illustrates the established model of the
tunnel and its surrounding soil environment.
Boundary conditions were applied to the study
area model, with the top boundary being free
and not fixed or limited in displacement. This
study does not consider the influence of the
groundwater level on the internal force values
within the tunnel lining.

The following steps outline the creation of
a square tunnel model within a surrounding
soil environment. After establishing the model,
this paper will vary and analyze its operation
under different conditions, specifically changes
in the Young's elastic modulus of the
surrounding soil and rock. Based on the results,
this paper will analyze and conclude how
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changes in the Young's modulus of the soil
environment affect the internal forces within
the tunnel lining:

Figure 1. Mesh model of a square tunnel and the
surrounding soil.

Step 1: Define the research area, establish
boundary conditions and the initial state of the
model, and define the properties of the
surrounding soil mass;

Step 2: Simulate the construction process
of the square tunnel, creating the tunnel
outline within the soil mass and installing the
initial support structure with defined
parameter values;

Step 3: Excavate the tunnel within the
area supported by the installed structure;

Step 4: Install the tunnel lining and then
modify the Young’s modulus of elasticity of the
surrounding soil and rock environment
according to the chosen lining type and
selected parameters;

Step 5: Run the simulation, collect the
results, and analyze the internal forces appearing
in the tunnel lining under varying Young’s
modulus values of the surrounding soil mass.

RESEARCH ON THE IMPACT OF THE YOUNG'S
MODULUS OF THE SOIL SURROUNDING A
SQUARE TUNNEL ON THE INTERNAL FORCES
IN THE TUNNEL LINING

A model of the tunnel and surrounding
soil was constructed using the working
conditions and parameters specified in Tables 1,
2, and 3. The study investigated the influence of
the soil's Young's modulus of elasticity on the
internal forces within the reinforced concrete
tunnel lining, which had a square cross-section.
During the research, the Young's modulus (E)
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of the surrounding soil was varied across six
cases: E =10 MPa; E = 20 MPa; E = 35.5 MPa; E
= 50 MPa; E = 75 MPa; and E = 100 MPa. Based
on the research findings, this paper evaluates
how the Young's modulus affects the internal
forces in the tunnel lining. Consequently, it
affirms the impact of the soil's Young's
modulus on the stability of the square tunnel
during its lifespan and operation. For clarity in
research and presentation, the results of the
internal force values in the tunnel lining,
corresponding to fixed tunnel lining properties
and varying Young's modulus values in
different soil environments, are displayed along
the tunnel's cross-section. The center of the
tunnel cross-section serves as the origin of the
coordinate system. The internal force values
were surveyed at locations on the tunnel lining
determined by angles measured from the
center of the tunnel -cross-section. This
representation clearly illustrates how the
internal force values change along the tunnel
lining's cross-section at each location.

This section of the paper focuses on the
internal force values within a square tunnel
lining, with a fixed lining thickness of t = 0.35
m. The Young's modulus of elasticity for the
surrounding soil was varied across six values, as
detailed in the paper: E =10 MPa, E = 20 MPa, E
= 35.5 MPa, E = 50 MPa, E = 75 MPa, and E =
100 MPa. A square tunnel model was used,
incorporating both the material properties of
the lining and the characteristics of the
surrounding soil. The resulting internal forces
within the tunnel lining are illustrated in
Figures 2, 3, and 4.

Based on the results shown in Figures 2-4,
this paper can conclude that when the tunnel
lining thickness is t = 0.35m, the moment value
M in the square tunnel lining tends to
concentrate. With the parameters defined, it
reaches positive extreme values at angles 0°, 9o°,
180° and 360° as you rotate counterclockwise
around the tunnel face's cross-section.
Conversely, the negative extreme moment
values in the tunnel lining appear at positions
45° 135°% 225°, and 315°. This can be explained by
considering the square tunnel's lining as load-
bearing beams. Under the pressure from the
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surrounding soil, the corners of the lining, which
experience the maximum positive moment, undergo
significant bending. Meanwhile, the sections of the
tunnel lining experiencing negative moment are
subjected to tension.

i Moment M
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Figure 2. Moments appear in the tunnel lining when
the Young's modulus of elasticity of the surrounding
soil changes within the expected range.
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Figure 3. Normal force N appears in the tunnel lining
when the Young's modulus of elasticity of the
surrounding soil changes within the expected range.
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Figure 4. Shear force Q appears in the tunnel lining
when the Young's modulus of elasticity of the
surrounding soil changes within the expected range.
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Figure 5. The maximum and minimum bending
moment M in the tunnel lining occur when the soil's
Young's modulus changes within the considered
range of values.
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forces N in the tunnel lining occur when the soil's
Young's modulus changes within the considered
range of values.
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Figure 7. The maximum and minimum shear force Q
in the tunnel lining occur when the soil's Young's
modulus changes within the considered range of

values.

Regarding the longitudinal force, N, in the
tunnel lining, the values tend to increase and
peak at angles of 45° 135° 225° and 315°
Conversely, between 45° and 135°, and between
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225° and 315° the longitudinal force in the
tunnel lining tends to decrease, reaching
minimum values. This is likely because the
tunnel lining experiences concentrated
compressive loads at the points where the
longitudinal force is at its maximum.

An investigation of horizontal shear force
Q in a square tunnel lining with a thickness of t
= 0.35 m reveals specific patterns. The
maximum shear force values occur at points
corresponding to 0° 45° 135° 225° and 315°
around the tunnel lining. Conversely, the
minimum absolute shear force values are found
at 90° 180° 270° and 360°. This can be
attributed to stress concentration at the
corners of the tunnel lining, leading to these
maximum shear force values.

Based on the maximum and minimum
internal forces observed in the square tunnel
lining, including the maximum and minimum
moment (M), longitudinal force (N), and shear
force (Q) (Figures 5, 6, and 7), in relation to
changes of the Young's modulus of the
surrounding rock mass, the following
observations can be made: The absolute values
of the moment, longitudinal force, and shear
force in the tunnel lining are inversely
proportional to the Young's modulus of the
surrounding soil mass. In other words, as the
Young's modulus of the surrounding soil
increases, the internal forces in the tunnel
lining decrease, and vice versa. This is logical in
practice. 'When constructing tunnels and
underground structures in the soil mass with
strong physical and mechanical properties, the
soil load on the tunnel lining is generally less
than the soil load effect on the tunnel lining
when the surrounding soil mass has weaker
physical and mechanical properties. This
difference arises because weaker soil has less
cohesion between its particles, allowing the soil
mass around the tunnel to displace into the
newly created space. This displacement
increases the soil load on the tunnel lining.
Furthermore, the area of soil directly
contributing to the load on the tunnel lining
expands in this case, increasing the weight of
the soil sliding into the tunnel face's cross-
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section and, consequently, the soil load on the
tunnel lining.

CONCLUSION

This paper investigates the impact of variations
in the Young's modulus of the soil mass
surrounding square tunnels on the internal
forces within the tunnel lining. A numerical
model, encompassing the tunnel, its lining, and
the surrounding soil mass, was developed using
Plaxis2D software. Careful consideration was
given to the dimensions of the study area,
boundary conditions, tunnel construction
stages, and lining installation to ensure the
accurate assessment of how the Young's
modulus (E) of the soil mass affects internal
forces in the square tunnel lining. Based on the
results, the following conclusions can be
drawn:

- When the Young's modulus (E) of the
soil surrounding a square tunnel changes, the
maximum and minimum internal forces in the
tunnel lining are generally inversely
proportional to this value. Based on the
moment (M) values observed in the tunnel
lining as the soil's Young's modulus changes,
the moment is more significantly affected than
the longitudinal force (N) and shear force (Q);

- The internal forces in the square tunnel
lining tend to be inversely proportional to the
Young's modulus of elasticity of the
surrounding soil. Specifically, the moment (M),
longitudinal force (N), and shear force (Q) all
tend to increase as the soil's Young's modulus
decreases, and vice versa;

- The survey examined the effect of
varying Young's modulus for the soil
surrounding a square tunnel. Values used were
E =10 MPa, E = 20 MPa, E = 35.5 MPa, E = 50
MPa, E = 75 MPa, and E = 100 MPa. Using
Plaxis2D software, the internal forces in the
tunnel lining were analyzed. The results show
areas of stress concentration in the tunnel
lining, particularly at points with extreme
positive values. The bending moment (M) in
the square tunnel lining tends to concentrate
and reach positive extreme values at angles of
90°, 180° (measured counterclockwise around



VOLUME 2: EARTH, MINE, AND ENVIRONMENTAL SCIENCES FOR GREEN, SUSTAINABLE, AND PROSPEROUS DEVELOPMENT ...

the tunnel face). Conversely, negative extreme
values of the moment appear at 45° 135°, 225°,
and 315° on the tunnel lining. This indicates
that the tunnel lining experiences the greatest
bending at the locations of positive extreme
moment values. The negative extreme moment
values appear at the corners of the lining,
where stress concentrates and the tunnel
lining's bearing behavior changes. Examination
of the vertical force (N) and shear force (Q) in
the square tunnel lining revealed that the
vertical force tends to increase, reaching its
maximum at angles of 45° 135°, 225° and 315°.
Between 45° and 135°, and again between 225°
and 315° the vertical force tends to decrease,
reaching its minimum values. The shear force
(Q) values, determined by the angle at the
tunnel's center with counterclockwise rotation,
reach maximum values at 0°, 45°, 135° 225° and
315°. The absolute values of the shear force in
the tunnel lining reach a minimum at 90°, 180°,
270°% and 360°. This can be attributed to stress
concentration at the tunnel corners, where the
roof beam and column intersect.

The research and survey results presented
in this paper demonstrate how the Young's
modulus of elasticity of the soil and rock
surrounding a square tunnel lining affects the
internal forces within the lining. This finding
highlights an important consideration for the
design and construction of square tunnels.
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Abstract: The operational efficiency of
underground mining systems is strongly
dependent on the reliability and performance
of electrical equipment, particularly electric
motors used for ventilation, pumping, conveyor
drives, and hoisting mechanisms. As mining
operations expand in both scale and depth, the
demand for electrical power has significantly
increased, leading to a higher concentration of
heavy-duty electrical loads. Consequently, the
stability and quality of the supplied electrical
power have become critical factors determining
both the productivity and safety of the mining
process. In many underground mines, the
power supply is typically characterized by long
cable runs, uneven load distribution, and the
presence of nonlinear devices. These factors
contribute to undesirable power quality issues
such as voltage fluctuation, unbalanced load
currents, and harmonic distortion. Among
these, the most pervasive problem is the
degradation of the power factor due to the
inductive nature of electric motors and
transformers. A poor power factor not only
increases the apparent power demand from the
grid but also causes excessive losses in cables,
transformers, and switchgear, thereby reducing
the overall efficiency of the electrical network.

To address these challenges, this study
investigates the wuse of a Static Var
Compensator (SVC) as an advanced and

flexible solution for improving power quality in
mining power distribution systems. The SVC is
a member of the Flexible AC Transmission
Systems (FACTS) family and operates by
dynamically controlling the reactive power in
the system through thyristor-controlled
reactors (TCR) and  thyristor-switched
capacitors (TSC). By continuously adjusting the
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reactive power compensation according to real-
time load variations, the SVC can maintain a
near-unity power factor and stabilize the bus
voltage within acceptable limits. A simulation
is implemented in ETAP to prove the use of
SVC in term of mitigating voltage dips and
flicker, ensuring the smooth operation of
sensitive control and protection devices.

Keywords: Power quality, mining, SVC, ETAP
simulation.

INTRODUCTION

SVC overview in mining and industrial
application

Mathematic basic equation of SVC

The Static Var Compensator (SVC) (a
typical presented in figure 1) is a mature shunt-
connected reactive-power device belonging to
the FACTS family that provides fast,
continuous reactive power support to an AC
bus. Its principal objective is to control bus
voltage and the system balance of reactive
power by injecting or absorbing reactive
current (Iq_) , such that the voltage magnitude
V at the point of connection remains within
pre-set limits under dynamic load variations.
The simplest steady-state representation of
SVC action can be expressed as an equivalent
variable susceptance Bsvc (positive for
capacitive action, negative for inductive action)
connected to the compensated bus (as
presented in equation (1)) [12], [16]:

Qsve = VZBSVC (1)

where Qsvc is the reactive power provided
(positive = capacitive), and V is the bus RMS
voltage.
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Figure 1: Typical SVC system

Operationally, a conventional SVC
comprises combinations of thyristor-controlled
reactors (TCR), thyristor-switched capacitors
(TSC), and passive harmonic filters. A typical
control loop measures bus voltage V and
computes a reactive command AQ using, for
example, a PI (or advanced) regulator; the
converter/thyristor stage then modulates
current so that the net reactive injection
satisfies equation (2):

0., (1) =05 (1) + Qe (1) + Qs = O(2) @)

Fast thyristor phase-angle control of the
TCR  gives near-continuous  inductive
adjustment (firing-angle o\alphax controls
effective reactance), while TSC steps supply
capacitive blocks when required. The analytical
relation between TCR firing angle a and
fundamental reactive current I is well
documented in [15], [16]. From a dynamics
viewpoint, SVC acts as a voltage-dependent
reactive source: around an operating point, the
small-signal relation can be linearized as (3).

AQsyc = K AV + - (3)

where Kv is the static droop or slope parameter
implemented in voltage control (negative
droop for over-excited behavior). That fast
dynamic response (millisecond timescale) is
central to advantages reported across field and
simulation studies: mitigation of voltage sags,
flicker suppression during large transient
currents (e.g., arc furnaces, motor starting),
improved damping of electromechanical
oscillations, and support for weak bus voltage
under increased distributed generation
penetration [13], [15], [17].

96

Applications of SVC on Medium Voltage
grid and Mining industry

SVCs have been deployed historically at
transmission and large industrial points; recent
research demonstrates successful MV and
distribution-level use for localized power-
quality issues (voltage regulation, flicker
mitigation, power-factor correction) and for
stabilizing grids that host renewables or heavy
loads such as furnaces, large conveyors, and
variable-speed drives [24], [21], [14]. In mining,
site characteristics — long feeders, large
asynchronous motor starting currents, and a
mix of nonlinear loads — create a compelling
use case for SVC: it can reduce voltage dips
during hoist or conveyor starting, lower flicker
generated by arc furnaces or welding, and
improve transformer loading by raising the
power factor [12]. Utilizing SVC in mining
industry must consider the following sides
affection as listed:

Disadvantages & technical risks

Although the Static Var Compensator
(SVC) has proven to be an effective solution
for dynamic reactive power support, several
inherent system and control limitations
restrict its performance in demanding
industrial and mining environments. One of
the most significant weaknesses is that the
reactive current output of an SVC decreases
proportionally with voltage magnitude, thus
its capability to provide compensation
diminishes under undervoltage conditions

[17]. In addition, the wuse of thyristor-
controlled reactors (TCR) and thyristor-
switched  capacitors  (TSC)  produces

characteristic harmonics that require complex
filter networks to prevent resonance and
voltage distortion [13], [15]. The inclusion of
large passive filters and reactor banks
increases system bulk and installation area,
while the response speed of SVCs—typically
on the order of tens of milliseconds—is slower
than converter-based STATCOMs, reducing
their effectiveness in mitigating fast transients
[15], [17]. Improper placement or sizing of SVC
units can also lead to suboptimal performance
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or, in extreme cases, instability due to poor
coordination with network impedance and
protection systems.

In addition to these inherent control
constraints, the operational and
environmental conditions of industrial and
mining systems impose further challenges.
Harsh underground environments
characterized by dust, humidity, and vibration
require robust protection, enhanced cooling,
and corrosion-resistant components, leading
to increased maintenance frequency and cost.
The complexity of control coordination and
the need for skilled technical personnel
represent further barriers, as fine-tuning
droop  slopes, filter resonance, and
communication with upstream protection
devices are critical to ensure stability [16].
Moreover, in networks with extensive
nonlinear loads—such as arc furnaces, large
conveyor drives, and high-power motors—
SVCs may inadvertently amplify specific
harmonics or cause undesirable resonant
conditions if network impedance and
harmonic spectra are not accurately modeled
[13]. These issues perform a careful pre-
installation studies and continuous
monitoring in mining applications, where load
dynamics are highly variable and sensitive to
voltage fluctuations. In summarizing 4 keys
consideration is listed as:

1.  Harmonic generation and filter-
design risk. TCR switching introduces
characteristic harmonic currents; undersizing
or poor filter design can create harmonic
amplification or resonances with mine
networks — an area of active research and
failure modes documented in [15], [23]. Proper
network impedance assessment and tuned
passive or active filters are mandatory.

2. Initial capital and maintenance:
power-electronic valves, control electronics
and cooling/protection increase capex and
opex compared with conventional switched
capacitors; life-cycle economics must factor in
energy savings, avoided penalties and
maintenance costs [13], [21].
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3. Environmental and ruggedization
challenges: underground mines impose high
dust, humidity, shock/vibration — the SVC
enclosures, cooling and filtering must be
industrialized for such environments, or the
devices must be located on surface substations
with suitable HV/MV transformers [1], [7].

