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Abstract-The Magha region located in the Bambouto caldera is a rainy and mountainous spot in Cameroon. Between 1954 and 2003,
more than eight disasters due to landslides have been recorded in the area, among which six were catastrophic.

An investigation for understanding the mechanism of landslide occurrence in that region was recently performed. The study
included geomorphological, mineralogical and geotechnical characteristics of the local soil material. Soil profiles examined showed
that lenses of sand are found within the soil mass. These lenses are seats of substantial pore water pressure during rainfalls and they
contribute to triggering landslides. Specimens collected from soil profiles revealed that the soil material is made of mainly smectite,
some kaolinite, halloysite, and illite. It is found that high plasticity and substantial expandability of smectite infer a significant
lubricant capacity to the local soils, which decreases the shearing resistance and the safety factor of slopes, and consequently trigger
landslides.
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l. INTRODUCTION

Landslides represent a major threat to human life, constructed facilities, and infrastructure in most mountainous regions of
the world [5, 16, 35, 14, and 32]. They are controlled by slope gradient, substrate composition and stability, precipitation,
hydrogeology, and vegetation. Events that can trigger landslides include earthquakes and high and long lasting rainfall [6 and
22]. Very often, human activities are reported to increase slope instability and the likelihood that subsequent rainfall will
trigger landslides. In Northeastern Puerto Rico which is a humid tropical area, an analysis was performed on 173 landslides
which occurred in the Luquillo Experimental Forest. It was found that no landslide was related to road before 1936,
presumably because roads were rare. However, between 1936 and 1964, 2 percent of all landslides were road related, and
between 1964 and 1989, 53 percent were road related [10]. “References [22 and 15] also estimated that landslides in the
Luquillo Experimental Forest occurred more often on land associated with agriculture or roads than on land associated with
forests”.

Within the last three decades, Cameroon has experienced catastrophic mass movements; about thirty known catastrophic
landslides have been recorded leading to the loss of some 128 human lives [35]. These include rock fall, landslides and
mudflow, both in the rural and urban areas. Examples of these events in urban area occurred in 1978 at Dschang, then in 1989,
1992, 1996, and 2001 [33 and 34]. We can also mention those happened in 1978, 1985, 1986, 1990 and 1998 at Yaoundé€ in
1998 at Nkongsamba, and in 2003 at Poli. In rural areas, landslides were registered in 1987at Fossong Wetcheng which is close
to Dschang, in1991 at Pinying, in 1993 at Bafaka [17], in 1998 at Awae, in 2003 at Wabane (Magha region) [34], in 2003 at
Bana [26 and 14]. All these events have caused serious damage, especially on human lives, houses, agriculture, equipment and
different infrastructures. The high density of population in the caldera increases the level of risk evaluated at approximately
US$ 3.8 million for patrimony, death of people and destruction of biodiversity [30].

In West Cameroon which is also a humid tropical zone, the Mount Bambouto and its surrounding area are subject to
frequent landslides. The loss of human life and land due to landslides is so high that they have already been categorized as the
major social problem for that region. No study concerning these natural accidents has not been carried out. Scientific
speculation states that geological and geomorphological features of the local soil profile may be the main causes of these
landslides according to type of rock and slope. In effect, the local soil is made of volcanic products subject to intensive
weathering [23, 30, 18, 32 and 9], which may result in the decrease of soil strength during long lasting rainfall. Yet, no
scientific data have been brought forward to back up that feeling.

The main objective of this study is to clarify the mechanism of landslide occurrence in Magha, West Cameroon,
particularly in the Bambouto caldera. Unlike previous studies which focused investigations on natural, anthropic or hydrologic
causes of landslides in a tropical humid area [6, 10, 22 and 15], this investigation is based on the mineralogy, geochemistry and
geotechnical characteristics of a soil to infer the causes of landslides in a tropical humid area. For this purpose, a
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comprehensive set of mineralogical (constituent of weathering material), geochemical (migration of elements), and
geotechnical tests (grain size distribution, Atterberg limits, shear strength and factor of safety) were carried out. The paper first
recalls the geology of the region then describes the tests carried out and finally discusses the gathered results.

