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Abstract

Slope stability and landslides are significant threats to human life, infrastruc-
ture, and socio-economic activities in the Karongi District of Western Rwanda,
which is characterized by steep slopes, heavy rainfall, and seismic activity. It
is very important to understand the dynamics of slope stability under variable
conditions of loading for effective disaster mitigation and sustainable land man-
agement. This study investigates slope stability and landslide susceptibility
under such conditions. Using the Limit Equilibrium Method (LEM), Scoops3D
software, and QGIS for the analysis, high-resolution Digital Elevation Model
(DEM), pore water pressure ratios, seismic forces, and detailed land use infor-
mation are integrated in simulating and analyzing slope behavior. The findings
of this study provide a better understanding of the strong influences of pore
water pressure ratios, seismic activity, and land cover on slope stability. The
higher pore water pressure ratios tend to decrease the Factor Of Safety (FOS)
values, indicating the vital role of pore water pressure in increasing the slope
instability. Similarly, the model representing areas with proximity to roads,
bare or agricultural lands are most prone to instability. Slope instability in
susceptible areas was exacerbated by seismic loading, which in this case was
represented by a Peak Ground Acceleration (PGA) of 0.065g. Historical land-
slide data allowed the validation of the model, hence showing the reliability of
identifying high-risk zones. The validation of the model’s predictive capability
at the Karongi region based on the historical landslide data in eastern DRC,
Rwanda, and Burundi within 2000-2019 shows quite good correspondence of
historical landslide locations with areas with FOS less than 1.0. Notably, the
model highlighted a horseshoe-shaped zone in the southeastern part of Karongi
district that had shown low FOS values, with no recorded historical landslides.
This area comprises bare ground with very little vegetation cover and thus is
very susceptible to slope failure, particularly at high pore water pressure ratios.
The present findings emphasize that predictive modeling for latent landslide risk
is important; therefore, the area requires detailed geotechnical investigation and
mitigation strategies in a proactive approach. These results identify potential
uses of this model in early warning systems and disaster mitigation strategies.
The research puts forward a step in understanding slope stability dynamics in
high-risk regions and gives practical insights into sustainable land management
and disaster risk reduction.
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1 Introduction

Slope stability is one of the critical concerns in geophysics and geotechnical en-
gineering, particularly in the areas that are historically prone to landslides due
to complex interactions between geological, meteorological, and seismic factors
[1, 2, 3]. Landslides are among the most destructive natural hazards defined as
the down-slope movement of rock, earth, or debris under the direct influence of
gravity that poses significant threats to human lives, infrastructure, environment
and socio-economic activities such as agriculture and urban development[1, 4].
The triggering factors can turn out to be responses to quite different kinds of
natural causes: heavy rainfall, snowmelt, or other water sources can saturate
the ground, reducing its stability and leading to landslides; seismic activity can
trigger landslides by shaking the ground, allowing water to infiltrate layers,
and causing them to slide[5]; and geological formations; supplemented by an-
thropogenic ones like deforestation, urbanization, infrastructure such as roads
construction and unproper land use [6, 1]. These issues complicate the develop-
ment of reliable landslide prediction models and early warning systems, partic-
ularly in low-capacity regions that are highly vulnerable to landslide impacts [7].

The complex nature of the mechanisms, caused by such interacting factors in
landslides and logical analysis of slope stability to select proper countermeasures
has traditionally been one of the most interesting matters for geologists, engi-
neers, geophysicists and environmental scientists. In its essence, understanding
of slope stability under excess load and rainfall is among the crucial elements in
disaster risk reduction, promoting effective mitigations in areas prone to land-
slides [8]. These landslides, becoming more frequent and intense in many parts
of the world-tropical and mountainous regions alike-reinforce the imperative
necessity for comprehensive studies that integrate field data, geomatic tools,
physical modelling and advanced statistical methods while assessing landslide
susceptibility to inform policy-making for sustainable land management [6, 9].

Like other tropical parts of the world, in western Rwanda, steep slopes, high
rainfall, and active tectonic settings combine to contribute the area most vul-
nerable to slope failures and landslides. The central part of western Rwanda,
Karongi district is the region most affected by landslides[10]. The understand-
ing of slope stability under varying environmental conditions will be important
in developing mitigation strategies that enhance disaster resilience in this region
[11]. Numerical simulations are an important part of the geophysical investiga-
tions for slope stability, as they may have a potential to give information on the
triggering and the mechanisms of landslide events[12]. In general, integration of
meteorological and seismic data by a numerical model enables an overall assess-
ment of the slope behavior under real-world conditions [13, 14]. This research
will employ topographic data like Digital Elevation Method(DEM), subsurface
conditions about material properties, Earthquake loading and configuration of
groundwater to develop accurate simulations related to slope stability in the
central Western Rwanda, Karongi district. The Limit Equilibrium Method
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specifically Bishop’s Simplified Method and Ordinary(Fellenius) Method, will
be employed to analyze the slope stability under coupled meteorological and
seismic forcing with subsurface conditions. The methods can provide a trust-
worthy way of assessing slope stability by the balance between the driving and
resisting forces along the potential slip surfaces.

2 Literature Review

2.1 Slope Stability Factors

Slope stability is influenced by a combination of geological, hydrological, and
the physical environmental factors. A landslide occurs when the forces resisting
slope movement, shear strength are smaller than the forces driving the slope to
fail (shear stress), such as gravity[15]. In the tropical regions of seasonal intense
rainfall, like Rwanda, this is considered a major triggering factor of landslides
since it increases the pore water pressure and reduces soil strength by changing
the hydrodynamics of a slope [2]. The seismic activity can trigger landslides
with or without it causing sudden failure of slopes. By shaking the ground,
allowing water to infiltrate layers, and causing them to slide[5, 3].

2.2 Numerical Modeling of Slope Stability

Numerical modeling has become a standard way to analyze slope stability for
different conditions. Finite Element Method (FEM) is widely used to discretize
the mechanical behavior of slopes under stress [12]. This method can incor-
porate complex boundary conditions and material properties, thus providing a
detailed analysis of slope response to external forces. Incorporating topographic
data, such as DEM into simulations provide more precise presentation of slope
geometry and variation in terrain[11, 10]. Information on subsurface conditions,
the properties of various soils and rock layers, form an important part of eval-
uating strength and stability characteristics of slopes under different loading
conditions [14]. As long as the groundwater configuration affects the pore water
pressures inside the slope, it becomes another critical factor in slope stability.
Accurate modeling of subsurface and hydrological conditions in numerical mod-
els is crucial for predictions of landslide occurrences under both meteorological
and seismic forcing.

