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Abstract 

Background  The landslide inventory of the western flank of Mount Oku, Cameroon, includes spreads or complex 
landslides, indicating sudden soil weakening, possibly due to seismic activity or heavy rainfall causing groundwater 
rise. These landslides were likely triggered between 2009 and 2018 based on the dates of the aerial imagery. Identify‑
ing triggers for past landslides remains a major unresolved issue in landslide science. However, understanding these 
triggers is crucial for accurately assessing future landslide hazards.

Methodology  In this paper, we investigate the possibility of earthquakes to precondition landslide development 
or reactivation during climatic events. By assuming a magnitude 5.2 earthquake, an epicenter of 10 km from this area, 
and different wetness conditions, the factor of safety (FS) and Newmark displacement (ND) models were calculated 
for shallow and deep-seated landslides with sliding depths of 3 and 7.5 m. Afterward, the relationship between FS, 
assumed ND, and observed landslides was analyzed in a cluster analysis, to derive patterns of climatically and seismi‑
cally triggered landslides.

Results  The comparison of FS maps and FS values of the observed landslides revealed that especially for landslides 
at 7.5 m depth, most sites that are stable during dry conditions become instable under saturated conditions, indicat‑
ing a climatic trigger. At 3 m depth, however, some landslide sites that are still marginally stable under saturated con‑
ditions, display relatively high ND values for the investigated hypothetical earthquake, indicating a possible seismic 
influence. In the cluster analysis, we clustered the observed landslides according to their distances to rivers and topo‑
graphic ridges and obtained three clusters. Landslides from cluster 3 with 31% of the landslides display medium 
to high ND for the assumed earthquake, and were found near ridges and farther away from rivers, suggesting seismic 
triggering. Cluster 2, with 12% of landslides closer to rivers, suggested climatic origins. Thus, while climate is a critical 
landslide contributing factor, seismic events may also contribute, either by predisposing to landslides or by reactivat‑
ing them alongside climatic factors. These results enable the establishment of more precise and effective landslide 
mitigating measures considering mostly rainfall but also earthquakes as possible triggers.
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Introduction
The Cameroon Volcanic Line (CVL) represents a 
1600  km long mega-shear zone and volcanic center in 
Central Africa (Déruelle 2007; Fitton 1980; Marzoli et al. 
1999; Mfondoum et al. 2023; Moreau 1987; Ngapna et al. 
2022). The CVL (Fig. 1) is associated with several natural 
hazards including volcanic eruptions, earthquakes, land-
slides, and toxic gas emissions from crater lakes (Bang 
et al. 2019). The largest earthquake with a magnitude of 
about 5.9 was recorded in 1945 near the contact between 
the Congo Craton and the Pan-African Belt at a depth of 
10  km as mentioned by Ngatchou et  al. (2018). Several 
earthquakes have been reported in Cameroon since the 
installation of the first permanent seismographic sta-
tion in Yaoundé in February 1982 (Fig. 1c). Nnange et al. 
(1983) reported that this station recorded two earth-
quakes in 1983. The first with a local magnitude of Ml 3.9 

occurred close to the northern margin of the Congo Cra-
ton at a locality called Tapare (East region), and the sec-
ond with Ml 4.1 was located close to the Foumban shear 
zone in Magba (West region). Tabod (1992) and Nnange 
(2000) reported that one of the highest earthquake mag-
nitudes of 4.8 was recorded in January 1987, close to the 
town of Tibati within the Foumban shear zone. It was felt 
at distances of over 250  km from the epicenter. In Sep-
tember 1983, an earthquake of magnitude 4.1 occurred 
near Magba and another one (Ml 4.6) near Monatele on 
March 19, 2005, at a depth of 11  km. The latter earth-
quake occurred within the seismic zone associated with 
the Foumbam Shear Zone (FSZ) and the northern mar-
gin of the Congo Craton (Cheunteu Fantah et  al. 2022; 
Ndikum et al. 2014; Ngatchou et al. 2018).

The non-availability of monthly seismic data, landslide 
recordings, and monitoring systems in the CVL, restrains 

Fig. 1  Overview of the study area: A location of Cameroon within Africa (red irregular shape within the Africa map); B the study area (purple 
rectangle) in western Cameroon and a map showing the epicenters of earthquakes with homogenized moment magnitudes (Mw) recorded 
in Cameroon from 1909 to 2006 (compiled with data from Ambraseys and Adams 1986; Ateba et al. 1992; Ngongang et al. 2018; Ntepe et al. 2004; 
Tabod et al. 1992)



Page 3 of 21Djukem et al. Geoenvironmental Disasters           (2024) 11:32 	

the evaluation of earthquake effects on landslide events 
in this seismically active region. Landslides along the 
CVL are commonly considered as being induced by rain-
fall by authors such as Ayonghe et  al. (2004), Che et  al. 
(2011), Wotchoko et al. (2016), and Djukem et al. (2020). 
However, few authors, such as Ayonghe et al. (1999) and 
Bang et  al. (2019), affirmed that some landslides on the 
CVL have been induced by earthquakes. Ayonghe et  al. 
(1999) reported that, on September 5th, 1995, a swarm 
of 57 landslides was triggered by an earthquake with an 
intensity of approximately IV on the Mercalli intensity 
scale at Bafaka, in the Southwest region of Cameroon. 
These earthquake-triggered landslides killed 3 people 
and destroyed farmlands and forests.

The landslide inventory mapped by Djukem et  al. 
(2020), at the western flank of Mount Oku, revealed the 
presence of some landslides classified in this study as 
spreads or complex landslides from liquefaction. The 
study area includes approximately 20 villages with a pop-
ulation density of 162.3 people/km2, based on the 2005 
National Institute of Statistics census. This area is crucial 
for infrastructure, grazing, and agriculture in the north-
west region (Djukem et al. 2020). In September 1997, July 
and September 1998, landslides in Belo caused a total of 
9 deaths and damage to houses, farmland, and property 
(Ayonghe et  al. 1999). These landslides suggest primar-
ily the action of a sudden reduction of the shear strength 
which could be generated by seismic vibrations or rapid 
groundwater level increase due to rainfall. Understand-
ing the specific triggers and mechanisms of these land-
slides will allow for more targeted and effective measures 
to reduce landslide risk and protect lives and property in 
vulnerable areas in this region.

