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ABSTRACT

Adama town is one of the rapidly growing towns in the country, and its population is
growing at a staggering rate as well. The town is bounded by the two steeply sloped ridges
that strike in the NNE-SSW direction. The urbanization and population growth of the town
is leading to the construction of infrastructures near these steeply sloped ridges. However,
these ridges (particularly Dibibisa ridge) are frequently affected by slope instability
problems posing a danger to human lives and nearby infrastructures. Thus, this study is
aimed at identifying and analyzing/or modeling slope stability along the ridges of Adama
town using the Kinematic, Limit Equilibrium Method (LEM), and Finite Element Method
(FEM). The input parameters for these techniques were determined through field surveys
and laboratory testing of samples. Accordingly, three critical structural controlled (i.e. RS1
and RS2) and four non-structural controlled slope sections (i.e. SS1, SS2, SS3, and SS3)
were identified based on field manifestations. The stability analysis of structural controlled
slope sections was first done via kinematic technique and the results showed that RS1 and
RS2 are susceptible to planar and wedge modes of failures. LEM modeling in terms of
Factor of Safety (FOS) using Rocplane 2.0 software has shown that the planar failures of
both RS1 and RS2 are unstable under dynamic and saturated conditions. Similar modeling
for wedge failure via Swedge 2.0 software has also shown that the two wedges of RS1 are
unstable under saturated conditions while the wedge of RS2 is stable under all conditions.
Similarly, stability modeling of non-structural controlled slope sections using both LEM
and FEM has shown that SS1, SS2, and SS3 are unstable under saturated conditions while
SS4 is stable under all conditions. Moreover, the FOS obtained from LEM-based Slide 6.0
software and SRF obtained from FEM-based Phase 2.0 software are in very close
agreement for slope sections SS1, SS2, and SS4 while the results show variation for slope
section SS3. All the modeling results showed that the stability of the critical slopes of the
study area is primarily controlled by saturation and slope geometry factors. Based on
modeling results, this study has designed rock bolts and shotcrete to stabilize unstable rock
blocks of structurally controlled slope sections. Moreover, for non-structural controlled
slope sections, slope flattening, benching, and coupled slope flattening and benching were

designed to stabilize unstable geological formations.

Keywords: Slope Stability, Kinematic Method, Limit Equilibrium Method, Finite Element
Method
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CHAPTER 1

1. INTRODUCTION

1.1 Background and Justification

In recent years, different towns in the country are growing and expanding at a staggering
rate owing to economic and population growth. The territorial expansions of some of these
towns are toward hillsides and slopes that are vulnerable to landslides and slope
instabilities. Therefore, civil engineering structures such as roads, highways, and buildings
that are constructed in such areas are susceptible to landslide and slope instabilities. Many
geotechnical engineers and engineering geologists have conducted several studies on slope
stability analyses. Nevertheless, slope instability problems repeatedly occur due to human
and natural disturbances to the delicate nature of the soil and rock slope (Abramson et al.,
2002). Thus, slope design and stability analyses should be given deliberate attention by
the design engineers above all during the slope cut and construction of civil engineering

structures in the hillslopes and/or steeply sloped areas.

In Ethiopia, landslides and slope instabilities are common geological hazards. They are
mostly concentrated in the north, south, and western part of the Ethiopian plateau, and rift
margins (Ayalew, 1999). As a result, they have been causing loss of lives, failures in
engineering structures, damage to agricultural lands, and the natural environment in
different parts of the country (Temesgen et al., 2001; Abebe et al., 2010; Woldearegay,
2013). For example, over 300 human lives were claimed, above 200 dwelling houses, more
than 200 Km of asphalt road, and over 500 ha of land have been damaged in the past
decade (Woldearegay, 2013).

The stability of the slope is concerned with the relationship between driving and resisting
forces (Hocking, 1976; Hoek & Bray, 1981 Bell, 2007; Raghuvanshi, 2017). Some factors
contribute to driving forces whereas others add to the resisting forces. Therefore, these
governing factors are very important for the stability analysis of the rock and soil slopes
in general. These governing factors are divided into internal and external factors. The main
internal governing factors are; geometry of the slope, potential failure plane
characteristics, surface drainage, and groundwater condition (Anbalagan et al., 1992;
Ayalew et al., 2004), whereas the external factors are rainfall, seismicity, and manmade
activities (Dahal et al., 2006; Wang and Niu, 2009; Raghuvanshi et al., 2014; Girma et al.,

2015). Rock slope instability occurs mostly in the form of circular, planar, wedge, and/or
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toppling modes of failure while soil slope failure follows circular mode (Wyllie and Mah,
2004). Concerning hard and slightly fractured and weathered rocks, the failures mostly
occur along the discontinuity planes in the form of a planar, wedge, or toppling mode of
failures (Hocking, 1976; Hoek and Bray, 1981; Wyllie and Mah, 2004) while failures
follow circular paths in the slope sections constituted by soils, and intensively fractured
and weathered rocks (Wyllie and Norrish, 1996; Abramson et al., 2002).

Rock slope stability analyses for slope sections with slightly fractured and weathered rocks
can be undertaken through a two-step process (Park and West, 2001). The first step is to
evaluate kinematic analyses to determine the mode of rock slope failure (Markland, 1972;
Hocking, 1976; ZainAlabideen and Helal, 2016) followed by determining the factor of
safety most commonly through Limit Equilibrium (LEM) and finite Element Methods
(FEM) (Raghuvanshi, 2017). The stability analysis of soil, and intensively fractured and
weathered slope sections, however, only involves the latter as a mode of failure is
predetermined to be circular (Wyllie and Norrish, 1996). The kinematic method deals with
the failure mode of the rock slope without reference to the forces that cause them to move
(Goodman, 1989; Hudson & Harrison, 1997; Park & West, 2001). Limit Equilibrium
Method (LEM) determines the stability of the slope by evaluating the Factor of Safety
(FOS) which is the ratio of resisting force to driving force along the failure plane (Duncan,
2000; Chowdhury et al., 2009). On the other hand, the Finite Element Method (FEM)
determines the stability of the slope by computing the Stress Reduction Factor (SRF) based
on the relationship between the stress and strain components of the slope (Eberhardt et al.,
2004).

1.2 Statement of the Problem

Adama town is one of the rapidly growing towns in the country, and its population is
growing at a staggering rate as well. The town is bounded by two ridges that are striking
nearly in the NNE-SSW direction. The urbanization and population growth of the town
are leading to the construction of infrastructures such as roads and residential buildings
near these relatively steeply sloped ridges. With the expansion of the construction industry,
parts of these bounding ridges of the town are also currently being used for quarry sites
for the extraction of construction materials. However, parts of these relatively steeply
sloped ridges of the town are affected by slope instability problems posing danger to
human lives and infrastructures constructed in nearby areas (Figures 1.1A, B, and C).

Furthermore, the study area is located in a seismically active region of the Main Ethiopian
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Rift (MER) (Figure 1.2) which further exaggerates this instability problem. Therefore, it
is extremely important to identify, locate and analyze slope instability problems along
these relatively steeply sloped ridges to ensure safe territorial expansion and extraction of
construction materials in these parts of the town. Hence, in this research work, an attempt
was made to determine the geotechnical properties of rocks and soils along critical slope

sections and analyze their stability using LEM and FEMs.

Figure 1. 1 A) Google Earth Image of part of the study area showing slope instability

problem toward residential buildings, and B and C) field photograph illustrating a similar

problem.
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Figure 1. 2 Seismic hazard map of Ethiopia for 100 years return period (EBCS, 1995)

1.3 Location

The study area for the research work is located in the Eastern Showa zone of the Oromia
regional state, Central Ethiopia (Figure 1.3). It is incorporated in the Northern Main
Ethiopian Rift (NMER) with the Wonji Fault Belt (WFB). It is situated at around 100 Km
from the capital, Addis Ababa, in the Southeastern direction. It is bounded by geographic
coordinates of 521703 to 535303 UTM E and 938454 to 948691 UTM N in the UTM Zone
of 37. Topographically, it is characterized by flat to rugged topography. The
physiographic setting of the area is mainly the result of volcano-tectonic and sediment
deposition associated with some erosional activities. The locations of some quarry sites
are also incorporated in this map (Figure 1.3).
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Figure 1. 3 Location map of the study area.

1.4 Objectives
1.4.1 Major objective

The major objective of this research is to identify and analyze slope instability problems

along the selected steep sections of ridges surrounding Adama town.
1.4.2 Specific objective

v To identify and locate the potential slope instability problems along steep sections
of the town.

v To determine the geological and geotechnical properties of soils and rock of the
critical slope sections.

v" To determine the factor of safety and failure probability of the critical slope
sections.

v" To identify the dominant causative factors responsible for slope instability via
sensitivity analysis.

v To suggest effective remedial measures for the identified problems.
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1.5 Significance & Beneficiaries

Slope instability is becoming one of the major causative factors for the failure of various
types of civil engineering structures in the different parts of the country including the study
area. Therefore, analyzing the stability of the critical slope section with respect to
engineering structures, and forwarding appropriate remedial measures are extremely
important for the design and construction of these structures in the study area. Hence, this
study analyzed some critical slope sections along two ridges of Adama town and forwarded
corresponding corrective measures. Therefore, the findings of this study can be used to
give more insight to the designers, administrators, and planners to make decisions on the

safety of local people, and different infrastructures due to slope instability.



CHAPTER 2
2. LITERATURE REVIEW

2.1 Introduction

Slope instabilities are one of the most common and difficult problems in mining and the
construction of civil engineering infrastructures like roads, tunnels, and dams all over the
world (Hoek and Bray 1981; Pantelidis 2009; Bekele and Meten 2022). The consequence
of slope failure leads to the loss of billions of dollars in infrastructure and property damage
in the world each year (Pantelidis, 2009). In an Ethiopian context, slope failure along the
rugged topography of the northern, southern, and western plateau and rift margins has been
identified as one of the most frequent geological hazards (Ayalew 1999). According to
Woldearegay (2014), about 60 % of the total population of Ethiopia lives in highlands
areas that are susceptible to slope failure. Therefore, understanding the mechanism of slope
failure and conducting a rigorous investigation and analysis is critical to reduce the loss
caused by slope failure. In the following sections, governing factors of slope failure,

mechanism of failure and analysis will be method will be discussed in detail.

2.2 Governing Factors of Slope Failure

The governing factors of slope failure are categorized into internal (intrinsic) and external
(triggering) factors (Raghuvanshi 2017). The intrinsic factor includes geological factors
(i.e. lithology or soil type, structural discontinuity characteristics, shear strength of the
slope material), the geometry of the slope (i.e. slope inclination, aspect, elevation, and
curvature), and land use/land cover (Wang and Niu, 2009; Rahuvanshi et al., 2014; Hamza
& Raghuvanshi, 2017; Lamessa and Meten, 2021). The external factors which generally
trigger slope failures are rainfall, seismicity, the influence of surface and subsurface water,
and manmade activities such as; construction activities and cultivation practices in
mountainous regions (Collison et al., 2000; Keefer, 2000; Bommer and Rodriguez, 2002;
Dai, et al., 2002; Dahal et al., 2006; Wang and Niu, 2009; Raghuvanshi et al., 2014).

2.2.1 Internal Factors

2.2.1.1 Geometry of the Slope

The geometry of the slope is characterized in terms of the inclination of the slope and
upper slope face, slope height, tension crack or upper release joint, and the lateral release
surfaces (Hoek and Bray, 1981). The steeper slope will be more susceptible to instability

as slope failure is proportional to the gravitational force (Hamza and Raghuvanshi, 2017,



Raghuvanshi et al., 2014). The slope failure also increases with an increase in the
inclination of the upper slope angle as an additional weight due to a higher angle adds to
the weight component. Moreover, an increase in the height (h) of the slope will increase
the shear stresses (Raghuvanshi et al., 2014; Anbalagan, 1992; Hack, 2002) thereby
decreasing slope stability. When the tension is more developed, the rock tends to detach
from the slope thereby increasing the probability of failure (Sharma et al., 1995; Hoek and
Bray, 1981).

2.2.1.2 Shear Strength Parameters

The shear strength parameters (i.e. Cohesion and friction angle) of materials that compose
the slope are one of the principal internal factors that determine resisting force acting
perpendicular to the failure surface of the slope (Raghuvanshi, 2017). In both rock and soil
slopes, the friction angle should be less than the inclination of the slope for slope failure
to take place (Hoek and Bray, 1981; Cravero et al., 2010). Further, back analysis is
considered the most reliable method to estimate the cohesion (c) and friction angle of rocks
while laboratory techniques are widely used for soil slopes (Sharma et al., 1999; Singh and
Goel, 2002).

2.2.1.3 Potential Failure Plane Characteristics

One of the principal factors that control the stability of a structurally controlled slope
section is the characteristics of the failure plane (Lamessa and Meten, 2021). Of the major
resisting force of the slope, the shear strength parameters of the failure plane are the
principal ones (Raghuvanshi, 2017). In turn, the shear strength along the potential failure
plane depends on the engineering geological characteristics of the discontinuity surface.
These include the orientation of the failure plane, continuity of the failure surface, the
roughness of the surface, aperture, etc. (Johnson and Degraff, 1991). Assessment of these
characteristics is important in defining the shear strength of the potential failure plane. The
law of friction proposed by Barton and Bandis (1990) can estimate the angle of friction

and cohesion along the potential failure plane.

2.2.1.3 Surface Drainage and Groundwater Conditions

Surface drainage and groundwater conditions of the site are the common cause of slope
failure. For example, water flow in the upper slope to discontinuities of rocks and voids of
soils can develop pore water force on the slope (Hoek and Bray, 1981). Moreover, shallow
groundwater conditions can also create an uplift water force on the slope thereby reducing
the slope stability (Hossain, 2011; Ahmadi and Eslami, 2011; Sharma et al., 1995).
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Moreover, the water along the potential failure surface will reduce the shear strength and
lubricate the surface which may facilitate the sliding process (Raghuvanshi et al., 2015;
Hack, 2002).

2.2.2 External Factors
2.2.2.1 Rainfall

Rainfall is the major triggering factor of slope failure (Ayalew et al., 2004) and this is
evident as numerous slope failures have occurred during rainy reasons at the global scale
(Ermias et al., 2017; Raghuvanshi et al., 2014). As per Raghuvanshi (2017), if rainfall
water gets its way to the slope it will generate the following thereby reducing the slope

failure.

+ It decreases the shear strength of the slope materials and hence, decreases the

resistance force of the slope as well.
+ It increases the rate of weathering of rocks.
+ |t adds weight and hence, contributes to the driving force of the slope.
+ It lubricates the sliding surface.

2.2.2.2 Seismicity

Earthquake is another major triggering factor of slope failure (Wyllie and Mah, 2004). The
effect of earthquakes on slope instability is higher in the area characterized by high seismic
activity as stable slopes under static conditions destabilize under dynamic conditions in
such areas (Hoek and Bray, 1981). Hence, it suggested considering earthquakes during
stability analysis to ensure the safety of the slope (Raghuvanshi, 2017). Ground shaking
due to earthquakes can cause the opening of joints and movement along joints thereby
leading to a decrease in the shear strength of slope-forming materials (Raghuvanshi et al.,
2014). As per Pantelidis (2009), the minimum magnitude of earthquake required to cause

slope failure is 4 to 5 MM.

2.2.2.3 Human Activity
In addition to rainfall and earthquake, manmade activities can also trigger slope failure
(Ermias et al., 2017; Wang and Niu, 2009). Cutting the slope steeply, removing geological
materials at the toe of the slope, and uncontrolled rock excavation via blasting technique
can trigger slope failure (Wang and Niu, 2009; Shukla et al., 2009; Raghuvanshi et al.,
2014; Tang et al., 2016).



2.3 Types of Slope Failure

There are four common modes of slope failure: planar, wedge, toppling/fall, and circular
(Hoek & Bray, 1981; Singh & Goel, 1999).

2.3.1 Planar Failure
When rock blocks lie on an inclined failure like a junction that lets daylight into free space
(Figure 2.1), planar rock slope failure occurs (Sharma et al., 1999). This mode of failure

usually occurs along structural weaknesses such as faults and Joints (Hoek & Bray, 1981).

Figure 2. 1 Simplified illustrations of planar failure (Hoek and Marinos, 2007).

2.3.2 Wedge Failure

Wedge failure occurs when two discontinuities strike obliquely across the slope face and
their line of intersection daylights in the slope face (Figure 2.2) (Hoek & Bray; Wyllie and
Mah, 2004). The wedge mode of rock slope failures occurs over a wider range of geologic
geometric conditions than the planar mode of failure (Goodman and Kieffer, 2000; Wyllie
and Mah, 2004).

(a) (b)

i Face
Lineof ___

intersection N Plane A

Direction of
shiding

Figure 2. 2 (a) pictorial view of wedge failure; (b) stereo plot showing the orientation of
the line of intersection (Wang & Ji, 2013).
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2.3.3 Toppling Failure

A toppling is the overturning of a rock block at a pivot point located below its center of
gravity (Wyllie and Mah, 2004). The toppling mode of rock slope occurs due to the
overturning of rock layers or discontinuities that are dipping steeply into the slope face
(Goodman and Kieffer, 2000) as shown in Figure 2.3. It involves the rotation of columns
or blocks of rocks about a fixed base (Wyllie and Mah, 2004).