2.3 Limit Equilibrium Method (LEM) in Slope Stability
Analysis

Limit Equilibrium Method (LEM) is the most widely used of all methods for
slope stability analysis, because it is quite simple and effective to practice the
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balance of forces along a potential slip surface[16]. Bishop’s Simplified Method
is the approach that deals with the moment equilibrium of forces acting on a
slope and assumes a circular slip surface. However, this method can get more
accurate results for slopes whose homogeneous material properties [17]. While
the Ordinary-Fellenius Method is simpler and less precise for slopes of variable
material properties, it provides a basic equilibrium analysis by considering the
overall balance of forces [18].

2.4 Application of LEM in Previous Studies

Several studies have highlighted the application of LEM in slope stability anal-
ysis. For instance,[13] , combined LEM with GIS-based models in order to
assess the susceptibility to landslip, taking into account rainfall and seismic
information for areas of Vietnam that have similar climatic and geological con-
ditions to those in western Rwanda. Using LEM, [14] simulated the combined
impacts of meteorological and seismic factors in evaluating the slope stability
conditions. This showed the potential of such approaches to the analysis of
complicated slope conditions. Western Rwanda is basically characterized of a
complex geological setting with a majority of volcanic soils and steep terrain
highly predisposing its topography to landslides [10]. There is high precipita-
tion in the region, with incidences of heavy rainfall during rainy times between
March and May and from September to November [19]that highly contributes to
slope instabilities[11]. The country is also part of the East African Rift System,
characterized by active tectonics, implies that it is possible to feel an earthquake
at any time [20]. This situation, together with the heavy rainfall posed in this
region, makes slope stability challenging.

2.5 Landslide Susceptibility Mapping in Rwanda

Several investigations have been carried out recently in an attempt to map land-
slide susceptibility in Rwanda, using various methodologies. For instance,[11]
applied statistical and machine learning techniques toward the identification of
highly landslide-prone areas in western Rwanda. Their results have brought
forward that incorporation of causal factors such as meteorological and seismic
factors into assessments of slope stability would provides better predictive per-
formance.

The study by [10] presents an advanced landslide susceptibility mapping in
Western Rwanda using a number of advanced techniques that include artifi-
cial neural networks, frequency ratio, and Shannon entropy models. The main
results of this study reveal that geology, rainfall, slope degree, and elevation
with proximity to rivers significantly influence the occurrence of landslides in
this western part of Rwanda. This study integrated high-resolution spatial data
with machine learning and statistical models to produce landslides susceptibil-
ity maps. On the other hand, it lacks the integration of physical-based slope
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stability analysis using LEM, such as Bishop’s Simplified and Ordinary Meth-
ods, presented in this study. This leaves a very critical gap in the research
that needs consideration in future studies. Despite the advances that have been
made, both in understanding slope stability and mechanisms causing landslides
in Western Rwanda, there is still a problem of accurate landslide forecasting,
especially under different forcing factors. Advanced numerical models need to
be integrated with topography, rainfall, soil properties, and seismic activity data
with an accurate resolutions.

2.6 Importance of Factor of Safety (FOS) in Slope Stabil-
ity Analysis

The Factor of safety (FOS) is the most important factor in the stability analysis
of slopes and landslides; it is a dimensionless ratio of resisting forces against
driving forces along a potential slip surface [15]. The factors influencing the
FOS include soil properties such as cohesion, angle of internal friction, and unit
weight; groundwater conditions; and external forces such as seismic loading and
high rainfall[15]. In the present study typically in western Rwanda, these factors
were not directly assessed by using LEM, and analyses of material properties
and groundwater configurations in 3D, which are very crucial in making valid
predictions of slope stability for both static and dynamic conditions.

2.7 Incorporating 3D Analysis in Slope Stability

With the inclusion of LEM in 3D soil and groundwater configuration analyses,
this study provides an all-rounded approach toward slope stability in Western
Rwanda. This method not only allows for the calculation of the FOS but also
enhances understanding of the internal and external interactions driving slope
behavior under various environmental conditions, hence improving the predic-
tive accuracy of landslide hazard assessments as identified by [10].
This work tries to meet these challenges by applying the Limit Equilibrium
Method (i.e. Bishop’s Simplified Method and the Ordinary Method detailed in
chapter 3) to the analysis of slope stability under the combined forcing of meteo-
rological and seismic agents, using detailed topography data (DEM), subsurface
conditions, and groundwater configurations in Western Rwanda. The result will
provide insight into the likely cause of the forcing of landslide occurrences in
the area and will be useful in suggesting the formulation of specific mitigation
strategies.

2.8 Application of Scoops3D in Slope Stability Analysis

The application of Scoops3D (See section 3.1.1 for more detail) on slope stability
analysis under various load conditions has been done in a wide range of studies.
In Vietnam, for example, the integration of the limit equilibrium method with
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geospatial data for slope stability analysis within changes due to rainfall was
approached by using Scoops3D[21]. This served to model landslide scenarios
that could be used for early warnings and urban planning. In Japan, seismic
stability after the 2018 Hokkaido Eastern Iburi earthquake was well analyzed
using Scoops3D, which showed capability in predicting landslide susceptibility
within pyroclastic deposits[22]. Then, the model was validated with a coseismic
landslide inventory from which good efficiency has been emphasized for disaster
mitigation purposes.

In China, the Scoops3D coupled with the InSAR technique was applied for dy-
namic assessments of landslide susceptibility during impoundment of the reser-
voir of the Baihetan dam[2]. It integrated stability coefficients from Scoops3D
with geotechnical parameters and real-time slope displacement data to provide
an effective and timely response against environmental changes. The catas-
trophic flank collapse of stratovolcanoes could be reviewed by using Scoops3D,
as shown in the analysis of Mount St. Helens[23]. In the present research,
the primary assessment of slope stability was conducted using the software
Scoops3D and a subsequent probabilistic assessment was made using a hybrid
model of an artificial neural network and firefly algorithm[23]. This combination
provides an effective estimation of the probability of failure in seismic and non-
seismic conditions. These examples illustrate the flexibility and performance of
Scoops3D across a wide range of geohazard situations from rainfall-induced and
seismic-triggered landslides, through volcanic rock failures. Hence, it becomes
an indispensable tool in landslide risk assessment and mitigation.