Rainfall and earthquake-induced landslides differ in 
terms of mechanics and dynamics, as reported by Cro-
zier (2005) and Chang et al. (2007). Earthquake-induced 
landslides tend to be more massive and occur in clus-
ters near ridges (Rana et al. 2021, 2022). Discriminating 
between rainfall and earthquakes as possible triggers of 
past landslides is still an unresolved question in landslide 
science and paleoseismology. Some recent approaches 
include using the geometry of landslide bodies to classify 
observed landslides into rainfall- and earthquake-trig-
gered using statistical methods (Qiu et al. Qiu et al. 2024; 
Rana et al. 2021, 2022), or using numerical modeling to 
back-analyze observed landslides (Mreyen et  al. 2022). 
Here, we propose to combine a deterministic geotechni-
cal approach based on the Newmark displacement (ND) 
method (Newmark 1965) for assessing the slope perfor-
mance under seismic shaking with a statistical analysis 
of observed landslides and a cluster analysis. Originally 
developed for dams, in the ND method the slope is 

abstracted as a rigid block on an inclined plane and the 
accumulated displacement of this block whenever a criti-
cal acceleration threshold is exceeded during an earth-
quake is quantified (Jibson et al. 2000). The ND is linked 
to the static factor of safety (FS), which allows assessing 
the static equilibrium of a slope based on geotechnical 
soil properties and water saturation for an assumed depth 
of the sliding surface. In 2000, Jibson et  al. proposed a 
simplified framework for computing the ND in a geo-
graphic information system (GIS) based on an empirical 
relationship they established between some earthquake 
records and induced landslides. In 2007, Jibson published 
further empirical equations for assessing the ND, based 
on a larger body of data.

The cluster analysis (Alkarkhi and Alqaraghuli 2020; 
Venkatramanan et al. 2019; Zhang et al. 2023), is a multi-
variate statistical analysis method, which allows through 
an unsupervised learning approach to group data into a 
given number of clusters. The cluster analysis has been 
used in many fields, e.g. for the investigation of water 
quality (Alkarkhi and Alqaraghuli, 2020), classification 
and evaluation of reservoirs (Zhang et  al. 2023), and 
analysis of the spatial heterogeneity of physicochemical 
parameters (Venkatramanan et al. 2019).

In this study, we investigate the possibility of small 
seismic events to precondition landslide development 
or reactivation during climatic events at the western 
flank of Mount Oku. To determine whether climate- and 
earthquake-induced landslide patterns exist, we combine 
deterministic methods commonly used in geotechni-
cal engineering practice and statistical approaches. First, 
deterministic approaches including the FS and ND will 
be implemented. The FS will allow evaluating the failure 
conditions of these slopes by assuming shallow and deep-
seated landslides with sliding depths of 3 and 7.5 m; and 
different slope saturation levels to account for possible 
rainfall triggering (Doglioni et al. 2013; Johari and Javadi 
2012; Keles and Nefeslioglu 2021; Okimura and Kawatani 
1986). Additionally, we will assess the stability of these 
slopes under given seismic shaking conditions using the 
ND method (Djukem et al. 2024; Jibson 2007; Newmark 
1965; Yuan et al. 2016), which also reflects the potential 
effects of a future earthquake occurring close to the study 
area. Second, the cluster analysis will allow the quantita-
tive evaluation of earthquake- or rainfall-induced land-
slide patterns among the landslides inventoried.

The study area
Relief
This investigation was carried out on a study site of 
approximately 1000 km2. This area is located around lati-
tude 6° 2ʹ 20ʺ N to 6° 25ʹ 23ʺ N and longitude 10° 11ʹ 39ʺ 
E to 10° 35ʹ 46ʺ E on the western flank of Mount Oku. 
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The western flank of Mount Oku presents a humid, tropi-
cal, highland climate with two seasons. The rainy season 
extends for eight months (April to November). The dry 
season extends for four months (December–March). The 
total annual precipitation is 2546.5  mm, with a maxi-
mum of 579.6  mm observed in July and a minimum of 
zero in December. The average annual rainfall data used 
in this study comes from the “Northwest Regional Ser-
vice for Meteorology” in Bamenda, Cameroon. This data 
was recorded between 2005 and 2010, as cited by Djukem 
et al. (2020).

The western flank of Mount Oku is characterized by 
highly variable topography, which reflects the past geo-
logical and erosional processes. Hillsides have very steep 
slopes and valleys present convex “V” or “U” shapes, as 
can be observed on topographic profiles (Fig.  2). Inter-
fluves are peaked, rounded (western border of the Ndop 
plain) or flat (around Kumbo). The landscape includes 
steep hill slopes (talus and escarpments), deeply incised 
valleys, undulated and flat landscapes. The elevation 
ranges from 100  m in plains to about 3000  m around 
Mount Oku summit. This zone is made up of mountain 
peaks whose altitudes vary between approximately 1100–
3000 m as shown by the map in Fig. 2. The northern flank 
of Mount Oku shows valleys and variable interfluves in 
staircase steps towards Lake Nyos. The eastern flank pre-
sents an escarpment in the direction of the Ndop plain. 
The western flank of Mount Oku presents very gentle 
slopes (0–15°) and gentle slopes (15–25°) occupy the larg-
est surface of this area (74%), while steep slopes ranging 
from 24–31° and very steep slopes > 31° occupy 24% of 
the total surface (Fig. 3).

