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Abstract

On September 11, 2003 landslides occurred in a locality called Keyeh Tekli, Adishu area, northern
Ethiopia, and caused damage to infrastructures, agricultural lands and the natural environment. About 120
people were displaced from the landslide-affected areas and many rural people are still living in terrains po-
tentially endangered by slope instabilities. To understand the failure mechanisms and influencing factors of
the landslides, comprehensive study was carried out which involved: examinations of the characteristics of the
landslides, field and laboratory investigations of the geological, hydrological and geotechnical properties of rocks
and soils, and detailed evaluations of representative unstable slope profiles. Results of the study indicate that
the major rock and soil types in the area include Agula shale, Ambaradom sandstone, basalt flows, and uncon-
solidated soil deposits. Debris/earth slides, and debris/earth flows were the main types of landslides recorded
in these areas and occurred in: areas where unconsolidated soil deposits are underlain by Agula shales; terrains
with concave plan-concave profile, concave plan-linear profile, and linear plan-linear profile slope shapes; areas
with slope gradient between 8–40 degrees; areas with drainage lines that are affected by erosion and gullying;
and areas with no or sparse vegetation cover of deeper roots. Detailed evaluations of selected representative
unstable slope profiles revealed that the rock and soil masses display down-slope variation: the upper sections
of the slopes, associated with rocks and soils of high permeability, are acting as recharge zones to the down-
slope areas; the unconsolidated deposits at the lower sections of the slopes, due to their low permeability, are
retarding drainage; and the Agula shale is impeding the vertical flow of water, thus promoting the development
of seepage forces within the overlying slope masses. Rainfall-triggered landslides in these areas are, therefore,
dominantly influenced by: slope gradients which generate adequate stress to promote failure, slope shapes that
enhance the convergence of surface and sub-surface water flow, bedrock types with low shear strength and
low permeability values, drainage lines (streams) which are associated with river incision and gullying, and
vegetation cover.
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Introduction

According to several authors (e.g. Nyssen et al., 2002; Ayalew and Yamagishi, 2004; Woldearegay et
al., 2004, 2005), landslides have been causing major socio-economic problems in the highlands of Ethiopia.
A village called Keyeh Tekli, located about 8 km west of Adishu town, northern Ethiopia (Fig. 1), is one of
the areas which have been affected by rainfall-triggered slope instabilities. As reported by Woldearegay et al
(2005), the first-time recorded landslides in the area occurred on September 11, 2003. On August 20, 2005 a
heavy rainfall was responsible for the reactivation of the previous landslides and for the initiation of new ones.

Landslides, in the study area, have caused damage to 500m length of a gravel road, 11 ha of agricultural
land, and on 75 dwelling houses. About 120 people were displaced from the landslide-affected areas and more
than 500 people are still living in areas potentially endangered by slope instabilities. To understand the failure
mechanisms and influencing factors of the landslides, investigations were carried out which involved inventory
of failed/unstable slopes, characterization of the properties of rocks and soils, and detail evaluation of selected
representative unstable slope profiles.
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Fig. 1. Location of the study area.

Fig. 2. Overview of the landslide-affected area.

The study area

Topographically, the area is represented by high variability: elevation ranges from about 1800m to
2700m above sea level, and slope gradient varies from gentle valley floors to steep hillslopes (Fig. 2). The valley
floors are cultivated and densely populated areas, with sparse or no vegetation cover of deeper roots. Small-
scale irrigation, using traditional river diversion, is practiced in the valley floors. Most of the streams/rivers
in the area are highly affected by active erosion and gullying. Along the valley floor is a major river, up to
80m wide and 40m deep which is associated with river bank incision and instability. Though there are no
specific climatic records of the study area, according to ENMSA (2004), the region is represented by semi-arid
to semi-humid environment, with annual precipitation varying from 650mm to 950mm.

Properties of rocks and soils

Geology of the area
The major rock and soil types in the area include (Fig. 3): Agula shale, Ambaradom sandstone, basalt

unit, and unconsolidated soil deposits. The Agula shale is gray, green and black coloured, thinly bedded,
moderately to highly weathered shale (marly) which is interlaminated with thin limestone beds. In some cases
it is intercalated with thin layers of gypsum beds.
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Fig. 3. A map depicting the distributions of rocks, soils and landslides in the area.

