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ABSTRACT Landslides in volcanic terrains pose significant hazards to downstream communities, infrastructure, and watershed systems,
particularly where steep slopes and complex geological conditions coexist. This study presents a GIS-based three-dimensional (3D)
deterministic slope stability analysis to evaluate landslide susceptibility within the Mt. Bawakaraeng caldera, Sulawesi Island, Indonesia.
The analysis integrates geotechnical, geological, hydrological, and topographic parameters obtained from field investigations, laboratory
testing, remote sensing data, and a high-resolution 5-m Digital Elevation Model (DEM). Slope stability was evaluated using the factor
of safety (FS), calculated through a Hovland-based 3D column method implemented within a GIS environment. Two critical collapse
zones were identified and corresponded closely with documented historical landslide events. The calculated minimum FS values of 0.825
and 1.000 indicate unstable to marginally stable slope conditions, respectively. Numerical simulations indicate a progressive failure
mechanism in which the collapse of a major slope unit can reduce the stability of adjacent slope units, potentially generating cascading
landslide events. Monte Carlo simulations were additionally employed to identify critical slip surfaces and assess potential failure
configurations. The simulated slip surfaces showed good agreement with observed landslide morphologies, supporting the reliability of
the modeling approach. Potential failure volumes were also estimated to assess the downstream sediment hazard to the Jeneberang wa-
tershed. The results demonstrate that integrating GIS, high-resolution terrain data, and 3D deterministic modeling provides an effective
framework for spatially explicit slope stability assessment in complex volcanic environments. The approach can support landslide hazard
mitigation, watershedmanagement, infrastructure planning, and sustainable development inmountainous regions prone to slope failure.
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1 INTRODUCTION
1.1 Challenges posed by landslides in Indonesia

Indonesia is one of the country’s most vulnerable to
landslide hazards in the world due to its complex in-
teraction of geological, climatic, and anthropogenic
factors (Riyanti et al., 2017). The consequences of
landslides in Indonesia are severe, including loss of
life, damage to infrastructure, disruption of transporta-
tion networks, and long-term socio-economic impacts
on affected communities. Rural and mountainous ar-
eas are particularly vulnerable due to limited access
to early warning systems and disaster mitigation in-
frastructure (Rabby and Li, 2020). Landslides and de-
bris flow in Indonesia are primarily triggered by in-
tense and prolonged rainfall, which is common due
to the country’s tropical monsoon climate. The com-
bination of high annual precipitation, steep topogra-
phy, weathered volcanic soils, and deforestation sig-
nificantly increases slope instability. According to
data from Indonesia’s National Disaster Management

Agency (BNPB, 2016), landslides are among the top
threemost deadly natural disasters in the country, with
hundreds of fatalities and thousands of displaced per-
sons annually.

Geologically, much of Indonesia is composed of young,
unstable volcanic formations and tectonically active
zones (Putriani et al., 2023). These conditions exac-
erbate the risk of slope failures, particularly in areas
with inadequate land-use planning, unregulated hill-
side development, or agricultural practices that reduce
slope stability (Kimura, 2024). In rural areas, defor-
estation for farming or plantation expansion is a ma-
jor contributing factor, as it removes the root structures
that help bind the soil, making slopes more vulnerable
to collapse. In urban and peri-urban areas, rapid de-
velopment often outpaces proper geotechnical assess-
ments. Poor drainage systems, excavation without sta-
bilization, and increased load from buildings on unsta-
ble slopes are common causes of anthropogenic slope
failure (Hashimoto et al., 2020). Meanwhile, debris
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flows, which are rapid movements of saturated soil and
rock, often occur suddenly following heavy rains, pos-
ing a serious hazard due to their velocity and destruc-
tive power (Yanagawa et al., 2021). Climate change is
also projected to intensify the problem. Increased vari-
ability in rainfall patterns, with more frequent and in-
tense storms, may lead to higher incidences of rainfall-
induced landslides and debris flows in the future (Ji-
tousono et al., 2021). This highlights the urgent need
for integrated risk assessment, early warning systems,
and sustainable land management strategies (Sassa,
2016; Fathani et al., 2016). Despite numerous studies
and monitoring programs, many areas in Indonesia re-
main under-assessed in terms of landslide susceptibil-
ity (Silalahi et al., 2019). A more comprehensive un-
derstanding of local geological conditions, hydrologi-
cal triggers, and socio-economic vulnerabilities is es-
sential to reducing disaster risk and enhancing commu-
nity resilience (Shen et al., 2024).