Geological setting
Mount Oku is in the western part of the Cameroon 
Volcanic Line (CVL), characterized by an alignment 
of oceanic and continental volcanic massifs, and plu-
tonic complexes as presented by Marzoli et  al. (1999); 
Déruelle et  al. (2007); Kamgang et  al. (2007); Kamgang 
et al. (2010) and Gountié et al. (2011). The Oku volcanic 
group (OVG) is a complex stratovolcano of approxi-
mately 90 km in diameter and 3011 m height more spe-
cifically found at the central part of the CVL continental 
sector (Njilah et al. 2007). This OVG shelters four major 
stratovolcanoes which are: Mount Oku, Mount Babanki, 
Nyos and Nkambe (Woolley 2001), as presented by Mar-
zoli et  al. (1999); Déruelle et  al. (2007); Kamgang et  al. 
(2007); Kamgang et al. (2010) and Gountié et al. (2011). 
The study area is covered by highly weathered basalt with 
thick residual soil, slightly weathered rhyolite with no 
residual soil, moderately weathered trachy-rhyolite with 
very steep slopes, and highly weathered migmatites with 

moderately steep slopes. Trachy-rhyolite and basalt are 
the dominant rock types in the study area, with area per-
centages of 37% and 54%, respectively.

The geomechanical properties of the soils developed 
on these rocks are presented in Table 1 and Fig. 4. These 
soils originate from the physical and chemical weathering 
of these bedrocks either in place, or during their trans-
portation over long distances, after which they are depos-
ited in lowlands. They are mostly clayey soils with high to 
very high plasticity and swelling capacities (Djukem et al. 
2020).

Materials and methods
Investigated landslides at the western flank of Mount 
Oku—widespread shallow or complex slides
The landslides investigated in this work consist of 179 
small- to large-size, shallow to deep slides, debris flows, 
and complex slides from liquefaction or flow processes 
that were previously presented by Djukem et  al. (2020). 
They were recorded and mapped with the use of the 
MapSource application (Garmin Ltd., Schaffhausen, 
Switzerland), Google Earth (Google LLC, Mountain 
View, California, USA), and ArcGIS software (ESRI Inc., 
Redlands, California, USA). These landslides are also 
used in the present study to validate the physical land-
slide models. The prediction landslides include 75% of 
the landslides (42,147 pixels) and the validation land-
slides include 25% (14,067 pixels) of the total landslide 
pixels. The validation landslides are the most recent ones 
(see Djukem et al. 2020). Some of these recent landslides 
include some spreads or complex slides that seem to be 
from liquefaction (area encompassed by the orange cir-
cle in Fig. 5). They are visible in the Google Earth aerial 
images of 2018, but not in the images of 2009 (based on 
the Google Earth aerial imagery’s dates in Fig. 5C and D. 
However, Fig.  5D corresponds to the 2021 aerial image, 
which is clearer than the 2018 one). As already investi-
gated by Djukem et al. (2020), eleven representative soil 
samples were taken on failure and non-failure sites, from 
soils developed on each rock type, flat and sloping areas, 
in forested and non-forested areas, and close to major 
rivers and roads, at depths varying between 0.25 and 
7.3  m. These soils included disturbed and undisturbed 
samples from which particle density, bulk density, mois-
ture content, friction angle, and cohesion were deter-
mined among others.

Static factor of safety calculation with the infinite slope 
model (ISM)
Deterministic models of slope stability such as the FS 
require detailed laboratory derived soil parameters and 
field measurements. These models provide the best 
quantitative information on landslide susceptibility 
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Fig. 2  Relief of the Mount Oku shown by TanDEM-X digital elevation model showing variations in terrain elevation, with outline of the study area 
by the black polygon (A). Schematic topographic cross-section through Mount Oku and surrounding zones: WNW-SSE (B), W-E (C), and SW-NE (D) 
sections. Please note the different horizontal scales
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(Doglioni et  al. 2013; Keles and Nefeslioglu 2021; 
Okimura and Kawatani 1986; Van Westen 2004). The 
best fitting FS scenarios are expected to capture more 
landslides in the instable and marginally stable FS 
classes, with FS < 1 and 1 ≤ FS < 2, respectively. These 
classes correspond to the most susceptible.

The ISM is based on the assumptions that the slope is 
uniform, homogeneous, and unlimited. The failure sur-
face and groundwater table are assumed to be parallel 
to the ground surface. The failure block is considered 
infinitely long and wide so that stresses are the same on 
the two planes perpendicular to the slope. The ISM is 

used to calculate the FS, using the mathematical for-
mula below:

where c is the cohesion (kPa), φ the internal friction angle 
(rad), α the slope angle (rad), t the total layer thickness 
or depth of slip surface (m), γ the material unit weight 
(kN/m3), γw is the unit weight of water (kN/m3), and m 
is the thickness of the saturated layer. For fully saturated 
conditions (m = 1) the phreatic surface is at the ground 
surface. In dry conditions (m = 0), the phreatic surface is 

(1)FS =
c

γ · t · sin α
+

tan φ

tan α
−

m · γw · tan φ

γ · tan α

Fig. 3  Morphology of the western flank of Mount Oku with the study area highlighted by the dark polygon

Table 1  Soil geomechanical properties: cohesion, internal friction angle, wetness, bulk density, and particle density

Soil properties Soil on basalt Soil on trachy-rhyolite Soil on migmatite Rhyolite outcrop

Particle density (g/cm3) 26.66 25.99 29 25

Bulk density (g/cm3) 15.01 14.59 15.84 0

Moisture content (%) 41.2 44.1 39.3 0

Friction angle (°) 23.6 16.8 31.5 46

Cohesion (kPa) 25.4 33.2 47.7 13,000
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below the failure plane and does not affect the stability. 
The natural moisture conditions obtained in the labora-
tory is m = w.

To investigate the combined seismic and climatic influ-
ence on the destabilization of Mt. Oku’s slopes, we con-
sider different scenarios of landslide depths and water 
saturation. The thickness of the potential sliding layer 
value “t” was varied between 3 and 7.5  m (representing 
the maximum failure depth observed in the study area). 
The water saturation varies between dry conditions 
(m = 0), natural moisture conditions (m = soil moisture 
content measured in the laboratory), and fully saturated 
conditions (m = 1).