2.9 Research questions:

Although much knowledge on slope stability and landslide mechanisms is con-
tinuously being made in Western Rwanda, accurate forecasting in the perspec-
tive of combined meteorological and seismic loading remains difficult. In most
studies, the physical-based slope stability methods like the Limit Equilibrium
Method have not been fully integrated into the assessment of landslide suscep-
tibility. Such an analysis demands detailed topography data, subsurface soil
characteristics, and dynamic factors such as seismic activities.
This study will try to bridge such gaps through the following research questions:

1. How do the slopes of the highlands influence landslides?

2. How do the land cover and land use influencing landslides occurence?

3. How do groundwater configuration affect slope stability in the Karongi
District

4. How does seismic loading influence landslides in the Karongi district,
Western Rwanda?
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3 Methodology

This Chapter presents the research data and methodology adopted for model-
ing slope stability and landslides in various loading conditions in the Karongi
district. A detailed discussion is carried out about the study area, the tools and
techniques applied, soil and geotechnical parameters considered in the analysis,
and assumptions during the simulation process. This approach embodies a com-
prehensive methodology that incorporates geoinformatics, numerical simulation
models, and geotechnical assessments to ensure completeness in the approach
toward landslide risks in the region.

3.1 Basic principles: Material and methods.

Materials and methods applied in this study to analyze slope stability in the
Karongi District will be discussed here. These include the Limit Equilibrium
Method in its formulations known as Ordinary (or Fellenius) and Bishop’s Sim-
plified methods, and tools like DEM, QGIS, and Scoops3D for simulating slope
stability and processing data in this research.

3.1.1 The Limit Equilibrium Method and the Scoops3D software

The Limit Equilibrium Method (LEM) is used to analyze the stability of a slope
by computing the Factor of Safety (FOS). The FOS is the ratio of the resisting
forces - that is, the shear strength - to the driving forces - that is, the shear stress
acting along a potential failure surface. This is represented mathematically as:

FOS =
Resisting Forces (Shear Strength)

Driving Forces (Shear Stress)
(3.1)

FOS =
S

τ
(3.2)

Where:
- S = average shear resistance (strength) along the failure surface,
- τ = shear stress required to maintain limit equilibrium [24].
Based on the definition, a slope is considered stable if FOS > 1 and unstable if
FOS < 1.
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Figure 1: 3-D view of a cone-shaped DEM with a potential failure surface[24].

Figure 1 shows a 3D perspective view of a cone-shaped DEM and one possi-
ble trial failure surface. The potential failure mass (extract in this figure) is
composed of an assemblage of columns that are defined by the DEM grid. The
center of the spherical trial surface and the axis of rotation are located above
the DEM. Two columns are colored in brown The distances from the column
base to the axis of rotation, Ri,j , are presented for each column; i,j is the DEM
cell location. Horizontal earthquake loading, if selected by the user, is applied
to the center of the columns and uses the vertical distance from the rotational
axis (ei,j), in the limit-equilibrium calculations [24]. The upper right gives the
azimuthal direction of slip, perpendicular to the axis of rotation, δ.

page 14 of 47



Figure 2: Schematics of slip direction and forces on a column: The weight W,
normal force N, resisting shear force S, the shear stress τ applied at the column
center.

τ = W sinβ (3.3)

N = W cosβ (3.4)

In slope stability analysis, shear strength (S) along a potential slip surface is
expressed by the Coulomb-Terzaghi failure criterion[24] that calculates the shear
strength as a function of cohesion (c), angle of internal friction (ϕ), normal stress
(N) and pore-water pressure (u). The general form of this law may be written
as:

S = c+ (N − u) tanϕ (3.5)

FOS =
c+ (N − u) tanϕ

W sinβ
(3.6)

where β is the slope angle (see Figure 2). In the very simple assumption that
cohesion (c) and pore-pressure (u) are zero, then

FOS =
(W cosβ) tanϕ

W sinβ
(3.7)

FOS =
tanϕ

tanβ
(3.8)
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This over-simplified expression shows that as the angle of internal friction ϕ
increases, FOS also increases while the increase of slope angle decreases FOS. To
get a first rough idea of the values of ϕ that may lead to instability, we mention
that according to [25] in Rwanda the minimum angle for slope instability is 14°,
which is largely exceeded by the average slope angle of 35° characterizing the
Karongi district.
In this research, FOS calculations are carried out through Scoops3D, an open
source software provided by the United States Geological Survey (USGS, https:
//www.usgs.gov/software/scoops3d), The software models slope stability under
various conditions, including purely gravitational and seismic loading. With
reference to Figure 1 (which coincides with Figure 2.1 in [24]), Scoops3D divides
the potential failure mass into vertical 3D columns, each of which is assumed
to be a rigid mass undergoing no internal deformation. The upper surfaces of
the columns are part of the topographic profile of the studied area, while the
lower bases are part of the failure surface that in Scoops3D is a portion of a
sphere. LEM estimates the stability of the mass by computing the balance of
forces and torques in each column (see Figure 2). It can be demonstrated that,
in the most general case, the number of equations that are obtained by imposing
the equilibrium of forces and torques is less than the number of unknowns. A
number of different approaches to solve this problem has been proposed since the
50’s of the past century. In the balance of the forces, a critical role is played by
the inter-column forces. Scoops3D implements two possible choices, leading to
the so-called Ordinary (or Fellenius) Method and Bishop’s Simplified Method.

1. Ordinary (Fellenius) Method This method assumes a circular failure
surface and the Factor of Safety determined by comparing moments of
resisting and driving forces without including any inter-column forces.
While easy to compute, this method tends to be very conservative, i.e. on
the safe side, in its estimations of slope stability[24]. The equation for the
FOS is expressed as:

FOS =

∑
Ri,j

[
ci,jAi,j +

cos2 αi,j

cos ϵi,j
(Wi,j − keqWi,j tanαi,j) (1− rui,j

) tanϕi,j

]
∑

Wi,j [Ri,j sinαi,j + keqei,j ]
(3.9)

Where:
- FOS: Factor of safety, indicating the stability of a slope.
- Ri,j : is the distance from the axis of rotation to the center of the column
i, j (used in slope stability analysis).
- ci,j : Cohesion of the soil in column i, j, which contributes to the soil’s
shear strength.
- Ai,j : is the area of the trial surface at the base of each column i, j.
- αi,j : is the apparent dip of the column base i, j in the direction of rota-
tion .
- ϵi,j : is the true dip of the trial surface at the column base i, j.
- Wi,j : Weight of the column i, j.
- keq: is a horizontal pseudo-static acceleration coefficient.

page 16 of 47

https://www.usgs.gov/software/scoops3d
https://www.usgs.gov/software/scoops3d


- rui,j : Pore pressure ratio for column i, j, which reduces effective normal
stress on the failure plane due to pore pressure.
- ϕi,j : Angle of internal friction for the material in column i, j.
- ei,j : is the horizontal driving force moment arm for a column i, j (equal
to the vertical distance from the center of the column to the elevation of
the axis of rotation).
- Ahi,j : Horizontal area or base area for column i, j.