Figure 2. 3 Simplified illustrations of toppling failure (Hoek and Marinos, 2007).

2.3.4 Circular Failure

Circular failure occurs in slopes with homogeneous materials, primarily soil slopes, and in
heavily fragmented rock on occasion (Abramson et al., 2002). This mode of failure
commonly occurs in soil slopes and occasionally in the rock-slopes constituted by

intensively weathered and fractured rocks (Chowdhury, 2010).

2.4 Slope Stability Analysis Methods

Empirical methods, Kinematic analysis, Limit Equilibrium Method (LEM), and Numerical
Methods are the most widely used techniques in slope stability modeling (Abramson, et
al., 2002; Raghuvanshi, 2017; Salunkhe et al., 2017).

2.4.1 Rock Mass Rating (RMR)

Bieniawski (1973) first developed this technique for the application of tunnels, dams, and
excavation. Later, Bieniawski (1979) extended the application of this technique to slope
modeling. This technique determines the quality of rock mass from input parameters such
as Uniaxial compressive strength of rock material (UCS) (R1), Rock Quality Designation
(RQD) (R2), discontinuity spacing (R3), joint condition (R4, groundwater condition (R5),
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and joint orientation (R6) (Singh & Goel, 1999). Of these parameters, discontinuity
spacing (R3), joint condition (R4, groundwater condition (R5), and joint orientation (R6)
can be directly estimated in the field using instruments such as tape meter, Brunton
compass, and others. The Uniaxial compressive strength of rock material (UCS) (R1) can
also be determined either in the field from Schmidt hammer rebound value or in the
laboratory from a point-load strength test. Moreover, RQD (R2) can be determined from
the percentage of intact rock pieces greater than 10cm in the total core length (Eq. 2.1)
(Deere and Deere, 1988). However, this equation is only applicable if the core sample is
available and hence, it cannot be used for estimating rock mass quality of surface rocks.
Palmstrom (2005) developed the volumetric joint method for the estimation of RQD of

surface exposure (Eq. 2.2).

_ Y Length of Core Pieces > 10cm 0
RQD " The total length of the Core x 100% 21
RQD =110-2.5Jv -

Where Jv is Volumetric Joint count is given by the following equation.

V@) @GR 2.3

Where S1, S2, and S3 are the average spacings for the joint sets, Nr is the number of

random joints in the actual location and A is the area in m2.
The RMR can be calculated using the following equation
RMRgasic = R1+ R2+ R3+ R4 + R5 2.4

Finally, the total RMR can be calculated using the following equation by analyzing the

effect of orientation of discontinuity and slope into consideration.
RMRTota = RMR + R6 2.5

2.4.2 Slope Mass Rating (SMR)

For evaluating the stability of rock slopes, Romana (1985) proposed a classification
system called the “Slope Mass Rating” (SMR) system. SMR is obtained from Bieniawski’s
rock mass rating (RMR) by subtracting adjustment factors of the joint—slope relationship
and adding a factor depending on the method of excavation.

SMR = RMRgasic + (F1 * F2 * F3) + F4 2.6
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Where

+ RMRgasic is a basic rock mass rating as per Beniawski (1989).

+ F1- depends upon parallelism between joints and slopes face strikes. (aj— as) where
ajis a joint strike and os is a slope strike.

+ F2- refers to joint dip angle (B;) or plunge of a line of intersection of two wedge-
forming planes ().

+ F3- depends upon the relationship between the joint dip or plunge of a line of
intersection of two wedge-forming planes and slope inclination. (Bj - (Bs) or (Bi—
Bs) where Bs is the inclination of slope.

+ F4- is considering about method of excavation. It includes the natural slope or the
cut slope excavated by pre-splitting, smooth blasting, normal blasting, poor

blasting, and mechanical excavation.
2.4.2 Kinematic Analysis

The kinematic analysis is a technique that is widely utilized to differentiate the mode of
rock slope failures that takes place due to unfavorable orientation of discontinuities such
as joints, faults, bedding planes, foliation, and shear zones (Hoek and Bray, 1981; Wyllie
and Norrish, 1996; Wyllie and Mah, 2004). This technique uses the orientation of
discontinuities and slope face (i.e. dip and dip direction) to determine the mode of rock
slope failure through stereographic projections that allow the 3D data to be represented
and analyzed in 2D (Wyllie and Norrish, 1996). In-depth treatments of the principles of
this technique for different modes of failures for plotting, analyzing, and interpreting data
were given by Markland (1972), Goodman (1989), Hoek and Bray (1981), and
Rockscience (2001). Accordingly, this analysis can be done either manually using Streonet
or with Dips 6.0 software (Dips 2.0 Rockscience, 2004) from input parameters such as
friction cone/angle of joints, dip and dip directions of slope and discontinuities. The former
involves the identification of failure mechanisms through the great circle on streonet and

is very tedious when large orientation data are involved (Richards and Atherton, 1987).

The planar type of failure is down-dip sliding on a single discrete discontinuity surface
whose orientation with respect to the face of the slope plays a crucial in its analyses ( Hoek
and Bray, 1981 Lisle, 2015; Wyllie and Norrish, 1996). According to Hoek and Bray
(1981), Goodman (1989), Wyllie and Norrish (1996), and Wyllie and Mah (2004), the

following structural conditions should be fulfilled during using Streonet or Dips 6.0
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software analysis for kinematic admissibility of a planar mode of failure.
+ The dip direction of the discontinuity must be within 20° from the slope face.

+ The dip of discontinuity must be less than the dip of slope and it must daylight on
the slope face.

+ The dip of the planar discontinuity must be greater than the angle of friction of the

surface.
+ The lateral extent of the potential failure mass must be defined.

+ The upper part of the sliding surface must intersect the upper slope, or end with a

tension crack.

Wedge failure occurs when rock masses slide along two intersecting discontinuities both
of which dip out of the cut slope at an oblique angle to the cut face forming a wedge-
shaped block (Hoek and Bray, 1981; Wyllie and Norrish, 1996). As per Hoek and Bray
(1981) and Wyllie and Mah (2004), the following structural conditions should be fulfilled
during analysis using Streonet or Dips 6.0 software analysis for kinematic admissibility of

wedge mode of failure.

The dip of the slope must exceed the dip of the line of intersection of the two

discontinuities.
+ The line of intersection must daylight on the slope face.

+ The dip of the line of intersection must be in such a way that the strength of two
planes is reached.

+ The upper end of the line of intersection should intersect either the upper slope or

end in a tension crack.

Similarly, according to Hoek and Bray (1981), the following structural conditions should
be fulfilled during analysis using streonet or Dips 6.0 software analysis for kinematic

admissibility of wedge mode of failure.

+ The presence of jointed rock mass closely spaced and steeply dipping discontinuity

sets that dip away from the slope surface.

+ The strikes of the sliding plane and the slope face lie parallel (+ 10°) to each other.
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2.4.3 Limit Equilibrium method (LEM)

The LEM is the most popular and frequently used method in the slope stability modeling
of both rock and soil slopes (Mebrahtu et al., 2022). This technique determines stability
analysis in terms of FOS by dividing available resisting force by the driving force of the
slope along the failure surface (Wyllie and Norrish, 1996; Pardeshi et al., 2013). For the
rock slopes, the first step is to determine the mode of rock failure via the kinematic method
(Section 2.4.1) and then followed by FOS determination via LEM for identified mode of
failure (Park and West, 2001).

2.4.3.1 LEM Stability Analysis of Rock Slope (Planar Failure)

The FOS of a planar mode of failure is calculated by resolving forces acting on the failure
surface into perpendicular and parallel components (Hoek and Bray, 1981; Wyllie and
Norrish, 1996). These forces include the weight of the sliding mass (W), shear strength
along the failure surface (i.e. cohesion (c) and friction (¢), uplift force due to the water
pressure on the sliding mass (U), force due to water pressure in the tension crack (V),
seismic accelerations (o)) and orientation of joints and slope (Figure 2.4) (Hoek and Bray,
1981; Wyllie and Norrish, 1996). The conditions for calculation of FOS usually rely on
saturation and seismic conditions and geometric configuration of the slope such as the
absence or presence of the tension crack and its location within the slope (Hoek and Bray,
1981; Wyllie and Norrish, 1996). Hence, the stability analysis for this mode of failure can
be determined in the conditions where seismic acceleration is present or not and where a
tension crack is absent or present within the slope, and where this tension crack is
considered dry or saturated with water. Accordingly, a FOS for planar mode of failure
under static saturated condition can be determined using Eq. 2.7, which was forwarded by
Hoek and Bray (1981) and Hoek (2000).

_ Resisting Force _ cA+} otan¢g

FOS — 2.7
Driving Force T
_ cA+Y otangp _ cA+(W+cosyp—U-Vsinyp)tang
FOS = T B Wsinyb+Vcosyb 2.8

where c is cohesion and friction along the failure plane, is failure plane dip, A is the base
area of the wedge, U is water forces acting on the failure plane, V is the force vector
applied to the tension crack, and W is the weight of rock wedges that rest on failure plane.

As per Hoek (2000), Eq. 2.8 can also be modified into Eq. 2.9 to determine FOS of planar
failure under static dry condition.
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_ CcA
FOS = e — + cotyp X tand 2.9

Moreover, Eg. 2.8 can also be modified into Eq.2.10 to determine the FOS of this mode of
failure under the influence of seismicity (o) and saturation (Hoek and Bray, 1981; Willy
and Mah, 2004)

cA+(W(cosyp—asinyp)—-U-Vsinyp)tang
W (sinyb+acosyp)+Vcosyp

FOS = 2.10

In the above equations, A is the base area of the wedge; U is the water force acting on the
failure plane; V is the force vector applied to the tension crack and the weight of the wedge
(W) can be determined using Eq. 2.11, Eqg. 2.12, Eq. 2.13, and Eq. 2.15/2.16, respectively.

A = (H - z) cosecyp 2.11
U="(yw) (Zw) (A) = U = Y2 (yw)(Zw)( H — z)cosecyp 2.12
V =Y (yw) (Zw)? (cosecyp) 213
z=H (1- \/cotyf x tanyp) 2.14
W =1 (y) (H)? (1-z/H) 2 cotyp - coty)) 2.15
W =1 (y) (H) %((1-z/H) 2 cotyp (cotyptanyf-1)) 2.16

| ’ ‘r Tension crack

Assumed phreatic surface

Figure 2. 4 Geometry of planar rock slope failure with tension crack in the upper slope
face (A) and no tension crack on slope face (B) (Hoek and Bray, 1981)

2.4.3.2 LEM Stability Analysis of Rock Slope (Wedge Failure)

The stability analysis of the wedge mode of failure requires the determination of geometry

and orientation of wedge elements such as two discontinuities, the slope face, the upper
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slope face, and if present the plane representing tension crack (Hoek and Bray, 1981,
Wyllie and Norrish, 1996). Sliding of the wedge mostly takes place along the line of
intersection of the two wedge-forming joints (e.g. Wedge A and Wedge B) (Figure 2.5A)
or both of the joints (Hoek and Bray, 1981; Park and West, 2001). The FOS of the wedge
mode of failure along the line of intersection (i.e. line 5 in Figure 2.5A) can be calculated
using Eq. 2.17, which was forwarded by Hoek et al. (1973), and Hoek and Bray (1981).

3
FOS = (cAX + cBY) + (a- Z—”y”x) tangA + (B — Z2Y)angB 2.17

Where cA and cB are the cohesive strength of planes A and B, respectively; A¢ and B¢
are friction angles along planes A and B respectively, y unit of rock, yw unit weight of
water, and H, total height of the wedge. Dimensionless factors X, Y, A, and B depend upon

the geometry of the slope and they are determined by the following equations:

sinf624

—_ sin624 2.18
sinf45 x cos2.na
sinf13
= 2.19
sinfB35 x cosl.nb
cosyia—cosyb x cosOna.nb
A = Sosvazcosyb 2.20
siny5 x sin2na.nb
cosyb—cosya x cosdna.nb
B = Sos¥bocosy 2.21

siny5 x sin2na.nb

Where Wa and Wb are dips of planes A, B respectively, and W5 is dips of the line of
intersection, and 624, 013, 835, and 645 can be estimated from Figure 2.6 as suggested by
Hoek and Bray (1981).

Upper siope surface,
which can be obliquely e

inclined with respect \

o the face

Plane B

Face

Assumed waler pressure
distribution

77 TAFIAN

Figure 2. 5 A) Graphic view of wedge showing the number of intersections of lines and
planes; B) view normal to the line of intersection (5) showing wedge height and water

pressure distribution (Wyllie and Mah, 2004)
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Figure 2. 6 Stereoplot of data required for wedge stability analyses (Modified after Hoek
& Bray, 1981).

2.4.3.3 LEM Stability Analysis of Soil and Heavily Fractured and Weathered Rocks

Unlike planar and wedge modes of failure where failure takes along joints, there are no
predefined failure surfaces for slopes with soil and/or heavily fractured and weathered
rocks (Wyllie and Mah, 2004). In such a scenario, the failure surface is free to find the line
with the least resistance to a failure and it usually takes a circular or near circular shape
(Hoek and Bray, 1981; Hoek, 2000, Wyllie and Mah, 2004). In such slopes, this technique
determined the FOS of the slope by differentiating the mass of the slope into different
slices from which normal and shear inter-slice force and equilibrium can be determined
(Abramson et al., 2002; Krahn, 2004). Some of the methods of slices that determine FOS
through the LEM include the ordinary method (Fellenius, 1936), Janbu Simplified (Janbu,
1954), Bishop Method (Bishop, 1956), Morgenstern-Price method (Morgenstern-Price,
1965) and Spencer method (Spencer, 1967). In the following sections, Bishop, Janbu, and

Morgenstern-Price Methods will be briefly discussed.
2.4.3.3.1 Bishop Method

Bishop Method is developed by Bishop (1956) and is used for analyzing the circular mode

of slope failure. It considers moment equilibrium and inter-slice normal force acting on
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the slope (Fredlund et al., 1981; Aryal, 2008). However, this method fails to consider force
equilibrium in the y-direction (Aryal, 2008). Nevertheless, this technique is among the

most utilized method in slope engineering (Lamessa and Meten, 2021).

To determine the FOS of the failure surface lines, Bishop Method assumes that the slope

materials behave as per the Mohr-Coulomb failure criterion:
T=c+on+tan ¢ 2.22

Where 7 is the shear strength of the soil, on is the normal effective stress, c is the cohesion

and ¢ is the friction angle of the slope materials.

This method then relies on a slice (Figure 2.7) to determine the FOS of the slope under
consideration. First, the shear force (T) acting on the base of each slice will be calculated
using Eq. 2.23 as per Bishop (1956).

_cxL+N'tan (¢)
FOS

T 2.23

Where L is the arc length of the slice’s base which is approximated to a line segment, c is

the cohesion, and ¢ is the friction angle of the soil.

Afterwards, the equilibrium force in the vertical direction can be calculated using Eq. 2.24

SFuerical = 0 <> (N™+U) * c0s (@) +—=* [(c] +N'tan (¢)) * sin (@)] - W =0 2.24
Where a is the angle of inclination
xiol
X;. w
— W l
Viol
Via ] Ny
a

K9 P J /." \‘

\u

Figure 2. 7 Force acting on a single slice (W - the weight of the soil above the failure
surface; Xi-1, Xi+1, Vi-1, VI+1 - interslice reactions from the adjacent slices; N’- normal

effective; T - shear component and U - the boundary water force.
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Subsequently, the moment equilibrium around the center of rotation can be calculated
using Eq. 2.25, and the details are shown in Figure 2.8.

XT*R=ZW *Rsin (a) 2.25

Center of Rotation

'/l
@,

')
l‘é'
Cd
&
~
N
>

& n
Resisting Moment = Z Ti*R

=1
n

Driving Moment = Z W; * R * sin(a)

=1

Figure 2. 8 Moments about the center of rotation generated by each slice.

FOS can be then easily calculated by dividing the resisting moment by the driving moment.

The FOS for the entire failure surface can be computed by using equation 2.26.

FOS = ETmax.* R - z (c*Li+N"itan(¢))
IW=*R*Sin(a) IWxsin (a)

2.26

Where R is the radius of the rotational surface.

Considering Eq. 2.24 and substituting the length of the slice’s base as a function of its

width and inclination (L = B* sin (a)), the FOS can also be calculated by the following

equation.

[( cxb+(w- $U(a))*tan(¢)]*sec (@ 1
FOS = { s () ST 2.27

Moreover, by considering the ru coefficient for the water force, FOS can also be calculated
using the following equation.

_ [(cxB+W (1—-ru)*tan(¢))] sec (a) 1
FOS = 2 o T 2.28
1+] FOS

Where ry = U/o, U= pore water pressure, and 6= normal stress at the point of interest.
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2.4.3.3.2 Janbu Method

Janbu (1954) develops this method and it considers force equilibrium (Lamessa and
Meten, 2021). However, the method fails to satisfy moment equilibrium and it considers
zero normal and shear inter-slice force (Wyllie and Mah, 2004).

