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ABSTRACT
A landslide is a downhill movement of rock or soil, or both, over the ground surface's crust in the form of
a curved (rotational) or planar (translational) rupture. There is still a lack of realistic policies for
landslide risk management due to a lack of (rare) landslide assessment, knowledge of various causative
factors, triggering factors, methods of counting, measuring, analysis, and landslide susceptibility
mapping practices. Two of the most common approaches to landslide mapping are field surveys and
visual analysis of stereoscopic aerial imagery. These procedures, on the other hand, not only take a long
time, but are costly, labor-intensive, and physically exhausting operations in a large area. Therefore, to
overcome this problem, it is better to use remote sensing software to save time and money for survey data
collection processes and omit errors due to landslide assessments, like during counting, measuring the

area or size and analysis of landslides, estimation of the time it occurred.

The objective of this research was to study different causative and triggering factors, evaluate frequently
experienced landslides/slope failure points and prepare a landslide hazard zone map for the entire study
area using a bivariate statistical and numerical approach. For this study, removed/lost surfaces along
the Zabidar Mountain road corridor were extracted by the cut/fill spatial analyst tool in GIS and their
frequency ratio was evaluated for the past six consecutive years. The landslide hazard zone map was
created on the Arch map using a customized raster calculation to identify regions vulnerable to

landslides/slope stability failure.

According to the landslide hazard map, 27% (4.8 km2) of the area is free from the landslide zone, 29%
(5.2 km2) is susceptible to the landslide zone, 23% (4.1 km2) is low to the landslide zone, and 21% (3.8
km2) is truly dangerous to the landslide zone. Based on the hazard map created, geotechnical
characterization of selected points was studied by conducting sieve analysis, angle of repose, unconfined
compressive strength and direct shear tests. Rocscience software (Slide) was applied for the limit
,equilibrium method analysis of weathered rock mass along the road corridor for cross check of the
landslide hazard zone map. The result shows, 80% are unstable (factor of safety less than 1.5). In this
study, it was also identified that 588 households are in the no-landslide danger zone, 555 households are
living in the medium to landslide danger zone, 228 households are living in the low-risk landslide zone,
and 61 households are living in the high-risk landslide zone. The findings of this study might be useful to
guide a suitable method for survey data collection and its analysis, for decision-makers in future land
management, hazard mitigation operations, selecting appropriate sites for infrastructure developments,

flood control systems, and drainage canals.
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Vi



Table of Contents

A B S T R A C T e ettt e et e e e e ettt et et e e et et et e eee et et —eeeeeeer VI
LIS T OF T ABLES ..o ettt ettt e e et e e e e et e e e e e e eeeeeee e e e e eeeeeeeennaaeeeeees IX
I S O Ll ot 10 1 i T X
F N g Y AN I L 11 1 X1l
CHAPTER ONE ...ttt e e e e et e e et e e e e et e e e et e e eeeeee et neeeeeeeeeeen s e aeeeeeeenennnns 1
INTRODUGCT ION ..ottt ettt et e e et e e e et e e e et et e e e e e eeeeeeeeee s aaeeeeeeeeeennnnanens 1
L.] BACKGROUND .eevvtttusiteeeetesssstssssssessessssssnsssssesssssssssnnsssessesssssssnssteeesssesssssnteeesesesssssnntreeeeseessmn e 1
1.2 STATEMENT OF PROBLEM .evvtttuutteetetesssssssssssesseesssssnnsssessssssssssnteessesesssssnteeeteseestst et 2
1.3 RESEARCH QUESTIONS.....cciutteeetitreteeiittreeesaitteeeesaisseeeesasssseeeaassasesssasssesesaassssessassssessasssessssssssseessssssneesns 3
1.4 OBJIECTIVES OF THE STUDY .evttueteeeeeteeeeaaaseeeeeeeeeeetaaasaseeeeeseesennassseeeeeeeeetasaseeeeereeesnaaaseeeeerennnnaaaseeeeeees 3
1.4.1 GENEIAl ODJECLIVE .....eiiieii ettt e te et e e e sae e steeneeere e teeneenreas 3
1.4.2 SPECITIC ODJECHIVES ... ..ueiieiee ettt st e be et e e e saeesreeneesbe e teaneenreas 3