Il. DESCRIPTION OF MAGHA REGION

A. Outline of Geology and Geomorphology

The Bambouto Mountains are the third largest volcano set of the Cameroon line after Mount Cameroon and Mount
Manengouba. It is a polygenic stratovolcano built between 21 and 4.5 Ma [16]. This volcano lies between the longitudes 9°57
and 10°15’E and the latitudes 5° 27’ and 5° 48’N, culminates at Mount Meletan (2740 m) where two great collapse calderas
(Figs. 1a and 1b) are encountered [23, 29].
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Fig. 1 a) localization of Mount Bambouto in the Cameroon and Magha in the caldera (after [12, 34, 9] Digital elevation model (DEM) of Mount Bambouto

The region has a Cameroonian submountainous type of equatorial climate [25] characterized by heavy rainfall instead of
pouring rains in June, July, August and September. The average temperature in the region ranges between 19 and 21<C. The
average rainfall is between 350 and 750mm per year [35]. These rainfalls have a significant action on the chemical
destabilization of the surface and subsurface materials it is general statement.

The hydrographical network is dendritic type. Streams have a remarkable influence on the weathering of their beds, and,
therefore, create structural disequilibrium (erosion and cracks). By this fact, they can cause the collapse of huge saturated
materials. Rainfalls often trigger flooding in certain parts of the caldera, where V-shaped valleys dominate. The vegetal cover
consists of grassland (Sporobulus arunlinaria, Pennisetum purpuriun and Imperata cylindrical), mainly close to the caldera rim
and the forest in the center of the caldera and along bigger streams. Bushfires and deforestation are means used by local
population to clear the vegetation for carrying on agricultural activities.
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The distribution of slopes in the region shows that approximately 73% of the caldera is made up of slopes ranging between
11 and 90< They are mainly located at the central part of the caldera and towards the caldera rim. Slopes ranging between 2
and 10°can be easily recognized: they are sporadically distributed in the east and south of the caldera.

Different types of soils are found in that area: they are namely ferralitic red soil on granite, ancient basalt and trachyte,

andosolic soil grey and black on recent volcanic rocks (basalt, trachyte and pyroclastic). Their thickness varies between 0.01 m
to 0.60 m.

The area where the investigation is conducted is located at Magha inner caldera (Fig. 1b). Due to its unfavorable
topographic location, significant parts of local villages are built on steep slopes and volcanic soils. The main volcanic products
of the area are derived from basalt, trachyte and phonolite lavas, tuff [31, 19, 18, and 32] and ignimbrites [23 and 9]. They are
locally overlain by sedimentary and surface residual formations [28].

Ignimbrites lie directly on the granitic Pan—African basement and have been previously mapped as the basal volcanic
complex [3]. They are considered to be the first products of the volcanic activity of the Bambouto Mountain [24]. The
ignimbrites occur in discontinuous sheets (Fig. 2) with thickness generally between 30.00 m and 120.00 m. Within the caldera,
observations have revealed the presence of tuffs intercalated between trachyte, phonolite and basalt lava flows. The tuffs bear

few lithic fragments, with sizes less than 0.80 m. The clasts include trachyte, pumice and granitic basement in a matrix of fine-
grained particles.

These pyroclastic materials are widespread in Magha and its surrounding. They are characterized by remarkable weathering
and are extensively attacked by water; oxygen, carbon dioxide and organic matter which transform them to saprolite, and the
reaction proceeds spontaneously under the local humid tropical climate. These saprolitic materials are not stably emplaced and
have a great possibility to move because of their composition and the geomorphologic characteristic of the locality.
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Fig. 2 Stratigraphic section showing the succession of geological formations inside caldera in the Bambouto Mountains (after [20 and 9])

B. Outline of Landslides

Magha Village is vulnerable to landslides and experiences heavy rainfall of 718mm. The first signs of a landslide had been
observed in 1954. Since then, the landslides have become regular phenomena which occur every rainy season from July to
September. The Magha landslides can be recognized mainly from geomorphological evidence of a deflated steep slope scarps
[35, 32] and tension cracks around the head of the landslides as seen in Figs. 3a and 3b.