Accordingly, Janbu Simplified method uses the Mohr-Coulomb failure criterion to derive

the shear strength of the slope material for a single slice as stated in Eq. 2.29.
TuLt = Ci * Li + N tan (1) 2.29

Where c and ¢ refer to the cohesion and the friction angle of the ground, respectively, L is

the length of the slice’s base, and N’ is the effective normal force acting at the base of the

Xi+1

Xix w
] W I
vi+l
VH ' \N‘{

a
\s

Figure 2. 9 Forces acting on a single slice: i) the weight of the soil above the failure surface

slice.

p—
’u’\,’

W, i) the interslice reactions from the adjacent slices Xi-1, Xi+1, Vi-1, Vi+1, iii) the
reaction of the stable ground which consists of a normal effective N’ and a shear

component T, respectively, and iv) the boundary water force U.

Afterwards, this technique determines the horizontal force equilibrium for each slice from

the horizontal components of the shear resistance stated in Figure 2.9.

i
Z FHorixontal =0 <> Ticos (ai)=(Ni+Ui) sin(ai) 2.30

Subsequently, the correspondent vertical force equilibrium for each slice can also be

determined using Eq. 2.31

Z Flﬁertical =0 <> Wi+ (Viq)=Tisin(ai)+(Ni+Ui) cos(ai) 231

21



Combining Eq. 2.30 and Eqg. 2.31, we get:

Ti

Wi + Vieq -Vigr = m 2.32
Finally, the overall horizontal equilibrium yields:
N Ticos(ai) = YN (Ni+ Ui) sin(ai) 2.33

Given the determination of Ti using Eq. 2.34, the FOS can be determined using Eq. 2.35.

- Ti (ultimate) Hence. Ti= cixL+Nitan(¢)
FOS ! FOS

Ti 2.34

FOS = (N, ci) *Bi+XN Wi+ (Vi_1— Viyq)*cos(ai)stan(p)— XN, Uicos(ai)+tan(¢pi) 235

YN (Wit (Vi_g— Vigq)*cos(8i)=sin(6i)

Where B is the width of each slice, Bi=Li*cos (a).
2.4.3.3.1 Morgenstern-Price Method

Unlike Bishop and Janbu's Methods, Morgenstern-Price considers both force and moment
equilibrium (Wyllie and Norrish, 1996; Wyllie and Mah, 2004). As per Morgenstern and
Price (1965), the following assumptions were made to calculate FOS using LEM

considering the schematic sketch shown in Figure 2.10
+ Dividing planes between blocks is always vertical

+ The line of action of the weight of block W; passes through the center of the it"
segment of slip surface represented by point M

+ The normal force N; is acting in the center of the i segment of slip surface, at point
M

+ The inclination of forces E; acting between blocks is different on each block (i) at

slip surface endpoints is 6 = 0
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Figure 2. 10 Static scheme - Morgenstern-Price method. (Wi) is block weight including
material surcharge and coefficient of vertical earthquake Kv, (Kh) is the factor of
horizontal acceleration during the earthquake, (Ni) Normal force on the slip surface, (Ti)
shear force on the slip surface, (Ei Ei+1) forces exerted by neighboring blocks, (Fxi, Fyi)
other horizontal forces, (MIli) moment forces, and (Ui) Pore pressure.

In this method, the FOS can be calculated by using the following equations.

Shear strength available
FOS = £

"~ Shear strength mobilized

2.36

FOS = tanoi tan (ci+1 — ai) 2.37
Where, ¢i= angle of internal friction segment, oi = inclination of the slip surface segment.
2.4.4 Numerical Methods (Finite Element Method (FEM))

Conventional LEMs are one of the most widely utilized techniques in slope stability
modeling (Abd El-Latif, 2012; Mebrahtu et al., 2022). Rock slopes and perhaps some soil
slopes exhibit heterogeneity in the geological formation, and variation in slope geometry,
water distribution, and response to seismic conditions (Alzo’ubi, 2016; Raghuvanshi,
2017). However, the stability of modeling of such a complex slope cannot be determined
using conventional LEM (Karaman et al., 2013; Eberhardt, 2003). According to Tang et
al. (2016), the stability modeling of such complex slopes can be best simulated using
Numerical methods. Numerical methods include continuum, discontinuum, and hybrid
methods (Stead et al., 2006; Tang et al., 2016).

Of continuum numerical methods, the displacement-based Finite Element Method (FEM)
became increasingly popular in analyzing slope stability problems (Bouzid, 2022). The
FEM provides the following advantage over LEM (Swan et al, 1999; Griffiths, 1999):
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+ No assumptions are needed regarding the shape of the failure or location.

=

It can be applied for slopes with complex slope geometry in either 2D or 3D.

+ Mohr-Coulomb failure criterion and numerous other failure criteria can be
employed.

+ The equilibrium stresses, strains, and the associated shear strengths in the soil mass
can be computed very accurately.

+ This technique can also consider seepage-induced failures, brittle soil behaviors,
random field soil properties, and engineering interventions such as geo-textiles,
soil nailing, drains, and retaining walls

+ This method can also give information about the deformations at working stress

levels and can monitor progressive failure including overall shear failure.

FEM usually takes three different forms (Bouzid, 2022). These include Gravity Increase
Method (GIN), Finite Element Limit Analysis (FELA), and Strength Reduction Factor
(SRF). The GIM involves increasing the gravitational acceleration of the slope while
keeping the properties of geological materials unchanged until the slope reaches a failure
state during a finite element process (Swan and Seo, 1999; Li et al., 2009; Sternik, 2013;
Bouzid, 2022). This technique is less popular (Bouzid, 2022) and sometimes overestimates
the stability of the slope (i.e. FOS), especially for low slopes (Sternik, 2013). The FELA
uses an optimization technique to compute the upper or lower bound plastic load (or limit
load) for FOS calculation (Sloan, 2013; Krabbenhoft et al., 2007; Tschuchnigg et al.,
2015a). However, FELA is restricted to problems where only the associated plasticity flow
rule is allowed (Bouzid, 2022). The SRM involves progressively reducing the shear
strength of slope-forming materials to compute the stability of the slope (Stead, et. al.,
2006; Abd El-Latif, 2012). In this study, SRF was used for stability modeling and hence,

it will be briefly discussed in the following sections.
2.4.3.1 Stress Reduction Factor (SRF)

In the SRF, the slope is considered to fail because its material shear strength on the sliding
surface is insufficient to resist the actual shear stresses (Rocscience, 2004). Following the
shear failure (Liu et al., 2015; Bouzid, 2022), the FOS/or SRF against slope failure is

simply calculated as:

SRF = — 2.38
Ty
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Where 1 is the shear strength of the slope material, which is calculated through the Mohr-

Coulomb criterion as:
1=C+ 0, + tang 2.39

The 7/ is the shear stress on the sliding surface can also be calculated using the following
Eq. 2.40.

Tf = Cf + On tan ¢f 2.40
Afterwards, the SRF can be calculated from either one of the following factored shear
strength parameters Cr and ¢ is given using Eq. 2.41 and Eq. 2.42, respectively.

Cc

tang
SRF )

¢y =tan™! ( 2.42

2.5 Remedial Measures for Slope Failure

In Geological Engineering, the problem of slope failure has been a subject of research and
investigation for the past 70 to 80 years (Bouzid, 2022). Hence, numerous remedial
measures have been proposed in accordance with available modeling techniques and real
field experience. In this regard, the methods of slope stabilization are categorized into
reinforcement, slope protection, and removal (Table 2.1) (Hoek and Bray, 1981; Wyllie
and Mah, 2004; Abramson et al., 2002; Wyllie and Mah, 2004; Cheng and Lau, 2014).

The reinforcement techniques are used to stabilize loosened rock blocks without rock or
soil removal (Lamessa and Meten, 2021). The most widely used reinforcement techniques
are shear keys, rock anchors, shotcrete, and drainage (Hoek and Bray, 1981; Cheng and
Lau, 2014). Shear keys are structures that are used to improve the strength of slope material
and it involves the insertion of 25 to 32 mm diameter and 500 - 750 mm length keys into
stable rock (Wyllie and Mah, 2004). Similarly, rock anchors are also used to prevent the
sliding of rock blocks along joints by modifying the shear and normal forces acting on the
sliding planes (Hoek & Bray, 1981). Shotcrete is fine aggregate with 50 to 100 mm
thickness and is usually used to prevent falling and/or raveling of rocks of soils and highly
fractured rocks (Hoek & Bray, 1981). Moreover, drainage involves the removal of water

that accumulates in the joints and void of soils (Abramson et al., 2002).
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Removal techniques involve slope flattening, trimming, and scaling (Wyllie & Mah,
2004). Slope flattening is the process of removing overburdened soil or rock material that
occurs on the upper part of the slope and making its angle flatter than the underlying rock
component (Hoek and Bray, 1981). Slope flattening techniques include decreasing slope

angle, multi-sloping, benching, and combined slope angle reduction and benching.

Table 2. 1 Slope stabilization methods (Hoek & Bray, 1981; Wyllie & Mah, 2004; Cheng
& Lau, 2014)

Methods Stabilization Measures

Slope Protection + Ditches, mesh, catch fences, warning fences

Removal Techniques + Slope flattening, trimming, scaling

Reinforcement + Rock bolts, rock anchors, dowels, shotcrete, drainage, etc.

2.6 Slope Stability Studies in Ethiopia

In Ethiopia, slope failure is one of the recurring geological hazards that cause damage to
infrastructure and human lives (Woldearegay, 2013; Bushira et al., 2018; Lamessa and
Meten, 2021; Bekele and Meten, 2022; Mebrahtu et al., 2022; Tesfaye et al., 2023). Hence,

several researchers have conducted all over the country to analyze the stability of the slope.

Mebrahtu et al. (2022) conducted stability modeling for the Debre Sina area using LEM
and FEM. This study has identified large-scale slope failure controlled by faults and
saturation and seismic condition. Moreover, this study showed LEM overestimates the
stability of heterogeneous slope in which large-scale failure surface is involved. In general,
this study has recommended the use of integrated LEM and FEM for modeling slopes with
complex slope geometry and heterogeneous materials.

Bushira et al. (20180 also analyzed the stability of Cut soil slope stability analysis
along the National Highway at Wozeka—Gidole Road using LEM and FEM. This study
showed that the results of LEM and FEM are in very close agreement for slope with simple
geometry. In addition, this study demonstrated that LEM techniques such as Bishop,
Janbu, Morgenstern-Price, GLE, and Spencer methods yield in most cases identical FOS
for the circular mode of failure. However, the ordinary method may underestimate the FOS
by 5 to 6%. Moreover, this study also showed that the application of a single slope

stabilization technique is ineffective in most slopes.
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Lamessa and Meten (2021) also conducted a stability analysis of the rock slope along the
road section of Gutane Migiru town to the Fincha sugar factory using kinematics and LEM.
This study has identified planar and wedge modes of rock slope failures along the selected
road section. This study has branded rainfall as the major causative factor for slope failure
along this road. Moreover, Tesfaye et al. (2023) also analyzed the stability of rock slopes
along Woliso to Wonchi Lake road using kinematics and LEM. This study also identified
planar and wedge failure, and designed rock bolts and shotcrete to stabilize unstable rock
blocks.

In addition, Jemal (2005), Samuel (2011), Kasahun (2014), and Bekele and Meten (2022)
conducted slope stability analysis mainly via LEM. All of these studies have shown that
slope failure takes place under saturated and dynamic conditions. Hence, rainfall was

designated as a major causative factor for slope failure by these studies.
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CHAPTER THREE

3. METHODS AND MATERIALS

3.1 Introduction

In this study, slope stability analysis has been conducted using Kinematic analysis, Limit
Equilibrium, and Finite Element Methods. Data for the analysis were gathered through a
detailed literature review, field surveying and testing, and laboratory testing of soils and
rocks. In the following sections, data acquisition, processing, and stability analysis

techniques will be discussed.

3.2 Desk Study

At this stage, the study area was first studied based on available geological, geotechnical,
and topographical data. A preliminary analysis of the material property of the study area
was done based on information obtained from available geological and engineering
geological maps. The topographic nature of the study area was also studied based on
information obtained from satellite imagery (i.e. Google Earth) and the Digital Elevation
Model (DEM) to infer potential critical slope sections of the study area. Based on such

information, detailed fieldwork was planned and executed to generate primary data.
3.3 Field Surveying

A detailed field surveying was conducted along the study area to identify critical slope
sections and generate primary data for slope stability analysis or modeling. The critical
slope sections were identified based on field indicators such as the condition of the slope
toe, presence of failed rocks (Figure 3.1A), tilting of the slope face, development of tension
crack, presence of release surface (Figure 3.1B), the orientation of discontinuity that favors
slope failures and, others. Upon identification of critical slope sections, the geological
units that constitute corresponding slope sections were determined. Afterward, the
identified critical slope sections were classified into either structural controlled or non-
structural controlled based on geological conditions. Accordingly, the slopes were
classified as a structural controlled section if potential failure is assumed to take place
along discontinuities. This type of failure mostly occurs on the slope of strong rocks with
a slight degree of fracturing and weathering. On the contrary, the slopes were classified as
non-structural controlled if soils and/or highly fractured and weathered rocks constitute

them.
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Figure 3. 1 Critical slope indicator A) Failed rock blocks and B) Release surface
3.3.1 Discontinuity Surveying

Upon classification of the slope section, a discontinuity survey was carried out to
determine discontinuity parameters such as orientation, spacing, persistence, aperture,
infill material, wall weathering, roughness, and groundwater condition following ISRM
(1978) standards. Moreover, for structurally controlled slope sections, parameters such as
dip amount and direction of the slope and upper face, bench width (if any), and occurrence
of tension crack and its dip amount (if any) were also determined during this survey.
Similarly, for non-structural controlled slope sections, the full geometry of the slope was

also determined.
3.3.2 In-situ Strength Test

Intact rock strength (UCS) is one of the key factors in determining shear strength
parameters, which in turn are used as input parameters for slope stability modeling. In this
study, the UCS of the rocks is determined using the Schmidt hammer rebound test. ISRM
(1978) and ASTM C 805 (2018) have forwarded guidelines for selecting the Schmidt
hammer type and conducting the test. Accordingly, the former guideline recommended the
use of L-type while the latter did not specify the hammer type. In this regard, Aydin (2009)
suggested that N-type hammers are less sensitive to surface irregularities and are preferred
for field surveys whereas L-type hammers are more sensitive to lower ranges and give
better results for weak, weathered and porous rocks. Considering the surface irregularities
of rocks of the study area, an N-type Schmidt hammer was used in this study following
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the ASTM C 805 (2018) standard to acquire rebound values of the rock of the study area.
Accordingly, the following procedures were followed as per ASTM C 805 (2018) for the

acquisition of rebound values:

+ The hammer was perpendicularly held against the test surface and progressively
pushed to the rock (Figure 3.2) until the hammer gives an impact sound. When the
hammer gives an impact sound, it was locked and the rebound value was recorded.

+ Ten readings were taken at each test section with no two impact tests closer
together than 25mm.

+ When the hammer impact crushes or breaks the test surface, the reading was
discarded and then, repeated at other locations.

+ Finally, a representative rebound value was obtained by discarding the rebound
values that differ from the average of 10 readings by more than 7 units and then by
determining the average values of the remaining readings. Besides, the entire
reading was discarded and the rebound values were determined at other nearby
locations in case more than two readings differ from the average of 10 readings by
more than 7 units.

The rebound values that were not acquired at an angle normal to the test surface are
influenced by gravitational forces and need to be normalized with reference to the
horizontal direction (ASTM, 2001; Aydin and Basu, 2005). In this study, since all rebound
values were taken at an angle normal to the surface no corrections were applied to the
representative value. Finally, the UCS of rocks of the study area was determined from the
rebound value using Eg. 3.1. which was given by Barton and Choubey (1977).

Log (10) UCS = 0.00088yR+1.01 3.1

Where UCS is uniaxial compressive strength in Mpa, vy is the dry unit weight of the rock

in KN/m?3, and R is the representative rebound value.
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Figure 3. 2 In-situ strength test of rock determination of rebound values.

3.3.3 Sampling

Representative rock and soil samples were collected from the critical slope sections for

laboratory testing to determine input parameters for stability modeling. Accordingly, about

five samples were taken from the critical slope section at different depth intervals (Table

3.1). At slope section SS1, in particular, two soil samples were taken considering variation

in soil texture via visual observation. Based on field manifestation, the pumice of the

critical slope was considered as a soil, and the sample was taken accordingly. Moreover,

more than 20 rock samples were also taken from critical slope sections for the

determination of unit weight.