1.5 SCOPE AND LIMITATION OF THE STUDY ..uuuteieeeteeeeeteeeeeeeeeeeeeeeaasaseeeeeeeeetnaaaseeeseseessnnaasseeeeereennnaaaseeeeeees 4
1.6 SIGNIFICANCE OF THE STUDY ..uuteeeeeteeetaeaeeeeeeeeeeaeaseseeeeee e et e aaseeeeeeeeetaaaseeeeeseeenneaereeeeereennnaaaaeeeeeees 4
1.7 JUSTIFICATION OF THE STUDLY ..evtneeeeettee et e et e e e e e e e e e et e e e e e e e e e e e e e e e e e ee e e e e eeeeen e e eeeenneeeenaanerennnns 4
L8 IMIETHODOLOGY .evttuuiiieeeieteeettee s e e e e et eeetat e seseee s e e et et seseeesee e s et s seseeeteses st aa e seeeeeseesssa s seeeeeseesssnnnnrrreeeees 5
(O o VA o I = G 1L YAY 4O LT 6
LITERATURE REVIEWV . ...ttt ettt ettt e e e e e e e e e e e e e e e e e e e e e e eaaeaeeeeeees 6
2.1 INTRODUGCTION ...t ettt eee e e e e e e e e et ettt e e e e e e e ee e e e e eeaeeeeeeeeee e aeseeeeeeeennn s seeeeeeeeenn e aeseeeeeeeennnnnaaseeeeeeennnnns 6
2.2 GENERAL THEORETICAL REVIEW ..evttttuitieeettteeetaesssesesssesssssasssssssssessssannssssessesssssnnnsasesssesssssnnnnnseeeseeessnns 6
2.3 LANDSLIDE CAUSES AND TRIGGERING IMECHANISMS...ceetutietieeeeteeesstesseseesseesssssnnsssesssssessssnassseessessssnns 9
2.4 STATISTICAL ANALYSIS REVIEW ..eevetueeeeeeeeeeeteeaseeeeeseeeessaassssessesesssassseeeressssnnasssesesesensssaasseeereeennnns 12
CHAPTER THREE ... .ottt ettt e et e e e e e e e e ee e e e e e e et e e et aaeseeeeeeeeennnaaanreeerennnnnns 13
MATERIAL AND RESEARCH METHODOLOGY ..ottt e e e e e e eeaaen s 13
3.1 INTRODUGCTION ...ttt eeteeeee e e e e e e ettt eeeeeeee e e e e et seseeaseses st seseessaeess s sseeeseeess s ssaeeaseennsnnnseseeeseennnnns 13
3.2 STUDY AREA ...t e e et e e ettt e et e e e e e e et eaaseeeeeeee e aaseseeaseeas st aeaeseeereeens e ssseeereeennnnnasssesaeesennnnnaanseeerennnnnns 13
3.3. STUDY AREA WEATHER CONDITION 1.uuteeetetettteessseeeseeeessaassssessesesssnnasssssesessssnnassseessessssnaasssesereeennnns 14
S STUDY PERIOD ...ttt eeteeeeet e e e e e e et e eeeaeeeseeeeeeee e et ssseeaseses st ssseeetaees st ssseeeaeeesssnnssseeasesensnnnseseeesesnnnnns 15

S D RESEARCH DESIGN .. ieeeeiitei et e eeeeeeeee e e e e e ettt ee e e e e e e e e e ee e e seeeeetee e s s s sseeeeaeeesn s sseeeasesens s ssseeesesnnnnns 16
T SIS LY =TI T 174 = TR 17

vii



3.7 STUDY VARIABLES. ... .ctttttteittteateteatetesstetessbeteasbeeessbeaeasbeeeasbe e e asbe e e asbe e e asb e e e bt e e ebb e e e bbeeebbeeenbneennseeennes 17

3.8 SOFTWARES APPLIED IN THE STUDY ...uttiiutieiuttateeaieeateessreaseessseaseessssasesssssssssssssassessssesssessnssssesssneas 18
3.9 DATA COLLECTION PROCESS. ....uutttuttestttateesuteatesatseaseessseasseaasseassesssssasessssssssessssssnsessssssnsessnssnsesssnens 18
30 L Pre-TIBIU WOTK ..ttt bbbttt b et b et b et 18
BL0.2 FHEIT WOKK ...t bbbttt et bbb bbb 19
3L9.3 POSE FIEIT WOTK ... ettt ste e beenbeaneenreas 20
3.10 GEOLOGY ..ttt ittt ettt etttk ekt ekt b e e R e £ e ke ek E e oAb £ e eR et e R e e eR et e AR e e eRe e e b e e e Ee e et e e naeeenbeennne s 20
3. 11 ETHICAL CONSIDERATION ....ttttstetitesteseesesseseesessessasessessessasessessesessessessesessensasessessessasessessessssessessasenns 21
3.12 DATA QUALITY CONTROL (VALIDITY AND RELIABILITY)..veutitiiieriateseeieresteseeessesteseesesseseesesseseeseesens 21
3.13 PLAN FOR DISSEMINATION ....tctttteuteeatetateessreastessssesssesssseasseessseassesssssssessssssssessssssnsesssssssesssssnsesssnes 21
(O o 1 e I 1 PSSR 22
RESULT AND DISCUSSION. ...ttt sttt sttt sttt esastesaesesasteneenearens 22
4.1 LANDSLIDE CAUSATIVE FACTORS ....ttteuietestestesestesseseesessessassasessessasessessassssessessassssessessssessessesessessessasens 22
4.1.1 Lithology/ SOIl MASS MBI .....eeiiiiieiieieieste ettt bbbt 22
4. 1.2 EIBVATION MAP ..oviiiiiteieeite ettt bbb bbbt et b bbbttt e et 23
4. 1.3 SIOPE IV ...ttt bbbttt bbbttt 24
N o L= ox 1Y/ o TP 25
4.1.5 Plan CUIVALUIE IMIAD ......eouviiiieiie ettt ettt et e sbe e te e e st e e beesaesaeesaeeneesbeenteaneesreas 26
4.1.6 Distance from Stream/RIVEN MEP........couiiiiiiiiiiieieiee ettt 27
4.2.1 Extraction of eroded/ removed SUITACE..........cceiviieiiee et 28
4.2.1.1 On 1ithology/s0il MASS MAP........cccueiieieiieieee et reenae e e nreas 29
4.2.1.2 ON €IEVALION MAP ....eovieiiiitieiieee sttt te et e e s be e te e e e s be e beessesaeesaeeneesbeesteannesreas 32
4.2.1.3 ON SIOPE MAP 1.ttt ettt b bbbt b et s et bbbt bbbt 34
4.2.1.4 ON ASPECT IMAP ...ttt ettt b ettt et b e e bt e e b e e bt e sn e nb e e b e beenneennenre s 36
4.2.1.5 0N Plan CUMVATUIE MAD ......ioiiiiiiieiie sttt e et e e ee et e e sbe e e beesteeebeesreaanbeesnees 38
4.2.1.6 Distance from Stream/RIVEr MAP.......c.eociiiiiiiie ittt sbe e e steesrraanreeanne s 40
4.3 LANDSLIDE SUSCEPTIBILITY MAPPING ANALYSES ... .eeitttiiieiteeisteestesssteessessnsesssessnsesssesssesssessssesssessnses 47
4.4 \V/ALIDATION OF LANDSLIDE HAZARD ZONE MAP......ccuttiiiiuieiieieateeesteeesteeessseesssseesssseessssessssseesnseeesnes 70
(6] N (o I L] [ N T TR U TP PP PP UPRTOPRRTN 73
RECOMMENDATION ...uttiette ettt stee sttt et et e e bt e st e e be e eae e e aseeesb e e ke e e as e e eh e e ea b e e b e e emb e e nbe e e abeeabe e e mbeenbneanbeesbeeennee e 74
REFERENCES. ...ttt ettt ittte etttk skttt ettt e sttt e at e e bt e ettt e e ke £ e e a b et e 4a b e e e 4R b e e e eh ke e eh bt e e bt e e e bb e e e abb e e e bneennbeeens 75
APPENDICES ...ttt ettt ettt ettt e Rt b e b e e b e b et e Rttt e st et et e neene s 78