4. Control complexity & staff skills:
advanced control (e.g., PMU-assisted schemes
or fuzzy/PI hybrids) can improve performance
but  requires trained  engineers for
commissioning and maintenance [19], [21].

Economic considerations (industrial & mining)

Economic viability is case dependent. The main
benefits are reduced energy losses, improved
power factor (reducing utility penalties), fewer
production interruptions from  voltage
instability, and deferred network
reinforcement. Market reports indicate modest
but steady SVC market growth (driven by
industrial modernization and renewable
integration) — adoption is attractive where
high-power motors or furnaces cause frequent
voltage events, [21]. A robust cost-benefit
analysis should include: (i) capex amortization,
(i) maintenance and replacement of power-
electronics, (iii) avoided downtime costs in
mining processes, (iv) tariff savings from better
power factor, and (v) potential needs for
additional harmonic filters or monitoring
equipment [22], [15].

SVC in mining industry

In modern underground coal mines,
mechanized excavation and extraction systems

are increasingly dominated by advanced
equipment such as roadheaders, shearer-
loaders, and fully mechanized mining

complexes integrating multiple high-power
electric drives [4]. These machines operate in
conjunction with remote control systems,
automated protection circuits, and various
auxiliary devices designed to enhance safety
and operational efficiency. However, the
electrical supply feeding such systems is
inherently subjected to a wide range of
dynamic disturbances, including motor starting
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currents, voltage sags caused by heavy-load
acceleration, and overvoltage events arising
from switching transients or unstable source
conditions [4].

As a result, the power supply network
within the mining environment experiences
continuous fluctuations (as shown in figure 2)
that can compromise the stability of voltage
and current parameters. Such variations may
violate established power quality standards,
thereby leading to voltage dips, harmonic
distortion, and flicker phenomena [1]. These
disturbances exert detrimental impacts on the
operational reliability of mining electrical
equipment—particularly sensitive electronic
controls, relay protection devices, and variable-
speed drives—whose performance and lifespan
are directly dependent on voltage stability [1].
Consequently, maintaining consistent power
quality becomes a critical prerequisite for the
reliable and safe operation of high-capacity
electrical systems in modern underground coal
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Figure 2. An interruption of power failure
in mining grid
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As mentioned previously and according to
comparative studies and field cases, SVC remains
a cost-effective and technically robust solution for
many industrial power-quality needs if (and only

if) careful pre-deployment studies
(impedance/harmonics), filter design,
environmental  protection and lifecycle

economics are addressed [12], [13], [15], [21]. In
mining, where reactive transients and voltage
dips from large motor starts are frequent, SVC
can materially improve production reliability and
equipment lifetime. However, the final choice
between SVC, STATCOM, or hybrid approaches
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must be informed by site-specific dynamic
studies, total cost of ownership, and the
availability of skilled operational staff [25], [2].

PROPOSE THE USE OF SVC

To enhance power quality in underground
coal mining systems, the deployment of Static
Var Compensators (SVCs) has proven to be one
of the most effective solutions. SVCs are
advanced reactive power compensation devices
based on power electronic components such as
thyristors or triacs equipped with gate control
mechanisms, allowing dynamic adjustment of
the firing angle in response to voltage
variations [6]. The control system, often
implemented using microcontrollers such as
8os1, PIC16F877, or VAR controllers, provides
real-time control of the reactive power
exchange between the power source and the
load, thereby stabilizing voltage profiles during
transient conditions [7].

Structurally, an SVC typically comprises
three major functional modules, namely the
Thyristor-Controlled Reactor (TCR), Thyristor-
Switched Reactor (TSR), and Thyristor-
Switched Capacitor (TSC) wunits [6], [7]
(exhibited in figure 3). The TCR allows smooth
and continuous regulation of reactive power
absorption by adjusting the conduction angle
of the thyristor valves, which results in fine-
tuned compensation suitable for variable load
conditions. The TSR, by contrast, operates in a
stepwise switching manner, offering rapid
connection and disconnection of reactor banks
to respond to sudden changes in reactive
demand. Meanwhile, the TSC serves as a
dynamic source of capacitive reactive power,
delivering fast voltage support during periods
of under-voltage, ensuring system voltage
remains within acceptable limits [7].

According to [21], SVC systems offer rapid
response times in the order of milliseconds,
making them particularly beneficial for
industrial grids with fluctuating loads such as
conveyors, hoists, and ventilation fans in
mining environments. Furthermore, [18]
demonstrated that the use of coordinated TCR-
TSC control significantly mitigates voltage dips
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and flicker, which are common issues in
mining power systems due to high inrush
currents during motor starting. Studies such as
[20] also emphasize that SVC-based
compensation improves both power factor and
harmonic performance, thus extending the
operational lifespan of electric drives and
reducing the likelihood of protection relay
malfunctions.

However, the effectiveness of SVCs is
contingent upon appropriate system design,
including the tuning of control algorithms,
placement within the power distribution
network, and harmonic filtering strategies, as
excessive reactive power switching may itself
introduce distortions if not properly managed
[6], [24]. Consequently, SVC implementation in
mining applications must consider both
electrical performance and operational safety,
especially in confined underground
environments where voltage stability is directly
tied to the reliability of electrically driven
excavation and transport systems [7], [25].
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Figure 3. SVC employing TSC and TCR.

Although the SVC system is composed of
discrete modules such as TCR, TSC, and TSR,
its overall control action exhibits quasi-
continuous regulation of reactive power, owing
to the combined effect of smooth thyristor
firing-angle modulation in the TCR and
stepwise compensation through TSC and TSR
banks [8], [9], [1]. The integration of these
subsystems allows the SVC to maintain a nearly
linear voltage-current (U-I) characteristic

within its operating range, as illustrated in
Figure 4, thereby providing seamless voltage
stabilization under rapidly changing load
conditions. Each component of the SVC is
connected to the power network through
thyristor valve assemblies rather than
traditional circuit breakers, ensuring fast,
contactless  switching and  minimizing
mechanical wear [8], [9].

This topology enables extremely high
control responsiveness—with adjustment times
typically below 40 milliseconds—which
effectively eliminates transient delays that are
often observed in conventional capacitor-
reactor switching schemes [u]. According to
[22], such rapid dynamic response is essential
in industrial and mining networks, where the
load fluctuates sharply during conveyor
starting, hoist braking, or coal cutting
operations. Moreover, [24] reported that the
use of  thyristor-controlled elements
significantly enhances system reliability by
reducing switching surges and suppressing
voltage flicker during cyclic loading.

The primary operational function of an
SVC is to regulate both voltage magnitude and
reactive power flow at its point of connection
to the grid, as represented in Figure 5. This
dual control capability allows the SVC to either
absorb or generate reactive power depending
on system requirements, maintaining the
desired voltage profile and improving the
stability margin of the power network [9], [25].
Consequently, SVCs serve not only as voltage
stabilizers but also as active dynamic
compensators that ensure steady-state and
transient voltage support in medium-voltage
industrial and mining grids.
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Figure 4. U-I Characteristic of SVC
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Figure 5. Modifying Voltage profile by SVC
The voltage at the load busbar of an

electrical system tends to  decrease
progressively as the active and reactive
components of the load power increase,

particularly in the absence of any reactive
power compensation devices. This relationship
is represented by characteristic curve (a) in
Figure 6, which depicts the natural voltage
drop behavior of the network caused by the
reactive power absorbed by inductive loads. In
such conditions, the system operates with a
lagging power factor, and voltage stability at
the load terminals becomes highly sensitive to
load variations [6], [7].

When a Static Var Compensator (SVC) is
introduced into the network, the situation
improves significantly. The SVC provides
dynamic reactive power support within its
rated operating range, as shown by
characteristic curve (b) in Figure 6. By injecting
capacitive reactive power during voltage sags
and absorbing reactive power during
overvoltage conditions, the SVC maintains a
flatter voltage profile and prevents large
deviations in bus voltage magnitude under
varying load conditions [8], [9], [u]. This
stabilizing action not only enhances voltage
quality but also reduces power losses along
distribution feeders and improves the voltage
regulation index of the overall system, as
demonstrated in [20] and [22].

However, if the SVC were designed without any
upper limitation on its reactive power output,
the voltage at the load bus could, in theory, be
maintained perfectly constant regardless of
load variations, as illustrated by characteristic
curve (¢) in Figure 6. In practice, such
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unlimited control is neither technically feasible
nor economically justified because excessive
reactive power generation could lead to
overcompensation and system resonance
issues, especially in weak grids with high
harmonic content [7], [24], [25]. Therefore,
modern  SVC  installations  incorporate
protective constraints and control saturation
mechanisms to ensure operational safety and
harmonic compliance. These control limits
guarantee that voltage regulation remains
within acceptable tolerances while preventing

device overstress and excessive network
distortion.
U
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(b)
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Figure 6. Voltage wave form with
and without SVC

SIMULATION AND RESULTS

The ETAP software was employed to
simulate the single-line diagram of the power
supply system for an underground mining area
[3]. The electrical network parameters—
including load data, line Iengths, and
conductor sizes—were input into the model to
accurately represent the operating conditions
of the mine’s distribution system. The electrical
schematic was then analyzed using power flow
equations to determine the voltage variations
occurring along different sections of the
network wunder varying load conditions.
Subsequently, the optimal placement of the
Static Var Compensator (SVC) was identified
based on nodes exhibiting the greatest voltage
deviation. Finally, capacitor compensation
units were modeled at each bus where voltage
drops were detected, enabling a comparative
assessment of system performance before and
after reactive power compensation.
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Figure 7. Proposed algorithm of utilizing ETAP
for analysing the use of SVC in mining grid

Simulation diagram of the mining grid is
performed in figure 8 and 9.
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Figure 8. Simulation diagram of mining
underground mine without SVC installation
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Figure 9. Simulation diagram of mining
underground mine with SVC installation

101

The simulation results obtained from the
ETAP software demonstrate a significant
improvement in the voltage profile across the
distribution network after implementing the
Static Var Compensator (SVC). As shown in
Figure 10, the voltage magnitude at the load
buses increased by approximately 15%
compared to the base case without reactive
compensation. This enhancement verifies that
the SVC effectively maintains a stable voltage
level under varying load conditions by
dynamically injecting reactive power to
counteract voltage drops along the feeder. The
smoother slope of the post-compensation curve
also indicates a reduction in voltage deviation
between buses, contributing to improved
system stability and power quality [6], [8], [21].

In contrast, Figure 1 illustrates the
variation in active power at different buses
before and after SVC installation. While a slight
decrease in active power flow is observed
following compensation, this reduction is
minor and does not adversely affect system
efficiency. Instead, it reflects the redistribution
of reactive power within the network, which
alleviates voltage stress and minimizes reactive
losses in transmission lines [7], [20], [22]. The
results confirm that SVC integration not only
enhances voltage support but also improves the
overall power factor and operational reliability
of the mining electrical network. Consequently,
the use of SVCs in underground mine power
systems is validated as a technically and
economically feasible approach to maintaining
power quality in dynamically varying industrial
environments.
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Figure 10. Voltage wave forms before and after SVC
installation
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Table 1: Power generation before SVC installation

SUMMARY OF TOTAL GENERATION ., LOADING & DEMAND

MVA % PF

Source (Swing Buses): 0.267 0132 0.297 §9.69 Lagging

Source (Non-Swing Buses): 0.000 0.000

Total Demand: 0.267 0132 0.297 89.69 Lagging

Total Motor Load: 0.260 0122 0.287 9051 Lagging

Table 2: Power generation after SVC installation

SUMMARY OF TOTAL GENERATION . LOADING & DEMAND

MW Myar MVA % PF

0.275 0025 0302 91.03 Leading

0.000 0.000 0.000

wing Buses)

Total Demand: 0275 0.125 0302 9103 Leading

Total Motor Load 0.260 0122 0287

CONCLUSION

9051 Lagging

Voltage sag and instability are recognized
as major factors affecting power quality,
particularly in electrical systems supplying
large industrial loads. Such disturbances are
especially pronounced in underground mining
networks, where multiple high-power electric
motors operate simultaneously under variable
mechanical stresses. To address this issue, the
deployment of a Static Var Compensator (SVC)
is proposed as an effective strategy for
improving voltage quality and system stability
in low-voltage mining grids. The simulation
results clearly demonstrate that the integration
of SVCs enhances voltage regulation
performance, with the busbar voltage level
increasing by approximately 15% compared to
the uncompensated case, without any
significant rise in transmitted power or
network losses.

The findings confirm that SVC installation
not only strengthens voltage stability margins
but also contributes to smoother reactive
power flow and improved reliability of the
mine’s electrical supply. For optimal operation,
it is recommended that SVC units be installed
at nodes with the greatest voltage sensitivity
and configured with adaptive control
algorithms capable of responding to rapid load
fluctuations. Periodic harmonic monitoring
and controller tuning should be conducted to
ensure system compatibility and prevent
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overcompensation. Moreover, integrating SVC
control into a supervisory monitoring platform
would allow real-time adjustment of reactive
power, thereby maximizing the operational
efficiency and safety of underground power
distribution systems.
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Abstract: This paper presents a systematic
approach for establishing the complete set of
mathematical equations describing the
electromechanical behavior of synchronous
motors used in conveyor drive systems. The
formulation is based on the voltage and flux
linkage equations expressed in the d-q
reference frame, where the inductance matrix
K plays a central role in representing magnetic
coupling between stator and rotor windings.
All parameters of the K matrix are computed
under different operating conditions, taking
into account the influence of environmental
factors such as ambient temperature, humidity,
coal dust concentration, and load torque
fluctuations that commonly occur in
underground mining conveyors.

The developed equations comprehensively
reflect both steady-state and transient processes
of the motor under varying load demands. These
equations are subsequently implemented in
MATLAB/Simulink to construct a detailed
simulation model of the asynchronous drive
system. The model enables precise analysis of
instantaneous voltage, current, electromagnetic
torque, and power losses, allowing for accurate
estimation of the motor's total energy
consumption under real operating conditions.

Furthermore, simulated active energy
data will be compared with real-time
measurements collected from an operational
conveyor system in a coal mine to verify the
model’s accuracy. The comparison helps to
identify discrepancies and propose corrective
measures for improving drive efficiency. The
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final results serve as a foundation for future
study of optimizing drive parameters, selecting
appropriate control algorithms, and achieving
measurable reductions in the electrical energy
consumption of conveyor systems in
underground mining operations.

Keywords: K factor,
power consumption.

underground mines,

INTRODUCTION

In recent years, there have been
remarkable institutional and managerial
adjustments in Vietnam’s energy sector,

particularly in the coal mining industry, aimed at
improving energy efficiency and power quality.
The Ministry of Industry and Trade (MOIT) has
issued a series of directives under the revised
Law on Energy Efficiency and Conservation,
requiring coal corporations to implement
measurable energy-saving programs and annual
audits. These legal and administrative reforms
mark a significant shift toward mandatory
energy management rather than voluntary
compliance. Coal companies are now obliged to
monitor and report their energy intensity and
implement corrective measures in line with
national net-zero commitments by 2050.

Along with these institutional changes,
the evaluation and analysis of power
consumption in underground coal mines are
being rapidly digitalized. Energy auditing—
previously conducted manually—is now
increasingly supported by intelligent software
platforms and automated data acquisition
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systems. Advanced analytical tools such as
MATLAB/Simulink, DIgSILENT PowerFactory,
and ETAP are being widely deployed to
simulate electrical networks, assess power
losses, and identify sources of power quality in
mine grids. These digital methods enable
engineers to visualize voltage fluctuations,
current harmonics, and transient behaviors
caused by heavy equipment such as conveyors
and electric excavators.
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Fig. 1. The relation between Vietnamese domestic
coal demand and energy consumption.
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Fig 2: The relation between Coal product (cyan) and
Energy consumption (red) of Vietnam coal
corporation in 2024.

This digital transformation provides a
more accurate and real-time understanding of
power consumption issues. By integrating data-
driven analysis with simulation models, mining
companies can design better control strategies,
improve energy efficiency, and ensure
compliance with Vietnam’s increasingly strict
regulatory standards on electrical energy
performance and sustainability.
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THEORY BASIS OF CACULATING K FACTORS
IN INDUCTANCE MATRIX AND CONVEYOR
MOTOR’S CONSUMPTION

General equations

The voltage equation of an electric
machine written for each phase can be express
in the following form [1]:

The outright matrix in this equation
expresses fluxes of rotor's and stator’s
windings. These quantities are also calculated
from flux equations as (2). In this equation L,s
are 3x3 matrix.

v, [ 0 0 0 0 0Ti, R
vo| 10 0 0 0 0i, Al
vl 100~ 0 0 0fi| dl|A,
= +—
Vil oo o/ 0 ofi| drlA
Vil 1o 0 0 0 # ofi, A
lvi,] [0 0 0 0 O r|i,] | A,
lﬂ: iﬂS
Abs l:bs (2)
A Lo L]
A | 1L L, i,
ﬂ’br ibr
_ﬂ'cr_ _iCI_
Whereas:
Lm+Lm _le le
2 2
1 1
Ll‘ = _7Lm LO7 +Lrn _7Lm
- 2 2
—le -—L, L, +L,
L 2 ,
Lm +Lm _le _le
2
L = —le Ly+L, —le
’ 2 2
1 1
77Lm - Lm Lm+Lm
L 2 _
cosb, cos(, + 120) cos(ﬁm - 120)
L,|cos(d, — 120) cosb, cos(Hm + 120)
cos(n9m + 120) Cos(ﬁm -120) cos 6,

and
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cos 0, cos(d, —120) cos(6, —+120)
L,=L, cos(Hm +120) cos @, cos(&m —120)
cos(6, —120) cos(Hm +120) cosf,

Equation (2) obtains a difficulty — that is the stator-
rotor and rotor-stator terms, Ly and L, are functions of
0rot0r- Because 0, Vvaries with time, it is clearly that L,
and L are functions of time, therefore they need to be
differentiated.