Seismic slope stability calculation with Newmark 
displacement method
The ND method simulates seismically induced slope 
behavior, specifically the displacement, considering the 
latter as a rigid block on an inclined plane (Jibson et al. 
1998; Jibson et al. 2000; Jibson 2007; Kumar et al. 2021; 
Miles and Ho 1999; Newmark 1965). The method pro-
vides information on the slope performance in the form 
of permanent displacement (Havenith et al. 2006; Kumar 
et al. 2021; Miles and Ho 1999). The ND is derived from 
an acceleration time history by integrating twice the val-
ues larger than the critical acceleration (ac) required to 

induce sliding. Mathematically, it is calculated in this 
work according to Eq. (2) by Jibson (2007).

where Ia is the Arias intensity, and ac is the threshold 
acceleration required to initiate sliding in terms of the 
acceleration of the Earth’s gravity, g.
Ia can be considered as a quantitative measure of the 

degree of shaking of an earthquake. It can be calcu-
lated following Eq. (3), proposed by Keefer and Wilson 
(1989), valid for earthquake moment magnitudes Mw 
below 7.

where M is the earthquake magnitude (Mw = 5.2 assumed 
in this case, since earthquakes recorded in this region 
within the last one hundred years are of local magnitude 
Ml below 5), R the hypocentral distance (here 10  km 
since the closest earthquakes to the study area are located 
at a distance of about 80–200 km) at depth of 10 km, Ia 
of 0.41 ms calculated with Eq.  (3) and P is a probability 
term including possible variations and uncertainty, here 
assumed to be 0. These equations are in fact empirical 
equations correlated with several worldwide earthquakes 
data by these authors.

(2)
log (D) = 2.401. log (Ia)− 3.481 · log ac − 3.230± 0.656

(3)log Ia = −4.1+M − 2 log R+ 0.5P

Fig. 4  Soil types of the western flank of Mount Oku (the geological limit is highlighted by the dark polygon)
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The critical acceleration ac is linked to the factor of 
safety FS resulting from the infinite slope model, and 
to the slope angle by means of g (9.81 m/s2), calculated 
by means of Newmark (1965); Jibson et al. (1998); and 
Miles and Ho (1999); Jibson (2007) equations.

where ac is the critical acceleration in m/s2, FS is the fac-
tor of safety, g is the acceleration due to gravity (9.81 m/
s2), and α is the slope angle in rad.

The process for calculating ND, as described above, is 
summarized in Fig. 6.

Computation of FS and ND maps
The six FS and corresponding ND scenarios were com-
puted in ArcGIS 10.5 following the steps below.

(4)ac = (FS − 1) · g · sin α

In step 1, the slope angle map was derived from 
the 12 × 12  m cell size TerraSAR-X add-on for Digital 
Elevation Measurements (TanDEM-X DEM) standard 
product 0.4 arcseconds with 12.37 m resolution at the 
equator kindly provided for this research by the Ger-
man Aerospace Center (DLR), see Djukem et al. (2020).

In step 2, the geological map was prepared using 
existing maps as explained by Djukem et  al. (2020). 
Soil cohesion, internal friction angle, wetness, and unit 
weight mean values were taken from the laboratory test 
results of Djukem et  al. (2020), attributed to the cor-
responding geological units, and converted into raster 
files.

In step 3, the different FS and ND scenarios as 
described above were computed with the raster calcula-
tor tool of the ArcGIS 10.5 Spatial Analyst tools based on 
Eqs. (1), (4), and (2).

It should be noted that the TanDEM-X has been 
recorded between 2011 and 2015. Thus, it reflects the 

Fig. 5  Spatial distribution of landslides recorded between 2009 and 2018; the blue and pink polygons represent prediction and validation 
landslides (A and B); C and D show the Google Earth aerial images of 2009 and 2018, highlighting areas affected by spreads or complex landslides. 
The March 24, 2009, image C has been provided by Google Earth, © 2024 Maxar Technologies. The February 3, 2021, image D has been provided 
by Google Earth, © 2024 Airbus
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post-failure topography for the prediction landslides 
mapped from the 2009 Google Earth images, and the 
pre-failure topography of the validation landslides that 
were mapped based on the 2018 Google Earth images.

Analysis of FS and ND values of observed landslides
We quantify the relationship between FS, ND, and 
observed landslides through the examination of FS 
and ND values within each observed landslide. For this 
purpose, we used the tool “Zonal statistics” in QGIS to 
extract the min, max, and mean values of all FS and ND 
scenarios for each landslide polygon (179 polygons).

Identification of landslide clusters
To investigate whether patterns of climatically and seis-
mically triggered landslides could be identified, a cluster 
analysis was performed based on different topographic 
parameters of the observed landslides. Seismically and 
climatically induced landslides can be characterized by 

specific geometric and topographic patterns (e.g. Qiu 
et al. 2024; Rana et al. 2021, 2022). For instance, seismi-
cally induced landslides tend to occur at mountain tops 
or ridges with smaller slope angles, while climatically 
induced landslides tend to occur around the slope foot, 
close to rivers, and at steeper slope angles. We system-
atically examined the morphological properties of land-
slides in the Mount Oku area with a k-means cluster 
analysis in IBM SPSS Modeler to identify possible clus-
ters of landslides.

In step 1, we generated a dataset of different mor-
phological properties that were all based on the 12.5 m 
resolution TanDEM-X DEM. The parameters are dis-
tance to ridges (minimum over landslide polygon), 
distance to rivers (minimum over landslide polygon), 
slope angle (maximum within polygon), slope aspect, 
and curvature (both mean within landslide polygon). 
The distance to ridges was generated by firstly deriving 
the landform “ridges” using the TPI-based landform 

Fig. 6  The Newmark displacement (ND) calculation flow chart
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classification tool in QGIS/SAGA with the radiuses of 
300 m and 1200 m and secondly computing the prox-
imity with the proximity tool in QGIS. The distance to 
rivers was computed using the proximity tool with the 
river network extracted from the DEM. Slope angle, 
slope aspect, and curvature were generated in QGIS/
SAGA with the “Slope, Aspect, Curvature” tool. Then, 
for each landslide body the minimum, maximum, or 
mean, respectively, of these parameters were extracted 
using the “Zonal statistics” tool in QGIS.