viii



Table 1.
Table 2.
Table 3.
Table 4.
Table 5.
Table 6.
Table 7.
Table 8.
Table 9.

Table 10.
Table 11.
Table 12.
Table 13.
Table 14.
Table 15.
Table 16.
Table 17.
Table 18.
Table 19.
Table 20.
Table 21.
Table 22.
Table 23.

List of tables

Different methods used for landslide susceptibility Maps ........ccoooeiiiiiiiiniiie e 12
Lossed surface pixel number for each of the past six years in each causative factor subclasses .29
Eroded/removed surface (in percent) on each lithology/soil mass subclasses...........c.ccccevveiennen, 31
Lossed surface pixel number on elevation map for the past SIX Years. ........cccccvvvevervieieerecinennnn, 33
Lossed surface pixel number on slope map for the past SIX YEaArS. .......ccccevvrieeiieresieneeniesie e 35
Lossed surface pixel number on aspect map for the past SIX Years..........ccocvvveieereniieneeneseeneens 37
Lossed surface pixel number on curvature map for the past SIX Years. ........ccccevvvevvrveeseeresinennens 39
Lossed surface pixel number on distance from streams/rivers map for the past six years. ......... 41
Frequency ratio of eroded/removed surface on each causative factors for past six years. ........... 44
Landslide frequency ratio of eroded surface on each causative factors for past six years. ........ 45
Landslide susceptibility index of each causative factors for past six years. ..........ccccceevvevvennenne. 46
Hierarchal rank of causative factors for landslide occurrence each of the past six years.......... 47
Probability ratio of eroded/removed surface on each causative factors for year 2015. ............. 48
Probability ratio of eroded/removed surface on each causative factors for year 2016 .............. 49
Probability ratio of eroded/removed surface on each causative factors for year 2017. ............. 51
Probability ratio of eroded/removed surface on each causative factors for year 2018. ............. 52
Probability ratio of eroded/removed surface on each causative factors for year 2019 .............. 54
Probability ratio of eroded/removed surface on each causative factors for year 2020............... 55
Average probability ratio of eroded/removed surface on each causative factors for study area 58
Table for direct shear test results for shear strength parameters.............cccocveveiieiievecic e 63
Geological strength index (gsi) value of rock mass of selected points...........ccccccovevveiieiiiiennn, 65
Factor of safety (fs) based on the Methods ............ccoeiiiiiiiiii 68
Landslide susceptibility class and training landslide pixels of the fr model................cccceevene. 71