Table 3. 1 Location of test pits and their corresponding sampling depths

No. | Slope Section | Sample I.D. | Easting Northing | Sampling  Depth
m

1 SS1 SS1-A 532998 945418 SL.S)— 2.2

2 SS1-B 532998 945418 | 2.4-2.6

3 SS2 SS2-A 533241 946570 14-18

4 PS1 533262 946581 1.2-15

5 SS3 SS2-A 533048 945862 14-17
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3.4 Laboratory Test

Unit weight and shear strength parameters are among the most important parameters in
slope stability analysis. Accordingly, to obtain these parameters, laboratory tests such as
unit weight and direct shear tests were conducted for soils whilst unit weight tests were

conducted for rocks.
3.4.1 Laboratory Test of Rocks

Unit weight test was conducted for rock samples using the buoyancy technique suggested
by ISRM (1978). The test was conducted by weighing the rock specimens at their natural
moisture content (M1) and then by determining their dry weight (Mg) after oven-drying
the rock at 105°C for 24 hours. Oven-dried rock specimens were then submersed into a
cylinder filled with a known volume of water (V1) and the corresponding volume due to
immersion of the rock specimen was noted as (V2). Afterward, the corresponding dry
density (pd) and dry unit weight (yq) of rock were determined using (Eqg. 3.2 and 3.3)
respectively.
__Ma
Vol Vy

Pd 3.2

Yd=pd* 9 3.3

The saturated unit weight (ysat) of the rocks was also determined by using a similar
mechanism. However, during this determination, the rock sample was fully saturated by

submerging them into the water for 24 hours to obtain saturated weight (Msa). Afterwards,

saturated unit weight (Ysat) was determined using Eq. 3.2 by replacing Mg with Mgt
3.4.2 Laboratory Test of Soils

The shear strength parameters and unit weight of soil are the predominant input parameters
for the slope. Hence, in this study, unit weight and shear strength parameters of the soils
were determined in the laboratory following ASTM D 3080 (1998) and ASTM D 7263
(2009) standards, respectively. For determining shear strength parameters, the direct shear
test method was used. In this test, a known dimension of soil specimen was compacted and
remolded at their natural moisture contents. The specimen was then subjected to a shear
force loading system in the shear box to measure horizontal and vertical displacement.
Afterward, the specimens were sheared at initial consolidation pressure of 100 kPa by

applying horizontal shear load at a rate slow enough to allow pore water pressure to
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dissipate until the specimens fall. The horizontal and vertical shear displacements at failure
were then recorded. Afterward, part of the failed specimen was sampled for water content
determination, and the test was repeated on the different specimens of the same soil at 200
and 300 kPa. Finally, from the test results, shear stress (t) and normal stress () were
computed. Then, the values of shear stress (1) and normal stress (o) were then plotted on
normal paper from which shear strength parameters (i.e. cohesion (c) and friction angle

(¢)) were determined using Mohr-Coulomb Failure criteria.

3.5 Data Processing, Analyzation, and Interpretation
3.5.1 Determination of Shear Strength Parameters and Elastic Modulus of Rocks

The cohesion (C) and friction angle (¢) of discontinuities leading to planar, wedge, or
toppling failures are crucial parameters for analyzing the stability of the slope using LEM
(Wyllie and Norrish, 1996; Wyllie and Mah, 2004). Similarly, cohesion (C), friction angle
(¢), and elastic modulus (E) are among the major input parameters for analyzing the
stability of non-structural controlled slope sections (Wyllie and Norrish, 1996).
Accordingly, in this study, the abovementioned parameters were separately determined for
discontinuities (for structurally controlled slope sections) and for rock mass in the case of
non-structural controlled slope sections using Rockdata software.

3.5.1.1 Determination of Shear Strength Parameters for Structural Controlled
Slopes

The cohesion (C) and friction angle (¢) of discontinuities of non-structural controlled slope
sections were determined using Barton and Bandi's (1990) non-linear failure criteria in the
Rocdata software. This criterion uses parameters such as Joint Wall Compressive Strength
(JCS), joint roughness, residual friction angle, slope height, and unit weight of rocks to
determine cohesion and friction angle. The following procedures were followed in the
Rocdata software to determine these parameters.

+ JCS was determined by comparing UCS and the degree of weathering of wall rock.
The JCS is equivalent to 50 % of UCS if the wall rock adjacent to the discontinuity
is characterized by a moderate degree of weathering (Barton, 1976; ISRM, 1978;
Sharma et al., 1999). Hence, in this study, JCS was determined using Eqg. 3.4 and

is given in Table 5.2.

JCS =50 % of UCS wall rock adjacent to discontinuity 34
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+*

0.471

Shear stress (MPa)

0.0

Joint roughness was determined by comparing Barton and Choubey’s (1977)
standard roughness profile built in the Rocdata software to the existing roughness
profile of discontinuities in the field.

The residual friction angle (¢r) was determined using Eq. 3.5 that was forwarded
by Barton and Choubey (1977). In this calculation, a basic friction angle (¢pb) of
32.5 was used based on the study by Ulusay & Karakul (2015), and dry and wet
Schmidt hammer rebound values were determined in the field using an N-type

hammer.
or = (db — 20%) + 20(r/R) 35

The unit weight of the rock was determined using the buoyancy technique as stated
in section 3.4.1 and is given in Table 5.4. The slope height was determined in the
field using a tape meter.

Finally, the shear strength parameter (i.e. C and ¢) of the discontinuities were
determined using Barton and Bandi's (1990) non-linear failure criteria. Figure 3.3
below shows a sample of shear strength parameters of discontinuity as determined
using Barton and Bandi's (1990) non-linear failure criteria and detailed results are

given in Appendix 1.
Shear Strength Parameters of JS3 at R51

Barton-Bandis Criterion
base friction angle (phib) = 27 8346 MPa
joint roughness coefficient (JRC) = 3
joint compressive strength (JCS) = 74.22 MPa : ;
. . Mohr-Coulomb Fit
cohesion = 0.022 MPa friction angle = 36.74 deg :

0.0

02 0.4 0.6 0.8 1.0
Normal stress (MPa)

Figure 3. 3 A sample of shear strength parameters of discontinuity as determined using

Barton and Bandi's (1990) non-linear failure criteria.
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3.5.1.2 Determination of Shear Strength Parameters for Non-structural Controlled
Slopes

The cohesion (C), friction angel (¢), and elastic modulus (E) of rocks of non-structural
slope sections were also determined using Rockdata software (Rocdata 3.0 Rocscience,
2004) following generalized Hoek-Brown Failure criteria (Hoek et al., 2002). This
criterion use parameter such as the Geological Strength Index (GSI), UCS of intact rocks,
intact rock material constant (mi), disturbance factor (D), slope height, and unit weight of
rocks to determine the abovementioned parameters. The following steps were followed in
this criterion to determine these parameters.

+ The Geological Strength Index (GSI) is determined in the field via a comparison
of the standard GSI description (Appendix 3) provide in the Rockdata software
(Rocdata 3.0 Rocscience, 2004) to the existing field condition.

+ The UCS of intact rock was determined as stated in section 3.3.2 and the value is
shown in Table 5.2 was used for this purpose.

+ The material constant of intact rock (Mi) was adopted from Hoek (2007).

+ The disturbance factor was estimated based on guidelines suggested by Wyllie and
Mah (2004) as stated in the Rocdata software (Rocdata 3.0 Rocscience, 2004).
Accordingly, the disturbance factor of 0.7 was used considering controlled blasting

can create modest rock damage in the critical slope sections of the study area.

+ The unit weight of rock was determined in the laboratory whilst slope height was
determined in the field using a tape meter.

+ Finally, the cohesion, friction angle, and modulus of deformation were determined
using generalized Hoek-Brown Failure criteria. Figure 3.4 below shows a sample
of shear strength parameters and modulus of elasticity as determined using Hoek-
Brown Failure criteria. The detailed results are given in Appendix 2.
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Shear Strength Parameters and Modulus of Elasticity of Ignimbrite at 551

Huek—Eruﬂ'ﬁ Classification .
intact uniaxial compressive strength = 2932 MPa
061 GSI=27 mi=10 Distwbance factor =07

Hoek-Brown Criterion
mbh=0181 s=254e-5 a=03527

Mohr-Coulomb Fit
cohesion = 0.110 MPa friction angle = 30.61 deg

=
\:, 041 Rock Mass Parameters el
;5 tensile strength = -0.004 MPa
= uniaxial compressive strength = 0.111 MPa
3 global strength = 1.407 MPa
= modulus of deformation = 336 47 MPa
D2 e e

0.0 02 0.4 0.6 0.8 1.0
Normal stress (MPa)
Figure 3. 4 A sample of shear strength parameters and modulus of deformation of the rock

mass as determined using Hoek-Brown Failure criteria.
3.5.2 Elastic Modulus and Poisson Ratio of Soils and Rocks

The modulus of elasticity/deformation of rocks was determined as stated in section 3.5.1.2.
On the other hand, the Poisson ratio (v) of rocks was determined using Eg. 3.6 forwarded

by Vésarhelyi (2009) from input parameters such as GSI and intact rock material constant.
v =—-0.002GSI- 0.003mi + 0.457 3.6

For soils, the modulus of elasticity was determined from corrected standard penetration
(SPT) N using Eq. 3.7 or 3.8 as suggested by Begemann (1974). The corrected standard
penetration (SPT) N was determined using Eq. 3.9 from friction angle (¢) of soils as

forwarded by Japan Road Association (1990).

E = 1200(N + 6)% for N < 15 3.7

E = 4000 + 1200(N — 6) =% for N > 15 3.8
m

= (15N) 95 +15 for ¢ < 45° 3.9
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Similarly, the Poisson ratio of soils was estimated using Eq. 3.10 forwarded by Kulhawy
& Mayne (1990).

vy =01+ 032 For ¢<45° Eg. 3.10

3.5.4 Slope Stability Analysis

After the collection of all necessary data, stability modeling/or analysis was conducted
using Kinematic, LEM, and FEMs depending on the type of slope section under

consideration.
3.5.4.1 Stability Analysis/Modeling of Structural Controlled Slope Sections
3.5.4.1.1 Kinematic Modeling

For structurally controlled slope sections, the kinematic method was first used to identify
the mode of rock slope failure/s with the aid of Dips 6.0 software. This software utilizes
friction of angle of discontinuities (predefined failure plane), dip amount and dip direction
of discontinuities, and slope as input parameters to identify the mode of failure. In this
software, the input parameters are prepared and analysis was executed in the following

way.

+ The friction angle of discontinuity for the analysis will be determined using Barton
and Bandi's (1990) non-linear failure criteria as stated in section 3.5.1.1.

+ The dip amount and dip direction of discontinuities and the slope were determined
during detailed field surveying.

+ These input parameters were inserted into the software and the modeling was
conducted by changing the analysis type to planar, wedge, and toppling.

+ These possible modes of failures (i.e. planar, wedge, and toppling) were
differentiated by identifying poles and/or joints that fall in the critical zone of the

planar, wedge, and toppling failure, respectively.
3.5.4.1.2 LEM Modeling

In this study, only two modes of rock slope failures namely planar and wedge modes of
failures were identified using the kinematic method. The further stability of these modes
of failures was then determined using LEM in terms of FOS. Accordingly, the FOS for the
planar mode of failure was then determined using LEM-based Rocplane 2.0 software
(Rocplane 2.0 Rocscience, 2004) based on the study by Hoek & Bray (1981) and Sharma
et al. (1995). Similarly, the FOS for wedge mode of failure was also determined using
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LEM based approach developed by Hoek & Bray (1981) using Swedge 4.0 software
(Swedge 4.0 Rocscience, 2004). Both software uses the orientation of discontinuities,
slope geometry, unit weight of rocks, and shear strength parameters of discontinuities as
input parameters (Table 5.8 for planar and Table 5.10 for wedge modes of failure) to
determine the FOS. In this study, the orientation of discontinuities and geometry of the
slopes were determined in the field during surveying. The unit of rocks was determined
using buoyancy techniques suggested by ISRM (1978). The shear strength parameters of
the discontinuities were determined using Rocdata software (Rocdata 3.0 Rocscience,
2004) as stated in Section 3.5.1.1. Finally, FOS was determined for both modes of failures
under static dry, static saturated, dynamic dry, and dynamic saturated conditions. For
dynamic conditions, a horizontal seismic acceleration of 0.1g was adopted from the study
by EBCS (1995). Similarly, mid-height peak pore-water pressure with 100 % filling was

used during saturated conditions.
3.5.4.2 Stability Analysis/Modeling of Non-structural Controlled Slope Sections

The stability modeling of non-structural controlled slope sections (i.e. slope constituted by
soils and/or highly weathered rocks) was conducted using LEM and FEMs. LEM modeling
was conducted using Slide 6.0 software (Slide 6.0 Rocscience, 2004) as per the Mohr-
Coulomb strength criterion. This software uses input parameters (Table 5.14) such as slope
geometry, unit weight, and shear strength parameters to determine the stability of the slope
in terms of FOS. In this study, the geometry of the slopes was determined in the field using
a tape meter and GPS while the unit weight of rock and soils were determined in the
laboratory. The shear strength parameters were determined using a direct shear test for soil
while they were determined using Rocdata software (Rocdata 3.0 Rocscience, 2004) for
rock as stated in Section 3.5.1.2. Upon determination of these input parameters, the

following procedures were followed in the Slide 6.0 software:

+ The geometry of the slope was drawn using the ‘External Boundary’ tool.
Afterward, the material boundary was drawn inside slope geometry using the
‘Material Boundary’ tool.

+ Material properties such as unit weight and shear strength parameters were inserted
into the software.

+ GLE/Morgenstern-Price methods was used to determine FOS as it utilize both
force and moment equilibrium to determine the FOS as suggested by Abramson et
al. (2002).
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+ Upon selection of the analysis technique (i.e. GLE), Auto Grid Search Method was
used for determining the minimum slip surface corresponding to FOS.
+ Finally, the modeling was conducted under static dry, dynamic dry, static saturated,

and dynamic saturated conditions.

LEM, however, does not consider stress acting on the slope during the stability modeling
(Jing, 2003; Abd El-Latif, 2012; Bar et al. 2019). Nonetheless, stress can significantly
contribute to the instability of some slopes. Moreover, in the LEM, the shape of the slip
surface is predetermined as circular or near circular while in reality, it could be otherwise
(Jing, 2003). In the FEM, however, the stress condition of the slope can be considered and
potential failure can take any shape based on existing field conditions (Stianson et al.,
2015). Hence, in this study, FEM was also used to determine the stability of the slope with
the aid of Phase V 2.0 software (Phase V 2.0 Rockscience, 2004). This software uses the
same input parameters as LEM-based Slide 6.0 software except for two additional
parameters namely Poisson ratio and Young’s modulus. In this study, these two parameters
were determined using the procedures stated in Section 3.5.2. Finally, likewise LEM, the
modeling was conducted under static dry, dynamic dry, static saturated, and dynamic
saturated conditions to determine SRF. Later, SRF obtained from this was compared with

FOS obtained from LEM for interpretation of the results.

In general, the general methodology followed in this research work is given in Figure 3.5.
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CHAPTER FOUR

GEOLOGY OF THE STUDY AREA

4.1 Regional Geology

Regionally, the study area is located in the Northern Main Ethiopian Rift (NMER) within
the Nazret-Dera area. The Nazret-Dera area represents the bridge zone between two right-
stepping north-northeast trending sets of normal faults belonging to the Wonji Fault Belt
(Boccaletti et al., 1999). The geology of this Nazret-Dera area has been well-studied by
Damte et al. (1992) and Boccaletti et al. (1999). Accordingly, Nazret, Boku-Tede, Bofa,
Dera-Sodere, and Wonji units are the most dominant lithostratigraphic units within the

study area and its vicinities (Figure 4.1).

The Nazret unit consists of a sequence of ignimbrite sheets interbedded with palaeosols
layers (Meyer et al., 1975) indicating frequent break up in the volcanic activity in the area
(Boccaletti et al., 1999). The ignimbrite rocks of the Nazret series are frequently strongly
welded at the base and un-welded at the top. The Boku-Tede unit overlies the Nazret unit
and is associated with the collapse of a huge caldera called the Boku Caldera (Morton et
al., 1979). This unit mainly comprises alkaline and per-alkaline rhyolite lava domes, flows,
and pyroclastic falls, which cover the rift floor-complex ignimbrite deposits (Damte et al.,
1992; Boccaletti et al., 1999). Radiometric age of this unit range from 0.83 Ma to 0.51 Ma
(Morton et al., 1979). The Bofa unit overlies the Boku-Tede unit and mainly comprises
mafic lava flows of dominantly fissural origin (Boccaletti et al., 1999). This unit mainly
consists of transitional basalt with subordinate alkaline basalts having porphyritic texture.
The radiometric ages determined from rocks of this unit range from 0.61 to 0.44 Ma
(Morton et al., 1979).

Among the lithostratigraphic units of the Nazret-Dera area, the Dera-Sodere unit is the
most widespread unit containing an ignimbrite sheet covering about 400 km? of the area
(Damte et al., 1992; Boccaletti et al., 1999). It overlies the Bofa unit and is characterized
by thin layers of un-welded to poorly welded ash containing small, scattered rounded
pumice clasts and lithic fragments. It is mainly exposed in the southwest of Adama town.
The Wonji unit is one of the youngest lithostratigraphic units in the area and consists of
spatter and cinder cones associated with alkali basaltic lava flows which were erupted
through several emission centers (Damte et al., 1992). These cones are mainly distributed
in the SE and SW of Adama town.
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4.2 Regional Structures

The regional structural geology of the study is primarily controlled by the NNE-SSW to
N-S trending, right-stepping en-echelon fault system (i.e. the Wonji Fault Belt: WFB)
(Boccaletti et al., 1999). According to Meyer et al. (1975), the WFB faulting started
developing at the beginning of the Early Pleistocene (1.6 Ma ago), causing the important
unconformity occurring between the "Wonji Series' (Pleistocene-Holocene) and the
underlying 'Nazreth Series', whose more recent products are about 1.8 Ma (Bigazzi et al.,
1993).
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Figure 4. 1 Regional geological of the study area (Nazret-Dera area) (Modified after Damte
etal., 1992).