2. Bishop’s Simplified Method

Bishop’s Simplified method is an improvement on the Ordinary method
as it takes into account normal forces between adjacent columns. Since no
inter-column shear forces are assumed to occur, it does calculate the inter-
column normal forces that give a more realistic estimate of the Factor of
Safety[24]. It is computed iteratively from the following expression:

FOS =

∑
Ri,j

[
ci,jAhi,j

+Wi,j(1− rui,j
) tanϕi,j

]
/mαi,j∑

Wi,j [Ri,j sinαi,j + keqei,j ]
(3.10)

Where:

mαi,j = cos ϵi,j +
sinαi,j tanϕi,j

FOS
(3.11)

3.1.2 Digital Elevation Model (DEM)

For this study, a 10-m resolution Digital Elevation Model (DEM), was
used to capture the topography of Karongi District. DEM forms the ba-
sis of slope stability analysis, whereby it provides detailed elevation data
that enable computation of slope angles among other terrain-related fac-
tors. The resolution of DEM selected here creates a good balance between
computational efficiency and the amount of detail needed to capture to-
pographic intricacy within this region. DEM was sourced from Rwanda
Space Agency and it was processed in QGIS. The pre-processing included
re-projection to the correct coordinate system and cropping to area of in-
terest.
This DEM provides the backbone for geospatial analysis in Quantum Ge-
ographic Information System (QGIS) and the slope stability simulations
performed in Scoops3D.

3.1.3 QGIS – Data Visualization and Processing

Throughout the whole research, spatial data has been visualized and ma-
nipulated using QGIS (https://www.qgis.org), an open source GIS plat-
form. QGIS has been used to process the DEM, as well as other spatial
layers of land use and infrastructure, in a format to be read by Scoops3D
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software. In support, land use maps were downloaded and added into
QGIS, including categories such as, residential areas, forested regions, and
roads. These were then layered onto the DEM to analyze how land use
intersects with areas of potential slope instability.

Once pre-processed, data were exported from QGIS in formats suitable for
import into Scoops3D. QGIS facilitates post-simulation analysis as well,
with slope stability results capable of being overlaid against other spatial
information such as proximity to roads and land use for a comprehensive
understanding of risk within the subject area.

3.1.4 Inputs to the Scoops3D software

As already mentioned earlier, Scoops3D is used in this thesis to assess
the stability of slopes in specific districts of Rwanda. The software evalu-
ates rotational, spherical slip surfaces that encompass multiple DEM cells.
Scoops3D performs a systematic search of the DEM, maintaining a record
of the lowest factor of safety for each cell and tracking the most unstable
potential failure in the domain, whose results can easily be exported to
QGIS for further visualization and analysis[24]. Following are some key
dataset inputs in the computational analysis:

• DEM which defines the topographic surface.

• Soil properties : cohesion, angle of internal friction, and unit weight
from various literature and HarmonizedWorld Soil Database(HWSD).

• Groundwater configuration parameterized through the pore prossure
(or the pore pressure ratio).

• Seismic loading conditions: PGA was obtained from regional earth-
quake data by ground Motion Prediction Equations (GMPEs) for
East Africa[26]. For different magnitudes M :

M = 5.0 : Y = 1.42 exp(1.43M)R−1.1 (3.12)

M = 5.5− 6.5 : Y = 1.42 exp(1.43M)R−1.2, (3.13)

where Y is Peak Ground Acceleration(PGA) and R is the epicentral
distance, respectively measured in gal and kilometer (km).

The maximum PGA (see Figure [7]) calculated by using GMPE (equation:
3.12 and 3.13) agrees with the seismic assessment done for the Rubavu
region which is near the study area, Karongi district, where it is recom-
mended that the PGA is 1.6 m/s² (0.163g)[27]. The results, with the FOS
maps coming from Scoops3D, were brought back into QGIS for further
processing. Overlays of land use maps and other spatial data have been
used to show how factors like economic activities and infrastructure match
up with zones of high risk.

page 18 of 47



3.1.5 Integration of Tools

The workflow depicted in Figure 3 integrates DEM data, QGIS, and
Scoops3D. DEM served as the base data, while in QGIS all the opera-
tions on data pre-processing, visualization, and exporting the input data
for the simulations are done. Scoops3D was generating critical outputs
since it performs the slope stability analysis, and its results are again
re-processed and visualized in QGIS to get helpful insights about slope
stability.

Figure 3: Building analytical model

The set of tools provided the possibility of a comprehensive analysis of
slope stability in the Karongi District considering topographic, soil, and
land use factors and seismic loading affecting landslide susceptibility.

3.2 Study area: Karongi District

Karongi District 4 is located in the western province, Rwanda, bordered to the
west by Lake Kivu. The topography is generally mountainous with steep slopes.
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The total area of the district is about 993 square kilometers, at altitudes that
vary from approximately 1,460 meters at the shores of Lake Kivu to over 2,000
meters in the highlands [28]. It is a part of the Albertine Rift, which has a
rugged topography and largely contributes to its high susceptibility to land-
slides.

Figure 4: Location of the study area.

Karongi has a tropical highland climate with two major rainy seasons between
March and May and from September to November. These contribute to quite
frequent landslides. High rainfall combined with steep slopes and variable ge-
ology comprising volcanic and metamorphic rocks on the whole contributes to
slope instability in Karongi.
The National Institute of Statistics of Rwanda estimates that the district has
a population density of 482 inhabitants per square kilometer. The people de-
pend mainly on subsistence farming, while in the district, land use is mostly
agricultural. This predisposes them to landslides, along with steep slopes in the
region.
Recent studies have identified Karongi as a high-hazard zone for landslides [10].
They indicated geology, rainfall, elevation, seismic loading and proximity to
rivers and roads as key factors contributing to the susceptibility to landslides
within the area. With these attributes, Karongi is one of the important areas
where research on landslide hazard is being considered and, thus, ideally suited
for numerical simulation of slope stability problems under different loading con-
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ditions.

3.3 Landcover/ Landuse of Karongi District

Land cover/land-use map of Karongi District is mapped in Figure 5, where
the spatial distribution of the various land classes, such as forests, rangelands,
settlement areas, roads and bare ground, is shown. This map, in a general
sense, shows that a large portion of the area is dominated by rangeland soil
(orange) and bare soil (light beige). The built-up areas, shown in red, though
smaller in spatial extent, are concentrated in a few particular regions, often near
transportation corridors and settlements. The water body in the northwest is
the district’s portion of Lake Kivu-a main geographical feature.

Figure 5: Land Cover and Land Use Map of Karongi District ( 01/01/2023 -
01/01/2024), downloaded from:https://earthexplorer.usgs.gov/

Each one of these land cover classes may have a different implication for slope
stability. For example, the areas covered with forests improve soil stability due
to root reinforcement and could thus potentially reduce the risk of a landslide.
In contrast, bare grounds and built-up areas might have insufficient vegetation
cover or root structure to support the ground or prevent erosion and landslides,
especially in steep slope conditions. Distance to roadways increase suscepti-
bility to landslides due to disturbance of soil and changed drainage [11]. This
understanding is relevant to the study because the research seeks to discuss the
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differences among various types of land use in terms of landslide susceptibility
within Karongi District.
These QGIS-processed land use maps present the in-depth context of the slope
stability analysis and serve the objective of the study to explore the influence
of changes in land use and cover on landslide occurrences in western Rwanda.