0= @(y)dy +0(0) 3)

K factors in dqo transformation using to
simulate synchronous machines

To start calculating K factors, express a, b,
¢ currents in a pair of dq axis, as shown in
figure 3. [2]

Fig. 3: dq axis expression

Using the above expression, a,b and c
currents of synchronous machines are
expressed as follow:

ig= kyligcos 8 +ipcos(8 —120°) + i cos( 6 + 120°))

ig=kyli sin 8 +iysin(8 —1207) + i sin( 8 +120°))
(4)

Identify the zero-sequence current by:

(5)

i =k0(ia+ib+ic)
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The abc to dqo transformation can be rewritten
in the form of matrix as equation (6) [3], [4]:

i, k,cos8 k, cos(0—-120) k, cos(0+120) | i, (6)
i,|=|k,sin@ K, sin(6-120) k, sin(0+120) |i,
i[) k[) kO k(] ic
Constants k;, kg, and k, must be
calculated suitably to obtain in simulation

models.
Determining the factors

Because three phase currents are
sinusoidal and symmetry, therefore they can be
shown as the following (7):

i, =Acosot
i, = Acos(wt-120%)
i, = Acos(ot+120°%)

(7)

Subtitute these quantites into (4):

A A cosmotcosO+ A cos(ot—120)cos(6—120°)
¢ L +A cos(mt +120) cos(0+120°)
A (cos otcos 0+ cos(wt—120)cos(0—1 200)]

d

+cos(mt+120)cos(6+120°)
(8)

Otherwise using maths transfer:
cos(a)xcos(b)= (1/2)[cos(a+tb)+cos(a-b)]

iq can be rewrite as:

q
+cos(ot—120+60-120)
+cos(wt +120-0-120)+cos(wt +120+0+120)}

k A
dz {cos((nt —0)+cos(ot +0)+cos(wt—120—0+120)

k,A
= dT {cos(cot —0)+ cos(wt+0)+ cos(wt—0)
+cos(mt + 0 —240)+cos(wt —0) + cos(ot+ 0 + 240)}
cos(mt+0)+ cos(mt+06— 240)}}

. kA
i =—4—J3cos(mt—0)+
4 2 +cos(mt + 0+ 240)

Sum in bracket is zero, so finally:
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k ;A 3k ,A
. d d
i, =——13cos(ot—0); = cos(wt —0) (9)
q =5 [3eos@t=0)f =——cos(@t-0)
However from Fig.
3iq = A cos(wt—0) (10)

Equalize the right sides of (9) and (10):
(3kaA/2) = A, consequently ky = 3/2.

Carrying out the maths transfer similarly

(7), (8), (9) and (10) the k factors are as follow:
ki kq ko|=[3/2 3/2 1/3] (1)
Apply these quantities into general

voltage equations of synchronous machines [2],
[4], [13] the final model is:

3 3o
i i Ig (D[LGS +5Lmj 0 0 TLm 0 i i
v i
qs 3 -3 qs
-0| Lo +—L I 0 —L 0 0.
) o) i
VOS B 0 0 Ig 0 0 0 iOS
v 3(w—w,,) i
qar 0 > -, o I (w—wm)(LGr+—LmJ 0
\% 1
dr 3 dr
Vor] | - (m;(’)m)Lm 0 0 —(w—(om)[Lcr+—Lmj I 0 |Llor
] 0 0 0 0 0 1 |
Los+—Lny 0 0 —Ly 0 0 | _
2 2 i
3 a8
0 Log+ 5 L, © 0 E Ly 0 ids
0 0 L 0 0 0 |1
+ cs :Os an
1
—Ly 0 0 Lg+-Ly 0 0 ar
2 2 i
3 3 dr
0 ELm 0 0 LGI' +5Lm 0 _iOI'_
i 0 0 0 0 0 Lor |
Equations of power consumptions in There are 3 equations presenting power
inverters consumption [15-17]:

As presented in [14] the diagram of
asynchronous motor is shown in figure 4. Fig 3
shows the main circuit of the frequency
converter, including the rectifier, inverter, and
intermediate circuit. The turn-on and turn-off
of the inverter are controlled by the SVPWM
pulse.
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+ The on-state loss of the IGBT (Eq. 12).

+ The on-state loss of the fast recovery
diode (Eq. 13).

+ The switching loss of the IGBT (Eq. 14).
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U, 17_8 R;/H,
s

Figure 4. Equivalent circuit diagram of 3phase
asynchronous motor in stable operation
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Figure 5. Equivalent circuit diagram of inverter
utilized for conveyor motors.

Corresponding to the diagram, the total
power consumption of motor containing the
inverter is obtain as equation (12)

. (3 lmcos 3 3mcos
= o’ Prep (4 = ¢) \zapvcm( k CP)
" z InZy 12
(- ol s [ DR B " (12)
m o2
22 (3 Imcos 3 3mcos
&P (4 ‘U) Z“PVM( ¢)
Pfwjo = >
IRY(1 - 5)? r1+iz_ WR(1-9) |z, +
P _ ﬁy@apfﬁwvdc{Eﬂﬂon} + E‘“’W"-"‘fn}
W -
2 ’ Er Ery
2nleqyVeenR(1 — 5) |20 + 5 ’"_I_} (14)

Equations (11) to (14) perform a generous
expression of conveyor motor's power
consumption, this quantity rely strongly on
velocity of the belt.
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SIMULATION AND RESULTS APPLYING FOR
ENERGY CONSUMPTION ANALYSIS

Matlab models

Matlab models will be built upon on the
following equations: (11), (12), (13), (14).

Base on eq. (1), (12), (13), (14) a matlab
model of a synchronous machine has been built
and is shown in Fig. 6.

Utilyzing this model, a connection
diagram between a 6kV asynchronous motor
with invertter is performed as in Fig. 7.

Fle Edt Ve Smdaton Fomot Tok felp
Ded& i) o »

[T o - BEBES REE®

Bo Bien tan dieu khien Dong co KDB

oun

DcADE

Dcreks, e
k-4

Figure 7. Connection diagram of asynchronous
motor and an invertter.
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Simulation Results and the
application for analyzing Power quality

The K factors are put into simulation
diagram on fig.6, the simulation results in
Matlab of voltage quality (power harmonic) is
comparred to the real times measurement.

All are shown in figure 8 to 1. Though the
figures the simulation results are matched with
real time measurements as well as lab model
results [11] and theory voltage waveform [12].

Utilizing the model and making the simulation
in MAtLAD, the outcomes of power consumption of
Motor is exhibited in table 1, the values are
compared with on-site measurement values shown

Tek  JL.

@ Stop

CH2 5.00v

M 5.00ms

M Pos; —3,400ms
+

\J

CH3

Coupling

BW Lirnit
200r4Hz
Valts/Div
Probe
10%
‘oltage

Invert

Figure 1. Voltage Lab model waveforms [u]

Table 1. Results deducted from Simulation (W)

in Table 2. Number Pa Pb pc 3pr|13ase
1 70745 | 7010,4 | 70154 | 21100,4

1000 2 7326,8 | 74209 | 74259 | 221736
» 3 7339,8 | 7371,3 | 7376,3 | 220875
4 74417 | 7466,7 | 74687 | 223771

’ 5 71684 | 7179,2 | 7180,2 | 215277
500 6 71012 | 72841 | 7286,1 | 217614
1000 7 6750,6 | 6814,8 | 6813,8 | 203792
8 74204 | 7441,9 | 7442,9 | 223053

Figure 8 Voltage waveform measured at a PCC node 9 715823 | 75776 | 75826 | 227426
that ECM is connected. 10 6817,2 | 6830,2 | 6832,2 | 20479,6

11 71704 | 72245 | 72225 | 216173

12 71234 | 71739 | 7177,9 | 214752

(M221.0 n 22219 A (32191 a 13 7019,6 | 7099,5 | 7102,5 | 21221,6

Y o o 14 6892,9 | 69353 | 6934,3 | 207625
/\ /‘““xﬁ X X & 15 70584 | 71182 | 7121,2 | 212979

J VoV B 16 74143 | 7436,0 | 7436,0 | 222863

1 A 17 72097 | 72753 | 7276,3 | 217612

i S S e 18 7016,9 | 70551 | 7058,1 | 21130,0

_ \/\ ."\/ff\ N v 19 6962,4 | 7018,7 | 7019,7 | 21000,7

bl / E %l % 20 6724,6 | 67956 | 67956 | 203157
e R J 21 7600,1 | 7589,7 | 7591,7 | 227815

22 7502,6 | 7464,9 | 7466,9 | 224344

RMS (THD) (CF | [ TI0) il 48 23 7289,7 | 7363,7 | 7364,7 | 220181
Figure 9: Voltage waveform measured infont of the 24 70884 | 71417 | 71417 | 213718
inverter 25 71131 | 71632 | 71652 | 214415

26 7167,3 | 72211 | 7226,1 | 216146

:g R 27 73779 | 7452,7 | 7457,7 | 222884
3 YA YA yAvARE. 28 73436 | 73936 | 7392,6 | 221299
0 — = — 2t e 29 71150 | 7179,8 | 7182,8 | 214776
S0 NAS AW, AWAW) 30 | 75197 | 7558,1 | 7562,1 | 22639,9
00 s o o o0 31 71932 | 72359 | 72399 | 21669,0
Tima (ms) 32 71889 | 7232,7 | 7234,7 | 216563

Figure 10: Theory voltage waveform [12] 33 6909,0 | 69914 | 6989,4 | 208897
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34 7038,3 7127,0 7133,0 | 21298,3 51 7301,0 7333,4 7337,4 | 21971,8

35 7187,2 7276,4 7280,4 | 21744,0 52 7451,0 7509,0 7515,0 | 22475,0

36 7001,5 7064,6 7067,6 | 21133,7 53 7436,7 7448,6 7449,6 | 22334,8

37 6973,3 7019,9 7022,9 | 21016,1 54 7503,2 7512,1 7516,1 | 22531,3

38 6842,9 6941,5 6940,5 | 20725,0 55 7601,9 7579,0 7581,0 | 22761,9

39 6930,5 7035,8 7035,8 | 21002,1 56 7653,8 7612,9 7612,9 | 22879,6

40 7107,0 7177,6 7180,6 | 21465,1 57 6873,3 6928,1 6934,1 | 20735,5

41 7007,6 7080,1 7083,1 | 21170,8 58 7396,5 7413,7 7417,7 | 22228,0

42 6897,1 6940,0 6942,0 | 20779,0 59 7319,7 7363,9 7366,9 | 22050,6

43 7254.,6 7308,5 7306,5 | 21869,7 60 7221,0 7303,7 7301,7 | 21826,4

44 7094,9 7136,1 7140,1 | 213711 61 7432,5 7479,3 7481,3 | 22393,1

45 7153,9 7289,6 7288,6 | 21732,2 62 7707,8 7817,1 7820,1 | 23345,1

46 7253,1 7380,6 7383,6 | 22017,3 63 7599,4 7720,8 7719,8 | 23040,0

47 7387,5 7513,5 7512,5 | 224134 64 7866,0 7990,4 7992,4 | 23848,8

48 7508,9 7639,9 7645,9 | 22794,7 65 7921,6 7984,7 7985,7 | 23892,0

49 7634,9 7721,8 7726,8 | 23083,4 66 7645,1 7737,4 7738,4 | 23120,8

50 7276,0 7352,3 7357,3 | 21985,6

Table 2: On-Site measurement results (W)

V1 Al W1 V2 A2 W2 V3 A3 W3 W3phase
403,2 20,16 7077,5 400,8 20,08 7007,4 405,4 20,12 7102,0 21.186,9
405,7 19,84 7331,8 402,3 20,24 7416,9 406,4 20,04 7418,5 22.167,2
405,8 20,72 7342,8 402,6 20,96 7369,3 407,0 20,84 7407,2 22.119,4
405,2 21,28 74447 401,7 21,52 7463,7 406,0 21,40 7501,5 22.409,9
402,6 20,64 7171,4 399,6 20,80 7173,2 404,0 20,72 7224,3 21.568,8
404,3 20,16 7195,2 401,0 20,56 7278,1 405,3 20,36 7284,6 21.757,8
394,1 19,52 6755,6 390,8 19,84 6808,8 395,1 19,68 6828,2 20.392,6
404,5 22,24 7424,4 400,8 22,48 7435,9 405,4 22,36 7481,1 22.3415
408,0 21,76 7587,3 404,4 21,92 7575,6 408,8 21,84 7630,1 22.793,1
390,3 22,08 6819,2 388,0 22,24 6828,2 391,5 22,16 6865,0 20.512,4
402,0 21,68 7173,4 398,7 22,00 7219,5 403,1 21,84 7246,1 21.638,9
401,3 21,76 7127,4 397,9 22,08 7170,9 402,3 21,92 7197,7 21.496,0
395,1 25,60 7021,6 391,8 26,08 7093,5 396,2 25,84 7107,2 21.222,3
396,4 23,52 6893,9 393,2 23,84 6931,3 397,5 23,68 6960,1 20.785,3
399,7 20,88 7062,4 396,5 21,20 7113,2 400,8 21,04 7136,1 21.311,7
406,1 21,20 7417,3 402,3 21,44 7431,0 406,5 21,32 7466,6 22.314,9
402,3 22,88 7213,7 398,6 23,28 7272,3 403,0 23,08 7289,4 21.775,4
399,9 20,48 7021,9 396,8 20,72 7049,1 400,9 20,60 7080,7 21.151,6
394,9 20,72 6963,4 391,7 21,04 7013,7 395,9 20,88 7035,0 21.012,0
392,8 22,80 6725,6 389,7 23,20 6789,6 393,6 23,00 6798,4 20.313,5
407,3 22,56 7603,1 403,4 22,72 7583,7 408,1 22,64 7645,0 22.831,8
407,7 21,12 7504,6 403,8 21,20 7460,9 408,4 21,16 7531,7 22.497,2
403,9 20,24 7292,7 399,6 20,64 7357,7 403,6 20,44 7359,3 22.009,7
401,6 20,80 7090,4 398,1 21,12 7136,7 401,9 20,96 7150,2 21.377,3
402,6 21,92 7118,1 399,1 22,24 7159,2 403,0 22,08 7177,2 21.454,4
400,6 25,04 7168,3 397,1 25,44 7219,1 401,1 25,24 72345 21.622,0
401,1 26,00 7379,9 397,5 26,48 7448,7 401,5 26,24 7455,5 22.284,2
401,1 26,72 7344,6 397,5 27,12 7387,6 401,6 26,92 7408,8 22.141,0
401,6 23,36 7118,0 398,1 23,76 7176,8 402,1 23,56 7187,9 21.482,7
406,9 23,04 7522,7 403,0 23,36 7554,1 407,0 23,20 7576,8 22.653,6
403,3 21,84 7196,2 399,5 22,16 7232,9 403,3 22,00 7249,0 21.678,1
401,1 21,84 7190,9 397,5 22,16 7230,7 401,4 22,00 7249,0 21.670,5
398,7 21,04 6914,0 395,3 21,44 6985,4 399,1 21,24 6986,7 20.886,1
398,2 23,04 7043,3 394,6 23,52 7125,0 398,5 23,28 7122,0 21.290,3
401,9 23,04 7190,2 398,2 23,52 7272,4 402,1 23,28 7268,7 21.731,3
399,2 22,80 7005,5 395,4 23,20 7060,6 399,4 23,00 7070,5 21.136,7
398,6 21,36 6974,3 395,0 21,68 7014,9 399,1 21,52 7035,4 21.024,6
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Values in table 1 and 2 show very tiny bias
that show the precise of the simulation.

CONCLUSION

This paper successfully developed a
comprehensive mathematical and simulation
model for analyzing the electrical energy
consumption of conveyor drive motors in
underground mining operations. The system of
voltage and flux linkage equations, formulated
using the inductance matrix with accurately
determined K factors, provides a reliable
representation of the motor’s electromagnetic
and mechanical characteristics under variable
operating conditions. Through
MATLAB/Simulink simulation, the proposed
model was capable of reproducing transient
and steady-state behaviors that closely align
with real industrial conditions.