Table 1. Shear strength parameters of the soils derived from Agula shale (from direct shear test)

The Ambaradom sandstone is fine to medium grained, white to gray coloured, slightly to moderately
weathered sandstone which is interbedded with thin layers of siltstone/claystone. The basalt unit is dark
coloured, fine to medium grained, slightly to moderately weathered and is affected by sub-horizontal flows
and sub-vertical joints. It is not uncommon to find volcaic ash/lacustrine deposits as intercalations within the
basalt flows. The unconsolidated soil deposits include debris deposits and residual soils, with alluvial deposits
along the river channels. Boulders of sandstone, basalt and limestone are commonly observed along the main
riverbed.

Engineering properties of soils and rocks
To determine the engineering properties of the soils derived from Agula shale and of the fine-grain

dominated unconsolidated soil deposits, grain-size distribution analysis, Atterberg tests and direct shear tests
were carried out according to the ASTM (1993). Results of the investigations revealed that the main soil
groups derived from Agula shale include fat clay with sand (CH), lean clay (CL), sandy elastic silt (MH), and
silt (ML). The main soil groups of the fine-grain dominated unconsolidated deposits include clayey sand (SC),
sandy lean clay (CL), sandy elastic silt with gravel (MH), and sandy silt with gravel (ML). To estimate the
shear strength of soils, direct shear tests were carried on undisturbed soil samples. Samples were trimmed to fit
the 10cm*10cm shear box and subjected to normal loads of 50 KPa–180 KPa, with a shearing rate of 5mm/hr.
The results of the direct shear tests are summarized in Table 1.

Hydraulic properties of soils and weathered rocks
The inverse auger-hole method (Kessler and Oosterbaan, 1974) was applied to estimate the in-situ

saturated hydraulic properties of the weathered Agula shale and the unconsolidated soil deposits. Results
revealed that the weathered Agula shales have permeability values that vary from 4.5∗10−4m/s to 1.8∗10−6m/s.
The fine-grain dominated unconsolidated deposits (mainly found at the lower sections of the slopes) have
permeability values that range from 1.2∗10−4m/s to 2.5∗10−5m/s. Though the inverse auger-hole test method
was applied to estimate the permeability of the coarse-grain dominated unconsolidated deposits (mostly found
at the middle sections of the slopes), due to the rapid decline in water level in the auger-holes, it was not
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Fig. 4. Selected slope profiles along the major landslide-affected areas: a) Profile A–B; b) Profile C–D.

Fig. 5. A river which is affected by active river incision and instability.

possible to estimate the permeability of these soils. However, from grain-size distribution analysis (Lambe and
Whitman, 1979), the coarse-grain dominated soils have permeability values that range from 1.6 ∗ 10−1m/s to
3.4 ∗ 10−3m/s.

Down-slope variation of soil and rock masses
To understand the hydrological triggering mechanisms of the landslides, detail investigations were

carried out on representative slope profiles (Fig. 4a and b). Results indicate that the slope masses display high
variation in their properties down the slopes. The upper sections of the slopes are dominated by basalt units
and Ambaradom sandstone. Due to their high permeability and ridge forming morphological expression, these
rocks are acting as recharge zones to the down-slope areas. The Agula shale, due to its low permeability, is
impeding the vertical percolation of water, thus promoting lateral flow of water towards the middle and lower
sections of the slopes. The emergence of springs and seepage zones at the contact between the Ambaradom
sandstone and the Agula shale indicate that the latter ones are acting as barriers for the flow of water within
the slopes.

The middle and lower sections of the slopes are dominated by unconsolidated soil deposits. These soils
show a general trend of grain-size fining down the slope, and hence a general reduction in hydraulic conduc-
tivities towards the lower sections of the slopes. Sub-surface investigations revealed that the unconsolidated
deposits have variable thickness (up to about 12m), and are underlain by highly weathered Agula shale. In
all the excavated test-pits, seepage zones were recorded at the transition between the unconsolidated deposits



69

Fig. 6. A typical debris/earth slide along the slope profile CD (from Fig. 3), with clear landslide scarp.

Fig. 7. Front view of a typical debris/earth slide along the slope profile CD (from Fig. 3).

and the Agula shales. The presence of permeable zones bound between the fine-grain dominated unconsoli-
dated deposits and the underlying weathered Agula shale indicate the prevalence of confined shallow aquifer
system within the slopes. These sections of the slope profiles are characterized by hummocky topography, with
tensional cracks parallel to topographic contours.