-37-



Journal of Civil Engineering and Science Mar. 2014, Vol. 3 Iss. 1, PP. 35-48

Tensional €

Fig. 3 a) landscape variation and geomorphologic view of Magha area b) tensional crack around the head of landslide

Cracks are generally formed by differential shearing between the moving mass of soil and the inactive one in the landslide
area [7]. In August 1997, many landslides occurred due to a heavy rainfall spread over several days. The most important and
catastrophic one had a mass of soil displaced on over 5 km on a 70-90<slope. Tension cracks observed in the area are
considered to be the upper edge of a downward and outward movement of the entire mass of soil that participates in the soil
failure (Fig. 3b and Fig. 4).

Fig. 4 Signs of active land sliding

In July 2003, the two catastrophic landslides of Magha took place at coordinates N05° 41° 39”- E10° 44” 42” and N05° 40’
56”- E10° 5* 22” after heavy and continuous rainfalls. They caused 22 deaths at the locality; many people were injured and
infrastructural damages took place. Besides these two major landslides, many landslides were recorded thereafter without
serious damages. In the Magha area, more than 30 scars of landslides can be observed. Active zones where landslides occurred
present an amphitheatre shape.

Geomorphology of the area (Fig. 3a) displays many sloping zones where landslides are likely to occur as pointed out by [35,
30]. It is observed during landslide occurrence that the root subsides substantially while the tongue bulges with some material
flow downward the slide. The mobilized materials are collected in an almost flat area, located at the scarp’s base. At this point
the original characteristics of the material are already lost as it has turned into a rather viscous mud, owing to water absorption.
The material flows through a narrow and steep discharge to a lower area and valley (Figs. 5a and 5b). The lowest landslide
sector corresponds to the main accumulation area.
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Fig. 5 Morphology of landslide occurring in Magha: a) top of the caldera; b) scattered material in the valley

Rock falls are also common in the caldera. They are usually due to fissures found along the lava flows and along dykes,
domes and plugs scattered in the caldera. Water also plays a significant role in this failure when it percolates in the volcanic
products through their fissures. When coupled to the weathering process, water lubrication makes detachment of blocks easier.

I1l. METHODOLOGY

Many samples (13) were collected from saprolitic materials exhibited in cuts achieved during road construction and from
soil materials lying in the streams of the valleys (Figs. 6a, 6b). No boring cores were performed. From top to bottom of the soil
profile (0.00 — 4.60 m depth), three pedologic sequences were observed.
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Fig. 6 Saprolitic material: a) around the landslide area; b) inside valley; c) cross section of saprolitic material of Magha

They are as follows:

- (MBG) sequence located on the landslide site at geographic coordinates N<05. 41. 21 and E 010. 05. 10. It has 6
horizons numbered 1to instead of through 6 (1, 2 3, 4, 5 and 6). Samples at that sequence were collected at the
following depths: No 1 at 1.00 m, No 2 at 1.80 m, No 3 at 2.00 m, No 4 at 2.70 m, No 5 at 3.40 m, and No 6 at 4.60 m.

- (MTR) sequence which is found very close to Magha market at geographic coordinates N 05. 41. 10 and E 010. 05. 22).
It has 3 horizons numbered 8 to instead of through 10 (8, 9, and 10). Samples at that sequence were collected at the
following depths: No 8 at 1.60 m, No 9 at 2.00 m, and No 10 at 2.40 m.

- (MBA) sequence located on another landslide site at geographic coordinates NO5. 41. 14 and E 010. 04. 48. It has 4
horizons numbered 12 to instead of through 15 (12, 13, 14 and 15). Samples at that sequence were collected at the
following depths: No 12 at 2.80 m, No 13 at 2.00 m, No 14 at 1.60 m, and No 15 at 1.00 m.

The thickness of horizons varied from the size of a centimeter to that of a meter. From top to bottom of each sequence, the
horizons are composed of:

The first horizon is 0.00 to 0.60 m thick; is dark; it is a silty material with a crumbly structure;
The second horizon is 0.20 to 0.70 m thick; it is dark, silty material with a crumbly structure;

The third horizon is 0.60 m to more than 1.00 m thick; its shade is reddish; it is a clayey silty material with many yellow
points;
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The fourth horizon is 0.30-0.70 m thick; its shade is grey whitish, its consistency is very plastic and it is essentially a clay
material (Fig. 6¢).