3.4 Soil structure and geotechnical parameters.

The study area is made up geologically of a diverse lithology comprising pelitic
rocks, Quartz-Phyllites, Granites, Granite-Gneisses, Mica-Schists, Amphibo-
lites, and Meta-Volcanics-manifestations of geological formations. Major class
developments of soils in the region are highly influenced by these types of rocks,
with the dominant soils formed from altered granite and gneiss. The main
dendritic and trellis drainage patterns in the area significantly govern the soil
behavior and stability. Metamorphic rocks in general constitute the base ge-
ology; tectonic activities during the Pleistocene resulted in breaks in drainage,
culminating in the formation of alluvial soils, which are generally more erodible.
Such a combination of geological and hydrological factors contributes to the soil
properties in the region, including cohesion, shear strength, and permeability,
which also become critical in understanding slope stability and landslide risks
in the study area [19].

3.5 Input parameters and assumptions.

Slope stability analysis was carried out with Scoops3D using various input pa-
rameters and assumptions. These kinds of parameters and assumptions are con-
sidered in order to simplify real conditions of the slope and, at the same time,
remain as true to the actual performance of the slope under different loading
scenarios. Major input parameters and assumptions that were implemented
during the analysis are presented below.

3.5.1 Input parameters

• Soil Properties: The model requires some soil properties such as cohe-
sion, angle of internal friction, and unit weight. These parameters deter-
mine the shear strength and stability of soils in the study area. Wherever
possible, these soil properties are deduced from available geotechnical sur-
veys or estimates them from similar soil types in the region. Table 1
shows some of the soil parameters as reported by the Rwanda Ministry of
Agriculture and Animal Resources (MINAGRI).

• Groundwater configuration: The pore-pressure ratio, ru, has been se-
lected for the groundwater configuration parameter in Scoops3D for the
purpose of this study because specific data could not be available for the
other options like piezometric and 3D pressure heads. Thus, the pore-
pressure ratio method predicts pore-water pressures as some fraction of
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No Soil property symbol Units
1 Cohesion C 9 kPa
2 Angle of Internal friction ϕ 25◦

3 Unit Weight γ 19 kN/m
3

Table 1: Recommended soil parameters[29].

the weight of the overlying column and hence provides an effective ap-
proximation within the constraints of the available data.
Pore-water pressure is given by the relation of pressure head h as:

u = h · γw (3.14)

where u is the pore-water pressure, h is the pressure head and γw is the
unit weight of water[17, 24].

[17] developed the following equation that defines the pore-water pressure
ratio (ru ):

ru =
u∫

γ z dz
=

u

W/Ah
(3.15)

where:

– γ is the unit weight of the overlying material,

– W the total weight of the soil column,

– Ah the horizontal area.

This pore-water pressure ratio has a great impact on the soil shear strength
as previously discussed in section 3.1.1 especially on equation 3.5. For the
purpose of this analysis, the following values ru = 0, ru = 0.1, 0.2 and ru
= 0.3 were assumed in order to test increasingly high pore pressures and
their impact on slope stability.

• Seismic Coefficients:

To assess the stability of a landslide under seismic loading conditions,
Scoops3D requires only one horizontal pseudo-acceleration coefficient Keq

as a fraction of gravity g. This would give a measure of the seismic load
that is subjected to the slope. In the frame of the present study, four
important earthquake events affecting Karongi district of Peak Ground
Acceleration (PGA) as shown in Figure [7] were selected and presented in
table 2.
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No Date Latitude Longitude Magnitude (Mb)

1 2002-10-24T06:08:37.980Z -1.884 29.004 6.2
2 2008-02-03T07:34:12.180Z -2.296 28.9 5.9
3 2015-08-07T01:25:02.540Z -2.1412 28.8973 5.8
4 2003-03-20T06:15:20.580Z -2.418 29.56 5.2

Table 2: Selected Earthquake data (https://earthquake.usgs.gov/).

Figure 6: Earthquake locations relative to the study area (https://earthquake.
usgs.gov/earthquakes/search/)
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Figure 7: PGA distribution in the study area for the four selected earthquakes.

These four earthquakes have been located in Figure [6], making the spatial
distribution more clear regarding seismicity and its relation to the Karongi
district. It should be noted that in this study, only the land part of Karongi
district is considered, excluding the western part, which is part of Lake
Kivu.

Instead of selecting the PGA from a single event, an average PGA of 0.065
g from these four events was selected due to several reasons:

– Representative Averaging: The four earthquakes analyzed show
different spatial distributions and magnitudes of PGA across the re-
gion 7. Thus, averaging the values of PGA yields a Keq of 0.065
g representative of the seismic impact across the four events rather
than focusing on a single earthquake. This would ensure that the
model captures a general seismic hazard level reflecting the typical
PGA expected in the region over time.

– Consistency with Regional Seismic Hazard: Regional seismic
hazard assessments usually involve averaging the values from multi-
ple significant events to smooth out local variabilities and avoid the
over-representation of a unique characteristic belonging to any single
event. This provides a balanced view of the seismic hazard considered
sound for modeling and planning.
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– Simplified Modeling Requirement: In this regard, only one value
of Keq is needed in Scoops3D for stability calculations. Using the av-
eraged PGA of 0.065 g provides a balancing input that does not com-
plicate the modeling process and hence is sufficiently representative
for seismic conditions particular to Karongi district.

– Relevance of Selected Earthquake Events: The selected earth-
quake events are historically very important, with a variety of seismic
sources related to Karongi. Averaging the PGA distributions from
these events provides an approximation of seismic loading commonly
experienced in the region, approximated by the selected Keq value of
0.065.

– Consideration of Safety and Sensitivity: Instead of maximum,
the use of average PGA will avoid placing too much emphasis on
extreme values that may not be representative of regular seismic ac-
tivity in the area. A sensitivity analysis would further show that the
factor of safety in Scoops3D does not change significantly between
using the average and using the maximum or minimum PGA values
and further validate this approach for hazard assessment.

In this regard, the 0.065 average value of Keq, based on the PGA distribution of
these important earthquake events, would correspond to a balanced approach
in modeling the stability of landslides under seismic loading and would ensure
effective hazard representation by meeting the requirements of the modeling
tool itself.

