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Abstract The Bamenda Mountain (with over 250,000 inhabitants) is one of the strato-volcanoes along the
Cameroon Volcanic Line (CVL) with an accidental landscape. This area is frequently affected by landslides, which
most at times result in destruction of property and loss of lives. An informative value statistical method using GIS is
use to prepared a landslide susceptibility map for the Bamenda Mountain area as well as a quantitative and
qualitative risk assessment. This is aimed at revealing areas where future landslide would occur and potential loss.
Nine landslide controlling factors including; slope, slope orientation (aspect), curvature, stream density, proximity to
roads, geomorphology, proximity to streams, geology and land use were use in the model. A total of 64 slides were
inventoried in the area and use to prepare the landslide density map. The weighted informative values for the
combined factor and landslide density were used to prepare the landslide susceptibility map for the area. The most
significant landslide causing factors in this area are; slope, stream density and slope aspect. The susceptibility map
was classified into very high (17.8%), high (25.9%), moderate (33.6%) and low (22.7%). The validated model using
the success rate curve indicates that the area under curve is 0.823 and predicts landslides at 82.3% in relatively high
classes. Landslide risk assessment in the area indicates 406 buildings, 2,436 people, 1,291.1km of roads, 2152 ha of
farmland and an approximate USD83,540,000 worth in assets are expose to high and very high risk. This approach
can be implemented in other areas along the CVL to map and assess landslide risk.
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1. Introduction

Landslides occur predominantly on slopes where the
soils shear stress exceeds its strength. These landslides are
usually triggered by high rainfall or earthquakes. The
global trend on landslide fatalities has been on the rise in
the past decade. In 2015, a total of 402 lives were lost, and
thousands of homes destroyed from landslide within April
to November notably in Brazil, Afghanistan, Columbia,
Guatemala, Nepal and China [1,7]. In 2016, the landslide
fatalities increase further to 620 mortality. With the rise in
global population following technological advancements,
settlements along mountain slopes has increase drastically,
thereby increasing the vulnerability in these zones. Landslides
present a threat to life and livelihood throughout the world,
ranging from minor disruption to social and economic
catastrophe [38]. Though landslides have been widely
studied, it still poses problems in susceptibility, risk
mapping and assessment. Conversely, different types of
landslide hazard mapping techniques have been developed
over the last decades [6,32,43,53,59,61].

In Cameroon, landslides account for 25% of natural
hazards [55] and has been on the rise in the past decade
with considerable impact on human lives 128 deaths [69]
environment and property [2,8,9,15,30,64]. These landslides
are common along the CVL to which the Bamenda
Mountain is situated. This hilly environment is prone to
landslides [30]. Landslides on the Bamenda Mountain
have taken a lot of lives and continue to pose a threat to
the ever-increasing population. Some deadly landslide
event along the CVL include: July, 2003 Magha, June 27
2001, Limbe 23 deaths, June, 1998 Melong, 11 deaths,
August 1990, Dschang, 6 deaths, August 2006 Bamenda 4
deaths, 20™ October 2007 Kekem 3 deaths [44].

In this paper a statistical informative value method
using GIS is use to prepare a landslide susceptibility map
by means of a landslide inventory-based probabilistic
technique [21]. This method has proven to be very
effective because it quantitatively predicts landslide
susceptibility areas by means of a value, even on areas
that are not yet affected by landslides. Furthermore, using
spatial statistics, a risk map is prepared for the area and
level of risk assessed in terms of population, buildings,
cost and roads. The reason for using a GIS approach is
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that it is being widely used in landslide susceptibility
modeling in recent years [5,24,39]. The findings in this
paper could provide vital information to the Ministries of
environmental protection and town planning as well as the
municipal councils regarding land appropriation and
occupation. The model prepared could be used by
goescientists in the region and other areas as a base for
landslide susceptibility mapping.

2. Study Area Profile

The Bamenda Mountain (2621 m) lies between
longitude 10°10’'00"E to 10°16'30"E and latitude
5°46'00"N to 5°56'30"N precisely between Mounts
Bambouto (2740 m) to the SW and Mount Oku (3011 m)
to the NW all of which constitute the Western Cameroon
Highlands (WCH) along the CVL (Figure 1). The WCH is
an almost continuous volcanic structure with no distinct
limit between the mountains, having a SW-NE trend
with huge volume of volcanic material extruded on Pan
African granitoid [47,48,58]. The Bamenda Mountain is
centrally located within the WCH and has a series of
geomorphosites ranging from calderas, volcanic dykes,
escarpments, plateau, domes, plains, steep slopes and
valleys which serve as geosites [65]- [66]. It has two main
volcanoes at Bambili and Lefo (Santa) areas which
culminates at altitudes of 2621 and 2545 m as.l
respectively. It is also characterized by two calderas; the
Santa-Mbu and Lefo calderas [29]. It relief is highly
accidental owing to the diversity of volcanic
manifestations and products in the area. The soils are
dominantly lateritic with characteristic red colour. This
Mountain is well drained with streams and rivers flowing
into two major drainage basins in Cameroon i.e. Sanaga
and Niger basin. A series of streams and rivers which
form tributaries of major rivers such as the Rivers Mezam

and Naaka (Niger basin) and the Noun, Matazum and Mifi
(Sanaga Basin) radiate from this Mountain. The drainage
systems in this area are; trellis, radial and dendritic. The
climate is of the tropical type with two distinct seasons: a
long rainy season (March-October) and a short dry season
(November-February) [49]. Average temperatures range
from 21-25°C and rainfall of 25-1800 mm per annum. The
vegetation pattern of this Mountain is mostly of the Sudan
Savanah (grassland and short stunted trees) and forest type
(artificial i.e. the Ngemba forest reserve and highly
restricted gallery forests in valleys).