In some profile, one can notice the presence of a grey clay film horizon of 0.01-0.15 m thick.

The materials of July 2003 landslide were moved away and scattered in the lower part area of the valley (Figs. 6a, 6b). The
landslide materials are composed only of the weathered pyroclastic and volcanic tuff which are very heterogeneous, slightly
moist, of firm consistency, fine grained, very rich in clay fraction and silt, and containing small amounts of sand fraction.

A. X- ray Diffraction

XRD analysis was performed by reflection on both random and oriented powder using an X-ray diffractometer Mac
Science - MXP with Ni-filtered Cuko radiation. The samples were treated by wet sieving and sedimentation method. The clay
fraction (less than 2jum) was separated after dis-aggregation in distilled water using ultrasonic wave to identify clay minerals
and analyses were made:

- untreated sample;
- treatment with ethylene glycol or formamide;
- heating at 500 <C for one hour.

The analytical conditions were an X-ray generator labelled at 18KW, 40.0KV, 100.0mA, with a sample width of 0.02deg.
Scanning speed was 8.00degree/min.

The data were recorded between 0° and 60° (26).

B. Geochemical Analysis

Chemical analyses were performed by X-ray fluorescence spectrometer XRF RIGAKU 3030 equipped with a W dual
anode X-ray tube. Twelve gram of each sample was fused with 6g of 4:1 mix of lithium metaborate and lithium tetraborate, for
20 min at 1100<C, with intermittent swirling to ensure thorough mixing. The contents of major element were determined and
their values were calculated and expressed in the form of oxides using the rock (name not mentioned) standard of the
Geological Survey of Japan.

C. TEM Observation

Three selected samples (No 1, No 6, and No 9) were dehydrated before viewing. The particular micro-morphologies of clay
fraction were observed by transmission electron microscope (TEM; JEOL 200CX).

The analyses were performed in 2008 at the Science of Earth and Planetary Materials Laboratory of the Department of
Earth and Planetary System Science, Faculty of Science, Hiroshima University (Japan).

D. Geotechnical Parameters

In this study, to check the effects of clay content on the Magha landslide, 5 representative undisturbed soil samples were
selected namely No 1, No 3, No 6, No 8, and No 9 for determining geotechnical characteristics which include grain size
analysis, consistency of clay and direct shear test.

Grain size analysis was carried out using classical sieve and sedimentation procedures. The grain size distribution was
reported accordingly. Atterberg limits were also determined. The physical properties (bulk density, natural water content) were
determined using undisturbed soil samples of saprolitic material; the shear strength was also evaluated through a direct shear
test (value see result). The slope stability analysis was conducted and the factor of safety (FS) was computed using the
Fellenius method. The stability of slope was judged based on the value (see result) of the factor of safety: FS. These
geotechnical parameters were determined at the National Civil Engineering Laboratory (LABOGENIE) Yaound€ Cameroon.

IV.RESULTS

A. Clay Mineralogy and Geochemistry of Weathered and Landslide Materials

The representative X-ray diffraction (XRD) patterns of the bulk and the clay fraction are illustrated in Fig. 7a. The
constituent minerals are feldspar and clay minerals. The 14.60-15.40 A basal spacing expand to 17.11 A by ethylene glycol
treatment (Fig. 7b) almost completely contracts to 9-10.0A after heating at 500<C for one hour (Fig. 7¢). The results indicate
that the 15.38 A basal spacing is smectite (Sm).
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Itensity Lin(counts) 26 CuKa (c)Heat MBG sample
Fig. 7 X- ray diffraction patterns of saprolitic and landslide materials (MBG: 1, 2, 3, 4, 5, 6), (MTR: 8, 9, 10) XRD, (MBA: 12, 13, 14, 15) of Magha

Sm: smectite; Ch: Chlorite; I: illite; Ha: halloysite; Kao: kaolinite; Gi: gibbsite; Go: goethite; PI: plagioclase; Q: quartz; An: anatase