4.3 Local Geology and Structures

Based on a study by Damte et al. (1992), the entire study area is mapped as a Dera-Sodera
unit (Figure 4.1). The Dera-Sodera unit dominantly consists of an ignimbrite sheet with
some rhyolite and basaltic flows, and pyroclastic deposits (Damte et al., 1992; Boccaletti
et al., 1999). Moreover, Chemeda (2020) mapped quaternary sediment, ash with pumice,

scoria, ignimbrite, rhyolite, and basalts (Figure 4.7). In this study, quaternary sediment,
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pumice, and ignimbrite rocks are mapped in the critical slope sections. Hence, in the

following section these geological units and structures of the critical slope sections.
4.3.1 Ignimbrite

This rock is the most widely exposed in all critical slope sections of the study area. In the
study area, it is characterized by its grey color and aphanitic to eutaxitic texture (texture
produced by the presence of fiamme). Moreover, it is also characterized by a moderate to
high degree of weathering and fracturing (Figure 4.2) and is exposed forming a steep ridge
oriented in the NNE-SSW direction. The structurally controlled critical slope sections of

the study area are associated with moderately weathered ignimbrite while non-structural

controlled critical sections are dominantly associated with highly weathered ignimbrite.

Figure 4. 2 A) Highly weathered and fracture ignimbrite and B) moderately weathered and
fractured ignimbrite

4.3.2 Pumice

This geological unit is exposed in a small portion of the study, particularly along critical
slope section SS2. It has a light grey color and vesicular texture (Figure 4.3). In the study
area, this unit has been converted into the soil due to intensive weathering. Field
investigation revealed that this unit is sandwiched between ignimbrite units in the study

area.
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Figure 4. 3 Pumice along critical slope section SS2.

4.3.3 Soil Deposit

Based on field conditions, there are three types of soil deposits in the study area. These
include residual, eluvium, and colluvium soil deposits. The residual soils found in the
present study area are originated from parent materials such as pumice and ignimbrite
rocks (Figure 4.4A). Colluvium deposits are weathered materials that are transported by
gravity and occasionally by water and that are deposited at the toe of the slope. In the study
area, this deposit is outcropped at the toe of the Dibibisa ridge and it comprises grain of
variable grain size ranging from clay to gravel (Figure 4.4B). Eluvium deposits are soils
that formed from in-situ weathering of parent rock and which are not moved far away from
their place of origin. Accordingly, in the study area, this deposit is outcropped on a steep

slope on ignimbrite rock.

44



Figure 4. 4 A) Residual soil and B) colluvium soil deposits of the study area.

4.4 Geological Structures

Secondary geological structures are a common cause of slope failure (Raghuvanshi et al.,
2017). Accordingly, in the study area, secondary geological structures such as joints and

faults were identified.
4.4.1 Joints

The failure of structurally controlled critical slope sections is primarily controlled by the
presence of persistent joints. In the study area, joints are characterized by open-to-tight
openings, open-to-partially-filled infill properties, close-to-wide spacing, and high
persistence continuity conditions. The orientation of joints of the study area was analyzed
using Dips 6.0 (Dip6.0 Rocscience, 2004) and results showed the joints are oriented in
NNE-SSW direction (Figure 4.5).

4.4.2 Faults

Information obtained from satellite imagery and 30m resolution SRTM DEM were used
to infer and delineate major faults within and around the vicinity of the study area.
Accordingly, the study results showed that there exists a major fault along the Dibibisa
ridge and it dips in the western direction with a strike in the NNE-SSW direction.
Moreover, there are also small faults in the study area that also strikes in the NNE-SSW

direction (Figure 4.6).
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Figure 4. 5 Rosset diagram of discontinuity strikes plotted by dip.6.00 software
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Figure 4. 6 Minor faults in the study area.
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CHAPTER FIVE

5. RESULTS AND DISCUSSION

5.1 Identification of Critical Slope Sections

A detailed field investigation was conducted to identify critical slope sections and acquire
data that can be used for slope stability analysis. The critical slope sections were identified
based on field manifestation such as the removal of slope toe, development of tension
cracks, bulging of slope face, and adversely oriented discontinuity that favors rock slope
failures. Accordingly, about two structurally controlled and four non-structural controlled
slope sections were identified (Table 5.1).

Table 5. 1 Critical slope sections identified during a detailed field investigation.

Slope | Location
Section E N Brief Description of the Identified Critical Slope Section

Structural Controlled Slope Sections

RS1 532996 945491 | A slope section constituted by moderately weathered
ignimbrite

RS2 533004 945559 | A slope section constituted by moderately weathered
ignimbrite

Non-Structural Controlled Slope Sections

SS1 532998 945418 | A slope section with a relatively large scarp face with a
nearly circular shape constituted by eluvium deposit on top
of ignimbrite

SS2 533241 946570 | Acritical slope section constituted by eluvium soil deposited
on top of ignimbrite rock

SS3 533048 945862 | A critical slope section constituted by eluvium soil, pumice,
and ignimbrite rocks.

SS4 527164 944594 | A critical slope section constituted by moderately to highly
weathered ignimbrite rock

5.2 Engineering Geological Characterization of Rocks
5.2.1 Uniaxial Compressive Strength (UCS)

The Uniaxial Compressive Strength (UCS) of the rocks of the critical slope sections was
determined from rebound values acquired from the N-type Schmidt hammer test in the
field. The UCS was determined from representative rebound value using Eq. 3.1 forwarded
by Barton and Choubey (1977). Table 5.2 below presents some representative UCS of
rocks in the study area.
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Table 5. 2 Average Schmidt hammer rebound value (R) at critical sections of rock slope

and their corresponding UCS

Slope Joint Sets Average or representative | Unit UCS JCS (MPa)
Section rebound value as per ASTM | Weight | (MPa)
C 805 (2018) kKN/m?
Structural Controlled Slope Section

RS1 JS1 52.0 26.40 165.22 82.610

JS2 49.3 26.40 143.00 71.500

JS3 50.0 26.40 148.45 74.225

RS2 JS1 50.5 25.03 132.54 66.270

JS2 48.0 25.03 116.75 78.375

Non-structural controlled Slope sections Average UCS

(MPa)

SS1 HW 24.5 22.88 31.84 29.32
Ignimbrite 20.8 22.88 26.79

SS2 HW 20.8 20.59 24.37 22.76
Ignimbrite 17.4 20.59 21.14

SS3 HW to MW 34.2 20.87 43.45 43.90
Ignimbrite 34.7 20.87 44,36

SS4 HW 18.6 21.50 23.01 24.97
Ignimbrite 22.2 21.50 26.92

HW to MW 25.8 22.26 32.73 43.15
Ignimbrite 36.7 22.26 53.57
MW-Moderately Weathered, HW- Highly Weathered

The study results showed that the UCS of rocks of structurally controlled slope sections
ranges from 116.75 MPa to 165.22 MPa for the ignimbrite rock and from 21.14 MPa to
53.57 MPa for non-structural controlled slope section Moreover, based on the
classification of rocks from UCS forwarded by ISRM (1978), the rocks in the structurally
controlled slope section are classified as a very strong rock.

5.2.2 Rock Quality Designation (RQD)

In this study, since there are no core rock samples, the RQD was determined in the field
based on the Volumetric Joint Count Method. In the study area, the rocks of non-structural
controlled slope sections are mainly covered by colluvium soils. Hence, the RQD was only
determined for rocks' structural controlled slope sections. Accordingly, the Volumetric
Joint Count (Jv) of rocks' of structurally controlled slope sections was first determined
from the average spacing of joint sets using Eq. 2.3. Afterward, the RQD of rocks was
determined using Eq. 2.2 suggested by Palmstrom (2005). The result showed that the
ignimbrite at the critical slope sections has RQD values in the order of 72.25 % to 82.00%
respectively (Table 5.3).
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Table 5. 3 RQD of rocks of the study area at structural controlled slope sections.

Slope Section | Rock Type Jv RQD (%) Deer and Deere(1988) RQD
Classification
RS1 Ignimbrite 11.2 82.00 Good
RS2 Ignimbrite 15.1 72.25 Good

5.2.3 Unit Weight of Rocks

The unit weight of the rock is one of the major parameters in slope stability analysis.
Moreover, it is one of the parameters during the determination of UCS of intact rocks from
Schmidt hammer rebound value. In this study, the unit weight of rocks in the study area
was determined using the buoyancy technique in the laboratory. Accordingly, the test
result showed that the unit weight of rocks in the study area varies from 24.75 kN/m? to
25.30 kN/m?3 (Table 5.4).

Table 5. 4 A Unit weight of rocks in the study area

Structural Controlled

Slope | Rock Type Unit | Mass(g) | Vi(ml) | V2 | V2-V1 p= Average
section weight (ml) (mh) [ (g/em®) |y (KN/m®)
RS1 Ydry 86.4 150.0 | 186.0 | 36.0 2.400 24.75
Ignimbrite 102.2 | 150.0 | 190.0 | 40.0 2.550

Ysat 105.7 150.0 | 192.0 | 42.0 2.520 25.30
120.5 200.0 | 2475 | 4715 2.540

RS2 Yary 90.5 150.0 | 1865 | 36.5 2.479 24.79
Ignimbrite 1104 200.0 | 2445 | 445 2.480
Ysat 92.6 150.0 | 187.0 37 2.503 25.13

85.8 150.0 | 184.0 34 2.523

Non-Structural Controlled

Ydry 80.8 150.0 | 1845 | 345 2.342 22.88
SS1 Ignimbrite 115.0 150.0 | 2015 | 515 2.233

Ysat 96.8 150.0 | 192.0 | 420 2.304 23.31
82.5 150.0 | 185.0 | 350 2.357

Ydry 75.0 150.0 | 186.0 | 36.0 2.083 20.59
SS2 Ignimbrite 87.5 150.0 | 193.0 | 43.0 2.034

Ysat 68.5 150.0 | 182.0 | 32.0 2.140 21.85
75.8 150.0 | 184.0 | 34.0 2.229

Ydry 110.0 | 150.0 | 199.0 | 49.0 2.244 20.87
SS3 Ignimbrite 125.5 150.0 | 215.0 | 65.0 1.930

Ysat 74.5 150.0 | 185.0 | 35.0 2.128 22.07
64.0 150.0 | 178.0 | 28.0 2.285

Ignimbrite- | yay | 130.0 | 200.0 | 2584 | 58.4 | 2.226 22.26

Ss4 A Ysat 956 | 200.0 | 239.2 | 39.2 | 2.438 24.38
Ignimbrite- | 7y | 105.8 | 200.0 | 2492 | 49.2 | 2.150 21.50
B vay | 117.3 | 200.0 | 2504 | 504 | 2.327 23.27

Note: At SS4, Ignimbrite-A (moderately to highly weathered) was taken from the bottom slope
profile while Ignimbrite-B (Highly Weathered) was taken from the middle slope profile
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5.2.4 Rock Mass Rating (RMR)

The quality of rock mass at structurally controlled slope sections was determined using
Bieniawski’s (1989) basic Rock Mass Rating (RMR) system. The Schmidt hammer-based
UCS of intact rocks (Table 5.2), Volumetric Joint Method derived RQD (Table 5.3), field-
determined condition and spacing of discontinuities, and groundwater were used as input
parameters following the guidelines of this system. The analysis of the result showed that
the ignimbrite rock of the study area is classified as Good rock at RS1 while it is classified
as Fair rock at RS2 (Table 5.5).

Table 5. 5 Rock mass classification based on RMR system at structural controlled slope

sections.
Parameters Structural Controlled Slope Sections
RS1 Rating RS2 Rating
UCS (MPa) 152.07 12 124.65 12
RQD (%) 82.00 17 72.25 13
Joint spacing (cm) 250 20 20 10
« | Persistence(m) >20 0 >20 0
S [ Aperture(mm) 75 0 165 0
E Filling Partially open 0 Partially filled with soil 0
;fﬁ Roughness Slightly rough 3 Slightly rough 3
©
S | Degree Moderately 3 Moderately 3
© weathering
Groundwater Condition. Damp 10 Damp 10
RMR 65 51
Class Good Rock Fair Rock

5.3 Slope Stability Analysis of Rock Slope (Structural Controlled)
5.3.1 Kinematic Analyses

Slope stability modeling of structurally controlled slope sections was first determined
using kinematic analysis via pole data stereographic projections to determine the mode of
rock failure. This modeling was conducted using Dips 6.0 software (Dips 6.0 Rocscience,
2004) based on procedures forwarded by Hoek & Bray (1981) and Wyllie & Mah (2004)
from input parameters listed in Table 5.6. The input data for the analysis such as the
orientation of discontinuities and slope face were determined during detailed fieldwork.
Similarly, the friction cone (Table 5.6 and Appendix 1) was determined using Rockdata
3.0 software (Rocdata 3.0 Rocscience, 2004).
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Table 5. 6 Input parameters for kinematics analysis.

Slope Joint set and its parameter Slope face Friction cone
sections JS1 JS2 JS3 parameters
D DD D DD D DD D DD
RS1 46 320 | 58 130 76 262 80 257 39.02
RS2 64 115 | 48 255 78 240 28.69
D= Dip Amount, DD= Dip Direction

From the modeling results, both RS1 and RS2 are admissible for both planar and wedge
modes of failures. The planar mode of failure was distinguished in the Dip 6.0 software by
determining the pole of joint sets that fall in the critical zone of planar failure as highlighted
in red color in Figure 5.1. According to modeling results, the planar mode of failure was
identified at slope section RS1 due to JS3 whereas it occurred due to JS2 at RS2 (Figure
5.1 A). Similarly, the wedge mode of failure was identified in the Dips 6.0 software by
differentiating the intersection of joints that fall in the critical zone of wedge failure.
Accordingly, this mode of failure was identified due to the intersection of JS1 and JS3,
and JS2 and JS3 at slope section RS1. Similarly, this mode of failure was identified due to

the intersection of JS1 and JS2 with potential failure along 174° at RS2.
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Table 5. 7 The result of the kinematic analysis

Slope Sections Possible mode failure based on kinematic analysis
RS1 Planar mode of failure due to JS3

Wedge mode of failure due to the intersection of JS1 and JS3

Wedge mode of failure due to the intersection of JS2 and JS3
RS2 Planar mode of failure due to JS2

Wedge mode of failure due to the intersection of JS1 and JS2

5.3.2 Rock Slope Stability Modeling Using LEM

The kinematic modeling revealed that the identified critical rock slope sections are
subjected to planar and wedge modes of failure (Figure 5.1 and Table 5.7). In this section,
further stability analysis of these two modes of failure will be conducted by using LEM to

determine the stability of the slope in terms of FOS.
5.3.2.1 LEM Modeling of Planar Failure

The kinematic modeling revealed that RS1 and RS2 are unstable for planar failure due to
JS3 and JS3, respectively (Figure 5.1). The modeling of this mode of failure in terms of
FOS was done by using LEM-based Rocplane 2.0 software (Rocplane 2.0 Rocscience,
2004) based on the study by Hoek & Bray (1981) and Sharma et al. (1995). The analysis
was done under four projected conditions (i.e. static dry, dynamic dry, static saturated, and

dynamic saturated conditions) from input parameters listed in Table 5.8.
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Table 5. 8 Input parameters for RocPlane software based on Barton- Bandis (1990) failure

criterion.
Input parameters for RocPlane V. 2.0
Slope Slope geometry Strength Force
section | JS Sa Sh | y(tm®dis | Fpa | W | Ufa C @ (9 W as
) | (m) O[O O | Em) (Ymd)
RS1 |JS3 |80 |30 2.52/2.58 7% |4 15 12243 | 3674 |1 0.1
RS2 JS2 78 32 2.53/2.56 48 6 10 1.019 | 2757 |1 0.1

JS=Joint set, Sa= slope angle, Sh= slope height, y= unit weight, Fpa= failure plane angle, W= waviness, Ufa=upper

face angle, c= cohesion, ®= friction angle, yw= unit weight of water,s=saturated, d=dry as = seismic coefficient.

LEM-based Rocplane 2.0 software revealed that JS3 of RS1 has FOS in the order of 1.07,
0, 0.96, and 0 during static dry, static saturated, dynamic dry, and dynamic saturated
conditions, respectively (Table 5.9 and Figure 5.2). According to Wyllie and Norrish
(1996), Wyllie & Mah (2004), and Christian (2004), FOS less than 1, greater than 1, and
equal to 1 indicate unstable, stable, and slope in the brink of failure, respectively. Hence,
JS3 of RS1is only stable (i.e. FOS > 1) during current or static dry condition, and unstable
(i.e. FOS < 1) during remaining conditions. The modeling results have also shown that
saturated conditions have much lower FOS than dry conditions (Table 5.9). According to
Raghuvanshi et al. (2017), intensive rainfall or saturation can significantly increase pore
water pressure along the failure planes thereby leading to slope failure with much lower
FOS during wet seasons as compared to dry seasons. Thus, the low FOS of planar failure
of RS1 during saturated conditions is attributable to the high pore-water pressure generated

during rainy seasons.
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Figure 5. 2 A) 2D view of the planar mode of failure due to JS3 dipping at RS1, B)
Summary of Rocplane 2.0 software for JS3 during dynamic saturated conditions, and C)

Existing field condition

Moreover, the planar modeling revealed that JS2 of RS2 is unstable (i.e. FOS < 1) during
all projected conditions (Table 5.9 and Figure 5.3). According to Raghuvanshi (2017) and
Tesfaye et al. (2023), the majority of slope failure takes place during intensive rainfall/or
saturation and during the presence of seismic activity. Nevertheless, the planar failure due
to JS2 of RS2 is unstable even with the absence of saturation and seismic activity. Hence,
apart from saturation, planar instability of this slope section is also primarily controlled by

factors such as slope geometry and failure plane properties.
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Figure 5. 3 A) 2D view of the planar mode of failure due to JS2 dipping at RS2, B)
Summary of Rocplane 2.0 software for JS2 during dynamic saturated conditions, and C)
Existing field condition

Table 5. 9 Summary of FOS obtained for RSS1 under different anticipated conditions.