1.2 Slope failure events at Mt. Bawakaraeng in
South Sulawesi

Slope failure, including landslides and debris flows,
is a significant natural hazard in many mountain-
ous regions of South Sulawesi, often triggered by in-
tense rainfall, steep terrain, geological instability, and
human-induced land cover changes. One of the most
notable and catastrophic examples in recent Indone-
sian history is the large-scale slope failure that oc-
curred on Mt. Bawakaraeng in South Sulawesi in 2004,
which has had lasting geomorphological, hydrologi-
cal, and socio-economic impacts on the Jeneberang
River watershed. Mt. Bawakaraeng is a dormant stra-
tovolcano and the caldera geology is dominated by
Quaternary volcanic products formed through multi-
ple eruptive phases and collapse events. The main
lithologies consist of andesitic–basaltic lava flows, py-
roclastic deposits (tuffs, lapilli, and volcanic breccias),
and reworked volcaniclastic materials. In many ar-
eas, weak pyroclastic layers overlie more competent
lava flows, creating unfavorable shear-strength con-
trasts that promote slope instability. Geomorpholog-
ically, the caldera is characterized by steep, rugged ter-
rain with slope angles commonly exceeding 30–40◦. It
forms a large volcanic collapse structurewith deeply in-
cised valleys and sharp ridgelines shaped by long-term
erosion and repeatedmass-wasting. As the headwaters
of the Jeneberang River, the caldera experiences strong
fluvial incision, with surface runoff concentrated along
gullies that enhance slope undercutting and toe ero-
sion, particularly during extreme rainfall events (Has-
nawir, 2013). Prominent landslide scars, debris-flow
channels, and accumulation zones indicate ongoing
geomorphic adjustment. Thick unconsolidated vol-
canic deposits, combined with steep slopes and high
rainfall, favor progressive and retrogressive slope fail-
ures involving large volumes of material. Vegetation

Figure 1. Remote sensing image showing the Jeneberang
River watershed and the study area located at the Mt.
Bawakaraeng caldera in the upper reaches.

Figure 2. Comparison of slope conditions before (August
1993) and after (July 2004) the caldera landslide, highlight-
ing the failure area (modified from JICA).

cover further influences slope stability, with densely
vegetated areas providing greater resistance through
root reinforcement, while deforested zones are more
prone to erosion and shallow landslides. Based on Dig-
ital Elevation Model (DEM) data at a 1:25,000 scale,
the Jeneberang River originates from the caldera of Mt.
Bawakaraeng, a dormant volcano with an elevation of
approximately 2,830m. This watershed serves as a crit-
ical resource for downstream communities, supporting
agriculture, domestic water supply, and hydropower
generation through the Bili-Bili Dam, located about 35
kilometers downstream (Figure 1). On March 26, 2004,
a massive landslide occurred on the northwest wall of
the Bawakaraeng caldera, releasing an estimated 200 to
235 million m3 of volcanic rock and debris. This event
represents one of the largest documented slope failures
in Indonesia and significantly altered the geomorphol-
ogy of the upstream watershed (Satoshi et al., 2004).

Figure 2 shows the satellite image data taken on be-
fore and after landslide event. The collapse was char-
acterized by high-relief slopes (700–800 meters), the
presence of weak, weathered volcanic rock, and cumu-
lative rainfall in the preceding weeks exceeding 700
mm (JICA, 2004). Although no singular trigger such
as an earthquake was recorded, the landslide is be-
lieved to have been caused by a combination of long-
term toe erosion by the Jeneberang River, hydrostatic
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pressure from rainfall infiltration, and possible in-
ternal structural weaknesses within the caldera wall.
The resulting debris avalanche traveled over 7 kilo-
meters downstream, destroying vegetation, infrastruc-
ture, and farmland, and causing significant loss of life
and property (Satoshi et al., 2009). The consequences
of this slope failure extended far beyond the imme-
diate area. Massive sediment loads have been con-
tinuously transported downstream into the Jeneberang
River, leading to rapid siltation of the Bili-Bili Reser-
voir. This sedimentation has significantly reduced the
dam’s storage capacity and effectiveness for flood con-
trol, irrigation, and water supply. In addition, the mor-
phology of the river channel has been altered, increas-
ing the frequency and severity of debris flows during
subsequent rainy seasons. Compounding these issues
are ongoing land use changes in the watershed, partic-
ularly deforestation and the expansion of agriculture
into steep, unstable areas. These activities further re-
duce slope stability and exacerbate sediment produc-
tion, contributing to a cycle of degradation and hazard
intensification. Given the scale and complexity of the
2004 landslide and its ongoing impacts, the Jeneberang
watershed presents a critical case study for under-
standing the interactions between geological hazards,
climate variability, land use dynamics, and disaster
risk. This study aims to analyze 3D (three-dimensional)
slope stability factors, evaluate sediment management
strategies, contributing to improved hazard mitigation
and watershed resilience in volcanic mountain envi-
ronments.