List of figures

Figurel. Classification of landslide types based on classification of varnes (1978). .........cccccevenniiiinnnns 6
Figure 2. Common types of Slope faillure in SOIIS ..........cooiiiiiiiie e 7
Figure 3. Geographical location of the StUdY Area ...........ccoceiieiieie i 13
Figure 4. General elevation profile of study area (along center of road)........c.ccccevvviveviiice i, 14
Figure 5. Average temperature of the STUAY @rea..........cccooeiiiiiiiiiieice e 14
Figure 6. Average rainfall Of the StUAY @rea..........ccooviiiiiiieiie i e 15
Figure 7. Average snowfall 0f the STUAY @rea ..........cccccveiiiiiiiiieiiee e e 15
Figure 8. Flowchart for landslide susceptible landslide Zone Map ........cccccvvveiveve i, 16
Figure 9. Location map fOr SAMPIING ..o 17
Figure 10. Sample photo that shows failure slope by human activity ............cccooviiiiiininieeee, 19
Figure 11. Sample photo that shows failure rock-soil slope along road corridor ...........ccccccevvevviiieieennenn, 19
Figure 12. Sample photo that shows flooding risk local reSidents............cccoceiveiiiieiieene e, 20
Figure 13.geological map Of the STUAY Area .........ccciiiiiiiiiiei e 21
Figure 14. Lithological map /soil mass of the Study area. ..........ccceoeriiiiininiiii e 22
Figure 15. Elevation map of the STUAY area. ..o 23
Figure 16. Slope map Of the StUAY Area. ..........cccveiiiiiiiiiice e re e 24
Figure 17. Aspect map Of the STUAY @rea.........cccuciuiiiiiiiiieie et nae e 25
Figure 18. Curvature map OF the STUAY GrEa. ........ccueueiieririiiieiieee e 26
Figure 19. Distance from streams/river map of the StUdY area ..........ccccoeereriniiinicice e, 27
Figure 20. Map that show elevation difference in for past six consecutive years of the study area........... 28
Figure 21. Mapping the lost/eroded surfaces on lithological map for the past six years............cccceeveeneen. 30
Figure 22. Bar chart of eroded/removed pixel numbers in each classes in each six years. ........c.cccceeveneen. 32
Figure 23. Mapping the lost/eroded surfaces on elevation map for the past SiX years. ..........ccceevvivernenen. 32
Figure 24 mapping the lost/eroded surfaces on slope map for the past SiX years. .........cccceevvveivevieiieeninn, 34
Figure 25. Bar chart of lost/eroded pixel in each subclasses on slope map for the past six years.............. 35
Figure 26. Mapping the lost/eroded surfaces on aspect map for the past SiX Years. .........ccoccvvevvvrereeieennnn, 36
Figure 27. Bar chart of lost/eroded pixels in each subclasses on aspect map for the past six years........... 38
Figure 28. Mapping the lost/eroded surfaces on curvature map for the past Six years. .......c.ccccevevvevvennnnn, 38
Figure 29. Bar chart of lost/eroded pixel in each subclasses on curvature map for six years..................... 39
Figure 30. Mapping the lost/eroded surfaces on distance from the river map for the past six years.......... 40
Figure 31. Bar chart of lost/eroded pixel in each subclasses on distance from stream map..........c.ccccveve. 41
Figure 32. Bar chart that shows distribution of lossed/eroded surface for the past six years. ................... 43
Figure 33. Line chart that shows frequency ratio of lossed/eroded surface for the past six years............. 45
Figure 34. Bar chart of landslide susceptibility index of the study area for the past six years................... 46



Figure 35.
Figure 36.
Figure 37.
Figure 38.
Figure 39.
Figure 40.
Figure 41.
Figure 42.
Figure 43.
Figure 44,
Figure 45.
Figure 46.
Figure 47.
Figure 48.

Maps that show landslide hazard zone classes distribution for the past six years..................... 57
Maps of average/ generalized landslide hazard zone classes distribution. ............c.cccceovevnenee. 60
Bar chart of distribution/coverage of landslide hazard classes in the study area. ..................... 61
Sample photos that shows weathered rock-soil slope failure along road corridor .................... 61
Bar chart that shows rock-soil fraction along road corridor for selected points.........c...c..c....... 62
Photo taken during determination of angle of repose in the laboratory. ...........c.ccoovviiiicnenn, 62
Curve of weathered rock-soil slope failure angle with angle of repose along road. ................. 62
Curves of direct shear test results for selected PoINtS..........cccovvveiieiiiie i 64
Curves of unconfined compressive strength of weathered rock slope failure..............c.coc....... 64
Limit equilibrium method analysis of weathered rock slope along road............cc.ccocvvvveieneneee. 67
Curve of factor of safety(fs) based on three methods............cccveviiiiiii i 68
Sample photos that show risked residents in the hazard area. ............cccccevvevvieieein e 69
Maps of settlement of households distribution in landslide hazard zone classes...................... 70
Success and prediCtive rate CUNVES OF TI ..o 72

Xi



ABREVIATIONS

ASTER
ASTM
AUC
DEM
FR
GDEM
GIS
Gps
INT

KM

MS
KML
LSl
LSM
UCS
USGS
PR

RF

SNNPR

Advanced Spaceborne Thermal Emission and Reflection Radiometer

American Society For Testing and Materials

Area Under the Curve

Digital Elevation Model

Frequency ratio

Global Digital Elevation Model

Geographical information system
Global positioning system
Integer

Kilometer

Square Kilometer

Meter

Square Meter

Micro Soft

Keyhole Markup Language

Landslide susceptibility index

Landslide susceptibility map

Unconfined Compressive Strength

United state Geological Survey
Probability Ratio

Rate of Frequency

South Nations Nationalities and Peoples’ Region

Xii



CHAPTER ONE

INTRODUCTION
1.1 Background
A landslide is a downward and outward movement of rock or soil, or both, that occurs on the crust of
ground surface in the form of a curved (rotational) or planar (translational) rupture (1). Landslides on
mountainous terrain often occur during or after heavy rains, causing death and disruption to the
natural and built environment (or both). Landslide-prone areas should also be known ahead of time

to minimize risk (2).

Natural and man-made landslide risks and associated failures have been observed in almost all
regions of Ethiopia. Major infrastructural development (including roads and railways), urbanization,

and comprehensive natural resource management are currently underway in the country (3).

Landslides are one of the most dangerous natural phenomena, causing not only extensive damage to
civil engineering systems such as highways, railways, bridges, dams, bioengineering structures, and
homes, but also death. As a result, landslide susceptibility mapping is required for the identification
of potential landslide areas (4). In the last five decades, Ethiopia has resulted in the death of humans
and animals, as well as infrastructure and property destruction. Between 1960 and 2010, 388 people
died, 24 people were hospitalized, and a large area of cultivated and non-cultivated soil, buildings,
and homes were all impacted. Despite the fact that Ethiopia's landslide issue is severe, there is still
no comprehensive landslide susceptibility mapping in the country's various regions (5).