In step 2, k-means cluster analysis was performed in 
IBM SPSS Modeler, for different combinations of two 
and three parameters and different numbers of clus-
ters (between one and seven) for each combination. In 
each run, in an iterative process, the first cluster center 
is assigned according to the values of the first record 
in the dataset. For each record, the distance to the first 
cluster center is calculated and a second cluster center 
is set to the record with the largest distance to the first 
center, and so on, until the defined number of clusters 
k is achieved. Now, each data point is grouped to the 
cluster center with the smallest distance. Then, the 
locations of the cluster centers are moved to the aver-
age of each cluster, and this process is reiterated until 
the maximum number of iterations is reached or there 
is no change in the cluster centers anymore (Wendler 
& Gröttrup 2021). The process is repeated for differ-
ent numbers of clusters k and the sum of the squared 
distances of each point to its closest cluster centroid is 
plotted against the number of clusters (elbow plot) to 
determine the optimal number of clusters. In the elbow 
plot, see Fig. A2 in the Appendix/Supplementary mate-
rial, the sum of squared distances usually declines with 
increasing number of clusters k, and at a certain point, 
there is an “elbow” in this trend, where the increase of 
the number of clusters only results in a slight decline of 
the sum of squared distances. This point is considered 
to indicate the optimal number of clusters.

It should be noted that the k-means clustering is sen-
sitive to the initial placement of the cluster centers. 
In the IBM SPSS Modeler, this depends on the order 
of the data. To exclude any effects of the data order 
on the resulting clusters, we tried different ways to 
order the data. The baseline case is ordered by land-
slide ID, moreover, we ordered the data ascending or 
descending by distance to ridges and distance to rivers, 
respectively.

Results and discussion
To explore possible patterns of climatically or seis-
mically induced landslides, we first present, discuss, 
and interpret the spatial distribution of FS and ND 

values, then the relationships between FS, ND, and the 
observed landslides, and finally we analyze the relation-
ship between topographic factors of the observed land-
slides through the k-means clustering analysis.

Infinite slope model‑based factor of safety
Factor of safety for shallow landslides with depth of failure 
t = 3m
Six FS maps have been computed according to Eq.  (1) 
for landslides at two different depths (3  m and 7.5  m) 
and with different water saturation levels (dry condi-
tions, natural moisture conditions, saturated conditions). 
The FS maps have been classified into four slope stability 
degrees: FS < 1 denotes instable slopes, 1 ≤ FS < 1.5 slopes 
at the point of failure, 1.5 ≤ FS < 2 represents critical sta-
bility slopes and FS ≥ 2 indicates stable conditions.

The scenarios assuming shallow landslides at 3 m depth 
display FS values between 0.61 to FS ≥ 2 (Fig. 7a, b, and 
c). The proportions of the four stability classes increase 
from dry (yellow bar) to full saturation (dark blue bar) 
conditions. These shallow landslide scenarios display 
almost no instable areas with FS < 1 (about 2% of the 
total surface). The percentage of the stable domains with 
FS ≥ 2 is dominant in all the saturation conditions (from 
72 to 86%). The proportions of slopes at the point of fail-
ure (1 ≤ FS < 1.5) vary between 4 and 11%. The propor-
tions of critical slopes (1.5 ≤ FS ≤ 2) fluctuate between 10 
and 14% (Fig. 7d).

Factor of safety for deep landslides with depth of failure 
t = 7.5m
The scenarios assuming deep landslides at 7.5  m depth 
display lower FS values, that vary between 0.26 and 8 120 
(Fig. 9a, b, and c). Similar to the shallow landslide scenar-
ios, the percentage of the stable domains with FS ≥ 2 (33–
60% of the total surface), is greater than the proportion 
of the instable areas with FS < 1 (8–28%), in all saturation 
conditions (Fig. 8d). The variation of the proportions of 
the four stability classes also increases from dry (yellow 
bar) to full saturation (dark blue bar), in 75% of the satu-
ration conditions. The proportions of slopes at the point 
of failure vary between 17 and 24%. The proportions of 
critical slopes fluctuate between 15 and 17% (Fig.  8d). 
The scenario assuming deep landslides of 7.5  m depth, 
shows all the classes of stability: instable, at the point of 
failure, critical, and stable. This scenario seems to be a 
better representation of the real situation observed in the 
western part of Mount Oku, where landslides and non-
landslide areas are observed.

Considering the saturation conditions, the dis-
parity observed between the stability classes high-
lights the influence of the groundwater level on slope 
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stability. Moreover, landslide depth, soil cohesion, fric-
tion angle, and shear stress affect the shear strength 
and the stability of a soil mass against potential fail-
ures as shown by Miles and Ho (1999). The increase 
of the groundwater table due to rainfall increases the 
probability of landslide occurrence, as also confirmed 
by Alsubal et  al. (2018) in their study on the rise of 
groundwater due to rainfall and the control of land-
slides by zero energy groundwater withdrawal sys-
tem. These FS scenarios assuming shallow and deep 

landslides can therefore be used as an efficient predic-
tive tool for future shallow and deep landslides even in 
case of extreme climatic conditions.