3. Methods

3.1. Susceptibility Mapping Technique

A total of 64 landslides were mapped in the area, 52
during field campaign and 12 from satellite images. The
landslides conditioning factors used for mapping were
constructed from different data sources such as the DEM,
satellite images (Google earth and LANSAT thematic
mapper), field survey and thematic maps of the area. A
90m resolution DEM was improved upon to a 10m pixel
DEM raster with a higher resolution [35,36]. From the
DEM landslide conditioning factors, such as: slope, slope
directions and curvature were constructed using the spatial
analyst tool in ArcGIS 10.2. Parameters developed from
field survey, thematic maps and satellite images included:
proximity to stream, stream density, and proximity to
roads, land use and geology. From the google earth
2015 satellite image data was extracted in the form of
kml file format and converted into shape files in the
ArcGIS software for further analysis. All the landslide
conditioning parameters were built with a constant cell
size of 10m pixel which is essential in weighting and
overlaying of the various raster data sets.
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Figure 1. Location map of Mount Bamenda on the Cameroon Western Highlands (Source: SRTM data)
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The informative value method which is a bivariate
method use here was proposed and applied by
[5,21,24,39,63] to predicts future landslide. A total of 9
landslide conditioning factors were rasterized and used to
build a landslide susceptibility map for the Bamenda
Mountain area. The resultant raster was then reclassified
to get the pixel values of each conditioning class within
the factor map. A landslide density map was also
rasterized at the same pixel size of 10m. This landslide
density map was then crossed with individual classes of
each landslide conditioning factor (Ncp) [6,54] to get the
combined landslide pixels of each individual class (Nsp).
The conditional probability (Cp) equation (1) (how
probable a class will affect a slide) for each individual
class for each factor was calculated. This was done by
dividing the pixels of each individual class to the total
number of pixels of that class to the total number of pixels
of that class of that factor:

Cp =P 1)
Ncp

Where Cp= conditional probability
Nsp = number of slide class pixels
Ncp= number of factor class pixels.

The prior probability (Pp) equation (2) (which is the
probability of slide for each class to the total area of
landslide in the study area) for each class was calculated
from the total number of slide pixels in the area (Y. Nsp) on
the total pixels of the factor (Y Ncp) as follows:

Pp= ZNSP (2)

- ZNcp .

The informative value (equation 3) for individual classes
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was calculated by using the natural log of the conditional
probability on the prior probability as follows:

Nsp
Inf = Log@ orIn Nep (3)

Pp ZNSP ’
ZNcp

From the Informative values determined, raster maps
were constructed using the lookup tool in ArcGIS. The
unclassified landslide susceptibility map was gotten from
the raster classification tool by summing all the weighted
informative values of all the individual classes of the
condition factors (Table 1).

The number of buildings, farmland and roads (elements
at risk) were digitized from google earth, the number of
buildings, area of farms and roads determined in ArcGIS
10.2 software using the calculate geometry tool. The
classified landslide susceptibility raster map was
converted to polygon using the raster to polygon tool in
ArcGIS. This action enabled the percentage coverage of
each class to be obtained. Using the geoprocessing tool,
each susceptibility category i.e. low, moderate, high and
very high was superimposed with the elements at risk
(buildings, farmland and roads). This revealed the number
of buildings, area of farms and lengths of roads within
each category. The methodology applied is presented in
Figure 2. Risk in the area was evaluated using the formula
in equation 4:

Risk =3[ HZ(VA)| (4)
Where H= susceptibility,

V= vulnerability for element at risk,
A = amount or cost of element at risk.
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Figure 2. Landslide susceptibility mapping and risk assessment methodology
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Table 1. Landslide Factors used in Susceptibility Mapping and their Parameters
Factor | Id Class Nepix Nslpix Cp Pp Cp/Pp Inf ACC REL
1 0to5 242396 34 0.00014 0.000678 0.206958 -0.68412
2 5to 10 422603 105 0.000248 0.000678 0.366594 -0.43581
3 10to 15 438767 120 0.000273 0.000678 0.40353 -0.39412
°é_ 4 151020 296210 289 0.000976 0.000678 1.439551 0.158227 81 0.001
7 5 20to 25 179462 305 0.0017 0.000678 2.507589 0.399256
6 251030 106395 215 0.002021 0.000678 2.981578 0.474446
7 30to 35 55160 90 0.001632 0.000678 2.407394 0.381547
8 >35 22188 37 0.001668 0.000678 2.460439 0.391013
1 North 171064 87 0.000509 0.000678 0.750394 -0.12471
2 Northeast 175360 36 0.000205 0.000678 0.302901 -0.5187
3 East 214273 144 0.000672 0.000678 0.991571 -0.00368
g 4 Southeast 221354 113 0.00051 0.000678 0.753217 -0.12308 - 0.004
< 5 South 257611 147 0.000571 0.000678 0.841942 -0.07472
6 Southwest 221524 281 0.001268 0.000678 1.871606 0.272215
7 West 272955 212 0.000777 0.000678 1.145971 0.059174
8 Northwest 229040 175 0.000764 0.000678 1.127342 0.052056
?E’ 1 Convex 246544 334 0.001355 0.000678 1.998854 0.300781
E 2 Rectilinear 1195932 637 0.000533 0.000678 0.78589 -0.10464 51.8 0.004
3 3 Concave 320705 234 0.00073 0.000678 1.076562 0.032039
1 0-1.49 240812 143 0.000594 0.000676 0.877987 -0.05651
= 2 1.49-3.44 279870 110 0.000393 0.000676 0.581121 -0.23573
§ 3 3.44-5.13 373049 266 0.000713 0.000676 1.054255 0.022946
2 4 5.13-6.75 334991 245 0.000731 0.000676 1.081342 0.033963
§ 5 6.75-8.44 291966 142 0.000486 0.000676 0.719095 -0.14321 46.25 000.8
@ 6 8.44-10.58 184120 201 0.001092 0.000676 1.61408 0.207925
7 10.58-16.56 62035 88 0.001419 0.000676 2.097374 0.321676
'§ 0 10 48788 8 0.00016 0.000676 0.242484 -0.61532
1=
s 1 20 46988 7 0.00015 0.000676 0.220302 -0.65698
& 2 30 45290 3 0.00007 0.000676 0.097955 -1.00897
g 3 40 43126 3 0.00007 0.000676 0.10287 -0.98771 >303 0.002
E 4 50 40844 9 0.00022 0.000676 0.325852 -0.48698
5 >50 1542119 1165 0.00076 0.000676 1.117158 0.048115
E 1 Lowlands 179146 117 0.000653 0.000676 0.96567 -0.01517
? Eﬁ 2 Highlands 696952 393 0.000564 0.000676 0.833757 -0.07896 38.72 | 0.0001
§ 3 Moderate highlands 890826 685 0.000769 0.000676 1.136966 0.055748
z 1 0t020 208230 158 0.000759 0.000676 1.122072 0.050021
§ 2 20 to 40 204548 134 0.000655 0.000676 0.968761 -0.01378
% 3 40 to 80 197329 132 0.000669 0.000676 0.989213 -0.00471
,E’ 4 80 to 100 181726 104 0.000572 0.000676 0.846298 -0.07248 7605 | 0.0003
'g 5 100 to 120 160727 109 0.000678 0.000676 1.00287 0.001245
=
A~ 6 >120 137651 72 0.000523 0.000676 0.7735 -0.11154
0 Ignimbrite 36453 21 0.000576 0.000675 0.852949 -0.06907717
& 1 Granite 5269 0 0 0.000675 0 -0.00000001
% 2 Trachyte 1120956 762 0.00068 0.000675 1.006476 0.002803216 100 0
© 3 Rhyolite 383562 247 0.000644 0.000675 0.953451 -0.02070181
4 Basalt 220112 163 0.000741 0.000675 1.096429 0.039980695
1 Open Savanah 639833 542 0.000847 0.000677 1.251479 0.0974236
g 2 Farm Land 429537 412 0.000959 0.000677 1.417058 0.1513876
'g 3 Forest 176580 41 0.000232 0.000677 0.343031 -0.464667 74.44 | 0.0001
3 4 Water Bodies 3906 0 0 0 0 -0.00000
5 Inhabited areas 515608 200 0.000388 0.000677 0.573062 -0.241799
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4. Results