With careful project preparation and execution, landslide susceptibility mapping will provide most of

the critical knowledge needed for hazard mitigation (2).

Zabidar Mountain is one of the problematic areas for landslides and slope failure occurrences along
road corridor constructed through it. In order to manage this problem, this research was done to
evaluate the landslide frequencies in entire study area. After the determination of frequency ratio of
landslide for the entire study area, the landslide hazard map was prepared using the spatial analyst
tool in GIS. Using GIS software increases the accuracy of constructing a landslide susceptibility map
by omitting errors encountered during landslide counting, size measuring and estimation of the time
it occurred. Finally, based on the landslide hazard zone map, geotechnical characterization was
studied for selected points along the road corridor by conducting sieve analysis, angle of repose,
unconfined compressive strength and direct shear tests. Rocscience (slide) software was also applied
for limit equilibrium method of weathered rock slope stability analysis along road corridor for check

up of GIS results.



1.2 Statement of problem

Natural disasters are a major impediment to economic development, especially in developing
countries (6). Landslide hazards are among the world's most deadly natural disasters. Through taking
effective steps, landslide threat mapping assists in reducing the danger of a landslide. Monitoring
landslides in a vast region with a sparse population, on the other hand, can be a costly, labor-
intensive, and physically exhausting activity (7). Landslides are often characterized as local issues,
but their consequences and costs often exceed local governments, becoming State, Provincial, or
national issues (8).

Since many landslides go unreported and no systematic estimate of casualties due to landslide
hazards has been made so far, decision makers at different levels of government who are mainly
interested in emergency issues including relocation and rehabilitation of people affected by landslide
hazards have a poor knowledge of the severity of the problems. Furthermore, general understanding
of landslide dangers is still limited, and many people still see those threats as acts of God (9).

The first and most important stage in determining landslide vulnerability is mapping landslide
occurrence regions. Over a wide area, it is difficult to reliably forecast the time and location of
landslides (10). In landslide studies, data quality is critical, and more reliable findings can be
obtained if the data is sufficient, relevant, and taken from a diverse set of parameters (11). A field
survey or visual analysis of stereoscopic aerial photography are two of the most popular techniques
for landslide mapping (12). These approaches, on the other hand, are not only time consuming, but

also resource consuming. Furthermore, they appear to need data on a wide range of areas (13).

The most important approaches for assessing landslide frequency and indicating landslide
susceptibility zones include the use of a geographic information system (GIS). It enables rapid
analysis of cartographic materials as well as the selection of methods that are appropriate for the
target, size, and data available (14). Over the last few years, a number of countries have seen
progress in minimizing the loss of human lives, property destruction, and infrastructure failure
caused by landslide-related hazards by detecting and providing appropriate landslide safety systems
using GIS-based landslide hazard zonation maps. Concerns regarding the causes of landslides, as
well as estimates of when they will occur, differ greatly across the world's regions and countries,
especially in developed countries, where landslides and associated hazards are seen as growing rather

than decreasing in severity and danger (5).

Not only does the country lack a competent organization capable of leading the way in landslide
hazard assessment and prevention, but it still lacks realistic policies for landslide risk management.

This is due to a lack of (rare) landslide assessment, a knowledge deficit on various causative factors,

2



internal and external triggering factors, method of counting, measuring, analysis, landslide

susceptibility mapping practices, and the lack of appropriate landslide protection mechanisms.

As a result, Zabidar Mountain is one of the most prone to landslides of various forms. In this area,
flooding and landslides are the most serious issues affecting human and animal life, agricultural

fields, infrastructure, and the social and economic elements of rural communities as a whole.

The work presented here contributes to the use of a spatial analyst tool cut/fill in GIS software to
forecast landslides on Zabidar Mountain rather than counting landslides or measuring surface area
manually. As a result, a susceptible landslide hazard map of the research area was created using the
frequency ration (FR) approach, and vulnerable settlements and potential slope failure spots along
the road corridor were found. This study's findings may be useful to surveyors and decision-makers
in forecasting the likelihood of landslide occurrence zones as well as in future land management and

hazard reduction programs.

1.3 Research questions

1. What are the causes and triggering factors of landslides?

2. Can infrastructure development be responsible for the occurrence of landslides?

3. Where do landslides/ slope failures are frequently occurred?

4. Who are in risk to landslide/Slope failures in the study area?

1.4 Objectives of the study

1.4.1 General objective

The general objective of the study is, to assess, predict and mapping of landslide hazard zone map
using GIS software and analyze rock-soil slope stability along road corridor using Rocscience (Slide)

software.

1.4.2 Specific objectives

1. To asses various landslide causative and triggering factors in the study area.
2. To characterize geotechnical conditions of rock and soil slope failure points along road.
3. To analysis weathered rock mass slope stability by limit equilibrium method along road corridor

4. To predict possible landslide/slope failure risk areas or points in entire study area.



1.5 Scope and Limitation of the study

In general, this research includes mathematical method modeling of a limited number of causative
factor classes for landslide hazard prone mapping over a total study area of 17.9km?, as well as
limited number of laboratory tests for geotechnical characterization and limited number of points for
numerical evaluation (Limit equilibrium method) of rock slope stability analysis along a 13.9km road
corridor through the study area were used. In general, only area mentioned above, i.e. 17.9km?, was

used to construct a susceptible landslide hazard zone map.