2 METHODOLOGY

2.1 Integration of 3D Deterministic Models and GIS

Traditionally, deterministic approaches have been con-
sidered adequate for assessing both homogeneous
and heterogeneous slopes. The stability index, com-
monly used as a safety factor, relies on geotechnical
models and key physical and mechanical parameters
(Leshchinsky and Huang, 1992). Calculating this safety
factor requires geometric data, shear strength parame-
ters, and pore water pressure information. While accu-
rate data is important, the reliability of the determin-
istic model itself is critical for producing dependable
results. Although natural slope failures are inherently
3D phenomena, 3D stability analyses are rarely per-
formed (Lam and Fredland, 1993). This is largely due to
thewidespread availability of simpler two-dimensional
(2D) software, which demands less data and is easier to
use. Furthermore, there is no consensus on how to as-
sign shear strength parameters (cohesion, c, and fric-
tion angle, ϕ) during analysis. Some studies ignore co-
hesion, while others estimate it based on average depth
or interpolate shear envelope results (Hovland, 1977).

In deterministic distributed modeling, spatial varia-

tions in input parameters are assessed using aerial pho-
tos, satellite images, fieldwork, and laboratory analy-
sis (Terlien et al., 1995). This data is then integrated
into Geographic Information Systems (GIS), which pro-
vide powerful tools for processing and analyzing spa-
tially distributed data (Dai and Lee, 2001; Tien and
Wu, 2000). Slope failure hazard assessments require
detailed information on fault locations, surface geol-
ogy, terrain slope, groundwater, and historical land-
slide events. This data is often digitized and converted
into raster format, which is preferred due to its simple
structure and compatibility with remote sensing data.
In raster GIS, the area is divided into cells or pixels,
each representing homogeneous zones with assigned
attribute values. Maps derived from these data pro-
vide essential parameters such as soil strength, density,
depth, groundwater table, topography, and seismic ac-
celeration for deterministic calculations (Van Westen,
1998). Recent GIS applications in slope stabilitymostly
focus on statistical methods and artificial intelligence
(AI) linking slope failure to influencing factors, with
GIS mainly supporting data preparation and process-
ing (Lee and Min, 2001; Ayalew and Yamagishi, 2005;
Pradhan andLee, 2010; Youssef et al., 2015;Mersha and
Meten, 2020). Few studies have integrated GIS with de-
terministic slope stability models (Van Westen, 1993;
Van Westen et al., 1997). Considering the complex 3D
geometry of natural slope failures, applying a 3Dmodel
is a rational approach for assessing slope hazards at the
caldera of Mt. Bawakaraeng, South Sulawesi, Indone-
sia.

2.2 3D Slope Stability Assessment Using Hovland’s
Model

Hovland (1977) appears to have been the first to ana-
lyze a 3D slope using the columnmethod. His approach
extends the assumptions of the two-dimensional or-
dinary method by considering all intercolumn forces
at the base of each column as components of the col-
umn’s weight. The results showed that the 3D anal-
ysis typically produces a factor of safety significantly
higher than that obtained from two-dimensional anal-
ysis. All the methods discussed above rely on the
column method, either neglecting intercolumn forces
or making assumptions that have yet to be fully val-
idated. These methods have primarily been justified
based on experience with 2D analyses, and the accu-
racy of the 3D approaches has not been independently
verified. While quantitative geotechnical analysis re-
quires reliablematerial parameters, it is equally impor-
tant assuming sufficient geotechnical data is available
to identify appropriate failure mechanisms relevant to
the study area and to select a geotechnical model that
closely represents these mechanisms. Unfortunately,
there has been a growing tendency to adopt the “infi-
nite slope” model, a well-known one-dimensional ap-
proach representing potential failure along slip sur-
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faces parallel to the ground surface. Although this
model may be appropriate for shallow failures and
some deep-seated failure areas, it often oversimplifies
the complex realities of natural slopes. Landslides are
closely linked to the geological and geomorphological
characteristics of the study area.

Therefore, in this research, the slope unit serves as the
fundamental object of study. A slope unit is defined
as a portion of the land surface that contains a dis-
tinct set of ground conditions, differentiating it from
adjacent units by explicit topographical features (such
as break lines, streams, aspect, and slope) and geo-
logical form. Using GIS spatial analysis functions, the
following parameters can be assigned to each pixel or
polygon (into which the study area is divided): (a) to-
pographical parameters (elevation, inclination, slope);
(b) spatial distribution and size of landslides (including
suspected critical slip surfaces and their boundaries);
(c) mechanical properties for each pixel or polygon;
and (d) groundwater conditions. By inputting these
parameters into a deterministic slope stability model,
safety factors or probabilities of failure can be calcu-
lated. Building on the model of Hovland (1977), a GIS
grid-based 3D model is applied in this study for slope
stability analysis.