4.1. Landslide Conditioning Factors

1. Slope: it has a direct effect on the shear stress of the
soil. The greater the slope dipping, the greater the shear
stress and the more unstable the slope [12,30,33,52,67].
The slopes ranged from 0 to 55° and were classified into 8
classes at intervals of 5° (Figure 3a). All slope classes
above 35° were grouped into a single class. 63% of the
areas are covered by slopes between 0 to 15°, steep
slopes >35° occupy just 1% of the area. Most landslides
occur in the area on slopes between 15 to 30° which
occupy just 33% of the area.

2. Slope direction (Aspect): the direction to which a
slope is orientated is essential in analyzing landslides
[11,12,14,37,45] as it influences the slope’s exposure to
sunlight, drying, wind and rainfall [3,22]. The slope

10*16'30"E

10°16'30"E

(©)

10°10'0"E

d 0 075 15
curvature ——
o Locases [l Concave [10] Rectinear I Convex

direction in the area ranges from 0° to 360° and were
grouped into 9 classes (Figure 3b). The distribution of
slope direction in this area is evenly distributed with each
slope directions occupying at least 10% of the area.
Conversely west facing slopes occupy up to 15% of the
area.

3. Slope Curvature: the profile curvature gives the rate
of change of gradient or it measures the downslope trend
and identifies different breaks on the slope [51]. The
convexity, concavity and linearity of different slope or the
general morphology were determined using the curvature
tool. A slope was considered positive when the surface is
upwardly convex at that cell and was negative when it was
upwardly concave, while O indicated a rectilinear. The
curvature map was classified into three layers; concave,
convex and rectilinear areas (Figure 3c). Convex slopes
occupy just 14% of the area followed by concave slopes
(18%). Rectilinear slopes occupy up to 68% of the area.
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Figure 3. Landslide conditioning factors for the Bamenda Mountain area (a) Slope map (b) Slope direction (Aspect) map (c) Curvature map (d) Stream
density map (e) Proximity to road map (f) Geomorphology map (g) Proximity to stream map (h) Geologic map (i) Landuse map



Journal of Geosciences and Geomatics 179

4. Stream Density: or wetted index is commonly used
to simulate the amount of water in the soil [13,16,33]. It
was used to approximate the regional distribution of
ground water circulating in the study area. Stream density
creates a relationship between drainage areas and slope
variations within a catchment area [33]. Using all
watercourses in the study area, the stream density map
was computed using the non-interpolative density tool in
ArcGIS. The concentration of streams and the wetted
index diminish with distance. Stream density values
between 0 to 11 are evenly distributed covering 10 to 21%
of the area. High stream density values between 10 to 16
occupy just 3% of the area (Figure 3d).

5. Proximity to road: Roads construction in hilly areas
in most cases destabilizes the slope following undercutting,
overloading of displace material, and vibrations caused by
vehicles [4-15]. The influence of roads was evaluated by
creating multiple ring buffers around these roads with an
equidistance of 10m at intervals of 10, 20, 30, 40 and 50m
(Figure 3e). The distributions of values are even in
distances between 0 to 50m and occupy 13% of the area
while distances above 50m occupy 87% of the area.

6. Geomorphology: the geomorphological units of the
area were gotten from the hypsometry. According to this,
three geomorphological units were identified: lowlands
(<1600m a.s.l), moderate highlands (1600-2000m a.s.l)
and highlands (>2000m a.s.l) (Figure 3f). Moderate
highlands occupy 50% of the area while lowlands and
highland occupy 10 and 40% of the area respectively.

7. Proximity to stream: Streams have the ability to
undercut and saturate its banks, thereby increasing the
shear stress of the slope [15,28]. It was classified into 6
classes of 20 m interval i.e. 0-20, 20-40, 40-60, 60-80,
80-100, 100-120m and all distances above 120m were
considered not having an influence on landslides.
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Distances >120m occupied the highest percentage (38%),
while distance between 0 to 120m occupy 62% (Figure 3g).

8. Lithology: Lithology is an important conditional
factor influencing the mechanisms of landslides and plays
a role in the formation of superficial materials [20]. The
geologic map of the area was realized from field mapping
and petrographic analysis of rocks in the area. The
influence of landslide varies with differences in rock type.
Trachytes occupy 64%, basalt (12%), Rhyolite (22%),
ignimbrite (1.7%) and granites occupy just 0.3% of the
area (Figure 3h).

9. Land use types: The land use pattern has been found
to have an influence on the occurrence of landslides [68],
[16]. The land use pattern of the area extracted from the
2015 Google Earth image as: inhabited areas, farmland,
forest, water bodies and grassland. Forest land occupies
just 10% of the area while inhabited areas, open savannah
and farmlands occupy 29, 36 and 25% of the area
respectively (Figure 3i).