Itensity Lin(counts 26 CuK MTR sample 26 degree CuK MTR sample
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The 10.1 A basal reflections remain unchanged by ethylene glycol treatment. By heating at 500<C for one hour, the
intensity of the 10.1A reflection increases without changing the spacing. Therefore, the 10.1 A mineral is considered to be
mica clay mineral or illite (). The 7.15 A and 3.6 A reflections remain stable at least up to the temperature of 300<C and
disappear at 500<C and are thus identified as kaolin minerals (kaolinite: Kao and halloysite: Ha). The 6.48 A and 3.24 A basal
reflections are identified as plagioclase (PI). In some samples, one can identify chlorite (Ch) at 13.02 A, gibbsite (Gi) at 4.84

A

As seen in Table 1, the saprolitic material is composed mainly of smectite associated with illite occurred mostly at the
bottom part of the saprolitic material whereas at the top, the occurrence of halloysite, kaolinite, and gibbsite is observed.
Plagioclase is also present whereas quartz, anatase and goethite have been recorded in some samples as trace.

TABLE 1 THE MINERALOGICAL ASSEMBLAGE OF THE SAPROLITIC AND LANDSLIDE MATERIALS OF MAGHA

Samples | Sm Ch | Ha Kao Gi Go Pl Q An
1 (YY) . o °
2 (XY} o o o ° .
3 (YY) o o ° °
4 (XY} o o ° °
5 eoo o o o .
6 (YY) °
o o o oo o .
9 o o () ° o °
10 o0 °
15 o ° o o o ° o °
14 ° o o ° o °
13 (X 1) . . . o (]
12 eee ° o ° o °

eee eeo: ABUNDANT, o: FREQUENT, o: FEW

Sm: smectite; Ch: Chlorite; I: illite; Ha: halloysite; Kao: kaolinite; Gi: gibbsite; Go: goethite; PI: plagioclase; Q: quartz; An: anatase

Geochemical composition of saprolitic and landslide materials is reported in Table 2 and the results are also shown

graphically in Fig. 8.
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TABLE 2 GEOCHEMICAL COMPOSITION OF THE SAPROLITIC AND LANDSLIDE MATERIALS OF MAGHA

Samples | SiO2 TiOo2 Al203  Fe203 MnO MgO CaO Na20 K20 P205 LOI Total

1 51.86 1.62 18.35 8.76 0.39 151 0.97 1.25 2.01 0.30 12.25 99.27
2 52.10 1.43 19.20 8.55 0.41 1.55 0.95 1.53 2.45 0.23 11.31 99.71
3 52.76 1.39 20.02 8.93 0.46 1.53 0.80 1.67 2.89 0.32 9.10 99.87
4 53.16 1.83 19.55 8.17 0.67 1.67 0.95 212 3.13 0.23 8.45 99.93
5 52.34 1.24 17.35 7.64 0.29 1.59 1.65 2.30 2.89 0.37 12.11 99.77
6 45.47 1.38 15.13 6.21 0.20 3.47 5.79 2.53 3.23 0.42 16.09 99.92

40.06 0.39 30.45 5.98 0.15 0.21 0.03 0.30 0.54 0.07 20.11 99.29

9 41.70 0.41 30.66 6.92 0.17 0.23 0.04 0.31 0.55 0.08 18.16 99.23
10 43.87 0.23 31.87 3.99 0.02 0.24 0.04 0.23 0.43 0.06 18.77 99.75
15 41.70 2.20 22.49 13.51 0.23 0.58 0.92 1.18 1.75 0.60 14.58 99.12
14 49.01 1.98 23.46 7.53 0.01 0.35 0.39 211 2.72 0.35 11.58 99.49
13 56.61 1.42 20.95 3.80 0.03 121 0.95 2.23 3.07 0.17 9.79 100.25
12 46.26 2.01 19.94 16.16 0.10 1.16 1.02 0.76 1.27 0.73 10.56 99.97