1.6 Significance of the study
This study is important to identify different causative and triggering factors, methods of analysis for
landslides and to map susceptible landslide prone areas as well as to evaluate weathered rock slope
stability analysis by limit equilibrium method along the road corridor through Zabidar Mountain
(GURAGE AND SILT’E ZONE, SNNPR, ETHIOPIA).

The following are some of the stakeholders who would benefit from the findings of this study:

1. The study will benefit the administrations of Gurage Zone and Silt'e Zone as a source of
information and a basis for road maintenance and the temporary flood and landslide hazard
state of emergency that they have for vulnerable societies who live around Zabidar Mountain
every summer.

2. Provide a very simple method of data collection or extraction. Example: Survey data.

3. The thesis would help surveyors, environmentalists, geologists, and geotechnical engineers as
a source of expertise and a foundation for consultancy in the construction industry, reducing
the risks of landslide/slope collapse on human life and infrastructure.

4. Other researchers will use the results as a basis for more studies into landslide evaluation and
slope stabilization analysis.

5. As aguide for flood and relative studies in the agricultural sector.

6. Provide responses to study questions or make recommendations for landslide/slope collapse

prevention measures.

1.7 Justification of the study

The rationale for conducting this study to provide the baseline to reduce the cost and time for data
collection and process by providing a very precise method of statistical analysis. Facts show that the
Gurage and Silt'e zone administrations both allocate and consume massive budgets for road

maintenance and as a result of the temporary flood and landslide hazard protection state of



emergency for vulnerable societies who live around Zabidar Mountain every summer. To mitigate

this problem, assessing, predicting and mapping of susceptible landslides in the area is needed.
1.8 Methodology

Pre-field work, field work, and post-field work are the three primary parts of this study. A literature
study and gathering all relevant material from diverse sources were the major activities in the Pre-
fieldwork phase. During the field work stage, the ground verification of potential landslides, general
layout of the study area, location, mode and condition of landslides/slopes failures in the study area
and unconfined compressive strength of weathered rock mass on selected four points along road
were conducted. During post field work, gradation (sieve analysis) and angle of repose and direct
shear test to determine soil shear strength parameters such as cohesive force (C) and angle of internal
friction (®) and unit weight (y) for four points along road corridor were conducted and interpreted. A
map of considered causative factors for lithology/soil mass, elevation, slope, aspect, curvature, and
distance to stream were prepared with the help of ArcGIS and statistical analysis. Frequency ratio
values were determined and used to prepare landslide susceptibility map. Based on the developed
map, numerical analysis (Limit equilibrium method) of weathered rock mass slope stability for
selected points along the road corridor were analyzed and interpreted as validation of developed

landslide hazard zone map.



CHAPTER TWO
LITERATURE REVIEW
2.1 Introduction
Landslides are one of the most common natural catastrophes, posing serious risks to people,
property, and the environment in a variety of locations. Landslide susceptibility mapping (LSM) has
been found to be beneficial in developing landslide mitigation techniques for lowering catastrophe
risk and social and economic losses, which is important for land use planning, hazard prevention, and

risk management.

The literature on causes and triggering factors, types of landslides, vulnerability, landslide statistical
analysis and rock-soil slope stability analysis is discussed in this chapter. The primary goal of a
literature review is to identify the scholarly and research areas that are important to the topic under
consideration. The following research were analyzed and referenced for this report, which includes

material on landslide susceptibility assessment and slope stability evaluation.

2.2 General theoretical review
Falls, rotational and translational slips, flows, and creep are the most common mass-wasting
mechanisms. Falls are sudden rock movements that break off from cliffs or steep slopes. Natural
cracks, such as fractures and bedding planes, enable rocks to split. Free fall, bouncing, and spinning
are also examples of movement. Gravity, mechanical weathering, and water have a major effect on
dropping. Slow movement around a curved rupture surface is typical of rotational slides. Rapid
motions along a plane of distinct instability between the overlying slide material and the more solid
underlying material are often referred to as translational slides. Rock slides, debris slides, and planet

slides are some of the types of slides (19, 20).

Debris avalanche

Figurel. Classification of landslide types based on classification of VVarnes (1978).



Soil types, stratification, groundwater, seepage, and slope geometry all play a role in slope failures.

The following are some of the most common forms of slope failure in soil (17).

1. Translational Slide: A translational slip occurs when a slope fails along a poor zone of soil
(Figure 2.a). Before coming to a stop, the sliding mass can travel a long distance. In coarse-grained

soils, translational slides are common.

2. Rotational Failure: A rotational slip, with its point of rotation on an imaginary axis parallel to the
slope, is a typical form of failure in homogeneous fine-grained soils. Rotational failure can take three

forms.

i. Base Failure: Base failure can occur when a soft soil layer rests on a stiff soil layer (Figure 2.b).
ii. Toe Failure: When the fault surface runs through the slope's toe (Figure 2.c).

iii. Slope Failure: When the failure surface passes through the face of slope (Figure 2.d).

iv. Flow Slide: When internal and external pressures force a soil to behave like a viscous fluid and

flow down even shallow slopes, spreading out in several directions, a flow slide occurs (Figure 2.e).

v. Block Slide: When a translational slide in which the moving mass consists of a single unit or a

few closely related units that move downslope as a relatively coherent mass (figure 2.f).