4.2. Hazards Susceptibility Classification

theres is rarely a specific reference to the classification
of hazard suscpeptubilty index [35], are usually classes
into 3-5 classes. The informative values of the combined
parameters range from -0.2 to 1.5. This susceptibility map
was classified into four classes’ i.e. very high, high,
moderate and low susceptibility using the natural breaks
method in ArcGIS (Figure 4a). According to this, 17.8%,
25.9%, 33.6% and 22.7% of the area is expose to very
high, high, moderate and low susceptibility respectively.
Relatively high susceptibility (high and very high) are
indicated in red and yellow and predicts up to 82.26% of
landslides while relatively low susceptibility (moderate
and low) are indicated in light green and green (Figure 4a).
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Figure 4. (a) Classified landslide susceptibility map of the Bamenda Mountain (landslide scares have been magnified) (b) Landslide risk map of the

Bamenda Mountain
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Table 2: Proportion of various susceptibility classes and associated distribution of landslides for all factors used in landslide susceptibility

validation
Susceptibility category % pixel in areas Proportion of slides Cumulative% pixel areas Cumulative Proportion of slides
Low 22.7 3.23 227 3.23
Moderate 33.6 14.52 56.3 17.75
High 259 22.58 82.2 40.33
Very high 17.8 59.67 100 100

In this study, the susceptibility map was validated base
on the “success rate curve" [59], which explains how well
the model and controlling factors predict landslides. This
was done by ordering the landslide index values of all the
pixels in the landslide susceptibility map in percentages.
The cumulative percentage of the observed landslides is
plotted against the cumulative percentage area of the
landslide susceptibility map (Table 2). The success rate
curve for the landslide susceptibility map is shown in
Figure 5. Based on the success rate graph, it shows that
the first 30% of the classes with the highest value in the
landslide susceptibility map can predict about 76.5% of all
landslides in the area. The accuracy of the landslide
susceptibility map is also determined qualitatively by the
area under curve (AUC) value [50,62] which stands at
0.823 as can be considered as excellent [34] with an
overall success rate of 8§2.3%.
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Figure 5. Success rate curve

4.3. Spatial distribution of Landslides and
Significant Factors

1. Slope: it is the most significant factor regarding the
occurrence of landslides with 5 significant classes (Figure 6
and Figure 7) favoring the occurrence of landslides which
are classes of 15° to 20°, 20° to 25°, 25° to 30°, 30° to 35°
and >35°. Less significant slopes are 0° to 5°, 5° to 10°
and 10° to 15° In this area, spatial distribution of
landslides increases as the slope gradient increases from
15° to 30°. Slopes gradients of 15° to 20° and 20° to 25°
have the highest distribution of landslides of 24.2% and
25.5% respectively. Slopes with 0° to 5° have the lowest

distribution of landslides in the area with only 2.8%.
However, the spatial distribution of landslides reduced as
the slope gradient further increase.

2. Aspect: it has 3 significant classes favoring the
occurrence of landslide which are the SW, W and NW
facing slopes bearing 23.5%, 17.7% and 14.6% of the
landslides in the area respectively. Less significant aspect
classes are N, NE, E, SE and S facing slopes, with the NE
facing slope being the least favorable for the occurrence of
landslides (Figure 6).

3. Curvature: it has two significant classes (concave
and convex slopes which occupy 18.2% and 14% of the
area respectively) favoring the occurrence of landslides,
with convex slopes being the most significant. Though
convex slopes occupy just 13.7% of the area, it accounts
for 27.9% of landslides in the area thus being the most
favorable curvature class in the area. Rectilinear slopes
occupy 67.8 % of the area and account for 55% of the
slides and therefore have less significance to the
occurrence of landslide in this area. Concave slopes
occupy 18.5% of the area and account for 17.1%
landslides in the area.

4. Stream Density: it has four significant landslides
favoring classes which are 3.4-5.1, 5.1-6.8, 8.4-10.6 and
10.6-16.6. Stream density values with highest values have
strong correlation to landslides. The highest values from 8
to 16.6 occupy 13.9% of the area and account for 24.2%
of landslides in the area. Stream density has three classes
which do not favor the occurrence of landslides in the area.

5. Proximity to roads: only one factor favor the
occurrence of landslides in the area i.e. >50m from roads
occupy 87.3% of the area and account for 97.5% of
landslides in the area. Distances from 0 to 50m occupy
12.7% of the area, with low influence on the occurrence of
landslides in the area accounting for only 2.5% of
landslides in the area.

6. Geomorphology: it has one significant class
favoring the occurrence of landslides i.e. moderate
highlands occupying 50.4% of the area accounting for
57.3% landslides in the area. Lowland (10%) and
highlands (40%) are less significant. Landslides are very
low in lowlands compared to hilly areas; however when
the slope is very high the landslide occurrence tends to
reduce as the slope cannot support huge amount of soils.

7. Proximity to streams: it has three significant classes
which are distances between 0-20 90-100 and >120 m.
Distances close to streams of 0-20m have the highest
distribution of landslides accounting for 13.2% of slides in
the area. The distribution of landslide decreases from
stream channels and increase from distances of 120 m and
above. Distances to streams >120 m account for 40.7%
landslides in the area, meaning most of the slides occur
away from streams thought distances close to stream area
very favorable for the occurrence of landslides.
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8. Land use: this factor has two significant classes that
favor landslides, which are open savannah and farmland. Less
significant classes are forest inhabited area and water bodies,
which do not favor the occurrence of landslides. Farmland
and open savannah occupy 24.3% and 36.2 of the area and
account for 34.4% and 45.3% of landslides in the area.

9. Geology: this factor has two significant classes,
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which are basalt and trachyte and occupy 12% and 63.5%
of the area accounting for 13.3 and 63.9% of landslides in
the area. Basalts have the strongest spatial distribution of
landslides in the area. Rhyolite with 21.7% of the area
account for 20.7% of landslide in the area the lowest are in
granites and ignimbrites occupying 0.3 and 2.1% of the
area with 0 and 1.7 % of the area.
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Figure 7. Standard significant factor classes affecting landslides on the Bamenda Mountain
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4.4. Landslide Risk Assessment

In this study risk assessment is performed on the
elements at risk which are; number of inhabitants, number
of buildings, lengths of roads, farmland and cost.
Assessment of the total risk was done by multiplying the
hazard with the expected losses for all the different
elements at risk carried out for all the landslide classes on
the Bamenda Mountain following the formula based on
[25,42,43,61].