All slope-related geological data can be illustrated as
shown by the 3D view of the landslide body in Figure 4.
Assuming that the vertical sides of each pixel column
(see Figure 5) are frictionless (no side forces on the ver-
tical sides of the pixel columns, or with their influence
canceling out), the 3D safety factor can be expressed as
Equation (1):

F3D =

∑
J

∑
I

(cA+W cos θ tanϕ)∑
J

∑
I

W sin θ
(1)

where,

F3D = the 3D slope safety factor;W = the weight of one
column; A = the area of the slip surface; c = the cohe-
sion; ϕ = the friction angle; θ = the normal angle of slip
surface; and J , I = the numbers of row and column of
the pixel in the range of slope failure.

Without GIS, calculating the 3D safety factor using
a column-based model would be a tedious and time-
consuming task, especially when updating data or con-
ducting multiple case studies. However, with the aid
of GIS spatial analysis functions, slope stability data
for the entire study area can be efficiently represented
as vector layers (Figure 5). Each vector layer can then
be converted into a grid-based layer using GIS tools,
with the cell size adjustable to meet the required level
of precision. The slope mass is thus evenly divided
into columns corresponding to the grid cells. For each

Figure 3. 3D representation of the landslide body.

column referencing the grid-based structure shown in
Figure 5, spatial data such as surface topography, ge-
ological strata, groundwater, faults, and potential slip
surfaces can be extracted from the corresponding grid-
based layers. Using this grid-based spatial database,
Equation (1) can be adapted into aGIS-compatible grid-
based form. In this adapted model, all resisting and
driving forces are calculated relative to the actual slid-
ing direction, rather than the Y-axis direction used in
the original Hovlandmodel. This adjustment allows for
a more realistic representation of slope stability condi-
tions in three dimensions. With reference to Figure 4,
the area of the slip surface for a single grid column is
given by Equation (2).

A = cellsize2


√(

1− sin2 θxz sin2 θyz

)
cos θxz cos θyz

 (2)

The apparent dip in the principal direction of inclina-
tion of the landslide area can be calculated using the
following equation:

tan θAvr = tan θ |cos (Asp−AvrAsp)| (3)

Therefore, the 3D slope factor of safety can be ex-
pressed based on equilibrium in the horizontal sliding
direction as follows:

F3D =

∑
J

∑
I

(cA+ [(Zji − zji)γ
′ cos θ − uij ] tan(ϕ)) cos θAvr∑

J

∑
I

(Zji − zji)γ
′ sin θAvr cos(θAvr)

(4)

where,

for each grid,Zij , zij = the elevations of ground-surface
and slip-surface; uij = the pore water pressure on the
slip-surface; and γ = the unit weight.

The slip surface is determined through detailed
geotechnical investigations; however, the exact geom-
etry of the slip surface is often uncertain. Therefore,
in slope stability analysis, it is crucial to identify the
critical slip surface for accurate hazard evaluation. To
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Figure 4. Grid-based spatial layers used to construct a
three-dimensional slope stability model based on the col-
umn method.

detect this 3D critical slip surface, a search is con-
ducted by minimizing the 3D safety factor calculated
using Equation (4) through the Monte Carlo random
simulation method. The initial slip surface is assumed
to be the lower portion of an ellipsoid. This slip surface
evolves based on variations in layer strengths and the
conditions of discontinuous surfaces. Ultimately, the
critical slip surface is identified by achieving a relative
minimum in the 3D safety factor. The orientation of
the ellipsoid’s inclination is set to align with the main
direction of inclination (dip) of the study area. The
ellipsoid’s inclination angle is generally assigned as
the primary slope angle of the area, with allowances
for certain fluctuations.

Figure 10 illustrates the flowchart of the GIS-based
computational process used to obtain the minimum 3D
factor of safety. The entire study area (or slope failure
zone) is evenly divided into small rectangular meshes
corresponding to the GIS grid-based pixels.

2.3 3D Slope Stability Assessment System

In this section, the complete computational process
of the developed system is presented. For each com-
putational step, the corresponding software interface,
the implementation of key algorithms, and the associ-
ated data or results are described. The 3D slope sta-
bility assessment system consists of seven main menu
categories, each offering specific functions. Figure 5

Figure 5. Slip surface geometry and three-dimensional
view of a single grid column used to derive the three-
dimensional factor of safety equation.

displays the user interface of the developed system,
along with several submenu options. This analysis step
involves the creation of a point dataset that consol-
idates all relevant geomorphological, geological, and
hydraulic parameters. Figure 5 shows the interface
used for generating this dataset. All input data are pro-
vided in ASCII file format, including: (i) surface eleva-
tion; (ii) surface aspect; (iii) surface slope angle; (iv)
elevation of each stratum interface; (v) elevation of po-
tential slip surfaces (discontinuities); and (vi) ground-
water table elevation. Managing these spatial datasets
in grid format is often inefficient. Therefore, a point
dataset (in shapefile format) is created to store all rel-
evant information. In this dataset, the shapefile is de-
fined as the center point of each grid cell, and a feature
table is used to link all geomorphological, geological,
and hydraulic attributes. By utilizing GIS components
from theMapObjects software, it is evident that shape-
files offer more efficient data management than grid-
based datasets, particularly for tasks such as identifi-
cation, and spatial analysis. The factors that will in-
fluence the safety factor of slope are the random vari-
ables that possess a certain random distribution, and
then the safety factor is a random variable too and its
probability distribution is determined by the distribu-
tions of parameters.