The lower most section of the slope is represented by a deeply cut river, up to 80m wide and 40m
deep. In the river banks, the thickness of the unconsolidated deposits reach up to 12m and is associated with
active river incision, gully erosion, and slope instability (Fig. 5). Springs were found to emerge at the contact
between the unconsolidated materials and the underlying weathered Agula shale.

Characteristics and distribution of the landslides

Characteristics of the landslides
Though different rock types characterize the study area, the recorded landslides occurred in areas

underlain by Agula shales. Debris/earth slides (Fig. 6, 7) are the main types of slope failures, with debris/earth
flows in limited cases. Instability involved movement of unconsolidated soil deposits, with failure surfaces at
the interface between the soils and the underlying moderately to highly weathered Agula shale. The depths
of failures varied from about 0.5m to 12m, with failure modes ranging from translational slides to quasi-
rotational types (Fig. 7, 8a,b). In many of the landslides, erosion pipe-holes were observed, indicating that
seepage water could have contributed the destabilization of the slopes through subsurface erosion (piping) of
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Fig. 8. a. Landslide with quasi-rotational mode of failure.

Fig. 8. b. Landslide with visible step-like parallel failures which is associated with river incision
and instability.

soils and weathered rocks.

Distribution of landslides
To define the most relevant influencing factors, landslides were correlated with different parameters.

Results indicate that most of the recorded landslides occurred in: (a) areas where unconsolidated soil deposits
are underlain by Agula shales, (b) terrains with concave plan-concave profile, concave plan-linear profile, and
linear plan-linear profile slope shapes, (c) areas with slope gradient that range from 8 to 40 degrees, (d) areas
where drainage lines (streams/rivers) are affected by active erosion and gullying, and (e) terrains with sparse/no
vegetation cover of deeper roots.

Some of the debris/earth slides in the Adishu areas have lengths up to about 1100m. Such extensive
landslides have complex failure mechanisms in which repeated sliding planes develop and die out. Sub-surface
investigations revealed that such landslides die out in areas where the thickness of unconsolidated deposits is
shallow and/or where the bedrock is exposed at the ground surface.

Discussion and conclusion

Rainfall-triggered landslide problems, in the Adishu area, are influenced by several factors such as: (1)
characteristics and distribution of the different rocks and soils, (2) terrain variables (slope angle and curvatures),
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and (3) surface processes (active erosion and gullying). The major types of landslides are debris/earth slides,
with debris/earth flows in limitted cases. Failures involved movement of the unconsolidated deposits over
the highly weathered Agula shales. The dominant modes of instability are translational slides and compound
types with quasi-rotational failures in limited cases where the thickness of unconsolidated deposits have greater
thickness to generate deeper failure surfaces.

Hydrogeologically, the upper sections of the slopes are dominated by slope masses (soils and rocks) of
high permeability. Rainwater is infiltrating downward through these slope masses and then migrating laterally
downward into the middle and lower sections of the slopes, due to the presence of underlying Agula shales. The
hydrogeological conditions of the terrains are generally favourable for the development of seepage forces within
the unconsolidated deposits during periods of rainfalls. Due to greater thickness of unconsolidated deposits
and the convergence of subsurface water flow, concave terrains are found to be the most sensitive zones to
rainfall-triggered landslides.

The occurrence of landslides in terrains with slope gradients between 8–40 degrees is due to the fact
that such terrains are associated with greater thickness of unconsolidated deposits than the steeper terrains
which are dominantly represented by slightly to moderately weathered basalt unit and Ambaradom sandstone.
Absence of major landslides in areas with moderately dense vegetation cover and the prevalence of such hazards
in terrains with sparse/no vegetation cover would indicate that vegetation cover, especially with deeper roots,
is an important factor to be considered in landslide hazard predictions in the area.

The presence of soft and relatively impermeable Agula shale is an important factor affecting landslides.
The trace of the contact between the unconsolidated deposits and the underlying Agula shale is typically the
site of considerable seepage, which decreases the stability of the overlying soil masses.

Rainfall-triggered landslides in the Adishu area are, therefore, dominantly influenced by: (a) slope
gradients which generate adequate stress to promote failure, (b) slope shapes that enhance the convergence of
surface and sub-surface water flow, (c) bedrock types with low shear strength and low permeability values, (d)
drainage lines (streams) which are associated with river incision and gullying, and (e) vegetation cover.
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