The expected damage to buildings, farmland, roads, and
to the population, if affected by landslides is presented in
Table 3-Table 7. In the area, there are 8,354 buildings and
the number of building at risk to landslides decreases as
the degree of landslide susceptibility increases with just 4
and 0.8% of the building exposed to high and very high
risk respectively (Table 3).

The estimated population of the area stands at 50,124
people projected from the number of building taking the
average of 6 inhabitants per home [10]. 4.8% of the
population is expose to high and very high risk in the area
making a total of 2,436 people (2,010 expose to high risk

and 426 expose to very high risk). The locality of Awing
present the highest number of people exposed to high and
very high landslide risk up to 1,626 people (Table 4).

The assessment potential loss in terms of cost of
building and property was estimated by assuming the
cost of a standard building including property which cost
~4.5 million FCFA. Most of the people in the area are
low to moderate income earners [10]. Consequently, the
estimated loss of building and property stands at
USD4,150,000 in high and very high risk zones (Table 5).

The total lengths of roads in the area stand at 3,960.5km.
Unlike buildings, so many roads are located within high
and very high landslide susceptibility zones i.e. 26.3 and
6.2km of roads respectively making a total of 32.5% of the
total length of roads in the area (Table 6).

Farmlands are essential for crop production and a total
of 4,070 ha of farmland are at risk. From this most of the
farms are located at high and moderate landslide
susceptibility zones i.e. 32.5 and 39.8% respectively. It is
observed that very few farms are situated in low risk zones
7.3% and about 20% of farmlands are situated in low very
high risk zones (Table 7).

Table 3. Landslide Risk Assessment in terms of Buildings

Number of Buildings
Susceptibility Akum Santa Awing Bamendakwe Total Percentage Exposure (%)
Very high 1 0 56 14 71 0.8
High 6 11 215 103 335 4.0
Moderate 35 248 869 1213 2365 28.3
Low 40 175 2892 2476 5583 66.8
Total 82 434 4032 3806 8354
Table 4. Landslide Risk Assessment in terms of Population
Population
Susceptibility Akum Santa Awing Bamendakwe Total Percentage Exposure (%)
Very high 6 0 336 84 426 0.8
High 36 66 1290 618 2,010 4.0
Moderate 210 1488 5214 7278 14,190 283
Low 240 1050 17352 14856 33,498 66.8
Total 492 2604 24192 22836 50124
Table 5. Landslide Risk Assessment in terms of Cost
Cost (US dollar)
Susceptibility Akum Santa Awing Bamendakwe Total PercentageExposure (%)
Very high 10,000 0 560,000 140,000 710,000 0.8
High 60,000 110,000 2150,000 1,030,000 3,350,000 4.0
Moderate 350,000 2,480,000 8,690,000 12,130,000 23,650,000 28.4
Low 400,000 1,750,000 28,920,000 24,760,000 55,830,000 66.8
Total 820,000 4,340,000 40,320,000 38,060,000 83,540,000 100
Table 6. Landslide Risk Assessment in terms of Roads
Roads (km)
Susceptibility Akum Santa Awing Bamendakwe Total Percentage Exposure (%)
Very high 0.0 37.0 206.1 2.7 245.8 6.2
High 29 3722 620.0 48.1 1043.3 26.3
Moderate 1.6 4252 1357.5 158.7 1943.0 49.1
Low 0.5 202.7 457.5 67.8 728.5 18.4
Total 5.0 1,037.1 2,641.0 277.4 3,960.5
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Table 7. Landslide Risk Assessment in terms of Farmland

Farmland (ha) Percentage exposure (%)
Susceptibility
Very high 830 20.4
High 1322 325
Moderate 1621 39.8
Low 297 7.3
Total 4070 100%

5. Discussion

Landslides are common in mountainous regions and
can also occur in lowlands. In Cameroon landslide are
caused by a series of conditioning and triggering factors
including geology (regolith, contrast in permeability,
rigidity of the material, earthquakes, and rainfall),
geomorphological (tectonics, volcanism, subsidence,
erosion and groundwater extraction) and anthropogenic
(deforestation, agricultural activities, mining, urbanization,
slopes excavation) [4,9,15,30,56,57,66]. Landslides are
frequent along the mountainous part of the country i.e. the
CVL. In these areas, economic and demographic
explosion led to the invasion of natural land for crop
production, fuel and construction of houses as is the case
on this mountain [40]. Landslide data in Cameroon remain
till today very poorly recorded this is simply due to lack of
means and the willingness of researchers. Consequently,
most landslides remain unrecorded except in the case
where lives are lost as is the case in Limbe (2001) and
Wabane (2003). In the highlands of Cameroon more than
50 deadly landslides with 122 deaths have been recorded
from 1954 to 2012 [4,9,46,56]. Landslides are triggered
on the Bamenda mountain by extreme rainfall and human
activities (roads construction and vibrations from vehicles)
[5,66]. Landslide conditioning factors selected for
susceptibility mapping on the Bamenda Mountain were
functional and operational and were similar to those used
by [4,16,30] in susceptibility mapping along the CVL.
Amongst the landslide factors, slope is the most
significant with the highest informative values as also
indicated by [4]. However, it is observed that as the slope
increases above 35 degree, the number of landslide
reduces; this is probably due to soil creep which prevent
huge amount of soil from accumulating on steep slopes.
Proximity to roads was the most insignificant factor
affecting landslides in the area even though field
investigations suggest some slides do occur along roads.
The other landslide conditioning factors in the area had
variable impact on landslides. A similar method has been
used by [4] for spatiotemporal assessment of translational
and rotational landslides on the Bamenda mountain and
the lowlands areas. Landslide risk assessment has some
problematic aspects such as: temporal vulnerability of
elements at risk, runout distance of landslides, spatial
probability of landslides initiation [60]. All these factors
may further increase risk intensity in an area. Landslide
risk assessment focusses on the assets i.e. the elements at
risk that may suffer damage from a harmful landslide. It is
the expected number of lives lost, persons injured, damage
to property and disruption of economic activity due to a