Newmark displacement
According to the six FS scenarios at two different depths 
and at three different saturation levels, six different ND 
maps were computed based on Eqs. (4), (2) and Fig.  6 
for the scenario of an Mw = 5.2 earthquake in 10  km 

Fig. 7  Factor of safety at 3 m depth, in dry conditions (a), natural wetness conditions (b), dry conditions (c); and stability class percentages (d)
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epicentral distance. The maps in Fig.  9 show the result-
ing ND for landslides with an assumed sliding surface 
at 3 m depth (a and b) and 7.5 m depth (c and d), at dry 
conditions (a and c) and fully saturated conditions (b 
and d). The maps show that areas with higher ND val-
ues follow the areas with low FS values and steep slopes, 
whereas the areas with soil on migmatite in general show 
lower ND values than the areas with soils on basalt and 
trachy-rhyolite.

These ND values represent the failure probability of 
these slopes under seismic stress (Jibson 2007; Djukem 
et  al. 2024). Additionally, the interpretation of these 
values varies between plastic soils and rigid brittle rock 
materials. In the Mount Oku area, the soils are deep and 
clayey. Thus, it could be assumed that larger ND val-
ues are required to indicate the seismic triggering of a 

Fig. 8  Factor of safety at 7.5 m depth, in dry conditions (a), natural wetness conditions (b), dry conditions (c); and stability class percentages (d)
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slope failure. In Fig. 9, especially under saturated condi-
tions and for deeper sliding surfaces, higher ND values 
beyond 10  cm (purple colour in the maps) are reached 
widely, going beyond the areas that already have a critical 

FS (compare Fig. 9 with Figs. 7 and 8). This indicates on 
the one hand a potential for seismic triggering of deeper 
landslides in the study area. On the other hand, it also 
indicates the potential for seismic acceleration to push 

Fig. 9  Newmark displacement and locations of the min within polygon for shallow and deep landslides: a 3 m depth and dry, b 3 m depth 
and saturated conditions, c 7.5 m depth and dry, and d 7.5 m depth and saturated conditions



Page 14 of 21Djukem et al. Geoenvironmental Disasters           (2024) 11:32 

slopes that already have a marginally stable FS value 
under saturated conditions into failure. In the next sec-
tion, this will be investigated in more detail for the land-
slides observed in the study area.

Analysis of FS and ND values of the observed landslides
In this section, we investigate how well the calculated FS 
and ND scenarios can explain the landslides observed in 
the Mount Oku area. We also discuss the implications of 
these findings for identifying the primary triggering fac-
tor of these landslides.

FS values of the observed landslides
Landslides with FS greater than 1 (thus stable) but having 
a high ND value, could indicate a seismic trigger for these 
cases. Landslides with FS greater than 1 that become 
instable under saturated conditions, would point rather 
at a climatic trigger.

For the sake of simplicity, here we grouped the slopes 
at the point of failure (1 ≤ FS < 1.5) and critical stability 

slopes (1.5 ≤ FS ≤ 2) under the appellation marginally 
stable slopes (1 ≤ FS ≤ 2). In Fig.  10, we plotted the per-
centage of landslides that fall into each of these three cat-
egories considering the minimum FS value within each 
landslide polygon for the FS scenarios at the two different 
depths and three different moisture conditions. Please 
note that we differentiated between prediction and val-
idation landslides here, as the FS was based on a DEM 
that was created after the prediction landslides occurred 
and before the validation landslide occurred. Thus, the 
DEM represents post-failure conditions for the predic-
tion landslides and pre-failure conditions for the valida-
tion landslides, which could have implications for the 
following interpretations.

The FS scenarios with good landslide predictive ability 
should show a decreasing trend, having the greatest num-
ber of landslides in the first lowest FS classes (FS < 1 and 
1 ≤ FS ≤ 2), corresponding to the most susceptible classes. 
This trend can in general be observed for all FS scenarios 
in Fig. 10, and as can be expected, it is more pronounced 

Fig. 10  Distribution of the factor of safety values at 3 m (a, b, c) and 7.5 m depth (d, e, f) within the instable (< 1), marginally stable (1–2), and stable 
(> 2) domains as minimum value within polygons of observed landslides
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for the saturated scenarios and the scenarios at the 
greater depth. With the percentage of the first bar in the 
instable domain (FS < 1) corresponding to the true posi-
tive rate of the respective FS scenarios, it can be observed 
that at an assumed depth of the sliding surface of 3  m 
50% of the observed landslides can be captured under 
dry conditions, 90% considering also the marginally sta-
ble cases, while this number increases to 65% under satu-
rated conditions or 95% considering the marginally stable 
cases. In all three scenarios at 3 m depth, some observed 
landslide cases cannot be explained by the FS alone as 
they fall into the stable domain.

At an assumed depth of the sliding surface of 7.5 m, the 
picture looks different. Over 86% of the observed land-
slides fall into the instable domain under dry conditions, 
and 97% under saturated conditions, with only very few to 
zero cases under the stable domain in all three scenarios.

Regarding the pre- versus post-DEM landslides, it 
could be expected that particularly the post-DEM land-
slide locations would represent instable conditions, as 
a failure did occur there shortly after the DEM was cre-
ated, while for the pre-DEM landslides the slopes might 
have reached a stable state in terms of slope angle, which 
would lead to stable FS values for these cases. Only very 
few post-DEM landslide cases fall into the stable domain 
(Fig. 10). Moreover, the presence of pre-DEM landslides 
in the stable domain could be explained as above, by the 
fact that after failure the slope has transitioned into an 
equilibrium and stable state. Thus, these cases would not 
necessarily count as missed predictions.

To draw some conclusions on the role of rainfall as a 
trigger of the landslides at Mount Oku, we can see that at 
a depth of 3 m, the presence of water in the slopes does 
push the percentage of landslide in the instable domains 
from 50% at dry conditions to 55% at natural moisture 
conditions and 65% under full saturation. For the land-
slide cases in the marginally stable and stable domains, 
an additional triggering factor, such as an earthquake, 
could be considered, as will be discussed in the follow-
ing Sect. "Combined analysis of FS and ND values of 
observed landslides".

At the depth of 7.5 m the same trend can be observed, 
but it is less pronounced. The percentage of landslides in 
the instable domain increases from 86% under dry condi-
tions to 90% under natural moisture conditions and 97% 
under saturated conditions. Thus, for landslides at 7.5 m 
depth, rainfall would be a sufficient explanation as trig-
gering factor.