Silica content varies from 45.47% to 56.61%. According to the profile, SiO2 content decreases. Alumina content varies
from 15.15% to 31.87% in the saprolitic and landslide materials. In the sample from MBG, alumina content decreases whereas
in the sample from MTR sequence, it increases. These samples show high values (18%-20%) of loss on ignition (LOI). The
content of iron varies from 3.8% to 16.16%, but in the studied samples, iron content decreases. Despite low values of MnO
(0.01%-0.46%) and CaO (0.04%-1.65%); MgO, Na20 and K20 are important: 0.23% t03.47% of MgO, 0.23% to 2.53% of
Na20 and 0.43% to 3.13% of K20 are recorded in the soil samples. One sample (No 6) shows a great amount of CaO (5.79%).

As seen in Fig. 8, the MTR sample tends to AI203 summit. This tendency is linked to the presence of kaolinite and
halloysite obtained in XRD patterns. The samples from MBG and MBA sequences tend to maintain the alkaline and earth
alkaline elements inside profile. This tendency is justified by the presence of remain elements (Ca, Na and K) in the saprolitic
materials despite a great leaching. These elements play the role of interfoliar cations inside the 2/1 clay minerals. Our samples
show very well the abundance of 2/1 clay minerals through XRD. The mineralogy of the saprolitic and landslide materials
shows smectite and illite as clay minerals. The silica/alumina ratio is less than 2, which shows the predominance of the 2/1 clay
minerals obtained by XRD patterns. Above tests were carried out on weathered materials from Magha area showing that they
contain more smectite than kaolinite.

Al2Os

MBG O
MTR ®
MBA @

Fe202+MgO CaO+Na=0+K=0

Fig. 8 Ternary diagram showing variation of chemical composition of the landslide materials

B. Transmission Electron Microscope (TEM) Photograph

Transmission electron microscope (TEM) of specimens from the landslide materials shows wide and small particles of
smectite with irregular or regular shape (Figs. 9a and 9b). Some specimens show aggregates of kaolinite with hexagonal and
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pseudo hexagonal shape (Fig. 9¢). Smectite particles in a sample are often morphologically non-uniform; they display a variety
of habits. The individual crystallites are mostly concentrated in the <0.2 micron fraction.

- "__" ’ ——

Fig. 9 Ttransmission electron micrographs of landslide materials: a) showing smectite with regular shape particle (samplel);
b) showing smectite with irregular shape particle (sample 6); c) showing pseudo hexagonal shape particle

C. Geotechnical Characteristics
1) Hydro-Physical Properties:

Grain size analysis by drying and wetting method reveals that, most of the samples collected from Magha soil profiles are
composed of 80% of fine grained and very fine grained particles. The landslide material is largely composed of the weathered
pyroclastic and volcanic tuff in clay and silt fraction (70%) (Table 3).

TABLE 3: GRANULOMETRY COMPOSITION OF THE LANDSLIDE MATERIALS

Soil property 1 | 3 | 6 8 9
Clay % 56 66 41 56 50
Silt % 22 13 19 9 10
Sand % 20 21 40 34 40
Gravel % 2 0 0 1 0

Using the triangular textural classification, it can be derived that the soil material is clay. According to the grain size
distribution curves (Fig. 10); all samples present the same value of uniformity coefficient: it is greater than 2.

Percentage smaller
Percentage smaller

Particle size (mm)

Particle size (mm) 8 9

| 3 —g— G

Fig. 10 Granulometric curve of the landslide materials of Magha: a) MBG (1, 3, 6); b) MTR (8, 9)
The geotechnical characteristics of Magha landslide materials are summarized in Table 4.
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TABLE 4 GEOTECHNICAL CHARACTERISTICS OF THE LANDSLIDE MATERIALS

Samples | W% W, W, Iy [ n% e Yh s Yd dr da Nat sl Cu ®,° 1

1 58.10 60.40 4320 1720 025 29.60 121 1850 26.30 1119 263 185  >45° 016 43 017
3 48.10 66.60 5030 16.30 1.13 2920 1.10 1860 2630 1250 2.63 186  >45° 047 31° 0.78
6 40.30 66.90 37.60 29.30 0.70 28.80 0.97 18.70 2630 13.30 2.63  1.87  >45° 019 37° 0.25