particular damaging phenomenon for a given area and
reference period [61]. Risk assessment is important
because it can provide an insight on mitigation strategies
and management methods [17,23,26,27]. Conversely to
the high surface area susceptible to high and very high
landslides, the risk in these areas is low. For example,
very high risk occupies 17.8% of the area, but the risk
percentage in this class is only 0.8%. From the validation
of the model, over 82.26% of the registered landslides fall
within the very high to high risk indicating the model
predicts landslides well in the area. The presence of
landslides on very low susceptibility zones may be as a
result of magnification of landslides scares in the area or
irregularities during projection. A modest number of
publications on landslide risk assessment have been made
[18,19,31] including a recent textbook by [42]. The
landslide risk assessment method proposed by the Sub-
committee on Landslide Risk Management of the
Australian Geomechanics Society has been generally
adopted. This classification is based on the level of
quantification dividing the landslide risk assessment
methods into: (1) Qualitative methods (probability and losses
expressed in qualitative terms), (2) Semi-quantitative
methods (indicative probability, qualitative terms), and (3)
Quantitative methods (probability and losses quantified).
In this work also, a quantitative and qualitative assessment
of elements at risk was done. The Bamenda Mountain
unlike the Bambouto caldera are both areas expose to
landslide. Though more slides have occurred on the
Bambouto Mountain recently, the elements at risk on the
Bamenda Mountain are far beyond those of the Caldera
with over 50,000 inhabitants relative to 3,000 inhabitants
in the caldera. Moreover, the estimated loss in the caldera
stands at USD 3,790,580 in assets [64] relative to the USD
83,540,000 on the Bamenda Mountain. Most farmlands
are situated within high and moderate risk zones
consequently mechanized farming will be difficult to carry
out in these zones. Very few zones are situated within low
susceptibility zones as these areas are preferred for
settlement than farming.

6. Conclusion

This study was carried out on the Bamenda Mountain to
which over 250,000 people live. Using a GIS approach
and the bivariate informative value method, a landslide
susceptibility map for the Bamenda Mountain was
realized. 64 landslides were inventoried in the area and
use in the landslide susceptibility model. Nine landslide
controlling factors including; slope, slope orientation
(aspect), curvature, stream density, proximity to roads,
geomorphology, proximity to streams, geology and land
use were used to realize the model. With the most
significant landslide causing factor in the area being slope
followed by stream density and aspect. This model
indicated level of susceptibility as very high (17.8%), high
(25.9%), moderate (33.6%) and low (22.7%). The
validated model using the success rate curve indicate arca
under curve is 0.823 and predicts landslides at 82.26% in
relatively high classes and thereby predicts landslides
excellently. Quantitative and qualitative risk assessment
indicate 406 buildings, 2436 people, 1,291.1 km of roads,
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2,152 hectare
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of farmland and an approximate

USD83,540,000 in assets are expose to high and very high
risk on the Bamenda Mountain area.

References

(1]

(2]

(9]

(10]

ABC News (Australia, 2015). Colombia landslide 'tears down
everything in its path', killing dozens". AFP. 19 May 2015.
Retrieved 20 May 2015.

Aboubakar D., Kagou Dongmo A., Nkouathio D.G. and ngapgue
F., 2013. Landslide instability on the Cameroon Western
Highlands. Geologic and geotechnical characterization of the
Kemkem landslide. Scientific institute Bull., Rabat Moroco, earth
science section, 35, 39-51.

Afungang R.N., 2010. erosion, mass movement and landscape
dynamics: a case study of the Mezam highlands. Master’s thesis in
landscape dynamics and risk. Department of Geography,
Umiversity of Yaounde 1- Cameroon, 181 p.

Afungang R., 2015. Spatiotemporal Probabilistic assessment of
landslide hazard along the Bamenda Mountain region of the
Cameroon Volcanic Line. PhD thesis, University of Porto, 394 p.
Afungang R. and Bateira C., 2016. Statistical modelling of
extreme rainfall, return periods and associated hazards in the
Bamenda Mountain, NW Cameroon. Revista de Geografia e
Ordenamento doTerritorio (GOT), n.o 9 (junho). Centro de
Estudos de Geografia e Ordenamento do Territorio, p. 5-19.
Aleotti P. and Chowdhury R., 1999. Landslide hazard assessment:
summary review and new perspectives. Bulletin of Engineering
Geology and the Environment, 58: 21-44.

Au.news.yahoo.com. 2015. China landslide deaths rise to 38 -
Yahoo7". -11-19. Retrieved 2015-12-10.

Ayonghe S.N. and Ntasin E.B., 2008. The geological control and
triggering mechanism of landslides of the 20th July 2003 within
the Bamboutos Caldera, Cameroon. J. Cameroon Acad. Sci 7(3):
191-203.

Ayonghe S. N., Ntasin E.B., Samalang P., Suh C.E., 2004. The
June 27, 2001 landslide on volcanic cones in Limbe, Mount
Cameroon, West Africa. J. Afr. Earth Sci., 39, 3-5, 435-439.
Bamenda Land Use Plan. 2015. Contract N°000545/0S
/MINMAP/ DGMAS /DMSPI/ CE6/CEA7/ 2013 of 17/12/2013
Consortium: CAMGIS Plc/FruNsutebu& Associates Cameroon
P.O. Box 19, Bamenda.

Bateira C. and Soares L., 1997. Movimentos em massa no norte de
Portugal. Factores da sua ocorrencia. Territorium, 4, 63-77.
Bateira C., 2010. A avaliao da susceptibilidade natural na region
norte de Portugal: Anolise prospective e ordenamento do territurio.
Prospectiva e planeamento, 17, 15-32.

Beven K. and Kirkby M., 1993. Flow routing and the hydrological
response of channel Network, In: Beven K, Kirkby MJ (eds.),
Channel Network Hydrology. John Wiley & Sons, Chichester, pp
99-128.

Carrara A., Cardinali M., Detti R., Guzzetti F., Pasqui V.,
Reichenbach P., 1991. GISTechniques and Statistical Models in
Evaluating Landslide Hazard. Earth Surface Processes and
Landforms, 16: 427-445.

Che V.B., Kervyn M., Emst G.G.J., Trefois P., Ayonghe S.,
Jacobs P., VanRanst E., Suh C.E., 2011. Systematic
documentation of landslide events in Limbe area (Mt Cameroon
Volcano, SW Cameroon): geometry, controlling and triggering
factors. Natural Hazards 59, 47-74.

Che V.B., Kervyn M., C.E., Fontijn K., Emst G.G.J., Del Marmol
M.A., Trefois P., & Jacobs P., 2012. Landslide susceptibility
assessment in Limbe (SW Cameroon): a field calibrated seed cell
and informative value method.Catena 92, 83-98.