For the critical slip identification, a test for the suit-
ableMonte Carlo random calculating time is performed
in one case study; the trial calculating frequency is
up to 1,000 times. The resulting minimum 3D safety
factors of each trial calculation are illustrated in Fig-
ure 11. From this figure, it is clear that the minimum
safety factor can be obtained after about 300 trial cal-
culations. Based on the results of 300 trial calculations
(see Figure 11), the difference among these values is

429



Journal of the Civil Engineering Forum Vol. 12 No. 3 (September 2026)

Figure 6. Flowchart of the computational process used
to determine the minimum three-dimensional factor of
safety.

Figure 7. Trial calculations and the minimum three-
dimensional factor of safety obtained from the Monte
Carlo simulation.

not too large: the minimum value is 1.34 and its mode
is 1.68. This critical slip search procedure is based on
the minimum safety factor search that is calculated by
the random selection of parameters. In slope stabil-
ity analysis, the parameters c, ϕ, and γ are fundamen-
tal geotechnical strength parameters used to assess the
potential for slope failure. Cohesion (c) represents the
shear strength of soil or rock at zero normal stress.
The friction angle (ϕ) reflects the resistance to sliding
caused by inter-particle friction and interlocking. Unit
weight (γ) is the weight of soil or rock per unit volume,
including solids and pore water. By using the 3D as-
sessment system, each slope unit polygon is defined
by the geotechnical strength parameters as numerical
data at attribute field (Figure 12). Figure 13 illustrates
the algorithms of the developed system for calculating
the 3D factor of safety. For each slope, the critical 3D
safety factor is calculated by the Monte Carlo simula-
tion, in the random simulation, the shape parameters
of an ellipsoid are selected for the random variables;
the slip surface is calculated by the coordinate conver-
sion between the world and local coordinate system;
the value of safety factor for eachMonte Carlo selection
is calculated by the total resistant and sliding forces
which are summarized by the discrete columns of the
landslide body.

Figure 8. Development of the system-integrated spa-
tial database for three-dimensional slope stability analysis
and the corresponding simulation results.

3 ASSESSMENT OF SLOPE STABILITY: A
CASE STUDY OF THE CALDERA OF MT.
BAWAKARAENG

3.1 Construction of a Digital Elevation Model (DEM)
at 1:25,000 Scale for deriving slope units

At an elevation of 2,830meters, Mt. Bawakaraeng ranks
as the third-highest peak on Sulawesi Island, Indone-
sia. Its proximity to Makassar City makes it one of the
most popular hiking destinations in the region. How-
ever, onMarch 26, 2004, a large-scale collapse occurred
on the inner side of the mountain’s caldera wall. Fig-
ure 10 presents a 3D view of the constructedDEMof the
caldera at a scale of 1:25,000, along with two historical
collapse units identified through digitized lines derived
from aerial photograph data. These two collapse areas
are located in the source zone of the slope failures: (i)
collapse Unit No. 1 spans a horizontal length of ap-
proximately 500 meters; and (ii) collapse Unit No. 2 is
a significantly larger failure near the ridge, exhibiting
a horseshoe-shaped collapse with a horizontal length
of around 1,300 meters. The relative height of the fail-
ure slopes in both units is estimated at 700–800 me-
ters. The failed bedrock in collapse unitNo.1 is believed
to have had a thickness of approximately 150 meters,
while in collapse unit No. 2, the bedrock thickness is
estimated to have reached up to 400 meters. Based on
spatial analysis, the estimated volume of collapsedma-
terial is approximately 53 million m3 for collapse unit
No. 1 and 182 million m3 for collapse unit No. 2 result-
ing in a total volume of around 235 million m3.