8 39.40 5420 36.20 17.10 0.80 29.27 0.97 1860 26.30 1330 263 186 <70° 0.47 39°  0.58
9 40.90 5710 36.20 2090 0.70 30.07 100 18.60 26.60 1320 2.66 186 <70° 045 41=  0.30

W% (water content); W, (liquid limit); W, (plasticity limit); I, (plasticity index) ; I. (consistence index); n% (porosity index); e (void index); v, (humid
volumic weight); ys (dry volumic weight); yq (volumic weight); dr (real density); da ( apparent density); Nat sl (natural slope); Cu (internal cohesion); @,
(friction angle); t (shear strength)

The average natural water content varies from 39% to 58%. These high values are linked to the permanent water content
pattern in the landslide zone, the fine grain size of weathered materials and the mineralogical assemblage (smectite, illite and
kaolinite) which favour the high water retention capacity.

All the materials tested fall within the range of high plasticity inorganic clay. The liquid limit (WI) ranges between 54.2
and 66.9%, whereas the plasticity index (Ip) is 16.3%-29.3%, which means that the materials are very plastic. The average unit
weight of landslide materials is 18.5 KN/m®. The density of the soil constituents is 2.63. The consistency index (Ic) ranges
between 0.25 and 1, which means the consistency of the materials may be soft, medium or stiff depending on the water content
of these clayey materials.

2) Mechanical Test:

Direct shear tests have provided values of internal friction angle @, ranging between 31 and 43< Internal angle of friction
beyond 35<is pretty high values for clay soils. The high values may be explained by the origin of the particle substrate
(pyroclastic material) and the presence of granular particles in the samples. The computed safety factor (FS) ranges between
0.90 and 0.97, which is less than the minimum value required for the stability of a slope (1.00). Tension cracks appearing on
stable slopes support these low safety factors (Fig. 3b and Fig. 4).

The computed safety factors show that the soil is unstable in the region especially when it is wet because in this condition,
its safety factor further decreases.

V. DISCUSSION

A comprehensive geomorphological, mineralogical, and geotechnical investigation is discussed to derive the contribution
of parameters involved in the occurrence of landslides. For this purpose, various experimental results are analyzed to ascertain
the effective contribution of meaningful factors during occurrence of landslides.

A. Soil Topography

Every mass of soil located beneath a sloping ground surface has a tendency to move downward and outward under the
influence of gravity. If this tendency is counteracted by the shearing forces, the slope is stable. Otherwise the slide occurs [24].
Data recorded on site show that the area in which the landslides occurred is very sloppy. Slopes range from 45<to 75< Such
soil topography induces internal forces within the mass soil which render the slope unstable. The computed safety factor
carried out during this investigation for evaluating the stability of slopes ranges from 0.97 to 0.90. These values are less than
the minimum required for equilibrium of the slopes (1.00). This means that in dry soil conditions, slopes in Magha region are
stable because shearing resistance counteracted the downward movement of the mass of soil. When the weather gets wet, the
above safety factor decreases, which renders the slopes more unstable. The catastrophic landslides in the Magha region have
been recorded during long lasting rainfalls in areas where slopes are steep.

B. Soil Profile

Soil strata are not homogeneous in the Magha region. In effect grain size analysis of Magha soil material showed that sand
content ranges from 10 to 30 percent while fine textured material completes the sample material. In addition, soil samples
collected at the lower part of the valley after the 2003 landslides were “fine grained soil, very rich in clay fraction and silt, and
containing small amounts of sand fraction”. Based on this observation, it can be stated that sand is mixed with fine textured
material in the Magha setting. Sand is in the form of sand lenses or pockets since soil strata are not homogeneous. According
to [26], sand pockets within clay layers serve as water reservoirs. During wet weather, they become the seat of considerable
hydrostatic pressure that tends to cause outward movement of masses in which they are located. As those soil masses move
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outward, they disintegrate into a mixture of saturated silt, sand, and chunks of clay that flows like a thick viscous liquid.
Viscous mud was collected as mobilized materials after the 2003 landslides.