Slip or failure plane u

Stiff soil

fa) Movement of soil mass along a thin (b} Base slide
layer of weak soil

Toe

{c) Toe slide (d) Slope slide

(e} Flow slide (f) Block slide

Figure 2. Common types of slope failure in soils



According to (18),16)

A fall starts when soil or rock, or both, disconnects from a steep slope along a surface with little or

no shear displacement. The material either falls, bounces, or rolls off.

Rack falls are sudden, downward movements of rock, soil, or both that separate steep slopes or cliffs.
Bouncing occurs as falling debris reaches the lower slope at an angle that is less than the angle of
fall. On impact, the dropping mass can crack, roll down steeper slopes, and continue until the terrain

flattens.

Topple is the forward movement of a mass of soil or rock around a point or axis below the displaced
mass is known as a topple. Toppling is frequently caused by the weight of material upslope from the
displaced mass. Water or ice in cracks in the mass may cause toppling sometimes. Rock, rubble
(coarse material), and earth materials may all cause topples (fine grained material). Complex and

composite topples may occur.

A flow is a continuous spatial movement in which the shear surfaces are short-lived, closely spaced,
and normally not maintained. The factor velocities of a flow's displacing mass are similar to that of a
viscous liquid. Depending on the water content, mobility, and evolution of the movement, there is
often a gradation of transition from slides to flows.

Debris Flows are type of rapid mass movement in which water, loose soil, and often organic matter
combine to create slurry that flows downslope. Owing to the vast amount of fine material that could
be found in the river, they have been named "mudslides™ informally and inappropriately. A debris
flow may form when a rotational or translational slide gains momentum and the internal mass loses
cohesion or gains water. In cohesionless sand, dry flows may occur (sand flows). Debris floods can

be dangerous because they can happen quickly and without warning.

Debris avalanches are massive, incredibly fast, often open-slope flows that occur when an unstable
slope collapses and the scattered debris is quickly moved away from the slope. Generally speaking,
there are two kinds of debris avalanches: "cold" and "hot." A cold debris avalanche occurs when a
slope becomes unstable, such as when weathered cliffs in steep terrain collapse, or when bedrock
disintegrates during a slide-type landslide moving downslope at high speed. The mass will then turn
into a debris avalanche at this stage. A hot debris avalanche is one that occurs as a result of volcanic

activities, such as volcanic explosions or magma injection, causing slope instability.



2.3 Landslide Causes and Triggering Mechanisms

The lithology, elevation, slope, aspect, plan curvature, and distance from the river all have a role in
the spatial distribution and intensity of landslides. (13). When assessing the likelihood of landslides
over a certain length of time and in a certain location, it's critical to understand the circumstances that

might induce a landslide and the mechanism that might start the movement (11).

Researchers have discovered that soil erosion triggers landslides as a result of permanent challenges
to slope stability and ecosystem functionality. According to (19), by changing the conditions that
cause soil erosion, the rate of landslides may be decreased.

Fresh bedrock's susceptibility to rockfalls, rockslides, and block glides is determined by a variety of
factors, including seepage forces during rainstorms. The weathered zone grows outward from the
joints, isolating fresh rock blocks or boulders to form corestones. Corestones become remnants on
the ground surface in some areas and can roll down hills during rainy seasons, causing severe
damage. The rock fall landslide is the most common form of slide in this weathering stage. The
danger of falling materials is real. Property under the fall-line of big rocks may be damaged by falls.
Boulders have the ability to bounce or roll long distances, causing structural damage or death.
Rockfalls can cause deaths in cars struck by rocks which can obstruct highways and railroads,

causing significant damage to roads and railroads (16),22).

The Schmidt hammer (also known as the rebound or impact hammer) test is a non-destructive
method for determining the quality of rock in terms of surface rebound hardness, which is linked to
uniaxial compressive strength. The Schmidt hammer test is an essential index test for rock material
characterization since it is fast, inexpensive, and non-destructive (21). Predicting the stability of rock
slopes is a basic geotechnical engineering problem that is critical when constructing dams, highways,
tunnels, and other engineering projects. In assessing the stability of a rock slope, the approach
utilized to characterize the failure behavior of the rock mass is essential. The stress function of rock
mass strength, on the other hand, is nonlinear. Hoek and Brown introduced the nonlinear Hoek—
Brown (HB) criteria in 1980, based on a significant quantity of experimental data from field testing
done on rocks. Following that, in 2002, Hoek et al. refined the fundamental Hoek—Brown (HB)
criterion, resulting in the generalized Hoek—Brown (GHB) criterion, which has subsequently become
extensively used for evaluating the strength of rock and rock masses. The GHB criterion can
currently reflect a rock’s inherent nature as well as the effect of certain factors on the strength of a
rock mass, such as the rock’s strength, the number of structural planes, and the stress state; thus, the

GHB criterion is critical in studying the deformation and failure characteristics of rock slopes (22).



As shear stress exceeds the shear strength of slope material, landslides/slope collapses occur. The
factors that lead to a rise in shear stress and factors that contribute to a decrease in shear strength can
be categorized as landslide causative factors. However, water is another factor that contributes to
both increasing and decreasing shear stress and shear strength of slope material, respectively (23).

Understanding the geological setting (lithological and structural), terrain characteristics, hydrological
condition (surface and groundwater), land use/vegetation status, and other geomorphological
processes is essential for understanding failure mechanisms and designing effective landslide

mitigation measures (24).