Comparative analysis between simulation
outcomes and experimental measurements
demonstrated a high degree of consistency,
validating the precision of the model. Key
quantities such as  current, voltage,
electromagnetic torque, and active energy
exhibited deviations within acceptable limits,
confirming that the mathematical formulation
accurately reflects real energy consumption
dynamics. These results not only validate the
correctness of the theoretical approach but also
establish confidence in its predictive capability.

Moreover, the structure of the developed
model—with parameter sets generalized from
field data—ensures its scalability and
adaptability. It can be readily applied to
evaluate and optimize energy consumption in
other  electromechanical subsystems of
underground coal mines, including ventilation
fans, pumping stations, and hoisting systems.
Therefore, the research provides a robust
foundation for digital energy management and
contributes to enhancing energy efficiency
across  Vietnam’s mining industry in
accordance with national sustainability goals.
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a geomechanical model of the Khe Cham coal mine
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Abstract: The model allows the study of
engineering problems in both heterogeneous
and homogeneous environments, as well as in
isotropic and anisotropic rock masses. The laws
governing rock and soil displacement and
deformation determine the distribution of
stress, strain, the development of failure zones,
and the height of the fractured zone. Their
intensity depends on structural characteristics,
the stratigraphic sequence of rock layers, and
the cross-sectional geometry of mine workings.

This paper determines the elastic
modulus of the rock mass using the RocData
software. Based on this, the relationship
between the elastic modulus and the maximum
surface subsidence in the geomechanical model
is established. A correlation function is
constructed, the K; =
E;/Er = 1.24 is determined for application to
the Quang Ninh region.

and coefficient

Keywords: elastic modulus, subsidence, Khe
Cham coal mine.

INTRODUCTION

For the calculation and construction of
geomechanical models, and for the design of
underground structures and underground
mining operations, it is essential to obtain the
mechanical-physical properties of the rock
mass. In practice, there are many methods for
determining these properties. ~Common
approaches used in different regions include
the Rock Mass Rating (RMR) classification, the
Russian method that applies a structural
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strength reduction coefficient for rock masses,
and the empirical approach proposed by Hoek
and Brown, which is based on the Hoek-Brown
failure criterion for intact rock and rock mass,
and considers the geological strength index
(GSI) and the disturbance factor (D) due to
blasting damage [Nguyen, T. S., & Pham, V. C.
(2009); Nguyen, V. T. (2014)]

Currently, numerous empirical
expressions are available to estimate
mechanical parameters such as elastic modulus
(Young’s modulus), compressive strength,

tensile strength, as well as internal friction
angle and cohesion, in correlation with the
indices RMR, GSI, and D.

The development of these methods
reflects major scientific achievements in rock
mechanics and geotechnical engineering
worldwide, while also highlighting the complex
mechanical behavior of rock masses governed
by both geological conditions and mining
technology.

Since these methods rely on different
criteria, it is necessary to analyze and compare
them to select the most appropriate (fit-for-
purpose) approach and to further develop
methods suited to Vietnamese conditions.

DETERMINING THE ROCK MASS ELASTIC
MODULUS (E) FOR THE KHE CHAM COAL MINE

Overview of the geology in the study area

The Khe Cham coal mine is currently
extracting longwall panels 13.1-8V and 12.7 in
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the seams 12 and 13 using the full-caving
longwall method, from level —225 m up to -100
m. The average depth from the ground surface
to the active longwall faces is 220+250 m. The
geological conditions of the seams 12 and 13 are
presented in Table 2.1, and a geological cross-
section along line XII is shown in Figure 2.1
[Final Report of the Research Project].

Table 2.1. Geological conditions of the seams 12 and
13 [Khe Cham geological report.].

No. Longwall Unit Seam
parameter 12&13
1 |Mining level m —225 + —100
2 |Seam thickness m 1.9 + 2.1
3 |Seam dip angle deg 10 + 22
4 |Overburden
thickness m >
5 |Longwall length
along the dip m 110 + 105
direction
6 |Longwall length
along the strike m 90 + 236
direction
7 ﬁ\fgr‘;:g?ldepth of the m 254 + 222

Figure 2.1. Geological cross-section along line
XIIB [Khe Cham geological report.]

Figure 2.2. Layout of mine roadways
(entries and drifts).

It is shown that the geological conditions
for underground coal extraction at Khe Cham
are complex, notably due to folds and faults.
These structures strongly affect deformation
concentration zones and alter the geometry of
subsidence troughs (displacement basins).
Uniaxial compressive strength (UCS) test
results for representative rock samples at Khe
Cham are listed in Table 2.2 [Pham, D. H.
(2011-2013)].

Table 2.2. Uniaxial compressive strength test results

No. Rock type UCS, ¢ (MPa)
1 Sandstone 114
2 Siltstone 42
Argillite 31
4 Coal 17.1

The elastic modulus
Rocdata

(E) determined using

To determine the elastic modulus E using
RocData, it required inputs include uniaxial
compressive strength (o), Geological Strength
Index (GSI), and the Disturbance factor (D) for
the Quang Ninh coal basin. The GSI and D
indices were selected following the expert
judgment of Ngo Van Sy. The input data are
shown in Table 2.3, and resulting elastic
modulus is summarized in Table 2.4.

Table 2.3. Input data for Rocdata

Hoek-
No Rock type | it 651 £ e 00 constant,
(my)
1 |Sandstone | 14 | 45 0.8 17
2 | Siltstone 42 | 37 0.8
3 |Argillite 31 n 0.8
4 | Coal 171 | 8 0.8

114

Figures 2.3+2.6 illustrate the Rocdata
determination of E for sandstone, siltstone,
argillite, and coal, respectively.
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Figure 2.6. Determination of elastic modulus (E) for
coal.

Figure 2.3. Determination of elastic modulus (E) for Table 2.4. Elastic modulus (E) determined by the
sandstone Hoek-Brown criterion

o | GSI |Disturbance| Hoek- E
(MPa) factor, (D) | Brown |(MPa)
constant,
(my)
Sandstone| 14 | 45 0.8 17 2110
Siltstone | 42 | 37 0.8 7 690
Argillite 31 1 0.8 4 242
4 Coal 171 | 8 0.8 4 93.01

ESTABLISHING THE RELATIONSHIP BETWEEN

[/ ELASTIC MODULUS AND MAXIMUM
( & SUBSIDENCE

No. | Rock type

ormal sress (w5

W (N =

Maor Princiont struen (e}

S After determining the elastic modulus for
—_ each lithological layer in the Khe Cham coal

Figure 2.4. Determination of elastic modulus (E) for mine, geomechanical models were constructed
siltstone to calibrate boundary conditions against field

behavior. Model outputs include maximum
[ :’ == surface  subsidence, horizontal strain,
R I e curvature, and tilt- which were then used to
quantify the correlation between subsidence
and elastic modulus E.

Geomechanical model development

To investigate the correlation between
maximum subsidence and Young’s modulus
derived from Rocdata, six scenarios were
analyzed using Rocscience 2.0. One scenario
used the Rocdata values directly, while the
other five varied the elastic modulus by 70%,
50%, 125%, 30%, and 10% of the baseline values,

respectively. Poisson’s ratio (v) was kept

Figure 2.5. Determination of elastic modulus (E) for constant in these scenarios.

argillite
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- Case 1: E values from Rocdata—
sandstone 2110 MPa, siltstone 6go MPa, argillite
242 MPa; constant v.

- Case 2: E reduced to 70% of Rocdata—
sandstone 1477 MPa, siltstone 483 MPa, argillite
169.4 MPa; constant v.

- Case 3: E reduced to 50% of Rocdata—
sandstone 1055 MPa, siltstone 345 MPa, argillite
121 MPa; constant v.

- Case 4: E increased to 125% of Rocdata—
sandstone 2637.5 MPa, siltstone 862.5 MPa,
argillite 302.5 MPa; constant v.

- Case 5: E reduced to 30% of Rocdata—
sandstone 633 MPa, siltstone 207 MPa, argillite
72.6 MPa; constant v.

- Case 6: E reduced to 10% of Rocdata—
sandstone 211 MPa, siltstone 69 MPa, argillite
24.2 MPa; constant v.

Results for the section oriented along the dip
direction of the longwall

Figures 3.1+3.6 show a clear trend: the
larger the elastic modulus, the smaller the
maximum subsidence, indicating a strong
inverse correlation. The maximum subsidence
(n) and the corresponding E values used in
each case are summarized in Table 3.1.

Table 3.1. Maximum subsidence and elastic modulus

No Rocl(tyPe/ Case 1/Case 2|Case 3| Case 4 |Case 5|Case 6|
Metric

1 [Sandstone E

(MPa) 2110 | 1477 | 1055 | 2637.5| 633 211
2 (Sﬁ[t}s);(;neE 690 | 483 | 345 | 862.5 | 207 69
3 ?l\rﬁ;gl)lteE 242 |169.4| 121 | 302.5 | 72.6 | 24.2
4 |Coal E (MPa)| 93.01 | 93.01 | 93.01| 93.01 | 93.01 | 93.01
5 Maximum

subsidence, |1.890 |1.489 | 1.918 | 0.940 |2.558 | 5.065

n (m)

Figures 3.1+3.6. Ground-surface subsidence
profiles for Cases 1+6.

For natural rocks, Poisson’s ratio typically
ranges from o.1 to o0.3. In addition to the six
scenarios above, two more models were run
with v = 0.1 and v = 0.3, while keeping the
elastic modulus values equal to those from

Rocdata. The results changes in maximum
subsidence were insignificant compared to the
base case with v = 0.2.

Figure 3.1. Ground surface subsidence in case 1

Figure 3.2. Ground surface subsidence in case 2

it Equab@ed

Figure 3.3. Ground surface subsidence in case 3

Figure 3.4. Ground surface subsidence in case 4
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Figure 3.5. Ground surface subsidence in case 5

Figure 3.6. Ground surface subsidence in case 6

Relationship between the maximum subsidence
and elastic modulus

Statistical analysis plays a key role in
converting data obtained from experiments or
natural observations into actionable
knowledge. © The  statistical = computing
environment R (developed by Ross Thaka and
Robert Gentleman) was used to construct
correlation plots and derive regression
equations relating maximum subsidence (1) to
elastic modulus (E) based on the data in Table
3.1 [Nguyen, V. T. (2014)].

To evaluate the significance of the
interrelated influencing variables, statistical
analysis and graphical language (using the R
software) were applied to determine the
correlation charts and the equations of the
independent variables.

The database was obtained from Table 3.1,
and the analysis results are as follows:

For sandstone, siltstone, and argillite, the
correlation diagrams are shown in Figures

3.7+3-9.
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neta

e

Figure 3.7. Correlation diagram between
subsidence and elastic modulus of sandstone

neta

E

Figure 3.8. Correlation diagram between
subsidence and elastic modulus of siltstone

neta

E

Figure 3.9. Correlation diagram between
subsidence and elastic modulus of argillite.

The equation representing the correlation
between the maximum subsidence and the
elastic modulus of the rock types [Pham V. C.
(2018)]:

n=a+ EX+EX*+ EX®

For sandstone, with its elastic modulus,
equation (3.1) is determined.

] =7.01-1.04.10% E + 6.50.10°. (E)’

-1.30.107. (E)® (3.1)

For siltstone, equation (3.2) is determined.



VOLUME 2: EARTH, MINE, AND ENVIRONMENTAL SCIENCES FOR GREEN, SUSTAINABLE, AND PROSPEROUS DEVELOPMENT ...

I=7.01-3.17.10% E + 6.08.10°. (E)*
-3.72.10°% (E)’ (3.2)
For argillite, equation (3.3) is determined.
I1=7.01-8.99.10° E+4.88.10™. (E)
-8.46.107. (E)’ 3:3)

Thus, by solving equations (3.1), (3.2), and
(3-3), the elastic modulus EC was determined,
and the results are presented in Table 3.2.

Table 3.2. Results of calculating the elastic modulus
of rock types [Pham V. C. (2018)].

No. | Parameter | Sandstone | Siltstone | Argillite
1 | ER(MPa) 2115 691.36 244.03
2 | EC(MPa) | 2628.788 | 860.368 | 303.637

From the results presented in Table 3.2, it
can be observed that if the elastic modulus
calculated using the Rocdata software (Eg) is
applied to the geomechanical model for any
region, it becomes possible to predict surface
displacement and deformation, as well as to
determine the displacement parameters. This
provides a basis for developing safe and
effective mining solutions.

However, during data processing, when
applying the geomechanical model to the
Quang Ninh coal basin, the author identified a

strength reduction coefficient determined
according to equation (3.4) [Pham V. C. (2018)].
K¢ =Ed/Eg=1,2 (3.4)
CONCLUSIONS
Around the world, numerous

geomechanical models have been developed to
analyze and predict ground surface movement
and deformation, taking various forms. A
comprehensive review and analysis indicate
that these models all exhibit certain limitations
and are generally of local applicability, being
closely related to the specific geological
conditions of each region or country.
Geomechanical models that employ numerical
methods possess a high degree of
quantitativeness. The accuracy of such models
depends on multiple factors, among which the
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uniaxial ~ compressive test is

particularly important.

strength

In practical studies on ground surface
movement and deformation caused by
underground mining, this  dissertation
employed a geomechanical model using input
data from the Quang Ninh coal basin. The
elastic modulus for the model was determined
based on field-observed maximum subsidence
values, which were wused as boundary
conditions to calibrate the geomechanical
model for greater accuracy and realism.
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Abstract: In wave energy potential assessment,
an approximate gravity value is often used,
however, to achieve accurate results, it is
necessary to determine the gravity value at
each location with recorded significant wave
height. The objective of this paper is to develop
a gravity model for the East Sea to support the
assessment of wave energy potential. To
achieve the stated objective, modern global
Earth Gravitational Models and ship-derived
gravity in the East Sea were collected. The
methods for deriving gravity anomalies/gravity
values from global Earth Gravitational Models
were examined. By comparing with ship-
derived gravity, the most suitable global Earth
Gravitational Model for the East Sea was
identified. The gravity model for the East Sea,
serving the assessment of wave energy
potential, was developed based on the
integration of the global EGM model with ship-
derived gravity. The gravity values at locations
requiring wave energy potential estimation
were computed by interpolating from the
gravity model using the inverse distance
weighting method. Experimental results indicate
that the SGG-UGM-2 model is the most suitable
for the East Sea. The accuracy of the gravity
model for the East Sea reaches +3.17 mGal.

Keywords: wave energy potential, gravity, East
Sea, Earth Gravitational Model.

INTRODUCTION

In the context of increasing energy
demand and the depletion of fossil fuel
resources, the development of renewable
energy has become an urgent requirement.
Among marine renewable energy sources, wave

119

energy is considered to have great potential
due to its stability, environmental friendliness,
and large-scale exploitation capability. For the
East Sea, several domestic and international
studies have focused on assessing wave energy
potential based on oceanographic observations,
ECMWF reanalysis wind data, or numerical
models such as SWAN and WAVEWATCH III
(Ministry  of  Natural Resources and
Environment, 2022; Curto et al., 2020; Miao et
al,, 2012; Do et al., 2022; Burhanudin et al., 2019;
Le et al., 2017). However, these studies still face
limitations such as low resolution, lack of
analysis of long-term wave energy stability
indices, and especially, the absence of direct
utilization of satellite altimetry data.

Meanwhile, worldwide, numerous studies
have applied satellite altimetry data to
determine wave height and wave energy
potential, achieving high accuracy when
compared with buoy measurements (Jayaram
et al., 2015; Hector et al., 2015; Uti et al., 2018;
Kudryavtseva & Soomere, 2016; Queffeulou &
Bentamy, 2007; Su et al., 2017; Wan et al., 2015).
These results confirm that satellite altimetry is
an advanced, effective, and suitable method for
developing wave energy potential maps.

Thus, it can be seen that although many
successful studies worldwide have used satellite
data to determine wave energy potential, in
Vietnam and the East Sea, no research has
deeply explored this application. Notably, no
study has yet considered the factor of precise
gravity in the problem of determining wave
energy potential—a factor that significantly
affects the calculation and mapping of wave
energy resources.
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In the East Sea, direct marine gravity
surveys have been conducted since the 1990s
with the participation of Vietnam and
international partners. However, the collected
data remain sparse, of uneven accuracy, and
mainly served oil and gas exploration purposes
(Bui, 2008). In contrast, satellite altimetry has
demonstrated its ability to determine marine
gravity anomalies with increasingly high
coverage and accuracy, around *3-7 mGal in
many regions (Hwang & Parsons, 1995;
Sandwell & Smith, 1997; Andersen, 2010). In
Vietnam, some initial studies have applied
satellite data such as ENVISAT, Saral/AltiKa
and CryoSat-2 to compute gravity anomalies in
the East Sea, but the results are still limited in
scale, with errors usually ranging from +2.6 to
8.5 mGal (Nguyen, 2012; Nguyen et al., 2020).
To date, there is still no accurate gravity model
for the East Sea. Therefore, it is necessary to
develop a gravity model for the East Sea by
integrating direct measurements and satellite
data to improve accuracy and effectively
support the assessment of marine wave energy
potential.