Slope Joint FOS results under different anticipated conditions

section Set Staticdry | Static saturated | Dynamic dry | Dynamic saturated
RS1 JS3 1.07 0.00 0.96 0.00
RS2 JS2 0.63 0.26 0.52 0.18

5.3.2.2 Sensitivity Analysis of Planar Mode of Failure

The LEM Modeling has shown that water force/or saturation is a major factor that controls
the stability of planar failure in both slopes as saturation resulted in a significant reduction
inthe FOS (Table 5.9). Hence, in this study, water force is not considered for the sensitivity
analysis. For all remaining parameters, sensitivity analysis was conducted by changing the
value of one input parameter over a certain range (i.e. original value + or —5) while keeping
the original value as the mean value. The sensitivity curves indicate that the parameter
with the steepest curve strongly influences the stability as compared to parameters with a
gentler curve (Lamessa and Meten 2021). Accordingly, the analysis has shown that the
planar failure due to JS3 at RS1 is strongly influenced by slope angle followed by failure
plane angle, cohesion, unit weight, seismic coefficient, friction angle, and slope height
(Figure 5.4A). Similarly, this sensitivity analysis has also shown that planar failure due to
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JS2 at RS2 is dominantly affected by failure plane angle followed by friction angle, slope
angle, cohesion, seismic coefficient, unit weight, and slope height (Figure 5.4B). In
general, sensitivity analysis of both planar failures has shown that slope and failure plane
angles significantly influence slope failure while unit weight, slope height, and seismic
coefficient slightly influence the stability of the slope.
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Figure 5. 4 Sensitivity analysis of the planar mode of failure A) at RS1 and B) at RS2.
5.3.2.3 LEM Modeling of Wedge Failure

The stability modeling of wedge failure in terms of FOS was undertaken using LEM based
approach following the procedure forwarded by Hoek & Bray (1981) using Swedge 4.0
software (Swedge 4.0 Rocscience 2004). This analysis was conducted for wedge identified
at both RS1 and RS2 from input parameters given in Table 5.10.
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Table 5. 10 Input parameters used for determination of FOS for Swedge software.

Input parameters for Swedge V. 4.0

Slope Slope geometry Strength Force
section | JS JS Sh | v (t/m3) s/d Sa UF C OO | yw as
D/DD(®) | (m) (D/DDY) | (D/DD%) | (t/m?) (t/md)
RS1 |[JS1| 46/320 | 30 2.58/2.52 | 80/257 15/240 | 5.506 |41.73 1 0.1
JS2 | 58/130 | 30 2.58/2.52 | 80/257 15/240 | 3.467 | 38.20 1 0.1
JS3 | 76/262 | 30 2.58/2.52 | 80/257 15/240 | 2.423 | 36.74 1 0.1
RS2 |JS1| 64/115 | 32 2.56/2.53 | 78/240 | 10/230 | 1.427 | 28.76 1 0.1
JS2 | 48/255 | 32 2.56/2.53 | 78/240 | 10/230 | 1.019 |27.57 1 0.1

JS= joint set, Sh=slope height, y=unit weight, s/d=saturated/dry, Sa=slope angle, UF=upper face,
c=cohesion, ®=friction angle, yw= unit weight of water, as= seismic coefficient.

From the kinematic modeling, slope section RS1 is subjected to wedge failure due to the
intersection of JS1 and JS3, and JS2 and JS3 (Figure 5.1 and Table 5.7). LEM modeling
using Swedge V. 4.0 has revealed that the wedge formed due to JS1 and JS3 has FOS in
the order of 1.147, 1.007, 0.292, and 0.276 (Figure 5.5 and Table 5.11). Similarly, the
wedge formed due to JS2 and JS3 has FOS in the order of 2.607, 2.271, 0.841, and 0.786
under static dry, dynamic dry, static saturated, and dynamic saturated conditions,
respectively (Figure 5.6 and Table 5.11). Thus, based on the interpretation of FOS given
by Wyllie and Norrish (1996) and Wyllie & Mah (2004), both wedges are unstable during
saturated and stable during dry conditions. As per Raghuvanshi et al. (2017), Hossain
(2011), and Tesfaye et al. (2023), this signifies that wedge instability of this slope is

attributable to failure surface lubrication and pore water pressure induced by rainfall.

Similarly, the LEM modeling of wedge-formed at RS2 has shown that a wedge formed
due to JS1 and JS2 has a FOS in the order of 1.902, 1.550, 1.300, and 1.060 during static
dry, dynamic dry, static saturated, and dynamic saturated conditions, respectively (Figure
5.7 and Table 5.11). This signified that wedge formed at this slope section is stable during
all anticipated conditions.
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Figure 5. 5 A) 3D view of the slope geometry of JS1 and JS3 of RS1 with shaded draw
mode under dynamic saturated condition, B) 3D view of geometry with wireframe draw

mode, and C) Actual field condition

Figure 5. 6 A) 3D view of the slope geometry of JS2 and JS3 of RS1 with shaded draw
mode under dynamic saturated condition, B) 3D view of geometry with wireframe draw

mode, and C) Actual field condition
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Figure 5. 7 A) 3D view of the slope geometry of JS1 and JS2 of RS2 with shaded draw

mode under dynamic saturated condition, B) 3D view of geometry with wireframe draw

mode, and C) Actual field condition

Table 5. 11 The FOS under different anticipated conditions for wedge mod of failure.

Slope JS FOS results under different anticipated conditions
section | (intersection) | Static dry | Static saturated | Dynamic dry | Dynamic saturated
RS1 JS1 & JS3 1.147 0.292 1.007 0.276
JS2 & JS3 2.607 0.841 2.271 0.786
RS2 JS1 & JS2 1.902 1.300 1.550 1.060

5.4 Soil Characterization

Some identified critical slope sections are partly constituted by soils. Hence, properties of
soils such as unit weight and shear strength parameters will have a significant impact on
controlling the stability of these slopes. Accordingly, tests such as unit weight and direct

shear tests were conducted on representative soil samples to acquire these two parameters.
5.4.1 Unit Weight

Unit weight test of soil is conducted at Engineering Corporation of Oromia (ECO). The
test result showed that the dry unit weight of soils of the study area varies from 13.24 to
19.28 kN/m?. Similarly, the test results also showed that the saturated unit weight of soils
in the study area ranges from 14.35 to 21.42 kN/m?® (Table 5.12).

60



Table 5. 12 Unit weight test results of soils of the study area

No. | Sample Code | Slope Section | Dry Unit Weight (yay) | Saturated Unit Weight (ysa)
1 SS1 SS1-A 18.70 19.66
SS1-B 19.28 21.42
2 SS2 SS2-A 16.24 17.33
PS1 13.24 14.35
3 SS3 SS2-A 14.65 15.21
5.4.2 Shear Strength Test

The shear strength parameters (i.e. cohesion and friction angle) of slope-forming materials
are one of the major input parameters for determining the stability of the slope. Hence, in
this study, the shear strength parameters of soils forming the critical slope sections were
determined using a direct shear test. The test results showed that the cohesion of soils of
the study area varies from 0.140 MPa to 8.54 MPa while the friction angle ranges from
17.224° t0 29.500° (Table 5.13 and Figure 5.8).
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Figure 5. 8 A Sample of normal versus shear stress curve of direct shear test on the soil A)
at SS1 and B) at SS3

Table 5. 13 The shear strength parameters of soils of the study area

Sample Slope Section Description Shear Strength Parameters
D C(kN/m?) ()
SS1-A | SS1 (Eluvium soil deposited on ignimbrite rock) 0.555 20.516
SS1-B 0.140 29.500
SS2-A | SS2 (Eluvium soil deposited on pumice and 6.244 21.550
PS-1 | ignimbrite rock) 8.54 17.224
SS2-A | Eluvium Soil deposited on Ignimbrite 8.142 19.84

5.5 Stability Analysis of Non-Structural Controlled Slope Section

For non-structural controlled slope sections (i.e. slope sections constituted by soils and
weathered rocks), the stability modeling was conducted using LEM and FEMs. In the
following sections, the analysis results obtained from both of these methods will be
discussed.
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5.5.1 Stability Modeling Using LEM

For modeling the stability of the slope using LEM, Slide 6.0 software was used to
determine FOS through Hoek-Brown Failure Strength Criteria. This technique/software
uses shear strength parameters, unit weight, slope geometry, horizontal seismic
acceleration, and degree of saturation as input parameters. In this study, shear strength
parameters for rocks were determined from Hoek-Brown Failure Strength Criteria using
Rockdata software (Rocdata 3.0 Rocscience, 2004) while for soils these parameters were
determined using direct shear test. Moreover, the unit weight of both rocks and soils was
determined in the laboratory while the slope geometry was determined in the field using a
tape meter. Furthermore, the horizontal seismic acceleration of the study area (0.1 g) was
obtained from a seismic hazard map of Ethiopia forwarded by EBCS (1995). The modeling
was then done from the input parameter given in Table 5.14 using the Morgenstern—Price
method as it considers both force and moment equilibrium acting on the failure surface
(Koca 2020).

Table 5. 14 Input Parameters for the Slide 6.0 Software.

Slope | Geology C OO | yay Ysat Slope | Average
Section (KN/m?) (kN/m?3) | (kN/m3) | height | Slope angle
(m) ©)
SS1 | Eluvium Soil (SS1- 0.555 | 20.516 | 18.70 | 19.66 Top |17
A 35
El)uvium Soil (SS1-B) | 0.140 | 29.500 | 19.28 21.42 Middle | 75
HW Ignimbrite 110.0 30.61 22.88 23.31 Bottom | 53
SS2 | Eluvium Soil 6.244 | 21550 | 16.24 | 17.33 Top |59
Pumice 854 | 17.224 | 1324 | 14.35 42 | Middle | 45
HW Ignimbrite 141.0 33.15 | 20.59 21.85 Bottom | 28
SS3 Eluvium soil 8.142 19.84 | 14.65 15.21 Top 68
MW to HW 91.0 33.16 | 20.87 22.07 30 Middle | 45
Ignimbrite Bottom | 73
SS4 | HW Ignimbrite 115.0 29.21 | 21.50 23.27 42 Top |51
MW to HW 211.0 38.87 22.26 24.38 Middle | 70
Ignimbrite Bottom | 48

The slope section SS1 is characterized by three slope profiles with bottom, middle, and
top profiles having dip angles of 53° 75°, and 16°, respectively. The slope is constituted
by eluvium and highly weathered ignimbrite rock (Figure 5.9). Based on the field
manifestation, two soil samples (i.e. one each from eluvium 1 and eluvium 2) were taken
from this slope section for better engineering geological representation of the slope. The
stability modeling was done from input parameters shown in Table 5.14 and the analysis

results were shown in Table 5.15 and Figure 5.10.
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Figure 5. 9 A) Existing field condition of slope section SS1 and B) Slope geometry

The modeling results showed that the FOS corresponding to the critical slip surface for
SS1 is in the order of 0.364, 0.305, 0.225, and 0.194 under static dry, dynamic dry, static
saturated, and dynamic saturated conditions, respectively (Table 5.15 and Figure 5.10).
Hence, based on the interpretation of FOS given by Wyllie and Norrish (1996), Wyllie &
Mah (2004), and Christian (2004), this slope is unstable under all anticipated conditions.
The results showed that this slope is unstable even without the presence of any external
force suggesting that the shear strength of geological materials and slope geometry have
significantly contributed to destabilizing this slope. Moreover, the modeling also showed
that the potential failure only involves the eluvium soil as shown in yellow color in Figure
5.10.

Table 5. 15 LEM modeling results of Slide software as determined using the GLE
technique for SS1

Global GLE/Morgenstern-Price Technique Result
minimums Static Dry Dynamic Dry Static Saturated | Dynamic Saturated
FOS 0.3640 0.3050 0.2250 0.1943
RM (KN-m) | 5706.09 5172.88 2082.8 2654.98
DM(kKN-m) | 15675.2 16964.9 9271.14 13663.2
RHF(KN) 74.6596 67.974 29.3271 44.5383
DHF(KN) 205.098 222.927 130.543 229.204
C 29.645, 40.029 | 29.645, 40.029 | 27.440, 35.619 | 20.825, 35.619
R 49.737 49.737 44.906 40.214

RM = resisting moment, DM = driving moment, RHF = resisting horizontal force, DHF = driving
horizontal force, C =c enter, R = radius.
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Figure 5. 10 LEM modeling result of SS1 using Slide 6.0 software under A) static dry, B)
dynamic dry, C) static saturated, and D) dynamic saturated conditions.

The slope section SS2 is also multi-sloped with three slope profiles. The bottom profile
dips at an angle of 28° while the middle and top profiles dip at angles of 45° and 59°,
respectively (Table 5.14). In terms of geology, eluvium soil, pumice, and ignimbrite rocks
constitute this slope. The pumice is sandwiched between blocks of ignimbrite rock while
the eluvium soil is deposited on the bottom half of the ignimbrite itself. The stability
modeling was then conducted upon determination of all required parameters and analysis
results were shown in Table 5.16 and Figure 5.11. The results of the modeling showed that
this slope is only stable during static dry condition with the FOS of 1.117 (Table 5.16 and
Figure 5.11). During the remaining conditions, this slope is unstable with potential failure
involving eluvium soil and pumice. Hence, the potential failure is likely to involve the
bottom and middle slope profiles. During dynamic saturated conditions in particular,

driving horizontal force with a magnitude of 1309.94 kN and resisting horizontal force of
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574.866 kN were applied to the slope which decreased FOS from 1.117 from static dry to
dynamic saturated condition (Table 5.16). The modeling showed that the external
triggering factors of the slope (i.e. seismic activity and rainfall) are the major factors
controlling the stability of this slope as this slope became unstable during dynamic and

saturated conditions.

Table 5. 16 LEM modeling results of Slide software as determined using the GLE

technique for SS2
Global GLE/Morgenstern-Price Technique Result
minimums Static Dry Dynamic Dry Static Saturated Dynamic Saturated
FOS 1.1173 0.9081 0.4592 0.4390
RM (kKN-m) | 54135.3 52446.9 28254.9 26915.0
DM(KN-m) | 48450.7 57748.5 51441.7 61330.7
RHF(KN) 1133.03 1102.18 596..744 574.866
DHF(KN) 1014.06 1213.6 1086.45 1309.94
C 5.339,43.816 | 5.339,43.816 | 5.339, 43.816 5.339, 43.816
R 41.848 41.848 41.848 41.848
RM-=resisting moment, DM=driving moment, RHF=resisting horizontal force, DHF=driving
horizontal force, C=center, R=radius.
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Figure 5. 11 LEM modeling result of SS2 using Slide 6.0 software under A) static dry, B) dynamic
dry, C) static saturated, and D) dynamic saturated conditions.
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Likewise SS1 and SS2, slope section SS3 is also multi-sloped with three slope profiles
designated as bottom, middle, and top slope profiles dipping at an angle of 73°, 45° and
68°, respectively (Table 5.14). In this slope, eluvium soil is deposited on ignimbrite rock
forming the bottom slope profile that dips at an angle of 73° towards the residential area
(Figure 5.12). The modeling results showed that this slope is stable during static dry and
dynamic dry conditions with FOS of 1.443 and 1.271, respectively (Table 5.17 and Figure
5.13A and B). However, this slope is unstable during static saturated and dynamic
saturated conditions with corresponding FOS of 0.522 and 0.467. This showed that

rainfall/or saturation is the major factor contributing to the instability of this slope.

Figure 5. 12 Existing field condition of slope section SS3.
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Table 5. 17 LEM modeling results of Slide software as determined using the GLE

technique for SS3
Global GLE/Morgenstern-Price Technique Result
minimums Static Dry Dynamic Dry Static Saturated Dynamic Saturated
FOS 1.4433 1.2716 0.5223 0.4672
RM (kN-m) | 100812.0 97045.6 2648.44 2028.24
DM(kKN-m) | 69846.3 76316.2 5069.98 4340.62
RHF(KN) 1719.95 1593.27 51.6254 43.1938
DHF(KN) 1191.64 1252.94 98.828 92.4387
C 8.347, 38.132 9.876, 39.662 11.406, 28.953 11.406, 28.953
R 33.787 35.666 26.162 25.926

RM=resisting moment, DM=driving moment, RHF=resisting horizontal force, DHF=driving horizontal force, C=center, R=radius.
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Figure 5. 13 LEM modeling result of SS3 using Slide 6.0 software under A) static dry, B)

dynamic dry, C) static saturated, and D) dynamic saturated conditions.