The derivation of slope units for 3D slope stability
analysis begins with the collection of essential spatial
datasets, including a high-resolution DEM developed
at a scale of 1:25,000, geological maps, geotechnical
parameters, hydrological data, and land cover informa-
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Figure 9. Algorithm of the developed system for calculat-
ing the three-dimensional factor of safety.

tion. The DEM undergoes preprocessing to correct er-
rors, followed by the extraction of primary topographic
attributes such as slope angle, aspect, curvature, and
elevation gradients using GIS tools. Hydrological anal-
ysis is then conducted to identify drainage networks
and ridgelines, which serve as natural boundaries for
slope unit delineation. Based on these topographic
and hydrological features, the terrain is segmented into
discrete slope units each representing a geomorpho-
logically homogeneous area characterized by similar
slope stability conditions. Geological and geotechnical
data are subsequently integrated into the slope units
to incorporate critical parameters such as geotechnical
data, discontinuities, and groundwater conditions. The
resulting slope units are validated and refined through
comparison with field observations, historical land-
slide inventories, and remote sensing data. Finally, the
delineated slope units are formatted into GIS layers,
enabling their use in deterministic slope stability mod-
els to evaluate safety factors, potential failure surfaces,
and landslide susceptibility across the study area (see
Figure 11).

3.2 Data inventory

A comprehensive data inventory was conducted to en-
sure accurate and reliable slope stability assessment.
The primary categories of data include topographic, ge-
ological, geotechnical, hydrological, and land use in-
formation, all referenced at a scale of 1:25,000. High-
resolution DEMwith a 5-meter grid mesh were utilized
to derive critical terrain attributes such as slope an-
gle, aspect, curvature, and elevation. These parame-
ters are essential for delineating slope units and iden-

Figure 10. Three-dimensional view of the constructed Dig-
ital Elevation Model (DEM) of the caldera, with two histor-
ical landslide units highlighted by red solid lines.

tifying potential failure zones. Geological data includ-
ing lithology, structural features (e.g., faults, joints,
and bedding planes), and stratigraphic boundarieswere
obtained from previous field observations and labora-
tory tests. The caldera area is dominated by volcanic
soils and volcanic deposits (tuff, pyroclastic materi-
als) with high porosity and variable weathering inten-
sity. Geotechnical parameters such as soil cohesion (55
kN/m2), internal friction angle (30◦), and unit weight
(22 kN/m3) were analyzed based on observational data
and used as general input for deterministic slope stabil-
ity models. Hydrological data, including groundwater
levels, surface drainage patterns, and infiltration char-
acteristics, were also processed using GIS tools. Addi-
tionally, land use and vegetation cover data, typically
derived from satellite imagery, were incorporated to
assess surface conditions. Landslide inventory maps,
based on historical records, field surveys, and remote
sensing data, were used to validate model outputs and
enhance hazard assessments. The integration of these
diverse datasets within a GIS environment supports
comprehensive spatial analysis, and facilitates data-
driven decision-making in evaluation.

4 RESULTS AND DISCUSSION

Slope stability analysis was conducted using a GIS-
based 3D deterministic model to assess potential fail-
ure zones within the Mt. Bawakaraeng caldera. The
analysis employed geotechnical and topographic pa-
rameters derived from field surveys, laboratory tests,
remote sensing data, and a high-resolution 5-meter
DEM. The factor of safety (FS), which is the primary
output of the model, serves as a quantitative indicator
of slope stability. A safety factor below 1.0 indicates
that the driving forces (e.g., gravity, water pressure) ex-
ceed the resisting forces (e.g., shear strength), implying
imminent slope failure. Conversely, an FS greater than
1.0 implies stability under current conditions. Accord-
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Figure 11. Slope units derived from the Digital Elevation
Model (DEM), remote sensing data, and landslide inven-
tory.

Figure 12. Three-dimensional view of the derived slope
units within the Mt. Bawakaraeng caldera, showing the
calculatedminimum three-dimensional factor of safety for
each unit.

ing to Janbu (1973) and Evert (2001), a minimum safety
factor of 1.3 is generally recommended for temporary
slopes with low-risk exposure, while a higher threshold
of 1.5 is advised for permanent slopes where long-term
stability and minimal risk are critical. Based on this
classification, many slope units within the study area
fall below these stability thresholds. Figure 12 displays
the resulting 3D slope hazard map, highlighting spa-
tial variations in safety factors across the caldera. The
model enables spatially distributed hazard identifica-
tion, providing valuable insight for both site-specific
and regional slope risk assessments.

The simulation results reveal that slope unit no. 1,
which corresponds to the smaller collapse area, has a
minimum factor of safety (FS) of 1.000. In contrast,
slope unit no. 2, which aligns with the larger histori-
cal collapse zone, has an FS of 0.825. Figure 13 illus-
trates the boundaries of the slope failures along with
their principal sliding directions. According to this

Figure 13. Simulation of slope failures (Nos. 1 and 2) to-
gether with their principal sliding directions.