3.5.2 Wrap-up of the basic assumptions

1. A homogeneous material property was assumed for the subsurface
conditions across the study area and taking uniform values for cohesion,
angle of internal friction, and unit weight.

2. Spherical Slip Surfaces: Scoops3D assumes potential failure surfaces
are spherical in shape, undergoing rotational slip. This assumption sim-
plifies the identification and analysis of potential landslides by the use of
fixed geometry, which actually comes in line with common failure mecha-
nisms in natural slopes[24].

3. Method of Columns: These 3D method-of-columns approaches divide
the failure mass into vertical columns. It is assumed that each column
moves as a rigid body internally undeformed, thus providing a simplifica-
tion in the model due to the fact that each column can be treated indepen-
dently, which subsequently allows the program to perform the calculation
of shear forces at the base of each column[24, 16].

4. Neglect of Side Forces: Both the Ordinary method of Fellenius and
Bishop’s Simplified method assume zero side forces between adjacent columns.
Such simplification reduces the computational complexity but at some
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expense in accuracy when the lateral interactions between columns are
significant.

5. Rigid Failure Mass: The failure mass is assumed to be a rigid body,
with all columns having uniform movement along the slip surface. There
is no consideration for internal progressive failure within the slip surface
in this study to maintain consistency in the calculation of FOS.

6. Pseudo-Static Earthquake Loading: Seismic forces are modeled by
using a simplified pseudo-static approach, whereby each column is sub-
jected to a horizontal force proportional to the seismic coefficient (keq).
This greatly simplifies the process of earthquake loading but it does not
take into account the dynamic effects of the ground shaking.
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4 Results

This section presents the results of the slope stability analysis for Karongi Dis-
trict through Scoops3D model simulations considering various conditions. The
factors of safety maps integrated over different scenarios study the effect of seis-
mic loading represented by an average PGA of 0.065g, groundwater conditions
represented by pore water pressure ratio, and soil properties. These are real
conditions affecting slope instability in this study area.

4.1 Slope Stability analysis based on seismic loading

Figure 8: A) The FOS for pore water pressure ratio, ru = 0.0 and horizon-
tal pseudo-acceleration coefficient(fraction of g), keq = 0.0; B) The FOS for
pore water pressure ratio, ru = 0.0 and horizontal pseudo-acceleration coeffi-
cient(fraction of g), keq = 0.065.

• Pore Water Pressure Ratio, ru = 0.0 and Horizontal Pseudo-
Acceleration Coefficient Keq = 0.0: The map 8.A. reflects the baseline
slope stability at static conditions, without seismic force and excess pore
water pressure impacts. It represents a control scenario: areas of higher
and lower stability result purely from topographic and geotechnical prop-
erties in this analysis. These results outline the base level of understanding
for stability before dynamic considerations are applied.
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• ru = 0.0 and Keq = 0.065: This analysis incorporates the effect of
seismic forces (Keq = 0.065) under dry conditions (ru = 0.0) 8.B). The re-
sults show a remarkable reduction in slope stability compared to the static
case, with larger areas moving into possible instability. This indicates the
important role of seismic loading in slope failures.

4.2 Slope stability analysis based on pore water pressure
ratio

Figure 9: A: The FOS for pore water pressure ratio, ru = 0.1 and horizontal
pseudo-acceleration coefficient(fraction of g), keq = 0.0, B: The FOS for pore
pressure ratio, ru = 0.2 and horizontal pseudo-acceleration coefficient(fraction
of g), keq = 0.0

Progressive increase of pore water pressure ratio to medium magnitude ru =0.1
(Figure 9.A), without seismic forces represents areas in low lying areas and in
the concave element of slopes and demonstrates extensive increase in unstable
areas where the pore pressure is obviously elevated due to water infiltrations thus
decreasing the shear strength that implies less slope stability. For higher pore-
pressure ratios (ru = 0.2), this map (Figure 9.B) shows a significant increase in
unstable zones. From this, it can be developed that long or heavy rainfall events
resulting in increased pore pressure have a great influence on slope stability, even
without seismic activities.
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4.3 Slope stability analysis for combined pore water pres-
sure ratio and seismic loading

Figure 10: A)The FOS for pore water pressure ratio, ru = 0.1 and horizon-
tal pseudo-acceleration coefficient(fraction of g), keq = 0.065. B)The FOS for
pore water pressure ratio, ru = 0.2 and horizontal pseudo-acceleration coeffi-
cient(fraction of g), keq = 0.065. C) Land cover/use with historical landslides
of the study area. [Shallow landslide inventory for 2000-2019 (eastern DRC,
Rwanda, Burundi) : https://zenodo.org/records/5027004[30]]
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Historical landslide overlay over this map (Figure 10 .A), in fact validates the
analysis as considerable alignment of the predicted unstable zones and the past
events of landslide. It would seem that moderate pore pressure in conjunction
with seismic forces have combined to provide quite a realistic scenario of natural
slope instabilities.

At the most extreme conditions examined here, namely high pore pressure with
seismic influence, the map (Figure 10 . B) suggests a very large area is unsta-
ble, with particularly severe effects in the landslide prone areas. This tends to
validate our hypothesis that such conditions constitute critical thresholds for
slope failure within the study area. Slope stability analysis for Karongi District
provides a picture of the multifaceted interaction between natural and anthro-
pogenic causes that modulate landslide susceptibility. From this analysis, the
outputs show how, in relation to slope stability in the Karongi District, the inte-
grated effects of soil properties, slope gradients, groundwater conditions, seismic
loading, and land use come into play, hence highlighting areas that could be in
need of mitigation measures.

5 Discussion and Conclusion

The objective of this section is to review the most important results obtained
from the numerical simulations, as done in Scoops3D in order to investigate
scenarios of slope stability by varying loading conditions of Karongi District.
The maps of FOS obtained in this work provide the variation of slope stability
in scenarios considering different pore pressure ratios, DEM, soil properties and
seismic loading. Such results will be critically interpreted in order to have useful
insights about susceptibility to landslide in the investigated area.

5.1 Comparative Analysis of Factor of Safety Maps:

The presented FOS maps show in detail the variation in stability of slopes for
different pore water pressure ratios, ru = 0.0, 0.1, and 0.2, and seismic loading
conditions, keq = 0.0 and keq = 0.065 g. With the classification of FOS values
regarding stability classes, as represented in Table 3, the analysis puts into
unstable, quasi-stable, moderately stable, and stable areas in the study region.
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Table 3: Classification of factor of safety [31]

Factor of Safety (FOS) Slope State Remark
< 1.0 Unstable Stabilizing factors are needed

for stability
1.0− 1.25 Quasi-stable Minor destabilizing factors

lead to instability
1.25− 1.5 Moderately stable Moderate destabilizing factors

lead to instability
> 1.5 Stable Only major destabilizing factors

lead to instability

This classification will serve to outline how different factors influence slope sta-
bility.