Another critical slope section identified in the study area, SS4, is located following the

Aba-Geda ridge and it strikes in a relatively N-S direction. Unlike other identified slope

sections, this slope is facing eastward. Moreover, likewise other identified critical slope

sections of the study area, this slope is also characterized by three slope profiles (bottom,

middle, and top slope profiles). The bottom slope profile dips at an angle of 48° and is
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constituted by moderately to highly weathered ignimbrite. On the other hand, the middle
and top slope profiles dip at angles of 70° and 51°, respectively, and are constituted by
highly weathered ignimbrite. The LEM modeling of this slope, as executed from input
parameters listed in Table 5.14, revealed this slope is stable under all projected slope
conditions (Table 5.18 and Figure 5.14).

Table 5. 18 LEM modeling results of Slide software as determined using the GLE
technique for SS4

Global GLE/Morgenstern-Price Technique Result
minimums Static Dry Dynamic Dry Static Saturated Dynamic Saturated
FOS 2.0450 1.7371 1.5972 1.3120
RM (KN-m) | 456304.0 227669.0 378043.0 182738.0
DM(kN-m) | 223146 131060.0 236683.0 139314.0
RHF(kN) 4166.16 4077.29 3450.7 3271.8
DHF(KN) 2037.37 2347.12 2160.4 2494.33
C 66.416, 90.470 39.741, 58.459 66.416, 90.470 39.741, 58.459
R 81.684 41.170 81.684 41.170
RM=resisting moment, DM=driving moment, RHF=resisting horizontal force, DHF=driving horizontal force, C=center, R=radius.
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Figure 5. 14 LEM modeling result of SS4 using Slide 6.0 software under A) static dry, B) dynamic
dry, C) static saturated, and D) dynamic saturated conditions.
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5.5.2 Stability Modeling Using the FEM Method

To compare and validate the results of LEM modeling, further stability analysis was also
conducted for non-structural controlled slope sections using FEM-based Phase V 2.0
software. During this FEM slope modeling via Phase V 2.0 software, the same material
properties and slope geometry used during LEM modeling were used except for the
addition of two other parameters. These two parameters are poison ratio (V) and Young’s
modulus and they were determined via equations stated in section 3.5.2. Finally, the
modeling was executed from the input parameters listed in Table 5.19.

Table 5. 19 Input parameters for FEM-based Phase V 2.0 software for slope modeling

Slope Geology C \ E (kPa) o O Ydry Ysat Slope | Average
Section (KN/m?) (kN/m3) | (kN/m3) | height | Slope angle
m |0
SS1 Eluvium 0.555 0.033 | 10438.8 20.516 | 18.70 19.66 Top 17
Soil (SS1- 35
A)
Eluvium 0.140 0.168 | 24000.0 29.500 | 19.28 21.42 Middle | 75
Soil (SS1-B)
HW 110.0 0.373 | 936470.0 | 30.61 | 22.88 23.31 Bottom | 53
Ignimbrite
SS2 Eluvium 6.244 0.048 | 10632.0 21.550 | 16.24 17.33 Top 59
Soil 42
Pumice 8.54 0.016 | 7594.8 17.224 | 13.24 14.35 Middle | 45
HW 141.0 0.355 | 1385160.0 | 33.15 | 20.59 21.85 Bottom | 28
Ignimbrite
SS3 Eluvium soil | 8.142 0.022 | 9073.2 19.84 | 14.65 15.21 Top 68
Ignimbrite | 91.0 0.381 | 910220.0 | 33.16 | 20.87 22.07 30 | Middle | 45
Bottom | 73
SS4 HW 115.0 0.371 | 915420.0 29.21 21.50 23.27 42 | Top 51
Ignimbrite
MW to HW | 211.0 0.349 | 2266750.0 | 38.87 | 22.26 24.38 Middle | 70
Ignimbrite Bottom | 48
C-Cohesion, ¢-Friction angle, VV-Poison ratio, E- Young’s modulus, yary, Dry unit weight, ysa, Saturated unit
weight

FEM modeling using Phase V 2.0 software revealed that SS1 is unstable under all
projected conditions including under the absence of any external seismic and water force
(Figure 5.15). Hence, following the studies of Bushira et al. (2018), and Bekele and Meten
(2022), the stability of this slope is primarily controlled by factors other than external
forces such as slope geometry and shear strength of slope-forming materials. Thus, any
remedial measures concerning this slope should be directed at either strengthening the

materials of the slope or modifying the slope geometry.
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Figure 5. 15 SRF as determined for SS1 using FEM-based Phase V 2.0 software under A)

static dry, B) dynamic dry, C) static saturated, and D) dynamic saturated conditions.

Furthermore, the FEM modeling has shown that SS2 is marginally stable during static dry
condition with an SRF of 1.03 and unstable during all remaining conditions with an SRF
of less than 1 (Figure 5.16). There is a significant reduction in SRF from static dry
condition (SRF = 1.03) to dynamic dry (SRF = 0.67) to static and dynamic saturated
(Figure 5.16). Agreeing with studies by Song et al. (2020) and Raghuvanshi (2017), this
showed that external triggering factors such as seismic and water forces significantly
contribute to destabilizing this slope. Moreover, likewise the LEM modeling, FEM
modeling has also shown that the potential failure surface is likely to affect the bottom and

middle slope profiles (i.e. eluvium soil and pumice layers) (Figure 5.16).

70



7] Total
| Displacement A Critical SRF: 1.03 e
o] n . 1 :i:placemen: B Critical SRF: 0.67
4.00e-003 2- 0.00e4000
£.00e-003 £.00e-004
1.20e-002 1.60e-003
1.60e=002 2.40e-003
2.00e-002 3.20e-003 <01
= 2.40e-002 4.00e-003 &bm
- o 2. 20e-002 4.80e-003
3.20e-002 § 5.60e-003
3.€0e-002 d €.40e-003
4.00e-002 7.20e-003
4.406-002 £.00e-003
4.80e-002 00
B 5.20e-002
5.€0e-002
€.00e-002
6.40e-002
€.80e-002
7.208-002
i 7.€0e-002
o £.00e-002 |Fi—.
— — ™
20 80
7| Toral Displacement
| Displacement C Critical SRF: 0.45 Tm D »
: 0.00e+000 Critical SRF: 0.37
0.00e+000 4.50e-002
2.00e-002 9.00e-002 ‘f}"
4.00e-002 1.35¢-001
€.00e~002 1.80e-001
f-fg::ggf 2.25e-001
R 2.70e-001
e 3.15e-001
: { 3.60e-001
| 4.05e-001
4.50e-001
4.95e-001
5.40e-001
$.85¢-001
€.30e-001
€.75e-001
7.20e-001
3.40e-001 | . 765901
= 3.60e-001 8.10e-001
3.80e-001 2.55¢-001 |py
9.00e-001 |8
e

i

Figure 5. 16 SRF as determined for SS2 using FEM-based Phase V 2.0 software under A)

static dry, B) dynamic dry, C) static saturated, and D) dynamic saturated conditions.

Moreover, the FEM modeling has shown that SS3 is also unstable under all anticipated
conditions likewise SS1 (Figure 5.17). Hence, the unstable nature of this slope is greatly
attributed comparison between the slope geometry and shear strength parameters of
materials of the slope. This modeling has also revealed that the potential failure surface of
this slope affects the bottom, middle, and partly smaller parts of the upper slope profile.
Thus, the eluvium soil deposit and the uppermost of this slope that constitutes the

aforementioned slope profiles will be removed because of this slope failure.

On the contrary, the FEM modeling has illustrated that SS4 is stable under all project slope
conditions with SRF greater than 1.13 (Figure 5.18). The stability of this slope is mainly
due to the strength of the geological materials that constitute this slope, which is ignimbrite

rock.
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Figure 5. 17 SRF as determined for SS3 using FEM-based Phase V 2.0 software under A)

static dry, B) dynamic dry, C) static saturated, and D) dynamic saturated conditions.
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Figure 5. 18 SRF as determined for SS4 using FEM-based Phase V 2.0 software under A)

static dry, B) dynamic dry, C) static saturated, and D) dynamic saturated conditions.

5.6 Comparison of LEM and FEM Results for Non-Structural Controlled Slope

Sections

A comparison of FOS obtained from LEM-based Slide 6.0 software and SRF obtained
from FEM-based Phase V 2.0 software revealed that the results are in close agreement for
slope section SS1, SS2, and SS4 while the results show variation for slope section SS3
(Table 5.20). The difference in FOS obtained from LEM and SRF obtained from FEM is
less than 0.08 in all conditions except between dynamic dry condition of SS2 where the
difference is 0.238. Similarly, the difference is less than 0.3 for SS4. This showed that the
results of both methods are in very close agreement for SS1, SS2, and SS4. Moreover, the
potential slip surface obtained from both LEM-based Slide 6.0 software and FEM-based
Phase V 2.0 software is also in very close agreement.

On the contrary, the results obtained from LEM and FEM techniques show a clear variation
for slope section SS3. For example, LEM yielded stable slope conditions during static and
dynamic dry conditions for SS3 while FEM yielded unstable slope conditions under all
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conditions for this slope (Table 5.20). Moreover, the difference in FOS of LEM and SRF
of FEM of this slope is as high as 0.9233. The difference between the LEM and FEM
results is evident when a heterogeneous and complex slope geometry is analyzed
(Mebrahtu et al., 2022). In the study area, however, all slope sections are constituted by
heterogeneous materials, and all slopes are characterized by related slope geometry.
Hence, the variation of results of LEM and FEM of SS3 is not attributable to heterogeneity
and slope complexity. This study depicted that variation of the results is related to slip
surface as inferred failure surface involved two materials in the SS3 and just one material

in the remaining slope sections.

Table 5. 20 Correlation of FOS and SRF obtained between Slide 6.0 and SRF, respectively

Slope LEM (Slide 6.0 Software) FEM (Phase 2.0 Software)

Section | Static | Dynamic | Static Dynamic | Static | Dynamic | Static Dynamic
Dry Dry Saturated | Saturated | Dry Dry Saturated | Saturated

SS1 | 0.3640 | 0.3050 0.2250 0.1943 0.30 0.25 0.19 0.13
SS2 | 1.1173 | 0.9081 0.4592 0.4390 1.03 0.67 0.45 0.37
SS3 | 14433 | 1.2716 0.5223 0.4672 0.52 0.43 0.28 0.20
SS4 | 2.0450 | 1.7371 1.5972 1.3120 1.77 1.54 1.32 1.13

5.7 Possible Remedial Measures
5.7.1 Possible Remedial Measures for Planar and Wedge Failures

LEM modeling has shown that the identified planar failures of the study area are unstable
under all anticipated seismic and saturated conditions. Moreover, the LEM has also shown
that the identified wedges of the study area are all unstable under saturated conditions.
Thus, possible counteractive measures are needed for these unstable slopes so that they
can be stable even under the worst condition (i.e. dynamic saturated condition). This study
used Rocplane (Rocplane 2.0 Rocscience, 2004) and Swedge software (Swedge 4.0
Rocscience, 2004) to design and provide the possible remedial measures for planar and
wedge mode of failures, respectively. For the stabilization of planar failure, rock bolts
were used as stabilizing tools whereas combined rock bolts and shotcrete were used as
stabilizing tools for wedge failures. The designed rock bolts are all systematically designed
to cross the failure surface so that FOS can be increased. Moreover, all stabilization
analyses were done for the worst possible slope condition (i.e. dynamic saturated

condition).
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Accordingly, two rock bolts each with 125 ton/m bolt capacity were designed to stabilize
planar failure at RS1 due to JS3 (Table 5.21 and Figure 5.19). The bolts have a length
ranging from 5 to 8m and were applied at an angle of 10° to the slope. This stabilization

measure has increased the FOS of this planar mode of failure from 0.00 to 1.27. Moreover,

three rock bolts each with 250 ton/m bolt capacity were installed at an angle of 12° to the
slope to stabilize planar failure due to JS2 at RS2 (Table 5.21 and Figure 5.20). This
remedial measure has increased the FOS of this slope due to planar failure from 0.00 to

1.21. A FOS of greater than 1.2 has been recommended for slope stability safety of cut
slopes by Hoek & Bray (1981), Duncan (2000), Bushira et al. (2018), Lamessa and Meten
(2021), and Tesfaye et al. (2023). Hence, the above-designed rock bolts can be used as

stabilizing measures in both slope sections.

Table 5. 21 Stabilization of planar mode of failure at RS1 and RS2 via application of Rock Bolt.

Slope | Joint Bolt Parameters
section | set Bolt Length | Single Bolt | Number  of | Total Bolt | FOS
(m) Capacity (ton/m) | Bolt applied | Capacity (ton/m)
RS1 JS3 5m to 8m 125 2 250 1.27
RA2 JS2 22m to 24m 250 3 750 1.21
Upper Faca Haight & |
0,520 m
Bolf Properties.
# | Angle Capacity Length AnchLength
1] 100° 125.00t'm 5.000 m 3110m
2| 100° 125.00t'm 8.000 m 7.099 m
Dimang Fu:u':t-‘l’-.ﬂ 61 t/m
Factor of Safety 1.27
al Force 20 22 tm"2 Driving Force 68.61Vm
Resisting Force 87.31t'm
5 Wedge Weight BE6.53'm
kY Wedge Volume 33.54m*3/m
\'*‘ Shear Strength 85.90tmA2
Mo Mormial Force 20.22im
Rock Bolts Seismic Force 3.65t
Plane Wanviness 4.0
Active Bolt Force 250.001
Active BoltAngle 350.0°
Passive Bolt Force 0.00t
Passive Bolt Angle 0.0®
Water Force on Faillure Plane | 241.71tm

Figure 5. 19 Rocplane 2.0 designed and installed rock bolts for JS3 at RS1.
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Figure 5. 20 Rocplane 2.0 designed and installed rock bolts for JS2 at RS2.

Furthermore, the shotcrete with a shear strength capacity of 320 ton/m? to the slope face
and four rock bolts with single bolt capacity of 500 ton/m at a trend direction of 077° were
designed to stabilize the wedge formed due to JS1 and JS3 at RS1 (Table 5.22 and Figure
5.21A). This combined bolt and shotcrete stabilization has increased the FOS of the wedge
of this slope from 0.276 to 1.227. Similarly, four rock bolts plunging 15° to the slope with
a trend direction of 070° each having 250 ton/m bolt capacity were designed with 600
ton/m? shear strength shotcrete to stabilize the wedge formed at RS1 due to JS2 and JS3
(Table 5.22 and Figure 5.21B). As a result, the FOS of this wedge has increased from 0.786
during normal dynamic saturated condition to 1.230 by this stabilization mechanism.
Hence, as both stabilization measures for both wedges yielded a FOS greater than 1.2, they

can be used to remediate wedges of this slope.

Table 5. 22 Stabilization of wedge mode of failure at RSS2 and RSS3 through the
application of Rock Bolt and Shotcrete.

Bolt Parameters
Bolt Bolt Average | Single | Number | Total Shotcrete | FOS
Slope plunge | trend Bolt Bolt of Bolt | Bolt shear
section Joint © direction | Length | (ton/m) | applied | Capacity | strength
©) (m) capacity (ton/m) | (tm2)
RS1 JS1&JS3 | 10 077 10 500 4 2000 320 1.227
JS2&JS3 | 15 070 8 250 4 1000 600 1.230
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Figure 5. 21 A designed and installed rock bolt and shotcrete for wedge formed due to the
intersection of A) JS1 and JS3 and B) JS2 and JS3 at RS1.

5.7.2 Possible Remedial Measures for Non-Structural Controlled Slope Sections

The stability modeling using both LEM and FEM has shown that slope sections SS1, SS2,
and SS3 are all unstable under saturated conditions. In this study, slope flattening,
benching, and combined slope flattening and benching were designed to determine the

most suitable remedial measures for these slopes.
5.7.2.1 Flattening Slope Angle

The potential for slope failure increases with an increase in the steepness of the slope as
the main driving force acting on the slope (i.e. gravitational force) is proportional to the
slope inclination (Hamza and Raghuvanshi 2017). Hence, as the slope angle increases
gravitational forces increase, which aggravates slope failure. Thus, flattening the slope

angle is one of the major remedial measures used for minimizing slope failure.

Accordingly, slope-flattening analysis is carried out for SS1, SS2, and SS3 considering the
worst possible condition (i.e. dynamic saturated condition). The analysis is conducted via
LEM-based Slide 6.0 software first by modeling the existing slope condition as 1H: 1V
and then by progressively reducing the slope angle to 1.5H: 1V, 2H: 1V, and 2.5H: 1V.

For slope section SS1, the failure surface involves the bottom and a small portion of upper

slope profiles with failure only involving eluvium soil deposit (Figure 5.9, 5.10, and 5.15).
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Hence, the slope flattening was done only for the bottom and middle slope profiles for this
slope. The analysis has shown that this slope will be stabilized by reducing the bottom
profile from 53° (1H: 1V) to 26.57° (2.5H: 1V) and the middle profile from 75° (1H: 1V)
to 55.71° (2.5H: 1V) which leads to increase in FOS from 0.194 to 2.05 (Table 5.23 and
Figure 5.22). However, a detailed analysis has also shown that this slope can be stabilized

by reducing the slope angle to 2H: 1V and then by removing the remaining soil deposit.