Combined analysis of FS and ND values of observed 
landslides
As discussed above, landslide cases that fall into the 
marginally stable or stable domain of the different FS 

scenarios might have to be explained by additional trig-
gering factors, such as earthquakes. These cases were 
highlighted in the maps in Fig. 9 Here, black circles indi-
cate landslide sites with stable FS and low ND. Filled 
black dots indicate instable landslide locations with an 
FS < 1. Red dots indicate landslide locations with FS > 1 
(stable) and ND > 1. Purple dots indicate stable landslide 
locations with FS > 1 and very high ND > 10. Under the 
assumption that a slope movement is usually initiated 
when ND > 1 (Bray 2007; Delgado et  al. 2020), or when 
ND > 10 for the deep clayey soils in the study area, purple 
dots could indicate potentially earthquake-induced land-
slides for the scenario of an earthquake of Ml = 5.2 that 
was assumed for these simulations.

These maps allowed determining which landslides are 
found in stable areas under dry conditions, but instable 
under saturated conditions, suggesting rainfall as trig-
ger. Also, we identified landslide locations with FS > 1 
and very high ND > 10 suggesting potentially earthquake-
induced landslides. For the shallow landslide scenario at 
3 m depth, there are quite a few landslides that fall into 
this category, especially under dry conditions, but also 
under saturated conditions. To investigate this further, 
we created a Sankey diagram that shows the transition of 
landslide locations from dry to saturated conditions, and 
the ND at dry conditions (Fig. 11). Part of the marginally 
stable sites during dry conditions transition to instable 
conditions during full saturation of the slope. Only very 
few cases of slopes that remain stable during full satu-
ration have a medium ND, indicating a possible seismic 
trigger.

It becomes apparent that there are some landslides with 
an FS > 1 and quite high ND values, but most of them 
have an FS < 2, thus, they were marginally stable anyway. 
This suggests that these slopes were already marginally 
stable, and an earthquake could push them over the edge 
to instability, but so could a rainfall event. It should be 
kept in mind that the ND values were computed for a 
hypothetical Ml = 5.2 earthquake at 10 km distance. Due 
to the lack of local earthquake records, we do not know 
whether a similar earthquake happened in the past. How-
ever, according to other earthquake records in the region, 
it is not unrealistic.

For the deeper scenario of landslides with an assumed 
sliding surface at 7.5  m depth there are only very few 
cases that are in the marginally stable FS domain. They 
are not further discussed here, as the FS alone already 
explains these deeper landslides sufficiently.

K‑means cluster analysis of the results
Distance to ridges and rivers seem to be important 
characteristics of seismically/climatically induced land-
slides as also suggested by Rana et al. (2021), Rana et al. 
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(2022), and Qiu et al. (2024). We explore the relationship 
between landslide distance to ridges and rivers using a 
k-means cluster analysis. We also explored slope angle, 
slope aspect, and curvature in the analysis. However, in 
the following, we will focus on distance to ridges and dis-
tance to rivers as this combination resulted in the low-
est sums of squared distances and is easier to interpret. 
Moreover, we explored the effect of data ordering on the 
resulting clusters, as the analysis is sensitive to the initial 
placement of the clusters which is in our case depend-
ing on the data order. In four out of five different ways 
to order the data, we yielded the same clusters, which 
we thus considered the most robust. More information 
can be found in the Appendix/Supplementary material 
(Fig. A1). In the following, we analyze the clusters gener-
ated with a random data order by landslide ID.

The optimal number of 3 suitable clusters has been 
identified (Appendix/Supplementary material Fig.  A2), 
with the help of the elbow plot, as explained in Sect. 
"Identification of landslide clusters", where an increase of 
k to four clusters did not result in a significant decrease 
of the sum of squared distances anymore.

Figure  12 shows the distribution of landslides within 
each cluster (a) and a plot of the minimum distance to 
rivers vs. the minimum distance to ridges with colours 
indicating the corresponding clusters. The dot sizes rep-
resent the ND categories (low, medium, and high). The 
“Min within polygons” landslide representations are used 
below for the quantitative analysis. Figure  13 shows the 
distribution of the landslide clusters on a map.

As Fig.  12 shows, cluster 1 contains 100 landslides 
(57%) that are close to rivers and ridges, cluster 2 con-
tains 21 landslides (12%) that are located farther away 
from ridges but close to rivers, and cluster 3 contains 54 
landslides (31%) that are close to ridges and farther away 
from rivers. Thus, shallow landslides with medium to 
high ND seem to cluster in the proximity of ridges (first 
100 m) in dry conditions, with only a few exceptions. This 
suggests that they might be seismically induced. Clus-
ter 3 is close to ridges and distant to rivers (Fig.  12b), 
impeding the clear distinction between seismic and cli-
matic triggers. Cluster 2 is close to rivers, but more than 
100 m away from ridges, revealing their probable climatic 
origin.

In total, 88% of the landslides initiated close to ridges 
(Fig. 10b), where the slope quickly becomes steep below 
a relatively ‘flat’ crest. This slope variation is a classical 
morphology change in volcanic deposits or gently dip-
ping rock beddings as also highlighted by Whitford-Stark 
(1982) and Martí et  al. (2018). Such morphologies are 
shaped by landslides and retrogressive erosion and thus 
the morphology could be an additional factor besides 
seismic activity to explain the large cluster of landslides 
close to ridges as demonstrated in Fig. 13b. In this regard, 
it should be noted that some of these hills identified as 
‘ridges’ by the Topographic Position Index-based land-
form classification might not all be typical ‘ridges’ as 
they cover relatively large areas and not only the peaks 
or drainage divides. However, among those topographic 
heights there are also classical ridges like the one shown 
by the view in Fig. 4c and d, which could be marked by 