Unstable Slopes (FOS < 1.0):

With ru= 0.0 and keq = 0.0, there is no pore pressure and seismic loading, but
FOS in some parts is already below 1.0, hence unstable (Figure 8.A). Based on
the given classification, it is said that these slopes should undergo additional
stabilizing measures since there is a possibility of landslide occurrence in such
areas [31]. That would mean topographic and geotechnical conditions alone
in these areas are enough to trigger an instability portrayed by the Scoops3D
model based on DEM and soil properties. The larger the pore pressure, the
more areas fall into this unstable category. This implies that higher infiltration
of groundwater likely resulting from intensive rainfall-markedly raises the sus-
ceptibility to landslides of areas already vulnerable.

Quasi-Stable Slopes (FOS 1.0–1.25):

Areas classified as quasi-stable-that is, with FOS between 1.0 and 1.25-show
small stability that can easily be destroyed by relatively small external forces
such as minor seismic activity or fluctuations in pore pressure.
These slopes are prone to instability because of the prevalence of small per-
turbation factors, especially when pore pressure ratios lie between 0.1 and 0.2
(Figure: 9). In practical applications, quasi-stable areas may require monitoring
since they are at the threshold of instability and could easily switch to unstable
with slight changes in environmental conditions.

Moderately Stable Slopes (FOS 1.25–1.5):

It was considered that the slopes with a FOS ranging from 1.25 to 1.5, although
moderately stable slopes, still be resistant but could fail due to more moderate
influences of destabilization factors, such as higher pore pressures and seismic
events. These areas usually correspond to slopes where ru values increase up to
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approximately 0.2 in this study (Figure 10.B).
This means that, though these slopes are currently stable, they would be prone
to moderate changes in hydrological or seismic conditions and, therefore, may
require mitigation efforts to remain stable under extreme events.

Stable Slopes (FOS > 1.5):

The slopes with FOS values above 1.5 can be considered as stable, where only
the occurrence of sufficient destabilizing factors-higher pore pressure and seis-
mic loading-could provoke failure [31]. In general, such areas usually represent
the slopes that have inherent stability because of favorable topographic and
geotechnical conditions, which in fact were reflected in the DEM analysis in
Scoops3D. The more stable slopes would be less likely to need immediate in-
terventions; however, they could form part of broader strategies related to risk
management in view of probable environmental changes.

In other words, this classification system illustrates how the interrelation be-
tween the pore pressure and seismic loading bears on slope stability. It contains
quasi-stable and moderately stable zones where even slight changes in the en-
vironment may seriously alter the conditions of stability; hence, the need for
early warning and mitigation in those areas [31],[30].

5.2 Seismic Influence on Slope Stability

Seismic forces marked with noticeable impacts on slope stability in Karongi Dis-
trict. The decision to use an average seismic coefficient, keq = 0.065 g, deduced
from PGA values of historical earthquake events (Figure:7), therefore allows
seismic loading to be estimated in a realistic yet conservative way. This av-
eraged coefficient accounts for seismic variability without overstating risk and
hence provides a balancing input in general seismic hazard assessment.

The FOS maps both with and without seismic loading indicate that even mod-
erate seismic forces (keq = 0.065 g) greatly reduce stability in steep areas. A
comparison of the maps for keq = 0.065 g with those for keq = 0.0 g shows
a clear reduction in FOS values with seismic loading amplification (Figure 8).
These results really bring out the importance of seismic resilience, suggesting
that areas of higher seismic forces may benefit from targeted slope reinforcement
and drainage management to mitigate landslide risk [30].

5.3 Impact of Land Use on Susceptibility to Landslide

Land use is quite an influencing factor in slope stability in the Karongi Dis-
trict, which could be obtained from the overlay presentation of land use classes
and historical landslides locations maps (Figure 10.C). Generally, land uses, like
bare soil or agricultural(rangeland), settlement, proximity to roads tend to have
high concentration of landslides and are hence prone to landslides, particularly
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in steep slope areas [32].

In this respect, the correlation of land use and stability strengthens the call for
land management strategies that involve vegetation cover into high-risk areas.
The overlays further show the areas of proximity to infrastructure such as roads
where meta-stability can be reduced by disturbance of the soil and alteration of
drainage[32], [10]. These findings therefore denote proximity to infrastructure
as an exacerbating factor towards slope instability, hence the call for careful
planning and construction practices in order to prevent the occurrence of land-
slides.

5.4 Landslide susceptibility analysis and its validation us-
ing historical data

5.4.1 Historical landslide data validation.

Figure 10.A and B present the overlay of historical landslide locations [Shal-
low landslide inventory for 2000-2019 (Karongi) : https://zenodo.org/records/
5027004][30] on a FOS map for ru = 0.1 with keq = 0.065, and a FOS map
for ru = 0.2 with keq = 0.065 respectively, which itself is a very useful valida-
tion of model predictive capability. Historical landslide events align well with
those areas having low FOS values (FOS <1.0), proving that the model can
reliably identify the zones of high susceptibility. This agreement speaks well for
the model’s accuracy in correctly predicting the landslide risks in the Karongi
region and lends confidence in its applicability to similar slope stability assess-
ments in Western Rwanda.

Where modeled instability and historical landslides are in disagreement, such
discrepancies may be due to factors not modeled, such as critical soil hetero-
geneity or local hydrological conditions. Overall, the good correlation observed
makes it possible to consider the model a useful tool for landslide risk assess-
ment and early warning in Karongi and similar highland areas.

5.4.2 Landslide Susceptibility predicted in the eastern part of the
study area

While the model validation against historical landslides data enhances its cred-
ibility, it also indicates low values of FOS in areas where no historical landslides
have been recorded. One such zone is found in the Southeast part of the Karongi
District and exhibits a peculiar ”horseshoe” shape with low FOS values (See
figure 10 A and B). Such areas are envisioned to have a high susceptibility to
landslide, especially under high pore water pressure ratio likely caused by the
extreme rainfall events, despite present-time zero or very low records of land-
slide occurrences. The landslides susceptibility of the eastern region of Karongi
district can be attributed to its nature.
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Land-use data in the study area, as illustrated on the figure 10.C, shows that
the area is basically characterized by bare ground with little or no vegetation
cover. The absence of forested areas or significant vegetation cover reduces the
root reinforcement effect, an important factor in slope stability [11]. This makes
the area very prone to soil erosion and slope failure during intense rainfall. It
will also be necessary to undertake in-depth investigation of the groundwater
configuration and geotechnical parameters of the soil of this area with ”horse-
shoe” shape of eastern part of Karongi district, like cohesion, angle of internal
friction, and unit weight, to check whether they are significantly different from
the rest of the study area. While this is the case, the eastern part of the study
area provides a special case, which is expected to be prone to landslides in areas
where no historical landslides occurred. This again underscores the importance
of using predictive models for identifying latent risks that are not immediately
obvious from historical landslides data alone. Proactive measures within such
areas can go a long way in reducing the potential of landslide events in the
future.