STUDY AREA AND DATA
Study Area

The study area is in the East Sea, bounded
by latitudes [5.5°N - 25°N] and longitudes
[104.5°E - 1n7.5°E] (Fig. 1). This sea region
exhibits complex oceanographic conditions
with various tidal regimes: the northern part is
mainly diurnal, the central part is irregular
diurnal, while the southern part varies from
tides with large
amplitudes (Ha, 2015). The surface currents
show distinct seasonal characteristics, forming
large-scale cyclonic eddies and convection
under the influence of monsoons and the
Intertropical Convergence Zone (Rong, 1994;
Xu et al.,, 1980). Wave heights in this area vary
significantly, from less than 3 m in the Gulf of
Thailand to over 12 m in the northeastern East
Sea due to typhoons and the northeast
monsoon (Le, 2005).

semidiurnal to diurnal
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Figure 1. Study area and ship-derived gravity
measurements

Research Data
a) Global Gravity Field Model Data

Global gravity field models have been
developed by various organizations from 1966
to the present, amounting to 178 models. These
data are provided by ICGEM (Ince et al., 2019).
The accuracy of these models has been

evaluated by comparing them  with
GNSS/leveling data at 24,014 points, and the
standard  deviations = were  computed.

Specifically: Australia - 7,224 points, Brazil -
1,154 points, Canada - 2,702 points, Europe -
1,047 points, Japan - 816 points, Mexico - 4,898
points, and the USA - 6,169 points. Fig. 2
illustrates the accuracy of these models (Ince et
al., 2019).

From this comparison, six recent models
(EGM2008, EIGEN-6C4, GECO, SGG-UGM-1,
XGM2019E, and SGG-UGM-2) were selected as
the best fit with GNSS/leveling data for
evaluation in the East Sea.

b) Shipborne Gravity Data

The gravity anomaly dataset (CSLo7y) was
measured onboard the vessel Professor
Polshkov in 2007 and 2008. The data were
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processed by ARK Geophysics Ltd. in Ho Chi
Minh City. The coordinates are given in the
WGS-84 reference frame. The dataset includes
bathymetry, gravity, Free-air and Bouguer
anomalies, and magnetic data. Detailed
information about this dataset is presented in
(Institute of Marine Geology and Geophysics,
2007). In total, 86,162 measurement points
were collected. The distribution of ship-derived
gravity measurement points is shown in Fig. 1.
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Figure 2. Standard deviations of global gravity field
models compared with GNSS/leveling data
(Ince et al., 2019).
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Overview of the Problem of Determining Marine
Wave Energy

Wave power density is the most
important parameter for evaluating wave
energy resources. This parameter has often
been calculated in recent studies by integrating
spectral models based on numerical wave
models. In this case, the wave power density
(Pw) per unit crest length is calculated as
follows (Iglesias et al., 2009):

2T oo
By = pg j f ¢, (. d)S(f, 6)df do B
0 0

where p is the density of seawater (kg/m?); g is
the gravitational acceleration (m/s?); C, is the
group velocity of wave energy propagation
(m/s); S(f,6) is the wave spectrum, f'is the wave
frequency (Hz), and 6 is the wave propagation
direction (°); and d is the water depth (m)
(Iglesias et al., 2009).
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Wang & Lu (2009) pointed out that Pw is
equivalent to the hydrodynamic pressure (p)
on a vertical plane perpendicular to the
propagation direction multiplied by the
particle velocity (u) crossing the vertical plane,
which can be expressed as follows:

1 T r0
P, = —f f (p + pgz)udtdz (2)
Ty Joa

where t is time (s); T is the wave period (s); and
z is the water depth (m). The above equation
can be integrated over the wave period and
water depth. Therefore, Pw can be calculated
using the following formula (Wang & Lu, 2009):

gTe

PW=ECg=E(2n (3)

tanhkd) P,

where E = (1/16).pg H? is the wave energy
density (J/m?); k = 2m/A is the wave number
(m™), A is the wavelength (m); and

P (a
*_E( +sinh2kd) 4

Thus, in order to calculate P,, it is
necessary to know the gravitational

acceleration g at each point where wave height
is measured. In previous studies, g was often
assumed to be 9.81 m/s? (Deng et al. 2013; Sorek
et al. 2023). Some other documents choose g =
9.80665 m/s?> (PyGNOME documentation;
Seabird Scientific). However, this is only an
approximate value and can affect the accuracy
of the P,, calculation results.

Evaluation and Selection of EGM Models in the
East Sea

The general formula for calculating gravity
anomalies from the EGM model is as follows
(Barthelmes, 2013; Sneeuw, 2006; NIMA, 2000):

n Aggem =
[E0ms ()" (1 = 1) Soco(Com cOS(m2) +

r

Spm sin(mA)) B, (sing )]

GM
=

(5)

where: GM - geocentric gravitational constant;
r — geocentric radius of the considered point; y
- normal gravity on the reference ellipsoid; a -
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semi-major axis of the ellipsoid; ¢, A -
geocentric latitude and longitude of the

considered point; En,m, En,m - fully normalized
spherical harmonic coefficients of degree n and
order m; I_Jn'm(sinqo ) - fully normalized
associated Legendre functions; N
maximum degree of the model.

To evaluate the accuracy of the global
gravity field models in the East Sea, we
compared the gravity anomalies computed
from the EGM models with those derived from
shipborne gravity measurements. At ship-
derived measurement points, both the
observed gravity anomaly (Ag™P) and the
EGM-derived gravity anomaly (Ag"™) are
available. The gravity anomaly deviation is
calculated as follows:

8g; = AgE™ — Agi"P =1, 2, ... (6)

l n,

where: n is the number of measurement points.

The mean deviation is calculated as:

n
1
8 Gmean = T_lzdgi (7)
i=1

If the mean deviation is approximately
zero, it indicates that the difference between
the ship-derived gravity anomalies and those
determined from the EGM model has no
systematic bias but is purely random. In this
case, the root mean square error (RMSE) is
calculated using the following formula (Hoang
& Truong, 2003):

RMS,, = ®)

If the mean deviation is not equal to zero,
it indicates that the difference between the
ship-derived gravity anomalies and those
determined from the EGM model is systematic.
In this case, the standard deviation is
calculated using the following formula (Hoang
& Truong, 2003):
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Z?:l(agi - agmean)z

n—1

(9)

STD,,

Gravity anomalies computed from the
EGM model can also be evaluated using the
correlation coefficient R with respect to the
ship-derived gravity anomalies. The correlation
coefficient R is a measure of the relationship
between two datasets. R can range from -1 to
+1. If R = 1, the two datasets are perfectly
linearly correlated. If R = -1, the two datasets
are perfectly negatively correlated. If R = o, the
two datasets have no linear correlation. Thus, if
the EGM model fits well with the ship-derived
measurements, their correlation coefficient will
be approximately 1. The correlation coefficient
R is calculated as follows (McKean & Sheather,
2003):

R =

ship

shi; EGM EGM
p_AgTB )-(Agi _Ang )

?:1(Agi

shi shi EGM_, EGMy2
\/2?;1@91' P-agrp)2Et,(8gf ™M -ngFEM)?

(10)

Determination of Gravity at Points for Wave
Energy Calculation

The gravity values at the points where
wave energy is to be calculated are determined
using the inverse distance weighting (IDW)
interpolation ~ method  (Shepard, 1968).
According to this method, within a circle of
radius R around the target point (e.g., R = 0.1°),
gravity data points are selected. A minimum of
four points should be used. If the number of
points within the circle is fewer than four, R is
increased by a factor of 1.5. This process can be
automated in computational programming.

The weights are calculated using the
inverse distance weighting formula (Shepard,
1968):

P;=1/D; (1)
where Di is the distance from the target point
to the i-th point with known gravity.
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The gravity value at the target point for
wave energy calculation is interpolated using
the following formula (Shepard, 1968):

n n
saer= [ Y0
i=1 i=1

This method has the advantage of being
applicable both when gravity data are provided
as a grid and when they are available as
discrete measurement points. The
computational load is not too large, and it is
suitable for regions with either strong or weak
gravity variations. Therefore, in the problem of
determining gravity values at satellite altimetry
points for wave energy potential calculations,
we propose using this method.

RESULTS AND DISCUSSION

(12)

Evaluation Results and Selection of EGM Models

Based on the above theoretical
framework, we evaluated six EGM models:
EGM2008, EIGEN-6C4, GECO, SGG-UGM-i,
XGM2019E, and SGG-UGM-2 by comparing
them with 86,162 ship-derived gravity
measurement points. The evaluation results are
summarized in Table 1.

Table 1. Evaluation results of the accuracy of six
EGM models compared with ship-derived gravity

data.
Model | 8Gmax | 6Gmin |09 mean| RMS | STD R
(mGal) | (mGal) | (mGal) | (mGal) | (mGal)

EGM2008 | 22.05 | -33.11 | -0.45 3.70 3.68 [0.968
EIGEN6-C4 | 23.69 | -27.30| -0.50 | 4.06 4.03 [0.963

GECO 21.83 | -33.24 | -0.61 3.75 3.70 [0.975
SGG-UGM-1| 21.72 | -33.83 | -0.63 3.70 3.65 [0.975
XGM2019E | 19.45 | -27.44 | -0.67 3.33 3.26 |0.980
SGG-UGM-2| 21.22 | -23.40| -0.74 3.25 3.17 |0.976

From the results in Table 1, it can be seen
that all evaluated models show small mean
deviations compared with the ship-derived
gravity data, ranging from -0.45 mGal to -0.74
mGal. The standard deviations of the models
vary from #3.17 mGal to *4.03 mGal. The
smallest deviation is obtained with the SGG-
UGM-2 model. Its accuracy reaches 3.17 mGal,
with a very small mean deviation (-0.74 mGal),
and the correlation between the SGG-UGM-2
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model and the ship-derived data is very high
(0.976).

The frequency distribution of the
deviations of the SGG-UGM-2 model is shown
in Fig. 3. From this figure, it can be observed
that deviations with large values occur
infrequently, while those with small values
occur more frequently. This indicates that the
frequency distribution of the deviations follows
the normal distribution law of random errors.
The number of deviations exceeding three
times the root mean square error is small.
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Figure 3. Frequency distribution of deviations for the
SGG-UGM-2 model.

Thus, the comparison results indicate that
the SGG-UGM-2 model is the most accurate in
the East Sea. This is consistent with the fact
that SGG-UGM-2 was the most recently
developed among the six models evaluated and
incorporated a wide range of available datasets.
Furthermore, compared with the other models,
SGG-UGM-2  utilized shipborne  gravity
measurements collected in Chinese seas
adjacent to the Vietnamese East Sea, making it
more suitable for this region.

Construction of the Gravity Model in the East Sea

Based on the SGG-UGM-2 model data
combined with shipborne gravity
measurements, we constructed a gravity model
for the East Sea. The results are presented in
Fig. 4. The maximum gravity value is 978,911.6
mGal, the minimum is 977,103.5 mGal, and the
mean value is 978,389.4 mGal.
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From Fig. 4, it can be seen that the gravity
distribution over the East Sea exhibits spatial
variation: higher gravity values are generally
concentrated in the northern part of the basin,
while lower values appear in the southern
waters. This distribution reflects the general
pattern of the gravity field and highlights the
necessity of using an accurate gravity model to
support the assessment of wave energy
potential.
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Figure 4. Gravity model over the East Sea for
assessing wave energy potential.

CONCLUSION

This study evaluated six modern global
Earth gravity models (EGMs) against ship-
derived gravity data and identified SGG-UGM-2
as the most accurate for the East Sea. The
model shows random deviations with a
negligible mean bias (-0.74 mGal), the lowest
standard deviation (+3.17 mGal), and a strong
correlation with shipborne observations (R =
0.976).

Using SGG-UGM-2 in combination with
ship-derived measurements, a regional gravity
model of the East Sea was developed to support
wave energy assessments. The model yields
gravity values ranging from 977,103.5 to
978,011.6 mGal, with an average of 978,389.4
mGal. Its application is expected to enhance
the accuracy of wave energy potential
estimation based on satellite altimetry.
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Abstract: This paper presents an estimation of
wind, wave, and surface current energy in the
south-central waters of Vietnam using a High-
Frequency Radar (HFR) system. Two HFR
stations were deployed in Lam Dong Province
for over a year. A dataset of wind, wave, and
surface current was collected, providing wide
spatial coverage with high temporal and spatial
resolution. Based on these observations, wind
and current energy potentials were estimated
at a representative synthetic station located in
the middle of Phan Thiet Bay, Vietnam. This is
the first study to assess renewable energy from
sea surface observations in Vietnam. The
results are compared with other model-based
estimations and further analyzed. The results
have confirmed that the Lam Dong offshore
area has very high potential for wind and wave
energy, with the values of 2 kW/m”* and 5
kW/m, respectively. The surface current energy
was not as high as with waves and wind. The
findings confirm that land-based HFR stations
can be highly effective for estimating marine
energy resources.

Keywords: HF Radar, Wind energy, wave
energy.

INTRODUCTION

The significance of wind and wave energy
in Vietnam lies in the country’s extensive coastal
and shelf regions, where strong monsoonal
winds and complex nearshore dynamics
generate a consistent oceanic energy field. The
interaction between the southwest and
northeast monsoon systems produces seasonal
variations in wave height, period, and direction,
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creating favourable conditions for both offshore
and nearshore energy extraction. Along the
central and southern coasts, the continental
shelf gradient and local bathymetry enhance
wave transformation and energy flux toward the
shore. Understanding the spatial and temporal
variability of wind stress, wave energy flux, and
spectral wave characteristics is therefore
essential for assessing renewable energy
potential and integrating marine energy into
sustainable coastal management in Vietnam.

In recent years, the development of
renewable energy in Vietnam has become a
major focus for the government, researchers,
and investors, particularly offshore wind energy
(Decision 888/QD-TTg; Viet SE 2019, 2020). In
2025, the National Centre for Hydro-
Meteorological Forecasting (NCHMF), with
support from UNDP and the Royal Norwegian
Embassy in Vietnam, published a report
assessing the technical potential of offshore
wind energy in Vietnam. The report was based
on in-situ measurements and reanalysis data to
describe the spatial and temporal variability of
offshore wind energy resources. Currently,
numerous projects have been initiated to
develop and harness offshore wind potential.
However, wave and current energy resources
have not yet received significant attention and
are still not regarded as promising marine
energy sources for the near future.

Many studies have estimated the potential
of marine energy from wind and tides in
offshore areas (Thuc et al. 2012; World Bank
2021; VNMHA 2022) using reanalysis datasets
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and land-based observations. The most recent
NCHMF report confirmed that the coastal zone
from Ninh Thuan (now Khanh Hoa) to Binh
Thuan (now Lam Dong) has high wind energy
potential. This area also has high waves and
strong currents, which may generate energy
potential. This study raises the question of
estimating the energy potential of wind, waves,
and surface currents from land-based High
Frequency Radar (HFR) measurements in Lam
Dong Province (Fig. 1). HFR provides wide
coverage and real-time observations. It can
measure even during extreme events such as
storms or strong monsoons. The HFR system
was set up on the coast of Lam Dong province
from November 2022 to November 2023
(Cuong et al. 2025). The HFR system provided
wind speed and direction at 10 m above the sea,
surface wave height and direction, and surface
currents. For wind energy, the most common
height for wind turbines is about 200 m. In this
study, wind speeds at 200 m were estimated
from 10 m wind data using various theoretical
formulas. Then the energy potentials of wind,
wave, and current were computed.
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Figure 1. Study area
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The HFR dataset was archived using a
system of two Wera radars installed on the
coast of Lam Dong province. The details of
installing the HFR system and validating the
dataset were described in Cuong et al. (2025).
Two sites (S1 and Sz in Fig. 1) were selected for
system setup. The distance between these sites
was about 30 km. At each site, the system
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included four transmitter antennas and 12
receiver antennas (Fig. 2). However, due to the
landowner’s requirement, in March 2023, the S1
was changed to another Northward site. The
system operated continuously from May 2023
to November 2023 and provided data every 30
minutes at a spatial resolution of 1.5 m (Fig. 1).
The measurement area extended up to 50 km
offshore. However, in this study, the energy
potentials were computed at a representative
point (called a synthetic buoy) where the
temporal coverage is maximum - the
coordinate of the synthetic buoy: 10.8098 °N -
108.156 °E (Fig. 1).

Figure 2. The HFR transmitter (upper) and receiver
(lower) antennas.
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WERA HF radar infers 10-m wind data by
measuring the direction and intensity of sea
surface waves (Bragg scattering) that are
directly driven by the local wind field. By
analyzing shifts in the radar-returned wave
spectra, the system retrieves wind speed and
direction representative of the standard 10-m
height over the sea (Helzel et al., 2010).