Crozier M.J. and Glade T., 2005. Landslide hazard and risk: issues,
concepts, and approach. In: Glade T, Anderson M, Crozier MJ
(eds) Landslide hazard and risk. Wiley, New York, pp 1-40.
Cruden D.M. and Fell R., 1997. Landslide risk assessment. Proc.
Int. Workshop on Landslide Risk Assessment, Balkema, 371p.

Dai F.C. and Lee, C.F., 2002. Landslide characteristics and slope
instability modelling using GIS, Lantau Island, Hong Kong.
Geomorphology 42, 213-228.

Dai F. and Lee C.F., 2003. A spatiotemporal probabilistic
modelling of storm-induced shallow landslides using aerial

[21]

[22]

[25]

[26]

[30]

[31]

[32]

[33]

photographs and logistic regression. Earth Surface Processes and
Landforms, 28(5) 527-545.

Duman T.Y., Can, T., Gokceoglu, C., Nefeslioglu, H.A., 2005.
Landslide susceptibility mapping of Cekmece area (Istanbul,
Turkey) by conditional probability. Hydrology and Earth System
Sciences Discussions 2, 155-208.

Evans S.G., 1997. Fatal landslide and landslide risk in Canada in
DM Cruden and R. Fell (eds), landslide risk assessment-
proceedings of the workshop on landslide risk assessment,
Honolulu, Hawaii, USA, 19-21 February 1997 (Rotterdam A.A.
Balkema), 185-196.

Fannin R.J., Eliadorani A. and Wilkinson J.M.T., 2005. Shear
strength of cohesionless soils at low effective stress. Geotechnique,
Vol. 55, No.6, 467-478.

Feizizadeh B., Blaschke T., 2013, GIS-multicriteria decision
analysis for landslide susceptibility mapping: comparing three
methods for the Urmia lake basin, Iran. Natural Hazards, 65:
2105-2128.

Fell R., 1994. Landslide risk assessment and acceptable risk,
Canadian Geotechnical Journal, 31, 261-272.

Fell R., Ho K.K.S., Lacasse S., Leroi E., 2005. A framework for
landslide risk  assessment andmanagement, Proceedings
International Conference on Landslide Risk Management,
London,Taylor & Francis, 3-25.

Flentje P. and Chowdhury R.N., 2005. Managing landslide
hazards on the Illawarra escarpment. Proceedings of the GeoQuest
Symposium on Planning for Natural Hazards — How can we
mitigate the impacts? Editor: Associate Professor John Morrison.
University of Wollongong, 2-5 February 2005. Published by
GeoQuest Research Centre, University of Wollongong 2005,
p 65-78.

Gokceoglu C. and Aksoy H., 1996. Landslide susceptibility
mapping of the slopes in the residual soils of the Mengen region
(Turkey) by deterministic stability analyses and image processing
techniques. Engineering Gelogy, 44 (4): 147-161.

Gountie Dedzo M, Kamgang P, Njonfang E, Zangmo Tefogoum G,
Kagou Dongmo A., Nkouathio D.G., 2012b. Mapping and
assessment of volcanic hazards related to the ignimbritic eruption
by AMS in Bambouto Volcano (Cameroon Volcanic Line). Open
Geol J 6:72-84.

Guedjeo C. S., Kagou Dongmo A., Ngapgue F., Nkouathio D. G.,
Zangmo Tefogoum G., Gountié Dedzo M., Nono A., 2013.
Natural hazards along the Bamenda escarpment and its environs:
The case of landslide, rock fall and flood risks (Cameroon
volcanic line, North-West Region). Glo. Adv. Res. J. Geol.
Min.Vol. 2(1) pp. 015-026.

Guzzetti F., 2000. Landslide fatalities and evaluation of landslide
risk in Italy. Engineering Geology, 58: 89-107.

Hansen A., 1984. Landslide hazard analysis. In: Brunsden, D. &
Prior, D.B. (Eds.), Slope Instability, John Wiley and Sons, New
York, pp. 523-602.

Henriques C., 2014. Landslide Susceptibility Evaluation and
Validation at a Regional Scale. Tese de Doutoramento,
Universidade de Lisboa, 563p.

Hosmer D.W. and Lameshow S., 2000. Applied Logistic
Regression, 2" Ed., John Wiley and Sons, London.

Hungr O., Evans S.G., Bovis M.J., Hutchinson J.N., 2001. A
review of the classification of landslides of the flow type.
Environmental & Engineering Geoscience, 7(3): 221-238.
Hutchinson J.,, 1988. Genral Report morphological and
geotechnical parameters on landslides in relation to geology and
hydrogeology, in C. Bonnard (ed , Proceedings of the 5™
International Symposium on landslides, 10-15 July 1988.
Lausanne, Switzerland (Rotterdam: A.A. Balkema), 3-35.

Jacob, 2000. The impacts of logging on landslide activity on
Clayoquot Sound, British Columbia. Catena, 38: 279-300.
Kavzoglu T.I., Emrehan K.S.I., Ismail C., 2013. Landslide
susceptibility mapping using GIS-based multi-criteria decision
analysis, support vector machines, and logistic regression,
Springer-Verlag Berlin Heidelberg.

Kayastha P., Dhital M.R., Smedt F., De, 2013. Application of the
analytical hierarchy process (AHP) for landslide susceptibility
mapping: A case study from the Tinau watershed, west Nepal;
Computers & Geosciences 52, 398-408.

Kometa S.S and Ndi R.A., 2012. The Hydro-geomorphological
Implications of Urbanisation in Bamenda, Cameroon Journal of
Sustainable Development; Vol. 5, No. 6.



[44]

[45]

[46]

[51]

[52]

[55]

Journal of Geosciences and Geomatics

Lambi C. M., 2004. A Revisit of the Recurrent Landslides On The
Bamenda Escarpment (North West Province Of Cameroon).
Journal of Applied Social Sciences, 4(1).

Lee E. M. and Jones D.K., 2004. Background to landslide
Assessment. Thomas Telford Ltd, London, Uk.

Leroi E., 1996. Landslide hazard — Risk maps at different scales:
objectives, tools and developments. /n: Landslides Processes.
International Symposium on Landslides. Trondheim, (Eds.),
pp 35-52.

Mukenga W., Havenith H.B., Dewitte O., Medjo Eko R., 2016.
Spatial Analysis of the Landslide Risk in the Cameroon Volcanic
Line (CVL). University of Liege Belgium. Poster.