5.4.3 Implications for landslide mitigation and prevention

Integrated findings between verified and predicted landslide-prone areas call
for a joint effort for the management of landslide hazards; therefore, for the
northwest part of Karongi District, reinforcements of already known prone to
landslides areas have to be carried out by taking an advantage of the good con-
sistency of historical data and predictions made by the model, the required mea-
sures would include slope stabilization by putting in place appropriate drainages
to control the movement of water during rainfall coupled with community aware-
ness.
While this is the case, the predicted susceptibility of the eastern part, with
very low historical landslides, makes it quite a unique challenge. It signifies
the essence of predictive models in pinning latent risks that could hardly be ob-
tained from historical records only. Proactive measures can reduce the potential
for such cases of landslide events. This includes detailed geotechnical investiga-
tions, land-use planning that discourages development in high-risk zones, and
measures to increase vegetation cover for natural slope reinforcement.

The model’s capability for showing coherence with the historical landslide pat-
tern, as well as the identification of new susceptible areas, justifies it as an
effective tool for landslide risk assessment. Historical data on landslide inci-
dents in the northwestern part of Karongi District have validated the model’s
prediction, hence reliable for guiding mitigation efforts in this high-risk region.
At the same time, the model predictions of low FOS in the eastern region call
for pre-emptive actions to address potential landslide risks in areas with no
previous incidence. The present findings highlight the necessity to incorporate
predictive modeling along with on-ground mitigation strategies in developing
landslide hazard resilience across the study area.
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5.5 Sensitivity to model assumptions

The model is based on a number of assumptions that, while simplifying the
data input, most probably at the cost of precision, carry several implications
for the computation and interpretation of the FOS (See section:3.5.2). First,
the homogeneous soil property assumption assigns uniform values for cohesion,
angle of internal friction, and unit weight to the soil. Future investigations may
take into consideration spatially variable soil parameters for capturing fully the
impact of heterogeneity on the stability of the slopes.

Besides, the assumption of spherical slip surfaces matches many natural land-
slide scenarios but in some terrains may not represent complex failure surfaces.
Being able to recognize such limitations becomes an important step toward re-
fining assessments in landslide risk, where alternative geometries of slip surfaces
might permit an improved understanding of local instability.

This is simplified from the inherently dynamic nature of seismic loading, which
in this approach is represented by static horizontal forces being proportional to
the seismic coefficient. While the method is computationally efficient, it fails to
capture the temporal aspect of seismic ground motion. For better representa-
tion of earthquake effects-especially those events with high magnitudes-future
studies could be directed to dynamic seismic loading.

The discussion on slope stability results in Karongi District shows a high impact
that is influenced by pore pressure, seismic loading, and land use. These find-
ings show the role of pore pressure and seismic events in destabilizing slopes and
that forest cover reinforces slope stability. The model is also partly validated
by historical data on landslides, hence useful in landslide susceptibility analysis
within Karongi district, Western Rwanda. Whereas there are simplifications
concerning the properties of soils, slip surfaces, and seismic modeling, the as-
sumptions provide avenues by which future research could refine the model as
it aims at improving predictability.

5.6 Conclusion

This thesis presented a numerical simulation of slope stability and landslide
susceptibility in the Karongi District under various loading conditions. Some of
the key findings from this study are:
Pore water pressure ratios and slope stability: The study revealed that
increasing pore water pressure ratio greatly decreases slope stability, with FOS
values falling below 1.0 in areas of critical safety. This points out the suscepti-
bility of the area to landslides due to heavy rainfall and groundwater infiltration
since the pore water pressure ratio is most likely increased by intense rainfall in
the Karongi district.

Seismic influence: The incorporation of seismic loading, represented by an
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average Peak Ground Acceleration of 0.065g, showed that moderate earthquakes
have increased slope instability, especially in those already classified as quasi-
stable or unstable areas.

Land use and cover: The proximity to roads, settlement, bare and agricul-
tural lands are more susceptible to landslides.

Landslide susceptibility and validation with historical data: The mod-
eled unstable zone alignment with historical landslide locations in the North-
West part of the study area and the other few regions of the Eastern part,
validated the reliability of the Scoops3D simulations, further strengthening the
applicability of the approach in this work as being suitable for risk assessment.
At the same time, the model predictions of low FOS regions in the eastern part
of the study area call for proactive actions to address potential landslide risks in
areas with no previous incidence. The present findings highlight the necessity
to incorporate predictive modeling along with on-ground mitigation strategies
in developing landslide hazard resilience across the study area.

This research study provides actionable insight into the interplay of topographic,
geotechnical, seismic, and environmental variables that influence slope stability
in the Karongi District. It further helps in the integration of geospatial tools,
numerical modeling, and comprehensive datasets that are effective for landslides
risk management. Further refinement of soil property data, groundwater con-
figuration in the relationship with rainfall and incorporation of dynamic seismic
loading are recommended for future research to enhance predictive accuracy. By
addressing these areas, this research lays the groundwork for informed decision-
making and proactive mitigation strategies to reduce landslide risks in Rwanda
and similar regions globally.
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Appendix A: Collected data

The following is a list of all the data collected for this study.

1. Topographic data(DEM) of 10m resolution with a size of 287,1MB

2. Harmonized World Soil data (HWSD) with a size of 91,6MB

3. Harmonized World Soil Data Raster with a size of 1,9GB.

4. Landuse and Land Cover data for Rwanda from 01/01/2023 to 01/01/2024
(downloaded from:https://earthexplorer.usgs.gov/) with space of 368,1MB

5. Earthquake catalog data for Rwanda (From 2002 up to 2023) downloaded
from USGS with size of 62,6kB.(https://earthquake.usgs.gov/earthquakes/search/)

6. Administrative Boundaries Data(Shapefiles) with size of 2,9MB.

7. Shallow landslide inventory for 2000-2019 (eastern DRC, Rwanda, Bu-
rundi) : https://zenodo.org/records/5027004[30]
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Appendix B: Python code used to plot the Peak
Ground Acceleration (PGA) distribution within
the study area
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Appendix C: Screenshot showing examples of Scoops3D
run from command line input.
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Appendix D: Screenshot of an example of Scoops3D
main output file that summarize output files, dis-
playing input parameters and the overall mini-
mum Factor of Safety (FOS).
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Appendix E: The creenshot of an example of out-
put file contains the minimum 3D factor of safety
calculated on the critical surface for each DEM
cell
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