Marine Energy computation

(1) To compute wind energy at 200 m
above the sea surface, the power law,
logarithmic law, and Deaves-Harris model were

used for measured wind data at 10 m.
a. Power Law

This is the simple and widely used method (Sen
et al.,, 2012; Fernandez va Parnds, 2017):

a
U(@) = Ures- (Zrzef)

@)

V(2) = Vyer. (zz_f)“ (2)

In which: z: the height needs to be computed
(200 m)

Z,¢5: the reference height (10 m)

a: the exponent of the power law (a = 0.1
(Khalfa et al. 2014)).

b. Logarithmic Law

This is based on the method proposed by
Monin-Obukhov for the atmospheric boundary
layer (Walshaw, 1994; Khalfa et al., 2014; Wang
et al.,, 2024):

(3)

In which: z, is surface roughness; k is the von
Karman constant (0.4); u* is the friction speed.

=1 ()

0

c. Deaves-Harris model

The Deaves-Harries model is optimized
according to the logarithmic law and can be
effectively applied throughout the entire
boundary layer. The expression is:
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1D (1) {m (g) +5.75 (5) —1.88 (5)2 _
1.33 (93 +0.25 (94} (4)

Where: z; is boundary layer height and can be
computed by the equation:

*

_ u
B'f

(5)

In which: B’ is the empirical parameter, and f is
the Coriolis parameter.

Zg =

(2) Wind energy can be computed with the
formula (Shoaib et al., 2019):

(6)

Where P, (W/m®) is the actual wind power,
and p, is the air density, which is 1.225 kg/m>, v
is the wind speed (m/s).

_1 3
PA_E,DAV

(3) Wave energy can be estimated with the
formula:

P = 0.49H2,T; 7)
P: Wave energy (kW/m)

H..o: Wave height (m)

Tg: Wave period (s)

Tg = aT,,, To,: Zero-cross period and could be
estimated by: Pierson-Moskowitz: T, = 0.710T,
or JONSWAP: T,, = 0.781T,

- a =118 (JONSWAP spectrum)
- a = 1.2 (Bretschneider spectrum)

(4) The current energy formulation is the same
as wind energy (Sen, 2012):

(8)

Where P, (W/m?) is the actual current energy,
pw is the water density, which is 1025 kg/m’,
and v is the current speed (m/s).

1
— 3
PC _Epwv

Results
Wind Energy

Fig. 3 depicts the variations in wind
speeds at 10 m and 200 m estimated using three
methods: power law, logarithmic law, and



VOLUME 2: EARTH, MINE, AND ENVIRONMENTAL SCIENCES FOR GREEN, SUSTAINABLE, AND PROSPEROUS DEVELOPMENT ...

Deaves-Harris method. The grey dots show the
wind speed at 10 m measured by the HFR
system at a synthetic buoy. Across the three
methods, the wind speed values are quite
similar. At 10 m, the wind speeds were quite
strong throughout the whole year. Most of the
time, wind speeds were around 10 m/s, but they
sometimes exceeded 20 m/s. The wind speed in
the NE monsoon is slightly higher than that in
the SW monsoon. It has been confirmed that
the offshore area of Lam Dong province has
very high wind energy potential. In the most
recent report, NCHMF (2025) found that in the
study area, wind energy reaches its highest
levels from November to February, with
maximum values exceeding 1.7 kW/m®. In this
study, the wind energy was computed and
shown in Fig. 4. The average wind energy is 2.4,
2.03, and 2.42 kW/m” for power, logarithmic,
and Deaves-Harris methods, respectively.
Across the three methods, wind speed and
energy were not significantly different. These
values are higher than those reported in the
NCHMF. Due to wind speed instability, wind
energy varied greatly over the period from
November 2022 to November 2023. The periods
from January to March and September to
October had higher energy than the other
measured periods (Fig. 4). Various methods
confirmed that, in this area, the average wind
energy is over 2 kW/m” This is a new and
reliable  conclusion that supports the
development of offshore wind farms.
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Figure 3. Variations of wind speed at 10 m and 200 m
using different computed methods
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Figure 4. Computed wind energy at 200 m using
different methods

Wave and surface current energy

In Phan Thiet Bay, the bathymetry is deep
and open to the open ocean, so the significant
wave height is quite high (Fig. 5). Throughout
the year, the significant wave height is over 1 m,
with peak wave periods of over 6 seconds. The
mean significant wave height was 1.24 m, and
the maximum value was 4.77 m. In the
summer, the sea surface was less rough than in
the winter, but it was still bumpy and suitable
for wave energy development.

Figs. 6-7 shows the wave and current
energy at the synthetic buoy. This location is
not too far from the shore, so the current
energy is quite limited. The mean current
energy is only 13.69 W/m®. This area is highly
dynamic, with strong seasonal currents, but its
energy is much lower than that of wind and
waves.

In contrast, wave energy in this area was
very high, with mean values exceeding 5 kW/m
across the four methods (Fig. 6). MONRE
(2022) also reported that this area has the
highest wave energy in Vietnam. Using
different approaches, wave energy was quite
consistent, with higher values in winter and
lower in summer due to the fetch of wind
during different monsoons. With modern
techniques, wave energy seems more
productive for exploitation than current energy
sources.
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It should be noted that these estimations
were based on a representative point in the
middle of Phan Thiet Bay. A high-resolution
spatial map should be developed and used to
support the search for optimal locations within
the study area. From that, robust marine
spatial planning for Vietham can be
established. In addition, phased pilot projects
could be launched to support environmentally
responsible development of large-scale marine
renewable energy systems.

Wean: 1.24m, Max: 4.77m]

Significant Wave Height(m)

5 =

Peak Wave Period(s)

Figure 5. Variations of significant wave height and
peak wave period
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Figure 7. Current energy at the synthetic buoy
CONCLUSION

This paper presents estimates of the
potential energy of wind, waves, and currents.
The Lam Dong offshore area has very high
potential for wind and wave energy, with the
values of 2 kW/m* and 5 kW/m, respectively.
With HFR observations, it is very productive to
have wind, wave, and current fields even in
different weather conditions. In the study area,
the surface current energy is much smaller
than that of wind and waves. In the new era of
development in Vietnam, it should pay close
attention to planning wind and wave energy
farms to increase renewable electricity
generation for economic activities and to
support net-zero goals.

REFERENCES

Cuong N.K., Anh T.N., Loc N.X., Binh P.D.H., Dang V.H.
(2025). Advanced High-Resolution Measurements of
Surface Waves and Currents Using Two Land-Based
HF Radars for Offshore Operations. In: Huynh, D.V.K.,
Doan, H., Cao, T.M., Watson, P. (eds) Proceedings of
the 3rd Vietnam Symposium on Advances in Offshore
Engineering (VSOE 2024), Lecture Notes in Civil
Engineering, vol 590. Springer, Singapore.
https://doi.org/10.1007/978-981-96-3912-0_5

Decision of the Prime Minister No. 888/QD-TTg dated
25 July 2022 approving the Project on tasks and
solutions to implement the results of the 26th
Conference of the Parties to the United Nations
Framework Convention on Climate Change.

Fernandez, |., & Parnds, V. E. (2017). Elements for
numerical simulation of wind time series. Revista
ingenieria de construccion, 32(2), 85-92.

(2010).
features,

Helzel, T.,
Oceanography

Kniephoff,
radar

M., Petersen, L.
system WERA:



VOLUME 2: EARTH, MINE, AND ENVIRONMENTAL SCIENCES FOR GREEN, SUSTAINABLE, AND PROSPEROUS DEVELOPMENT ...

accuracy, reliability, and limitations. Turkish Journal of
Electrical Engineering and Computer Sciences 18 (3):
389-398.

Khalfa, D., Benretem, A., Herous, L. & Meghaoui, I.
(2014). Evaluation of the adequacy of the wind speed
extrapolation laws for two different roughness
meteorological sites. American Journal of Applied
Sciences, 11(4), 570-583.

MONRE (2022). Report on the potential of offshore
wind and wave power in Vietnam.

NCHMF (2025). Assessment of the technical potential of
offshore wind energy in Vietnam.

Sen Z., Altunkaynak A., Erdik, T. (2012). Wind velocity
vertical extrapolation by extended power law.
Advances in Meteorology, 2012(1), 178623.

Sen, Z. (2012). Energy generation possibility from ocean
currents: Bosphorus, Istanbul. Ocean engineering,
50, 31-37.

Shoaib, M., Siddiqui, I., Rehman, S., Khan, S., & Alhems,
L. M. (2019). Assessment of wind energy potential
using wind energy conversion system. Journal of
cleaner production, 216, 346-360.

132

Thuc T., Da T. V., Thang N. V. (2012). Wind energy in
Vietnam: Potential and Exploitation capabilities.
Science and Technics Publishing House.

VIET SE (2019). Scenarios for wind energy development
in Vietnam by 2030, Vietnam Energy Transition
Initiative, Hanoi.

VIET SE (2020). Policy recommendations for offshore
wind energy development in Vietnam. Vietnam
Energy Transition Initiative, Hanoi.

VNMHA (2022). Report on offshore wind and wave
energy potential in Vietnam’s maritime zones.

Walshaw, D. (1994). Getting the most from your
extreme wind data: a step-by-step guide. Journal of
Research of the National Institute of Standards and
Technology, 99(4), 399.

Wang, X., Yao, Z., Guo, Y., Li, Y. (2024). Analysis of the
near-ground wind field characteristics during
typhoon Soulik. Applied Sciences, 14(10), 4001.

World Bank Group (2021). Final report: Offshore Wind
Roadmap for Vietnam.



ADVANCES IN THE EARTH, MINING AND ENVIRONMENTAL SCIENCES FOR SAFE AND SUSTAINABLE DEVELOPMENT

DOI: 10.15625/vap.2025.0192

Characteristics of gravity anomalies in the Cuu Long basin,

Vietham

Tran Tuan Duongl’z'*, Tran Tuan Dungl, Nguyen Quang Minhl, Tran Trong Lapl,

Nguyen Thi Nhan!

!Institute of Earth Sciences, Vietnam Academy of Science and Technology, Hanoi, Vietham

’Hanoi University of Mining and Geology, Hanoi, Vietnam

*Email: ttduong.humg@gmail.com

Abstract: The gravity anomalies in the Cuu
Long Basin (CLB) are characterized by blocky
development in the Northeast-Southwest (NE-
SW) and North-South (N-S) direction.
According to the changes in amplitudes, the
regional gravity anomalies can be classified into
four distinct zones. Analysis of gravity data in
the CLB indicates that: three main sets of faults
are developed in the region, namely, the NE-
SW, N-S and NW-ES trending faults. NE-SW
trending faults are distributed in a wide range,
and they are main faults in the region. They are
followed by N-S trending faults, while there are
a small number of nearly NW-ES trending
faults. Large-scale faults are mainly margin
controlling faults for the boundary of the basin
and uplifts.

Through analysis of gravity anomaly
characteristics, combined with location of
oil/gas fields, the distribution of petroleum
resources was assessed. The results show that
petroliferous structures in the CLB are mainly
located within zones of negative residual
gravity anomalies.

Keyword: SDUST2021GRA, TAHG, oil/gas, Cuu
Long basin.

INTRODUCTION

The CLB is a prolific oil/gas basin situated
offshore from the southeastern coast of
Vietnam (Figure 1). Positioned between the
Vietnamese mainland and the Nam Con Son
Basin at the southwestern margin of the East
Vietnam Sea, the CLB covers an area of
approximately 40.000km?. It stands as one of
Vietnam’s most important petroleum basins
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Structurally, the CLB lies offshore southern
Vietnam near the Mekong Delta and extends
northeastward, parallel to the coastline and the
tectonic trends of the Dalat volcano plutonic
zone to the northwest. Its southeastern
boundary is defined by the Con Son uplift
(Tran Tuan Dung et al., 2024).

The basin formed due to extensional
tectonics associated with the opening of the
East Viet Nam Sea, influenced by the collision
of the Indian and Eurasian plates (Tapponnier
et al., 1982). Initial rifting in the CLB began in
the Eocene-early Oligocene, followed by the
uplift and rotation of the crustal blocks at the
onset of drifting in the SW East Viet Nam Sea.
The initial rifting phase is characterized by
rapid subsidence and infilling; various
alluvial/fluvial/ lacustrine processes were
involved in the synrift sedimentation. The
erosion of the uplifted blocks in the late
Oligocene marked the transition from rifting to
regional subsidence in the CLB. The postrift
unit in the CLB is characterized by a
deepeningupward succession, grading upward
from nonmarine to paralic or shelf sediments
(Lee et al., 2001).

The gravity method was the first
geophysical technique to be used in oil/gas
exploration. Despite being eclipsed by
seismology, it has continued to be an
important and sometimes crucial constraint in
a number of exploration areas. In the CLB,
gravity techniques have been instrumental in
delineating the basin architecture and
identifying fault systems key factors in
assessing oil/gas potential.
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VIETNAM

TRUONG SA
BASIN GROUP

Figure 1. Location of study area (Cuu Long basin,
image courtesy of PetroVietnam)

GRAVITY DATA

Global gravity models derived from
satellite altimetry missions have significantly
enhanced our understanding of oceanic
regions. In this study, the global marine gravity
anomaly model SDUST2021GRA was utilized,
featuring a grid resolution of 1'x1’
(https://zenodo.org/records/6668159).
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Figure 2. Map of bouguer gravity anomalies

Gravity anomaly characteristics: the
bouguer map of the CLB exhibits similarities to
its corresponding topographic map, with values
ranging from -26,7mGal to 45,5mGal (Figure
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2). Areas underlain by denser materials reflect
more positive anomalies, while lower density
zones generate more negative signatures
(Lowrie W, Fichtner A., 2019). In the CLB,
negative anomalies zones are generally
associated with thick sediment accumulations.
Conversely, positive anomaly zone, typically
coincide with areas of shallower basement or
uplifted blocks. The positive low anomaly zone
(central area, value anomaly o to smGal) that
sandwiched the negative gravity zone represent
the elevated higher-density mantle rocks and
thinning of sedimentary deposits.

METHODOLOGY
Separation of gravity anomalies:

Upward continuation is a widely used
technique for isolating regional gravity
anomalies caused by deep sources from the
original anomaly data. In order to identify the
deep and shallow gravity anomalies and
structural characteristics of the study area, the
author used the upward continuation method
to separate anomalies (Gupta, V. & Ramani, N.,
1980; Jacobsen, B., 1987). In order to select an
appropriate upward extension height, the
author extended the gravity anomalies upward
at different heights such as 5 km, 10 km, 15 km
and 20km (Figure 3). Since deep and large
bodies produced long-wavelength and broad
anomaly, upward continuation was applied to
smooth out near-surface effects.

The comparison between the 15 km
upward continued gravity anomaly (Figure 3c)
and the bouguer gravity anomaly (Figure 2)
shows that the small local anomalies are largely
eliminated, and the anomaly becomes
smoother, emphasizing deep gravity features.
Beyond 15 km, further upward continuation
causes minimal change in the overall anomaly
patterns. Therefore, the anomalies upward
continued to 15 km were selected to represent
the regional gravity fields in the study area.

After determining the regional gravity
anomalies, the residual gravity anomaly (Figure
4) was obtained by subtracting the regional
gravity anomaly (Figure 3c) from the bouguer
gravity anomaly (Figure 2).
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Figure 3. The anomaly maps of bouguer gravity
anomaly after upward continuation
at different heights: (a) skm, (b) 10km, (c) 15km,
(d) 20km
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Figure 4. Map of residual gravity anomalies

In Figure 4, illustrates the residual gravity
anomaly maps of the study area. The maps
show that the residual anomalies are
characterized by complex, alternating high and
low anomaly patterns, with evident zonality
across the region. Based on the characteristics
of residual gravity anomalies, the research
region can be partitioned into four anomaly
zones: (1): residual gravity anomalies that are
more pronounced, trending mostly E-W; (2):
residual gravity anomalies that are generally N-
S trending; (3): the anormal values of the
residual gravity in the zone (3) is an obvious
high-value belt in the north and west, and the
interior is arranged alternately with local low-
value in the NE-SW direction (area bordering
zone (4)); (4): residual gravity anomalies
exhibit an NE-SW orientation.
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Identification of fault systems using gravity data:

The tilt angle of the horizontal gradient
method (TAHG) is an edge detection method
based on total horizontal derivative (THDR)
enhancement of gravity anomalies. The main
attributes of this method are to provide
maximal amplitudes on the source edges and
equalize signals from shallow and deep sources
(Blakely et al., 1986). The TAHG is obtained by
taking the arctangent of the vertical derivative
(VDR) of the THDR, divided by the modulus of
the THDR (Ferreira et al., 2013; Tran Tuan Dung
et al., 2021; Tran Tuan Duong et al., 2020):

OTHDR
dz

2 2
\](aTglxDR) n <6TegDR>

TAHG = tan™?!

where:
- Ag(x,y) is the gravity anomalies;

_VDR = BAg(x,y);
0z
- THDR is the total horizontal derivative
is a prevalent edge-detection filter, as given by

(Cooper G, Cowan D, 2008);

THDR = \/ (aAga(;C’ Y )>2 + ("’Aga(;f, y))2

98g(xy) 98g(x%y)
ax ' 9y

gravity anomaly field in the x, y directions. Due

to the characteristics of the arctangent, the

are first order derivatives of

TAHG transform range is from _7" to %

In Figure 5, map showing the tilt angle of
the horizontal gradient gravity anomaly. By
analyzing and connecting the locations and
magnitudes of the TAHG points in a suitable
approach, the spatial distribution of the faults
system is determined and shown in the Figure
6. As can be seen in the Figure 6, three main
sets of faults are developed in the region,
namely: the NE-SW trend, N-S trend and NW-
ES trend faults. NE-SW trending faults are
distributed in a wide range, and they are main
faults in the region. They are followed by N-S
trending faults, while there are a small number
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of nearly NW-ES trending faults. Large-scale
faults are mainly margin controlling faults for
the boundary of the basin and uplifts.
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Figure 5. Tilt angle of the horizontal gradient gravity
anomaly

As shown in Figure 6, the oil- and gas-
bearing structures are located in the center of
the CLB, situated between two NE-SW
oriented fault zones and at fault intersections,
particularly between NE-SW and N-S faults as
well as between NE-SW and NW-SE faults.
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Figure 6. Map of fault distribution

Prediction of potential oil/gas areas:

Figure 7. a) gravity anomalies;
b) residual gravity anomalies
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In the Figure 7a, the oil/gas fields are
primarily located in areas characterized by
negative gravity anomalies. Negative bouguer
gravity anomalies typically indicate regions
with substantial sediment thickness or fracture
zones filled with sedimentary material. In the
CLB, since the late Oligocene, the transition
from the post-rift phase to a period of slow and
stable subsidence (Lee et al, 2o001), with
minimal tectonic disturbance, has favored the
preservation of deeper traps, allowing them to
retain  hydrocarbons without significant
remigration or leakage.