3D slope failure simulation, the block of slope no. 2
fails first, followed by the failure of slope no. 1. This
sequence occurs because the foot of slope no. 1 be-
comes unsupported due to the prior collapse of slope
block no. 2, which had previously provided stability
to slope block no. 1. These values are notably lower
than those of adjacent slope units, many of which ex-
ceed the 1.3–1.5 safety threshold (Figure 14). The crit-
ical value of 0.825 strongly indicates an unstable con-
dition, supporting the historical record of slope fail-
ure in this area. The second collapse unit, despite an
FS of 1.000, lies on the threshold of failure and thus
presents considerable hazard, particularly under con-
ditions of elevated rainfall or seismic activity. These
findings confirm the high susceptibility of these zones
to future reactivation or progressive failure. Figure 15
illustrates several slope cross-sections, showing simu-
lated critical slip surfaces generated by theMonte Carlo
method that correspond closely to observed collapse
morphologies. The spatial integration of input param-
eters, including lithological variations, groundwater
conditions, and historical failure inventories, demon-
strates the strength of GIS in managing and analyz-
ing heterogeneous geospatial data. Moreover, the use
of Monte Carlo simulation to identify critical slip sur-
faces adds an important probabilistic element to the
deterministic model, enhancing its predictive capabil-
ity. The role of groundwater and pore water pressure
is particularly important in explaining these low safety
factor values (Montgomery et al., 1997). As infiltration
increases either due to heavy rainfall, poor drainage, or
upslope water accumulation pore water pressure builds
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Figure 14. Distribution of the calculated minimum three-
dimensional factor of safety for the defined slope units
within the Mt. Bawakaraeng caldera.

within the soil and rock mass. This elevated fluid pres-
sure reduces effective stress and, consequently, shear
strength, which is a key resisting force in slope stability.
In some cases, water pressure can become great enough
to partially or fully support the overlying mass, effec-
tively decoupling it from the base material (Beven and
Kirkby, 1979). This condition significantly increases
the likelihood of slope failure. Further compounding
this risk is the behavior of unconsolidated material un-
der varying moisture conditions. In dry states, mate-
rials generally exhibit a moderate to high angle of re-
pose, ranging from 30◦ to 37◦, depending on grain size
and shape. Slightly moist conditions can temporar-
ily increase slope stability due to surface tension be-
tween particles. However, once saturation is reached,
this cohesion is lost, and the material begins to behave
more fluidly, causing dramatic reductions in shear re-
sistance (Ardizzone et al., 2024). Moreover, surface and
subsurface drainage patterns play a critical role in reg-
ulating water flow and saturation levels within slope
materials. The presence of natural drainage lines, if
poorly developed or blocked by debris, can result in
ponding or infiltration that significantly weakens slope
integrity. In this study, while surface hydrology was
modeled to some extent using DEM-derived flow al-
gorithms, further detailed investigation is warranted.
Future research should incorporate subsurface hydro-
logical modeling and infiltration simulations to better
quantify the hydrological contribution to slope insta-
bility. Additionally, land use and vegetation cover de-
rived from satellite imagery provide important contex-
tual information. Areas with dense vegetation typi-
cally exhibit higher slope resistance due to root rein-
forcement and better moisture regulation, while defor-
ested or cultivated zones may be more prone to sur-
face runoff, erosion, and shallow landslides (Iwahashi
and Pike, 2007). Within the Mt. Bawakaraeng caldera,

Figure 15. Slope cross-sections showing the ground sur-
face and critical slip surfaces for each analyzed slope unit.
Units 1 and 2 correspond to historical landslideswithin the
Mt. Bawakaraeng caldera.

several unstable slope units coincide with areas of re-
duced vegetation, suggesting that land cover change
may have contributed to instability. This highlights
the need for integrated watershed management that
includes reforestation and slope stabilization strate-
gies. The integration of a landslide inventory com-
piled from historical records, aerial imagery, and field
validation was essential in verifying the accuracy of
the modeled safety factors. The spatial distribution of
low-FS values aligns well with known landslide scars,
thereby reinforcing the validity of the 3D slope stability
model used in this study. Moreover, Table 1 presents
an evaluation of the potential sediment volumes that
may result from future slope failures within the Mt.
Bawakaraeng caldera. These estimations provide es-
sential input for assessing sediment hazards that could
significantly impact the Jeneberang watershed. The
findings contribute to enhancing hazard mitigation
strategies and improvingwatershed resilience by quan-
tifying the potential material available for downstream
transport (Akbar et al., 2025). Furthermore, these com-
parisons serve as a benchmark for calibrating model
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Table 1. Calculated minimum safety factors and
estimated slope failure volumes for all slope units

Slope
Unit
No.