Nagarajan R., Roy A., Kumar R., Mukherjee A., Khire M., 2000.
Landslide susceptibility mapping base on terrain and climate
factors for tropical monsoon regions. Bulletin of Engineering
Geology and Environment, 58: 275-287.

Ndenecho, E. N. and Eze, B., 2004. Geomorphic and
Anthropogenic Factors Influencing Landslides in the Bamenda
Highlands (North West Province, Cameroon). Journal of Applied
Social Sciences, 4(1).

Nzolang C, Kagami H, Nzenti J.P, Holtz F., 2003. Geochemistry
and preliminary data on the neoproterozoic granitoids from the
Bantoun Area, West Cameroon: evidence for a Derivation from a
Paleoproterozoic to Archeancrust. Polar Geosci 16:196-226.
Nzolang C., 2005. Crustal evolution of the Preacambrian basement
in west Cameroon: inference from geochemistry, Sr-Nd and
experimental investigation of some granitoids and metamorphic
rocks. Ph.D. Thesis. Graduate School of Science and Technology.
Niigata University, Japan.

Olivry J.C., 1986. Fleuves et Riviéres du Cameroun. MESRES-
ORSTOM - ISBN 2-7099 - 0844-2 - 733 p.

Pourghasemi H.R., Pradhan B., Gokceoglu C., Moezzi K.D., 2012.
Terrigenous Mass Movements: Detection, Modelling, Early
Warningand Mitigation Using Geoinformation Technology. In:
Pradhan, B. & Buchroithner, M. (Eds.), Springer Science &
Business Media, NewYork.

Schmidt M., and Glade T., 2003. Linking global circulation model
outputs to regional geomorphic models: a case study of landslide
activity in New Zealand, Climate Research, 25, 135-150.

Soares L. and Bateira C., 2013. Movimentos de massaemvertentes
no Norte de Portugal. Retrospectiva e actualizagdo. In:
RiscosNaturais, Antropicos e Mistos. omenagemao Professor
Doutor Fernando Rebelo. Departamento de Geografia da
Faculdade deLetras da Universidade de Coimbra, pp367-383.
Soeters R. and Van Westen C.J., 1996. slope instability

recognition, analysis and zonation. In: Turner A.K. & Schister R.L.

(Eds), Landslide investigation and mitigation. National Academy
Press, Washington, pp 129-177.

Suzen M. L. and Doyuran V., 2004. Data driven bivariate
landslide susceptibility assessment using geographical information
systems: a method and application to Asarsuyucatchment, Turkey,
Eng.Geol., 71, 303-321.

Tchindjang M., 2012. paradoxes et risques dans les hautes terres
camerounaises: multifonctionnalité naturelle et sous valorisation
humaine. HDR, Vol. 3 Université de Paris 7, 266p.

[56]

[57]

185

Tchindjang M. Amougou J.A. Abossolo S.A. and Bessoh Bell S.,
2012, Challenges of climate change, landscape dynamics and
environmental risks in Cameroon. In Runge J(Ed): Landscape
evolution, neotectonics and quaternary environmental change
in Southern Cameroon. Palaeoecology of Africa, 31, chap. 5,
pp. 237-286

Tchindjang, 2015. Mapping of natural hazards in Cameroon. The
University of Yaoundé I. PO BOX 30464 Yaounde.Thiery Y.,
Malet J.P., Sterlacchini S., Puissant A. & Maquaire O., 2007.
Landslide susceptibility assessment by bivariate methods at large
scales: Application to a complex mountainous environment.
Geomorphology, 92: 38-59.

Toteu S.F, Van Schmus W.R, Penaye J, Michard A., 2001. New
U-Pb and Sm-Nd data from North-Central Cameroon and its
bearing on the pre-Pan African history of Central Africa.
Precambrian Res 108:45-73.

Van Westen CJ., Rengers N. & Soeters R., 2003. Use of
geomorphological information in indirect landslide susceptibility
assessment. Nat. hazards, 30, 3, 399-419.

Van Westen C.J., Van Asch, T.WJ. & Soeters R., 2006. Landslide
hazard and risk zonation why is it still so difficult? Bull.
Engineering Geol. Environ., 65, 2, 167-184.

Varnes D.J. & TAEG, Commission on landslide and other mass
movement on slopes, 1984. Landslide hazard zonation: A review
of principles and practice. The UNESCO Press, Paris, 63p.

Von Routte J., Papritz A., Lehman P., Rickli C. & Or D., 2011.
Spatial statistical modeling of shallow landslides-Validating
predictions for different landslide inventories and rainfall events.
Geomorphology, 133: 11-22.

Yin K.L., and Yan T.Z., 1988. Statistical prediction model for
slope instability of metamorphosed rocks. In: Proceedings of Sth
Int Symp on Landslides, Lausanne, Switzerland 2:1269-1272.
Zangmo T. G., Kagou Dongmo, A., Nkouathio, D. G., Wandji, P.,
2009. Typology of natural hazards and assessment of associated
risks in the mount Bambouto caldera (Cameroon Line, West-
Cameroon). Acta Geologica Sinica, vol. 83, N° 5, pp 1008-1016.
Zangmo T. G, Nkouathio D.G, Kagou Dongmo A, Gountié Dedzo
M, Kamgang P, Nono A., 2014a Study of Multi-Origin Hazards
and Assessment of Associated Risks in the Lefo Caldera
(Bamenda Volcano, Cameroon Line). International Journal of
Geosciences, 5, 1300-1314.

Zangmo T. G, Kagou Dongmo A, Nkouathio D.G, Gounti¢ Dedzo
M, Kamgang P,. 2016. The Volcanic Geoheritage of the Mount
Bamenda Calderas (Cameroon Line): Assessment for Geotouristic
and Geoeducational Purposes.

Zezere J.L., 1997. Movimentos de vertente e Perigosidada
geomorfoligica na Region a Norte de Lisbona, Ph.D. Thesis,
University of Lisbon, Portugal.

Zezere J.L., Ferreira A.B. & Rodrigues M.L., 1999. Landslides in
the north of Lisbon region (Portugal): Conditioning and triggering
factors. Physics Chem. Earth, Part A, 24, 10, 925-934.

Zogning A., Ngouanet C., Tiafack O., 2007. The catastrophic
geomorphological processes in humid tropical Africa: a case study
of the recent landslide disasters in Cameroon. Sedimentary
Geology 199, 13-17.