Similarly, in Figure 7b, the major oil/gas
fields are situated in areas with negative
residual gravity anomalies. Such anomalies
often correspond to local zones where the
sediment layer is thicker and less density than
the surrounding rocks, providing favorable
conditions for hydrocarbon accumulation.

The integrated interpretation of bouguer
and residual gravity anomaly maps (Figure 7),
combined with the distribution of identified
fault systems (Figure 6), enables the
delineation of promising oil/gas fields in the
CLB. The analysis indicates that most potential
oil/gas fields are located in areas where:

1. The residual gravity anomalies exhibit
negative values.

2. Structures are located within zones of
negative gravity anomalies.

3. Situated
trending faults.

in proximity to NE-SW

CONCLUSIONS

Interpretation of gravity data reveals that
the Cuu Long Basin (CLB) is structurally
governed by three dominant fault trends: NE-
SW, N-S, and NW-SE. Among these, the NE-
SW trending faults are the most prominent and
play a key role in controlling the basin’s
structural framework.

Negative Bouguer and residual gravity
anomalies correspond to areas with thicker,
lower-density sedimentary sequences, which



ADVANCES IN THE EARTH, MINING AND ENVIRONMENTAL SCIENCES FOR SAFE AND SUSTAINABLE DEVELOPMENT

provide favorable conditions for hydrocarbon
generation and accumulation. Most of the
known oil/gas fields in the CLB occur within
these negative anomaly zones and are
commonly situated along or near NE-SW fault
systems.

These findings confirm that gravity data
interpretation, when combined with advanced
filtering and edge-detection techniques such as
upward continuation and TAHG method, offers
a valuable and efficient approach for
delineating basin architecture and identifying
potential oil/gas bearing structures in offshore
regions like the Cuu Long Basin.
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Abstract: This study investigates the
geochemical characteristics of  lithium
mineralization processes in the La Vi area
(formerly Quang Ngai Province, Vietnam) and
reveals that the ore bodies are largely
concordant with the metamorphic rocks of the
Kan Nack Complex. The deposit is classified as
a hybrid lithium deposit type (partially melted
pegmatite) based on its complex elemental
zoning (Li, Be, Mo, Sn, Nb, Cs, Rb, Ta) both
vertically (0-180 m) and laterally, its rare earth
element (REE) patterns, stable isotope
signatures (O, H), U-Pb isotopes in zircon, and
indicator minerals. As a newly recognized
deposit type, it provides a scientific foundation

for guiding future exploration strategies
(Selection  of mining methods and
technologies, recovery product orientation,

extended prospecting methods follows the
deposit-type) and improving resource—
environmental governance in Vietnam (More
clearly quantify the material composition by
mine type to reasonably approach the minerals
to be recovered based on current and future
technological capabilities; provide a basis for
forecasting the components that are likely to
impact the environment from natural mines
and mining activities, if any, for many subjects
including: government, community, social,
business/company,...). The geochemical dataset
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also serves as a background for river-basin and
coastal-zone governance in lithium-bearing
regions under various  socio-economic
development scenarios, contributing to the
transition toward a green economy.

Keywords: Lithium, resource governance,
hybrid pegmatite, geochemical characterization,
La Vi deposit.

INTRODUCTION

There are many studies on La Vi lithium
deposit, providing a lot of data on geological
structure, ore distribution characteristics,
altered rocks, mineral composition, elemental
assemblages, isotopes, formation temperature,
preliminary assessment of the origin of
mineralization from different aspects (Duong
Van Cau and et al., 2004; Dao Duy Anh and et
al., 2013; Tuan Anh Nguyen and et al., 2024;
Nguyen Dac Dong and et al., 2024; Duong Ngoc
Tinh and et al., 2017; Pham Van Thong et al,,
2009, 2010). The La Vi lithium deposit was
previously classified as a pegmatite-type
deposit derived from the Sa Huynh granitic
magmatic complex and was considered to share
certain characteristics with the Li-Cs-Ta (LCT)
type; geochemical dataset is very limitted and
lacking integration and synchronization. This
paper, by integrating geochemical data with
structural, geological, and petro-mineralogical
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evidence, our study indicates that the La Vi
deposit exhibits key features of partially melted
pegmatites (type of hybrid pegmatites). These
pegmatites are related to deformation
processes during the Permian-Triassic (P-T)
tectonic regime and represent a transitional
source between magmatic and metamorphic
processes. For this reason, the La Vi lithium
deposit is herein classified as a hybrid-type
lithium deposit. According to this genetic
model, exploration potential may be extended
southward and southwestward along the Kan
Nack and Ngoc Linh structural fault zones.

The geochemical parameters investigated
reveal both vertical and lateral zoning, as well
as diagnostic elemental assemblages, across
multiple geological media (host rocks, ores,
various pegmatite types, soils, and waters). This
provides not only a clearer understanding of
the deposit’s genesis but also a framework for
expanding  exploration and  adapting
prospecting methods. Conventional approaches
used for magmatic LCT pegmatites cannot be
directly applied here. Furthermore, the data
clarify the geochemical behavior of lithium and
associated elements in natural environments,
which can induce contamination or at least
cause significant compositional changes. These
insights serve as a foundation for resource and
river-basin environmental governance in areas
associated with the La Vi lithium deposit.
Identifying ore-bearing components and
redefining exploration strategies can help
managers obtain robust, quantitative datasets
for estimating resource potential and
predicting environmental impacts, rather than
relying solely on regulatory standards and
conventional assessments.

The global surge in lithium demand is
driven by the green energy transition,
including the rise of electric vehicles and the
shift toward renewable energy. This creates
increasing environmental and social pressures.
Worldwide  studies now address the
environmental, social, and governance (ESG)
challenges associated with sustainable lithium
extraction, involving diverse stakeholders such
as governments, industries, and local
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communities. These studies emphasize
building transparent institutional frameworks,
data infrastructures, and biodiversity
integration into mining operations, while
strengthening  social  participation  and
monitoring (E. Petavratzi et al, 2022).
Investigations into lithium levels in coastal
ecosystems and sediments have provided
background data for monitoring (Wan Hee
Cheng et al., 2015) and risk assessment for
ecosystem conservation (Chee Kong Yap &
Khalid Awadh Al-Mutairi, 2025). The concept
of “greening extractivism” has been proposed to
evaluate environmentally friendly and climate-
mitigating lithium mining, while critically
reflecting on its ecological and social
challenges (Daniel Macmillen Voskoboynik &
Diego Andreucci, 2021; E. Petavratzi et al.,
2022).

At the same time, exploration and mining
technologies continue to advance, aiming to
increase reserves to meet energy transition
demands while controlling lithium enrichment
across different geological environments, both
terrestrial and aquatic. Geochemical methods
are essential not only for determining deposit
type and origin but also for reconstructing
geological histories related to weathering,
hydrodynamics, and coastal processes. For
example, lithium geochemistry has been
applied to trace past mineralization and
evaluate the impact of modern mining on the
environment (V. Balaram et al., 2024).

These global perspectives highlight that
Vietnam is now in a favorable position to adopt
integrated resource-environment governance
approaches at the earliest stages of lithium
exploration and development. The La Vi
deposit represents an initial case study to
demonstrate how deposit-type recognition,
geochemical indicators, and environmental
background data can guide sustainable
resource management in line with the green
energy transition and international integration.

MATERIALS AND METHODS

This study utilized a comprehensive
dataset including 857 drill-hole geochemical
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samples in the La Vi deposite. These are

selected to represent the depth, spatial
relationship between the ore and the
surrounding altered rocks, distance
relationship ~ with  granite, wall rocks;

orientation of sampling for additional analysis:
samples of ore, rock, soil, water; study many
related components to further assess the value
of deposit and elements that can impact the
natural environment. And 25 geochemical
samples from altered host rocks surrounding
the ore (representative samples for the
interpretation of elemental behavior indicating
the mineralization process and origin). In
addition, 10 deep-profile geochemical samples,
15 samples of granitic rocks, 5 petrographic
samples representing both ore and host rocks,
6 artificial heavy-mineral concentrate samples,
3 isotopic samples (O, H), 5 mineral
paragenesis samples, and 5 fluid inclusion
samples were analyzed (representative samples
for the study of origin and deposit type).
Furthermore, 10 water samples were collected
to represent rivers and streams associated with
the mineralized area (both to identify search

signatures and to serve as a basis for
environmental impact research).
Complementary data on tectonic

structures, magmatic evolution, U-Pb zircon
geochronology, and stable isotopes (O, H) were

also compiled from previously published
studies to provide additional geological
context.

Lithium and associated elements were
analyzed using Inductively Coupled Plasma
Mass Spectrometry (ICP-MS), a highly
sensitive method for detecting trace and ultra-
trace elements, complemented by Atomic
Absorption Spectroscopy (AAS).

Mineralogical characterization of lithium-
bearing phases was conducted through
petrographic analysis and X-ray diffraction
(XRD) to support the interpretation of
geochemical data for determining ore genesis
and classifying the La Vi lithium deposit type.

Geochemical indices and parameters were
calculated to identify indicator and associated
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elements, aiming to reconstruct the genetic
model of the deposit, guide exploration
strategies, and predict possible environmental
impacts.

Several geochemical parameters were
normalized against the regional primary
geochemical background of Quang Ngai-Binh
Dinh (Vietnam), as reported by Nguyen Van
Niem et al. (2024), with average concentrations
(ppm) of: Li - 29.47; Be — 0.69; Ta - 19.0; Cs —
4.60 (n =180).

RESULTS

Structural, Geological, Ore and Geochemical
Characteristics of the La Vi Deposit

a. Geological Structure

The Quang Ngai-Binh Dinh area(old)
and the La Vi lithium deposit belong to the Sa
Huynh-Ba To structural zone, which forms
part of the Kon Tum Massif-a Precambrian
continental block located on the eastern
margin of Indochina. This massif consists
primarily of Precambrian folded and
recrystallized basement rocks that were
uplifted and eroded during the Early to
Middle Paleozoic. Tectono-magmatic activity
in the region was intense from the Late
Paleozoic to the Early-Middle Mesozoic.
During the Cenozoic, strike-slip faulting,
extensional tectonics, and dome uplift
associated with mantle plumes or tectonic
upthrust were accompanied by basaltic
volcanism.

b. Quartz—Feldspar-Two-Mica Schist

The La Vi deposit area is dominated by
quartz—feldspar-two-mica schists of the Kan
Nack Formation, which have undergone
secondary alteration and weathering. These
rocks exhibit a foliated, schistose texture with
granoblastic to lepidoblastic fabrics. The main
mineral constituents include quartz (~52%),
muscovite (23-25%), feldspar (7-8%), biotite
(5-7%), with minor epidote and iron
hydroxides (8-10%), and a small proportion of
ore minerals (1-2%).
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¢. Granitic Rocks

Granitic rocks belonging to the Sa Huynh
magmatic complex crop out mainly near the
deposit and include porphyritic granite with
large feldspar phenocrysts and granitic
pegmatites (Figure 1). Petrographic
composition consists of plagioclase (25-28%),
K-feldspar (38-48%), quartz (~25%), biotite (7-
8%), and muscovite (~2%). Accessory minerals
include zircon, epidote, apatite, and minor ore
minerals  (samples TH.no6/1, TH.u24).
Lepidolite appears as small, irregular flakes
filling grain boundaries and fractures within
the host granite.

o

0.2mis %
A

Figure 1. Two-mica granite showing micmokite
texture with late-stage lepidolite infilling fractures
and grain boundaries between primary minerals.
Fk - K-feldspar; PI - plagioclase; Bt - biotite;

Mc - muscovite; Lp - lepidolite (TH.1106/1), Nicol (+).

Figure 2. Lepidolite in granitic pegmatite and
porphyritic granite of the Sa Huynh complex
(sample TS1106).

Artificial heavy mineral concentrates also
contain lepidolite (Figures 2, 3), garnet,
tourmaline, sphene, leucoxene, and abundant
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ilmenite; ore minerals such as cassiterite,
pyrite, and anatase are rare (samples TS1106/2;

TSno4/3). Petrographic observations show
pyrite and late-stage chalcopyrite but no
cassiterite  (sample KT.no6/2 - granitic
pegmatite;  Figure 4), indicating late

hydrothermal overprinting.

Lifi (G5

Figure 3. X-ray diffraction pattern identifying
lepidolite and other minerals in the porphyritic
granite of the Sa Huynh complex adjacent to the La
Vi lithium deposit (DH1104/7).

Figure 4. Chalcopyrite within granitic pegmatite of
the Sa Huynh complex (KT.1106/2).

d. Ore Characteristics

Fine-grained albite-rich pegmatite veins
containing lithium are interbedded within the
Kan Nack metamorphic sequence and are
unevenly distributed (Figure 5). No boreholes
have intersected granitic rocks directly
associated with Li-bearing pegmatite veins.

Lithium ore minerals are mainly lepidolite
and very fine-grained lithian muscovite (Figure
6). These minerals are much finer than those
typically found in pegmatites at the margins of
the Sa Huynh granite complex. Cassiterite is
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rare; tourmaline occurs sparsely, reflecting
boron enrichment (Nguyen Van Niem et al.,
2025; sample Ruo1). Other studies have
reported topaz, beryl, and montebrasite
associated with fluorine enrichment but no
tourmaline (Tuan Anh Nguyen et al., 2024).

The ore zone extends to a depth of 0-180
m but is discontinuous and restricted to Li-
bearing pegmatite veins. Average Li,O content
is 0.333 wt% with a high coefficient of variation
(V = 138.62%); BeO averages 0.032 wt% (V =
80.29%); Sn content is low but highly variable
(V = 457.61%) (n = 857). Nb,Os and Ta,Os
contents are low and occur as accessory
elements (Nguyen Van Niem et al., 2025).

Figure 5. Li-bearing pegmatite vein at ~5 m depth in the
La Vi lithium deposit, Quang Ngai (QN1101).
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Figure 6. X-ray diffraction pattern identifying lepidolite
in a Li-bearing pegmatite vein at ~5 m depth in the La Vi
deposit (R1101).
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Altered metamorphic rocks adjacent to
the veins are also lithium- and beryllium-rich
(average Li,O = 0.092 wt%, BeO = 0.024 wt%, n
25). Spatially, Li concentrations in schists

above the pegmatite (e.g., 634.1 ppm at ~4 m
depth, DHuo1) are significantly higher than
below (~147.69 ppm at 72 m, DHi4o01). Boron
shows a similar trend, with very high B
concentrations in the overlying schists (4305.91
ppm, DHuio01) but absent below. Away from the
veins, schists still contain moderately high Li
(70.82 ppm, DHno2), approaching the
minimum geochemical anomaly threshold
(75.65 ppm), and B = 81.83 ppm. Within the
veins themselves, B contents are highly variable
- high to very high in some intervals (e.g.,
DHi401 at 42 m and 65-67 m, DHuo1) but low
or undetectable in others (DHigo1 at 36 m,
DHis09 at 30 m, DH1120 near DHuio1).

e. Geochemical Characteristics of the La Vi
Deposit

e1. Vertical Geochemical Zoning and Spatial
Relationship with the Sa Huynh Granite
Complex

Vertical geochemical zoning within the
central ore zone (Zone M) of the La Vi deposit
was determined by calculating element
zonation indices (Tables 1 and 2; Figure 7). The
general zoning pattern from surface to depth in
Zone M is: Li-Be-Mo-Sn-Cs-Rb-Ta. However,
at a specific drill hole (Kigo1), the absolute
vertical zoning between 36-67 m depth differs:
Be-Sn-Nb-Rb-Cs-Ta-Li.