Fig. 11  Transition of factor of safety (FS) state (instable: FS < 1, marginally stable: 1 < FS < 2, stable: FS > 2) of landslides at 3 m depth from dry 
to saturated conditions (middle to left) and to high (> 10), medium (2–10) and low (< 2) Newmark displacement (ND) in the dry case 
during an earthquake (middle to right), with min FS and max ND within polygons
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Fig. 12  Distribution of landslides within clusters (a) and minimum distance to rivers plotted against minimum distance to ridges for the minimum 
within landslide polygons with point sizes indicating Newmark displacement (b). The marker sizes represent the Newmark displacement ranges: 
low (< 2), medium (2–10) and high (> 10) values

Fig. 13  Map with landslide clusters showing the ridges identified with the Topographic Position Index-based landforms tool and rivers extracted 
from the DEM (a) and zoomed-in view of landslides initiated along cuesta-like morphologies (b)
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some seismic amplification effects and related enhance 
slope instability (as highlighted, e.g., by Havenith et  al. 
2002; Mreyen et al. 2022).

We also analyzed the distribution of the stable, mar-
ginally stable, and instable FS domains over the three 
landslide clusters at 3  m depth and the three different 
saturation scenarios (Fig.  14). Clusters 1 and 3 show a 
high number of instable and marginally stable cases that 
increase with increasing water saturation. In contrast, 
the fraction of instable cases is low in cluster 2 (possi-
ble climatic origin), which is increasing only weakly with 
increasing saturation levels. This observation is a bit sur-
prising, as especially for cluster 2, the landslides identi-
fied as likely climatically triggered respond only poorly 
to higher water saturation. At the same time, the clear 
response of some of the landslides close to ridges (clus-
ters 1 and 3) indicates the influence of climatic factors. 

Cluster 2 seems to indicate a particular type of landslide 
occurring in more stable parts of the landscape.

Finally, we analyzed the distribution of the three ND 
domains (low, medium, high) over the three landslide 
clusters at 3 m depth under three water saturation lev-
els (Fig. 15). Here cluster 2 shows generally mainly low 
ND values, while clusters 1 and 3 have a high propor-
tion of landslides with very high ND values that are 
increasing with saturation levels, corresponding to the 
increase of the FS.

In summary, the cluster analysis did not provide suffi-
cient insights to help discriminate between seismically- 
and climatically-induced landslide types. However, it 
helped reveal some insights into other factors charac-
terizing specific landslide types, such as the vicinity to 
rather low ridges in the landscape. Cluster 1, with low 
FS and high ND values, makes sense for landslides near 
both ridges and rivers, as steep slopes under ridges and 

Fig. 14  Distribution of factor of safety stability domains over the three identified clusters for landslides at 3 m depth under dry (a), natural moisture 
(b), and saturated (c) conditions

Fig. 15  Distribution of Newmark displacement (ND) domains over the three identified landslide clusters for landslides at 3 m depth under dry (a), 
natural moisture (b), and saturated (c) conditions
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near rivers are more likely to be unstable (due to com-
bined possible seismic effects near the crest and ero-
sion of the toe by the river). Nevertheless, cluster 3 is 
the most interesting in favor of the seismic origin (as 
not affected by destabilization by a river) that could be 
further analyzed.

Conclusions
The landslide inventory mapped at the western flank of 
Mount Oku western part of the seismically active CVL 
revealed the presence of some landslides classified as 
spreads or complex landslides. These landslides indicate 
a sudden weakening of the soil, possibly caused by seis-
mic activity or heavy rainfall leading to groundwater rise. 
Due to the lack of local seismic and corresponding land-
slide data, the role of earthquakes in triggering or pre-
conditioning landslides in the Mount Oku area is not well 
understood. We proposed a framework for combining a 
deterministic geotechnical approach with statistics and 
k-means cluster analysis to investigate the contribution 
of earthquakes and rainfall on landslide development or 
reactivation in this region. We simulated the effect of a 
magnitude 5.2 earthquake, with an epicenter of 10  km 
from the area, on the stability of the western flank of 
Mount Oku slopes, assuming different failure depths and 
wetness conditions. Then, we first performed the qualita-
tive analysis of the landslides’ FS and ND, and a quanti-
tative evaluation of the relationship between 179 shallow 
to deep landslides, and their distance to rivers and ridges 
using the cluster analysis. The results revealed that:

•	 Some landslide sites exhibit an FS less than 1 and 
high ND, characteristics associated with potential 
seismic-induced landslides. These locations could 
experience future landslides if an earthquake with a 
magnitude of 5.2, as assumed for these simulations, 
were to occur.

•	 Landslides with FS values between 1 and 2 and rela-
tively high ND values (> 10  cm), already marginally 
stable, so that an additional destabilizing effects of 
an earthquake or a rainfall could push them over the 
threshold into instability, at least for the simulated 
earthquake or an even stronger or closer event.

•	 31% of landslides showing medium to high ND val-
ues tend to cluster near ridges (cluster 3), suggesting 
their seismic origin. This clustering is a key charac-
teristic commonly observed for landslides triggered 
by seismic activity when they are located far from any 
river. Moreover, cluster 2 is closer to rivers, revealing 
their probable climatic origin.

Thus, while climatic factors play an important role in 
the occurrence of landslides on the western flank of Mt. 

Oku, as evidenced by the 12% of landslides in Cluster 
2 that occur closer to the river, seismic events may also 
contribute by either predisposing to landslide develop-
ment or reactivating landslides in combination with cli-
matic events.

These results are of great importance for establishing 
targeted measures aiming to reduce the impact of land-
slides by addressing both climatic and seismic factors. 
These measures include develop early warning systems 
that integrate both climatic and seismic data to provide 
timely alerts to local communities; raise awareness within 
the local communities that after heavy or extended rain-
fall or felt earthquakes there is a higher possibility for 
landslides; implement land-use planning and zoning 
regulations that consider the combined risks of climatic 
and seismic factors; and promote reforestation and the 
use of vegetative cover to stabilize slopes, which can help 
reduce the risk of landslides.
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