Slope
Area
(m2)

Slope
Thick
(m)

Slope
Volume
(m3)

Slope
Degree (◦)

Minimum
Safety
Factor

1 505,740.4 105 53,000,000 38.242 1.000
2 911,128.2 200 182,000,000 42.529 0.825
3 335,205.1 70 23,596,263 42.294 0.992
4 338,996.5 70 23,660,890 41.362 1.163
5 223,119.2 61 13,564,944 21.510 1.045
6 157,121.1 55 8,609,742 22.247 1.007
7 118,141.4 51 6,001,210 36.328 1.106
8 122,315.1 52 6,335,536 29.945 1.552
9 561,545.7 115 64,465,674 35.941 1.269
10 386,295.8 75 28,893,707 36.204 1.201
11 286,160.1 68 19,400,756 34.130 1.146
12 411,089.4 85 34,859,082 35.752 1.045
13 163,920.2 56 9,146,233 38.095 1.197
14 211,017.8 60 12,618,202 36.960 1.377
15 241,384.6 64 15,399,576 35.459 1.113
16 258,513.7 66 17,009,388 43.015 1.296
17 251,910.1 66 16,574,892 33.562 1.546
18 230,959.7 63 14,503,539 54.370 1.259
19 217,254.4 60 12,991,131 37.767 0.913
20 355,445.2 72 25,519,847 32.843 1.022
21 374,179.5 74 27,613,269 39.306 0.990
22 144,455.0 54 7,771,224 23.055 1.429
23 118,186.1 51 6,003,482 28.759 1.402
24 124,895.2 52 6,469,176 19.962 1.855
25 89,193.6 48 4,263,173 42.754 1.170

input parameters and refining the predictive capabil-
ities of 3D slope stability assessments in similar vol-
canic mountainous environments.

The GIS-based developed system applied in this study
enhances the deterministic 3D slope stability model
by incorporating parameter variability and identifying
critical slip surfaces. However, several limitationsmust
be acknowledged. The reliability ofMonte Carlo results
is strongly dependent on the assumed probability dis-
tributions and ranges of input parameters. In many
cases, these distributions are simplified due to lim-
ited site-specific data, which may not fully represent
the true spatial and statistical variability of subsurface
conditions. Assumptions related to slip-surface ge-
ometry, failure mechanisms, and material behavior re-
main deterministic and may oversimplify complex nat-
ural slope processes. The accuracy of 3D slope stability
modeling is fundamentally constrained by the quality
and completeness of the data inventory. Although this
study integrates geotechnical, geological, topographic,
hydrological, and remote sensing datasets within a GIS
environment, several limitations remain. Geotechni-
cal parameters are typically derived from limited field
sampling and laboratory testing, which may not ade-
quately represent the spatial heterogeneity of volcanic
deposits, particularly in inaccessible or steep terrain.

Lithological boundaries and structural features are of-
ten generalized from surface observations and existing
geological maps, introducing uncertainty in subsur-
face geometry. Topographic data, while derived from
a high-resolution DEM, are subject to resolution and
interpolation errors, especially in areas of dense vege-
tation, steep slopes, or shadowed terrain. These errors
can influence slope unit delineation, slope angles, and
volume estimations.

5 CONCLUSIONS

This study has investigated the slope failure phenom-
ena at the caldera of Mt. Bawakaraeng, Sulawesi Is-
land, Indonesia, focusing on the integration of GIS and
a 3D deterministic slope stability model. The combina-
tion of geotechnical, geological, hydrological, and to-
pographical datasetswithin aGIS environment enabled
a comprehensive spatial analysis of slope stability con-
ditions in this geologically complex area. The anal-
ysis began with the construction of a high-resolution
DEM at a 1:25,000 scale, from which terrain attributes
such as slope angle, aspect, and curvature were de-
rived. These attributes were essential in delineating
slope units, which served as the basis for subsequent
hazard evaluation. Using the Hovland-based 3D col-
umn method, implemented within a GIS platform, the
minimum safety factors of each slope unit were calcu-
lated. The results clearly identified two key collapse
areas within the caldera, corresponding with historical
landslide events, with safety factor values significantly
lower than the surrounding terrain (0.825 and 1.000,
respectively), indicating a high potential for instabil-
ity.

In addition, the study demonstrates that slope failures
in volcanic terrains are inherently 3D and complex in
nature. Traditional two-dimensional models are of-
ten inadequate for capturing these complexities. By
contrast, the use of a 3D GIS-based model provides a
more realistic and spatially resolved picture of slope
stability, which is especially important in mountain-
ous and caldera environments like Mt. Bawakaraeng.
Furthermore, the integration of GIS with geotechni-
cal modeling opens up new opportunities for conduct-
ing scenario-based assessments. The approach offers
a robust decision-support framework for geotechni-
cal hazard assessment and future development plan-
ning in landslide-prone environments such as the Mt.
Bawakaraeng caldera.

Future research should further enhance model preci-
sion by incorporating real-time hydrological monitor-
ing, time-series satellite data, and the effects of seis-
mic loading, enabling even more comprehensive and
dynamic slope stability evaluations.
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