Table 1. Element zonation indices by depth in the
central ore zone (M), La Vi lithium deposit.

Be 0,0064 | 0,0059 | 0,0097 0,0055 | 0,006
Li 0,6523 | 0,6525 | 0,3681 0,2056 | 0,628
Nb 0,0081 | 0,0093 | 0,0426 0,0704 | 0,019
Rb 0,3063 | 0,3059 | 0,4945 0,5922 | 0,293
Cs 0,0169 | 0,0160 | 0,0431 0,0559 | 0,030
Mo 0,0012 | 0,0004 | 0,0142 0,0247 | 0,015
Sn 0,0052 | 0,0064 | 0,0250 0,0412 | 0,006
Ta 0,0037 | 0,0036 | 0,0028 0,0044 | 0,003
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In the near-granite zone (VLK1), the vertical
zoning pattern is: Li-Sn-Ta-Nb-Be.
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Table 2. Element zonation indices by depth in drill
hole Ki401 (Zone M), La Vi lithium deposit.

Be 0,0099 0,0057 0,006
Li 0,3734 0,2108 0,638
Nb 0,0432 0,0722 0,019
Rb 0,5017 0,6072 0,297
Cs 0,0437 0,0573 0,030
Sn 0,0253 0,0423 0,006
Ta 0,0028 0,0045 0,003

In the far-granite zone (VLK2 - Figure 7),
the pattern is: Li-Ta-Nb-Be-Sn.

108° 52'4,3"

108° 54" 22,7"
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108° 52' 4,3" 0 400m

Figure 7. Distribution map of drill holes and
geochemical zoning near and far from the Sa Huynh
granite complex (VLK1 - near-granite zone; VLK2 -
far-granite zone; M - central ore zone; “+” granite
outcrops; P - pegmatite with medium to very coarse
muscovite flakes; A drill holes with vertical zoning
data; @ Li-bearing pegmatite outcrops; O drill holes
near major granite body).

e2. Elemental Associations

Table 3. Correlation coefficients among elements in
the La Vi lithium ore zone (0-180 m; 540 samples;
drilling data source: Nguyen Dac Dong et al., 2024).

BeO 1
L,0 015 1

Nb,Os 0,14 001 1

Sn 0,02 004 021 1

sn0, 0,02 004 021 1 1
Ta,0s 0,12 007 080 017 017 1

Lithium in the La Vi ore bodies (0-180 m)
shows weak or no correlation with most other
elements. Specifically, Li has a weak positive
correlation with Be and a negative correlation
with Sn and Ta (Table 3). Only Nb is strongly
correlated with Ta; both elements show weak
correlations with Sn and Be.

In Sa Huynh granitoids, lithium forms a
distinct elemental association Li-Be-Cs-Rb,
while Sn is associated with Cs-Be-Ta-Nb
(Table 4).

Table 4. Correlation coefficients among elements in
Sa Huynh granitoids near the La Vi lithium deposit
(10 ICP-MS samples).

L 1

Be 062 1

Rb 066 0,86 1

Nb 040 087 059 1

Sn 038 0,72 050 0,77 1

Cs 0,72 095 097 0,70 0,62 1

Ba 0,00 -0,40 -0,30 -0,52 0,01 -0,28 1

Ta 0,21 064 0,34 092 0,70 043 -048 1
In altered metamorphic rocks

surrounding Li-bearing pegmatite veins, Li
shows moderate correlation with Nb and weak-
to-moderate correlation with Be (Table 5).

Table 5. Correlation coefficients among elements in
altered host schists around Li-bearing pegmatite
veins (25 samples).

BeO 1

Li,O 0,30 1

Nb,O5 0,68 0,44 1

Sn 0,02 0,27 -004 1

Sn0, 0,02 0,27 -004 1,0 1
Ta,0s 0,59 0,15 0,57 0,15 0,15 1
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e3. Soil Geochemistry

Four main soil types were studied,
representing different geological substrates: i)
Soils developed on metamorphic rocks; ii) Soils
developed on granite and granitic pegmatites;
iii) Soils developed on pegmatoid formations
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and iv) Soils developed within mineralized or
altered zones.

These soil profiles represent a gradient
from the ore body outward to surrounding host
rocks,  approaching the Sa  Huynh
granite/pegmatite complex and increasing in
relative depth. All samples were collected from
soils developed on quartz-mica schists of the
Kan Nack Formation.

Geochemical patterns show a decrease in
Li, Ta, Nb, Be, Cs, and Mo contents with
increasing distance and depth from the
mineralized zones toward the granite body,
whereas Sn, Bi, Rb, Pb, Fe, and As tend to
increase outward (Figure 8).
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Figure 8. Elemental concentration trends in soils
developed on quartz-mica schists around Li ore
bodies, plotted against distance and relative depth.
Solid lines represent decreasing trends; dashed lines
represent increasing trends.
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e4. Water Geochemistry

Water samples were collected from
springs, streams, and small ponds during the
late dry season, when discharge is low and
water is clear. Most samples represent high-
elevation springs and streams directly
associated with the Li mineralized area or
nearby predicted pegmatitic zones. The study
evaluated the potential mobility and impact of
Li and associated elements on the local river-
stream network.

Li, Mo, and Cs show significantly elevated
concentrations in waters within and near the
ore bodies (similar to soil patterns). Boron (B)
also increases but with lower differentiation,
while Fe shows an opposite trend. Other
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elements show minimal change with increasing
distance from the ore zone (Figures 9).

Comparative analysis of water chemistry:

i) Spring water at the deposit center
(N1121) contains Li 4.53x, Mo 7.83%, Cs 4.31x, B
1.37%, Rb 1.27%, Ta 1.16x, and Nb 1.17x higher
than downstream water (N1123), ~1.7 km away.

ii) Compared to regional background
water (Ni417) from the NW (An Tay commune,
~5.2 km away, draining the Sa Huynh batholith
with no Li mineralization), central deposit
water (Nu121) contains Li 15.5%, B 1.7x, Mo 6.7x,
Cs14x, and Ta-Nb 1.16x..

og (Content- ppb)

\OOUUI
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Figure 9. Spatial distribution of Li, Mo, Cs, B, and
other elements in waters from the ore center
outward; solid lines indicate decreasing trends,
dashed lines indicate increasing trends.

In summary, water samples were collected
representatively from springs and high-
elevation streams within the lithium deposit
and extending outward toward its margins. A
clear geochemical differentiation is observed:
Li, Mo, and Cs show significantly elevated
concentrations in the deposit area and near the
lithium ore bodies (similar to the patterns
found in soils), while B exhibits a comparable
but less pronounced trend. In contrast, Fe
displays the opposite behavior. Other elements
show very limited differentiation, generally
decreasing in concentration with increasing
distance from the ore bodies (Figure 10). In
addition, the concentrations of Li, Mo, and Cs
in water tend to increase with higher pH and
under reducing conditions (Eh < o) (Figure n).
Springs emerging from the deposit are
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characterized by elevated pH (~7.5) and strongly
reducing redox potential (Eh = -38.66 mV).

f. Temperature related to Ore-Forming Processes

Formation temperatures were determined
from fluid inclusion analyses in samples
representing three spatially distinct pegmatite
types within the La Vi lithium deposit:
pegmatites outside the vicinity of the granite
body, pegmatites adjacent to the granite, and
tourmaline-rich  pegmatites occurring as
independent bodies. These are classified as
follows:

Type I - Li pegmatite (lithium ore or Li-B
rich), characterized by very fine-grained
minerals, including tiny mica flakes, albite, and
fine quartz, locally containing tourmaline.
These pegmatites occur both near the surface
and at greater depths in the central part of the
deposit.

Type II - Pegmatite with medium- to
coarse-grained mica flakes (commonly 0.1-0.5
mm, white in color), distributed relatively close
to the main granite body and moderately
enriched in lithium.

Type III - Pegmatite with large muscovite
flakes (0.5 cm to several centimeters, white),
cutting through and associated with the main
granite mass and its surrounding host rocks;
relatively Li-rich but B-poor (e.g., drill holes
DHug, DHuo6/1, DHiu18).

Type IV - Tourmaline-rich pegmatite
bodies occurring independently, containing
abundant black tourmaline, relatively Li-rich
(75-79 ppm) and B-rich (131.78 ppm).

All pegmatite types contain two principal
types of fluid inclusions: liquid-vapor and
vapor-liquid. ~The measured formation
temperature ranges are as follows:

Type I pegmatites: 200-275 °C; 315-405 °C;
and possibly above 405 °C.

Type II pegmatites: 215-290 °C; 325-
410 °C; and possibly above 410 °C.

Type IV pegmatites: 222-290 °C and 320-
415 °C.
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Figure 10. Element concentration patterns in water
surrounding the lithium ore bodies and extending
outward in different directions (lateral distribution
in relation to geological setting). Solid lines indicate
decreasing concentrations with increasing distance
from the ore bodies; dashed lines represent the
opposite trend.

3 65 7

\ 7 .
\ N S
\ —~-tilppb)
N\ N1121 N1123 NMgI5 N1402 N1417 Lifppb)
N ~=-Molppb) | 10 5.6647
& 1
1121 W23 NS NI 17| Csleeo) | 20

4.0019

-=-Mo(ppb)
Cs (ppb)

f——
P 30 —a-Eh (mv)

333312

01 50

Figure 11. Geochemical environmental characteristics
(pH, Eh) and the distribution of Li-Mo-Cs in waters
of the La Vi lithium deposit and surrounding areas.

DISCUSSIONS

Origin and Deposit Type of the La Vi Lithium
Mineralization

The  geochemical zoning of Li
mineralization and associated elements in the
La Vi deposit is highly complex and differs
markedly from the vertical zoning patterns
typically observed in pegmatite-type lithium
deposits directly related to granitic magmatism
worldwide (see History of Research section).

If the deposit is examined in terms of
formation processes evolving from the Sa
Huynh granitic magma body outward into Li-
bearing pegmatite veins along vertical
migration, the overall geochemical zoning from
top to bottom (integrating multiple drill holes)
can be summarized as follows:

- Near the Sa Huynh granite body: Li-
Sn-Ta-Nb-Be;
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Farther from the granite body: Li-Ta-
Nb-Be-Sn.

In the central part of the deposit (distal
from the granite), the vertical zoning from top
to bottom is: Li-Be-Mo-Sn-Cs-Rb-Ta.

When considering the absolute depth
profile of a single drill hole (36-67 m) at the
deposit center, the zoning sequence from top
downward is: Be-Sn-Nb-Rb-Cs-Ta-Li.

These results are notably different from
previous studies and deviate significantly from
the vertical geochemical differentiation model
of lithium pegmatites directly fractionated
from a single granitic magma source.
Consequently, the ore-forming processes at La
Vi are likely associated with distinct pegmatite-
forming conditions and mixed magmatic-
metamorphic to hydrothermal evolution,
rather than a simple magmatic fractionation
system.

When compared with the geochemical-
mineralogical zoning model proposed by Tuan
Anh Nguyen et al. (2024), notable differences
are observed. In their model, Be is
concentrated mainly in the second zone
(counting upward from the underlying granite
body), just above the muscovite-albite
pegmatite zone; Sn is concentrated near the
uppermost zone (muscovite-cassiterite), and Li
occupies the topmost zone (lepidolite-topaz-
albite). This zoning model was established
from a limited number of samples and
localized areas, focusing only on F-rich
pegmatites that lack tourmaline and are poor
in, or devoid of boron.

By contrast, the present study evaluates
the entire spatial extent of the La Vi deposit,
both laterally and vertically (including absolute
depth profiles from single drill holes as well as
integrated depth trends from multiple drill
holes), and directly relates these zonations to
the position of the Sa Huynh granitic magma
body. As a result, the zoning pattern presented
here is considered highly representative,
incorporating detailed and spatially explicit
sample locations. These findings provide a
robust foundation for further investigation into
the geochemical behavior of key elements in
the subsequent discussion of the genetic model
of the deposit.

Considering the overall vertical zoning
from the surface to 180 m depth in the La Vi
deposit, Li occupies the uppermost part of the
sequence. However, the Li-to-underlying-
element concentration ratio is highest at 51-60
m depth (laterally close to the Sa Huynh
granite) and at 21-30 m depth (laterally distal
from the granite) (Tables 6 and 7). In the
central ore zone (Zone M), this ratio also peaks
at 65-67 m depth (Table 8).

By contrast, when examining the absolute
depth profile of a single drill hole (36-67 m), Li
shifts to the lower part of the sequence, while
Be occupies the upper part, and the normalized
(Be/Li)_cn ratio reaches its lowest value at 65—
67 m depth (Table 9). Moreover, the
distribution between these depth intervals
(zones) does not follow a linear or continuous
trend as would be expected in classical zoning
sequences.

Table 6. Ratio of upper- to lower-zone elements in the lithium ore bodies of the La Vi deposit near the Sa
Huynh granitoid complex (VLK1 zone) [Nguyen Van Niem et al., 2025]

Zone | I i v v Vi vil vill
(15 samples) | (43 samples) | (25 samples) | (25 samples) | (8 samples) | (39 samples) | (9 samples) | (4 samples)
Element 0-10m 10-20m 21-30m 31-40m 41-50m 51-60m 61-70m 71-80m
Li/Be 6,495 3,995 2,778 2,229 3,573 16,723 1,587 2,608
LiSn/NbBe 0,00558 0,00391 0,00764 0,00216 0,00165 0,02577 0,00288 0,00408
Be/Li 0,15 0,25 0,36 0,45 0,28 0,06 0,63 0,38
Nb/Li 0,0299 0,0481 0,0582 0,1023 0,0585 0,0109 0,1364 0,0633
Sn/Be 0,3634 0,2172 0,3860 0,2562 0,2501 0,2772 0,4224 0,1639
Ta/Li 0,0300 0,0350 0,0498 0,0884 0,0330 0,0111 0,1422 0,1035
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Table 7. Ratio of upper- to lower-zone elements in the lithium ore bodies of the La Vi deposit distal from the Sa
Huynh granitoid complex (VLK2 zone) [Nguyen Van Niem et al., 2025]

Zone | 1l 1 \% \% VI Wi VI IX X
(7 (14 (36 (18 (11 (4 (4 (9 (4 (5
samples) | samples) | samples) | samples) | samples) | samples) | samples) | samples) | samples) | samples)
Elements 0-10m 10-20m 21-30m 31-40m 41-50m 51-60m 61-70m 71-80m | 130-140m | 150-160m
Sn/Li 0,024 0,040 0,01 0,02 0,017 8,70 3,82 7,21 4,24 5,43
BeSn/TaNb 0,00092 0,00064 | 0,00066 | 0,00053 | 0,00028 | 0,00039 | 0,00070 | 0,00037 | 0,00042 | 0,00044
Be/Li 0,09 0,06 0,06 0,10 0,12 0,28 0,07 0,06 0,56 0,12
Table 8. Ratio of upper- to lower-zone elements in the unevenly distributed within these
central ore bodies of the La Vi depOSit (Zone M) metamorphic sequences and across the

Zone | I 1} I\ Vv
Element 0-10m 30m 36m 42m 65-67m
(Li/Ta)cn 16,401 | 16,666 | 12,310 | 4,316 | 19,193

Table 9. Ratio of upper- to lower-zone elements by
absolute depth in drill hole Ki4o1 within the central
ore zone of the La Vi deposit (Zone M)

Zone 1} \Y Vv
Element 36m 42m 65-67m
(Be/Li)cn 0,31 0,32 0,12

The vertical geochemical zoning therefore
does not exhibit a clear pattern of increasing Be
concentration in the deepest portions of the
ore body, as typically observed in LCT-type
pegmatites or pegmatites derived directly from
residual granitic melts. In terms of depth, Li
concentrations can locally increase to their
highest values (2.16 wt% Li,O; mean 0.84 wt%)
at 155-158.8 m, compared with only o0.52 wt%
on average at shallower levels (71-73.2 m)
(Nguyen Van Niem et al., 2025).

Additionally, boron enrichment within
the pegmatite veins and associated schist
horizons shows highly irregular variations -
ranging from extremely enriched to below
detection limits - from the top downward. This

irregularity may reflect the influence of
metamorphic layering and material
redistribution  during the formation of

concordant Li-bearing pegmatites within the
host schists.

In addition, the highly heterogeneous
distribution of Li and B, as noted above, may be
directly related to the pegmatite-forming
processes and to the redistribution of material
from older metamorphic rocks (Kan Nack
schists). However, boron itself is also very

different magmatic stages that have affected
the area.

For the ore bodies, Li shows only a weak
correlation with Be and tends to correlate
negatively with Sn and Ta. In general, the
contents of Sn and Ta in the ore are low.
Moreover, these relationships do not exhibit a
strictly linear trend (either increasing or
decreasing) in response to the geochemical
behavior of elements and minerals under
varying redox conditions, as describ