Similarly, the analysis has also shown that SS2 will be stabilized by reducing bottom,
middle, and upper slope profiles to angles of 14.4°, 26.57% and 39.30°, respectively (Table
5.23). This stabilization measure has increased the FOS of this slope from 0.439 during
1H: 1V to 1.741 during 2H: 1V (Table 5.23 and Figure 5.23). The detailed analysis has
also shown that this slope can also be stabilized by reducing the slope angle to just 1.5H:
1V and then removing the remaining eluvium soil deposit. Moreover, the modeling also
showed that slope section SS3 will become stable with a reduction in slope angle from 1H:
1V to 2.5H: 1V which resulted in an increase in FOS from 0.467 to 1.585 (Table 5.23 and
Figure 5.24).

Table 5. 23 The results of slope flattening analysis for slope sections SS1, SS2, and SS3

as determined from the dynamic saturated conditions.

Slope Section and Failure 1H:1V 1.5H:1V 2H:1V 2.5H:1V
Slope Face Eqv. | FOS | Eqv. |FOS | Eqv. | FOS | Eqv. | FOS
Angle Angle Angle Angle
SS1 | Top Slope Profile (A N T s 0.284 | ------
- - 0.194 0.233
Middle slope profile | 75 68.0 61.4 55.71 | 5 5
Bottom slope profile | 53 40.0 32.0 26.57
SS2 | Top Slope Profile 59 4749 (0882 | 3930 | |-
Middle slope profile | 45 0.439 | 33.69 2657 | 1741 | | e
Bottom slope profile | 28 19.90 144 | | -
SS3 | Top Slope Profile 68 59.04 51.34 45.00
0.467
Middle slope profile | 45 33.69 | 0.645 | 26.57 | 0.819 | 21.80
Bottom slope profile | 73 65.77 59.04 53.13 | 1.585
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Figure 5. 22 A sample of stabilized slope model after slope flattening to 2.5H: 1V for slope
section SS1

0
-.0
1

1

e 4
5

5

a-| Safety Factor
.000

.500
.0oa
.500
.000
.500
. 000
.500
.000
.500
.00a
.500

€.000+

401

T
-50 m
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5.7.2.2 Benching

Benching is one of the most common slope stabilization techniques. It is a mechanism by
which a steep slope can be differentiated into lower ones thereby potentially increasing the
stability of the slope (Bushira et al., 2018; Abramson, 2002). In this study, 4 to 6 m long
benches have been along the potential failure surface by progressively increasing the
number of benches. The analysis of the results showed that the FOS of all slopes slightly
increases as the number of benches increases (Table 5.24). Moreover, the analysis has also
shown that benching will not stabilize the slopes of the study area as all benching analysis
has yielded a FOS of less than 1 for all slopes (Table 5.24, Figures 5.25, 5.26, and 5.27).

Table 5. 24 The results of slope benching for SS1, SS2, and SS3.

Slope Section SS1 SS2 SS3
Bench Number | Bench Height | FOS Bench FOS | Bench Height FOS
(m) Height (m) (m)
Bench 1 10.0 0.289 13.1 0.554 17.0 0.679
6.1 8.5 17.5
Bench 2 118 0.378 150 0.583 102 0.673
6.0 5.0 17.0
Bench 3 12.0 0.318 10.0 0.735 115 0.519
18.0 15.5 8.0
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Figure 5. 25 A sample of the slope model after three benches at 8.0 m, 11.5m, and 17.5m
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Figure 5. 26 A sample of the slope model after three benches at 6.0 m, 12.0 m, and 18.0 m
for SS1

81



80
1

] Safety Factor

] 0.000
1 . 0.500

1.000

7

1.500

Figure 5. 27 A sample of the slope model after three benches at 5.0 m, 10.0 m, and 15.5 m
for SS2

5.7.2.3 Combined Slope Flattening and Benching

In some slopes, benching alone is not effective for stabilizing the slope (Abramson, 2002).
Jampani and Bhupathi (2017) stated that a combination of slope flattening and benching
is one of the most effective slope stabilization mechanisms. Hence, in this study, slope
stabilization analysis has been conducted by progressively flattening the slope angles from
1H: 1V to 1.5H: 1V, 2H: 1V, and 2.5H: 1V, and by providing 4 to 6 m long benches at
different height intervals.

The analysis has shown that SS1 can be stabilized with slope flattening to 2H: 1V and with
the introduction of 3 benches at lower slope profile at heights of 3 m, 6.2 m, and 9.2 m
which increase the FOS of this slope to 1.355 (Table 5.25 and Figure 5.28). On the
contrary, slope flattening has yielded a FOS of 0.284 at 2H: 1V for this slope (Table 5.23)
while the application of three benches has produced a FOS of just 0.318 (Table 5.24).
Hence, the results have shown that coupled slope flattening and benching is a more

effective slope stabilization technique than just slope flattening or benching.

Moreover, this analysis has shown that SS2 can also be stabilized with slope flattening to
just 1.5H: 1V and one bench at a height of 8.1 m (Table 5.25 and Figure 5.29). In addition,
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SS3 can also be stabilized with slope flattening to 2H: 1V and with the introduction of two
benches at 10.3 m and 17.3 m (Table 5.25 and Figure 5.30).

Table 5. 25 The results of combined slope flattening and benching analysis for slope

sections SS1, SS2, and SS3 as determined from the dynamic saturated conditions.

Slope  Section and 1H:1V 1.5H:1V 2H:1V
Failure Slope Face Eqv. Bench | FOS | Eqv. Bench | FOS | Eqv. Bench Height FOS
Angle | Height Angle | Height Angle
SS1 Top face 17 | - 116 | = | | - Three benches at
Middle face | 75 | — 680 | - 614 | the bottom profile | 1.355
0.274 0.355 at heights of 3m,
Bottom Face | 53 | ----- 40.0 10.0 320 6.2m & 9.2m
SS2 Top layer 59 | - 4749 | - | | e | e
Middle face 4 221 69 | - || e | e
> 0.535 33.69 1270 0 0000O0O0O0O0@0O0O@o| -
Bottom Face | 28 14.0 1990 |81 |~ | - | -
SS3 Top  Slope | 68 | - 59.04 | - 51.34 | -
face
Middle face 45 14.0 0.704 | 33.69 | 175 0.793 | 26.57 | 17.3 1.238
Bottom Face | 73 9.5 65.77 | 9.1 59.04 | 103
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Figure 5. 28 A sample of stabilized slope model after combined slope flattening at 2H: 1V

with 3 benches for slope section SS1
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Figure 5. 29 A sample of a slope model after combined slope flattening at 1.5H: 1V with
a 3m bench at a height of 8.1 m for slope section SS2
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CHAPTER SIX

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

In this study, slope stability modeling was conducted to locate and analyze the critical
slope sections around the ridges of Adama town, central Ethiopia. The data used for
modeling were generated via a detailed field survey, laboratory testing, and a thorough
literature review. The stability modeling was then conducted via Kinematic, LEM, and

FEMSs. Finally, the following concluding remarks were generated:

+ Based on field observation, two critical structural controlled and four non-
structural controlled slope sections were identified. The Ignimbrite rock constitutes
the structurally controlled slope sections while the non-structural controlled slope

sections are constituted by eluvium soil, pumice, and ignimbrite rocks.

+ The UCS ranges from 116.75 to 165.22 MPa for rocks structurally controlled and
from 21.14 to 53.57 MPa for rocks of non-structural controlled slope sections.

+ Rock Mass Rating (RMR) revealed that slope section RS1 is classified as Good

rock while RS2 is classified as Fair rock.

+ The Kinematic Modeling revealed that slope section RS1 is subjected to planar
failure due to JS3 and wedge failure due to the intersection of JS1 and JS3, and JS2
and JS3. Similarly, this modeling also depicted that RS2 is subjected to planar
failure due to JS2 and wedge mode of failure due to the intersection of JS1 and
JS3.

+ The LEM modeling has shown that planar due to JS3 of RS1 is marginally stable
under static dry and unstable under remaining conditions. Similarly, this modeling
has also shown that the planar failure of RS2 is unstable under all anticipated

conditions.

+ LEM modeling of planar failure has shown that saturation is a major factor that
controls the stability of planar failure in the study area. Apart from saturation,
sensitivity analysis has also shown that slope and failure angle significantly control

the stability of planar failure of the study area.
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+ The LEM modeling has also shown that both wedges of RS1 are stable during dry
conditions and unstable during saturated conditions. This indicated that rainfall is
the main contributing factor to the wedge instability of this slope section. On the
contrary, the modeling has shown that the wedge of RS2 is stable under all

anticipated conditions.

+ The LEM and FEM modeling of non-structural controlled slope sections revealed
that slope sections SS1, SS2, and SS3 are all unstable under saturated conditions.
This showed that saturation plays a major role in destabilizing the slopes in the
study area. Both methods have also shown that SS1 is unstable under all anticipated
conditions. The unstable nature of this slope even under the absence of seismicity
and saturation showed that the shear strength parameters and geometry of the slope

play a major role in destabilizing this slope.

+ A comparison of FOS obtained from LEM-based Slide 6.0 software and SRF
obtained from FEM-based Phase V 2.0 software revealed that the results are in
close agreement for slope section SS1, SS2, and SS4 while the results show

variation for slope section SS3.
6.2 Recommendations

Based on the results, the following remedial measures are forwarded to stabilize unstable

slope sections of the study area.

+ The results have shown that high rainfall/or saturation (if occurs) is the principal
factor causing slope instability in the study area. Hence, providing a proper
drainage system that prevents the infiltration of rainwater into the subsurface is

highly recommended to stabilize the critical slope sections of the study area.

+ Planar failure of RS1 due to JS3 can be stabilized by two rock bolts applied at an
angle of 10° to the slope with each of them having 125 ton/m bolt capacity and 5
to 8 m bolt length. Moreover, planar failure of RS2 due to JS2 can also be stabilized
by the application of three rock bolts at an angle of 12° to the slope face with each

of them having 250 tons/m.

+ The unstable wedge of RS1 due to JS1 and JS3 can be stabilized by shotcrete with
a shear strength capacity of 320 ton/m? and four rock bolts with a single bolt

capacity of 500 ton/m in the trend direction of 077°. Moreover, another wedge of
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this slope which is formed due to JS2 and JS3 can be stabilized with four rock bolts

applied in the trend direction of 070° and shotcrete with a strength of 600 ton/m?.

Considering the close location of RS1 and RS2 to dwelling houses, the rock
removal technique is not recommended to stabilize planar and wedge failures of

these slopes.

Moreover, considering the budget of rock bolts and shotcrete, this study has
recommended the preparation of catch ditches and barriers at the toe of slopes to
minimize and control potential damage due to unstable rock blocks.

For non-structural controlled slope sections, the slope-flattening technique should
reduce the bottom slope profile from 53.0° to 26.7° and the middle slope profile
from 75.0° to 55.7° for SS1 to maintain stability. The slope section SS2 can also be
stabilized by reducing the bottom, middle, and upper slope profiles to 14.4°, 26.67%
and 39.30°, respectively. Similarly, SS3 can be stabilized by reducing its bottom,
middle, and upper slope profiles to 53.13° 21.80% and 45.00°, respectively.

Benching alone should not be used as a stabilization technique in the non-structural
controlled critical slope sections of the study area as all-multiple benching yielded

a FOS of less than one.

This study has recommended combined benching and slope flattening to stabilize
the non-structural controlled slope sections as they become effective as compared
to slope flattening or benching alone. Accordingly, it is recommended to flatten
SS1 to 2H: 1V with three 4 to 5 m long benches at heights of 3 m, 6.2m, and 9.2
m. Moreover, it is recommended to flatten SS2 to 1.5H: 1V with one bench at 8.1
m and SS3 to 2H: 1V with two benches at heights of 10.3m and 17.3m

Moreover, this study has also recommended surface drainage and plant vegetation
on the non-structural controlled slope sections upon implementation of coupled

slope flattening and benching.
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APPENDICES

Appendix 1: The shear strength parameters of structurally controlled slope sections as

determined using Rockdata software using Barton & Bandi's (1990) non-linear failure

criterion.

Slope Input parameters Output result

section | Joint | JRC JCS v (MN/m®) | phir Sh Cohesion D (9
set (Mpa) (m) | C (Mpa) t/m2

RSS1 JS1 9 82.61 0.2474 2583 | 30 0.054 5.506 41.73
JS2 7 71.50 0.2474 26.05 | 30 0.034 3.467 38.20
JS3 5 74.22 0.2474 27.88 | 30 0.022 2.243 36.74

RSS2 JS1 4 66.27 0.2479 2181 | 32 0.014 1.427 28.76
JS2 3 58.08 0.2479 2250 |32 0.010 1.019 27.57

JRC=joint roughness coefficient, JCS= joint compressive strength, phib= basic friction angle, y= unit weight of

the rock, Sh= slope height, ¢ = cohesion. ®= friction angle
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Appendix 2: The shear strength parameter of the non-structural controlled slope section

Shear Strength Parameters and Modulus of Elasticity of Ignimbrite at $51
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067 GS8I=23 mi=10 Disturbance factor=07 GSI=28 mi=10 Disturbance factor=10.7
Hoek-Brown Criterion Hoek-Brown Criterion
051 - mb=0145 s=142e5 a=0336 mb=0191 s=204e.5 a=03526
Mohr-Coulomb Fit Mohr-Coulomb Fit
= cohesion=0.091 MPa  friction angle = 33.17 deg 06T cohesion=0.115MPa friction angle =29 21 deg
g 04y Rock Mass Parameters = Rock Mass Parameters
% tensile strength = -0.004 MPa % tensile strength = -0.004 MPa
_—E 03t - umiaxial comprassive strength =0.111 MPa = 04l uiaxial compressive strength = 0.104 MPa
g5 global strength = 1.773 MPa B global strength = 1.248 MPa
f modulus of deformation = 910.22 MPa z medulus of deformation = 915,42 MPa
02 : : : ' ' i B : : :
. o
: 1 T e
R R R S S PRI N g 51 6n
0.0 0.1 02 0.3 04 0.5 0.6 0.7 0.8 0.0 02 04 0.6 0.8 10
Normal strass (WPa) MNormal stress (Pa)
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Shear Strength parameters of HW to MW (Bottom profile) Ignimbrite at 354
: : L
Hoek-Brown Classification
intact uniaxial compressive strength = 43.15 MPa
G =39 mi=10 Disturbance factor=107

Hoek-Brown Criterion
LOT - mb=0330 ==00001 a=0312

= Mohr-Coulomb Fit
% cohesion=0211 MPa friction angle =38.87 deg
E Rock Maszs Parameters
E tensile strength = -0.018 MPa
g uniaxial compressive strength = 0,466 MPa
=05 global strength = 3.203 MPa
modulus of deformation = 2266.73 MPa
6”
0.0 0.3 1.0 1.3

Mormal strezs (WPa)

Appendix 3: Standard GSI built-in Rocdata software (Rocscience 3.0 Rocscience, 2004)

Pick G5l Value pod
Rock Type: General - SURFACE CONDITIONS
] VERY YERY
G5 Selection: |5|:| | | ok | GOOD GOoD FAIR FOOR POOR
STRUCTURE DECREASING SURFACE QUALITY ——=

INTACT OR MASSIVE - intact
rock specimens or massive in
situ rock with few widely spaced
discontinuities

g\

>,

BLOCKY - well interlocked un-
disturbed rock mass consisting
of cubical blocks formed by three
intersecting discontinuity sets

S| VERY BLOCKY- interlocked,
7| partially disturbed mass with
ool multi-faceted angular blocks
WO formed by 4 or more joint sets

V44
%%
N /
EU/ /f
VY
%
/
/

NI

BLOCKY/DISTURBED/SEAMY
- folded with angular blocks
formed by many intersecting
discontinuity sets, Persistence
of bedding planes or schistosity

;//' /77
T

DISINTEGRATED - poorly inter-
locked, heavily broken rock mass
with mixture of angular and
rounded rock pieces

<—— DECREASING INTERLOCKING OF ROCK FIECES

[
LAMINATED/SHEARED - Lack / 10
of blockiness due to close spacing M/ MA
of weak schistosity or shear planes /
A
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Appendix 4: Standard roughness coefficient built-in Rocdata software (Rocscience 3.0
Rocscience, 2004)

>

Roughness Profiles and Corresponding JRC Values

JRC=0-2

JRC=2-4

JRC=4-6

JRC=8-10

— o ———  JRC=10-12
— T JRC=12-14
T e JRC=14CTE
. o e S JRC =16-18

T T i S JRC=18-20

EEEEEEERER

| = = == = =]
9 ] 10

Selected JAC value: 10 =

Appendix 5: Disturbance factor built in Rocdata software (Rocscience 3.0 Rocscience,
2004)

Disturbance Factor D >

Application: " Tunnel: ™ Slopes

Small zcale blasting in civil engineering slopes results Gooa BDIé?sting
in modest rock mass damage, particularly if controlled | S|
blazting iz uzed as shown on the left hand side of the

photograph. Howewver, stregs relief results in some D=1 -U_
disturbance. Foor Blasting
wery large open pit mine slopes suffer significant 0=1.0
disturbance due to heawy production blasting and Production
alza due to stress relief from overburden removal. Blasting

I zome gofter rocks excavation can be camied out D=0.7

by ripping and dozing and the degree of damage ta Mechanical
the slopes is less. Excavation

Disturbance Factar: |0 4: 0K | Cancel
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