C. Saprolite Mineralogy

The mineralogical composition of samples collected from the MBG sequence where landslide occurred displays smectite
with few illite, halloysite and kaolinite. The smectites obtained from Magha saprolitic materials are lamellar aggregates and
mossy aggregates as described by [11]. The lamellar aggregates consist of thin discernable smectite films or of minute
subhedral platelets. They can be voluminous and porous because of curling and folding of thin films. They can also be compact
when thin platelets are associated face-to-face (FF) [4, 29, 28].

Smectites are well-known swelling materials [21]. Swelling minerals such as smectites expand when they become wet. In
effect, when they get wet, water enters their crystal structure and increases their volume. They consequently expand. During
intensive rainfall, they therefore swell and slopes where they are located become prone to failure. Previous studies involving
the role of swelling clay minerals in activating a landslide have shown that even a small amount of swelling clay minerals in
soil greatly affects its strength behavior. “Reference [13] highlighted the role of clay minerals in landslide formation and
described the effect on velocity in landslide movement”. The presence of swelling minerals in the mobilized materials of the
study area greatly supports the occurrence of landslides in the Magha region.

D. Geotechnical Characteristics

It has been observed that liquidity limit of the soil material in Magha ranges from 54.2% to 66.9% while plasticity index
ranges from 16% to 29%. These values in the plasticity chart range the local soils in the zone of medium clayey to clayey soils.
Result of grain size analysis classifies these saprolotic materials as clay since fine textured materials in soils samples ranges
from 70% to 90%. Both soil classification systems lead us to consider the local soils as very plastic clayey materials. It
therefore means that the permeability of these materials is very low. In other words, when wet, the materials tend to
substantially retain water, which increases their lubricant capacity and consequently decreases the soil shearing resistance. It is
observed that the dry shearing resistance of the local soils is not high enough since it ranges from 25 to 50 kPa for the samples
tested (Fig. 11).
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Fig. 11 Shear strength parameters of the landslide materials of Magha: a) MBG (1, 3, 6), 7=0.0800+0.25, R=0.94; b) MTR (8, 9), ==0.836+0.47, R=0.99

When it decreases as a consequence of wet weather, conditions are set for soil cohesion to become negligible. Additional
factors for reduction of cohesion can be mainly attributed to:

e the mineralogy of landslide materials (swelling clay),
e the wet and dry soil cycles linked to the climate change of the area,
e the tension cracks occurrence which favors the quick infiltration of runoff water.
Finally the soil fails as a result of all above mentioned soil characteristics in humid conditions. Landslides of Magha region
occurred when the soil was profoundly wet as a consequence of long lasting rainfalls.
V. PERSPECTIVES

One source of soil instability we mention above is sand lenses that act as water reservoir where pore pressure develops in
the soil profiles during wet condition. To alleviate at least the unstability related to this factor, it can be recommended to drain
the soils by installing horizontal auger drains. Such drains commonly consist of slotted metal or plastic pipe of about 0.05 m
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diameter. These drains are given a small downward slope to facilitate the removal of water by gravity. The length of such
drains ranges from a few meters to 50 meters. Their spacing depends on local conditions. It was found that several rows of the
drains at different elevations are effective [26].

Additional recommendations which can also be set forward for risk alleviation are as follows:

- develop preventive methods of fast evacuation of populations;

- take into account the hazards map in the land use plan;

- develop afforestation;

- avoid deforestation and bushfires;

- improve agropastoral techniques which lead a better management of natural resources.

VII. CONCLUSION

The landslide occurring in the Magha area was investigated mainly from the mineralogical, geochemical and geotechnical
viewpoints. The results show that

o the soil is very sloppy with slopes ranging from 45 to 75< this geomorphological feature induces internal forces within
the mass of soils and renders slopes unstable;

o lenses of sands found in the local soil profiles are the seat of pore water pressure which contributes to trigger landslides;
¢ landslides materials are mainly composed of smectites which are very plastic and;

o display a substantial expandability; when wet, their high plasticity infers a significant;

o lubricant capacity to the soil , which decreases the shearing resistance and the safety;

e factor of the slopes.

The above factors are mainly those which trigger landslides in the region of Magha, West Cameroon.
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