Different causative variables (independent factors) such as lithology, elevation, slope, aspect,
curvature, and distance from river can be used to construct landslide hazard zonation maps (25).

Lithology refers to the composition, texture, and degree of weathering of rocks and soils, as well as
other characteristics that affect physico-chemical and engineering properties such as permeability,
shear strength, and so on. The slope stability is affected by these features (26). Because it produces a
noticeable anisotropy in the permeability, strength, and deformation properties of soil/rock masses,
factors inherent in the nature of the materials and discontinuities may have an impact on engineering
features of slopes (24). The lithology and slope of the ground determine the kind and intensity of
landslides. It is well understood that lithological characteristics influence the physical properties of

surface and subsurface materials, and therefore the danger of land sliding (27).

Pelitic vertisols are soils with high shrink-swell potential, which are characterized by a high clay
content, cracks that open and close periodically and wedge-shaped aggregates and/or slickensides
that occur at a specific depth (28). Chromic luvisols are dark reddish brown or reddish brown

luvisols extracted from calcareous parent material. It's usually silty, with clay buildup (29).

The height above sea level is referred to as elevation. Within terrains, elevation is helpful for
classifying local relief and locating places of greatest and lowest heights. It is one of the factors that

causes landslides and erosion (11).

A slope is the rise or fall of the land surface. Slope angle is the most important relief characteristic
that affects the mechanism and the intensity of the landslides. In general, if the slope is steeper it will
be more susceptible to instability as compared to gentle slope. The gravity pull, which is the main
driving force for instability, is directly proportional to the slope gradient. The nature and kind of pre-
existing landslides are essential geomorphologic characteristics of slope instability because they
influence the terrain's behavior (26). Landslides are more likely to occur on steeper slopes owing to

gravity stress, as is widely known (30). Gravity is recognized to be the most prevalent factor that
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causes movement on slopes. According to prior research, the majority of recorded debris/earth

slides/flows and rockslides occurred in locations with slope angles of 15 to 45 degrees (3).

Aspect is the directional slope of the ground surface. It refers to the slope orientation, which is
measured in degrees from 0 to 360 degrees. It is a significant factor in landslide studies because it
regulates the slope's exposure to sunshine, wind direction, rainfall (degree of saturation), and
discontinuity conditions. In the preparation of landslide susceptibility maps, aspect is also a
significant component. Exposure to sunshine, drying winds, rainfall (degree of saturation), and

discontinuities are all factors that might influence the incidence of landslides (31).

The curvature of topographic contours or the curvature of a line created by the intersection of an
imaginary horizontal plane with the ground surface is known as plan curvature. Positive plan
curvature (convex) indicates flow divergence, while negative plan curvature (concave) indicates flow
concentration. Concave outward plan curvatures are known as hollows, convex outward plan
curvatures are known as noses, and straight contours are known as planar regions. Water flow is
concentrated in concave plan terrains, while it diverges in convex plan terrains. Converging or
diverging flow and soil-water content are thus influenced by plan curvature. Slope forms control the
distribution of water (surface/subsurface) within a slope, making it more susceptible to landslides.
Concave plan terrains encourage concentrated water flow, whereas convex plan terrains encourage
flow divergence. As a result, plan curvature controls converging/diverging flow and soil-water
content (3).

The slope's proximity to the stream course is an important determinant of the area's landscape
evolution as well as an indicator of landslides and other erosional issues. Since rivers erode the slope
foundation and saturate the underwater portion of the slope forming material, they have a high
chance of causing landslides. In landslide sensitivity studies, this parameter is considered one of the
causal factors. Rivers incising the various rocks generally have a big effect in changing the terrain.
The slope's closeness to the stream course is an essential component that influences the area's
landscape evolution and serves as a predictor of landslides and related erosional issues. Landslides
are more likely to occur in rivers with multiple drainage networks because they erode the slope base
and saturate the submerged part of the slope forming material. The distance from drainage axis was
considered while evaluating the influence of drainage on landslide incidence. Previous studies have
shown that being adjacent to a stream has a significant impact on the occurrence of landslides, as

extensive gully erosion is frequently the source of mass wasting (30) .
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2.4 Statistical analysis review
In order to prepare the landslide susceptibility map quantitatively, the frequency ratio method was
implemented using GIS techniques. Frequency ratio methods are based on the observed associations
between the distribution of landslides and each landslide-related factor, to expose the correlation

between landslide locations and the factors in the study area (11).
Landslide susceptibility analysis methods for various maps were used, according to (25),

Table 1. Different methods used for landslide susceptibility maps

no Methods Characteristics

1 | Landslide distribution analysis | Analyze distribution and classification of landslide

2 | Landslide activity analysis Analyze temporal changes in landslide pattern

3 | Landslide density analysis Calculate landslide density in terrain units or as isopleths map
4 | Geomorphologic analysis Use in-field expert opinion in zonation

5 | Qualitative map combination Use expert-based weight values of parameter maps

6 | Bivariate statistical analysis Calculate importance of contributing factor

7 | Multivariate statistical analysis | Calculate prediction formula from data matrix

8 | Safety factor analysis Apply slope stability model

9 | Score method Apply score table

Frequency ratio (FR) provides the probabilities of presence and absence of an event for individual
conditioning factors by generating weights based on the ratio of areas which experienced landslides
in the past to the total study area (32). The frequency ratio (FR), as a leading probability model, is
based on the observed spatial relationships between landslide causal factors and landslide

occurrences. Consequently, the FR can be used to quantitatively assess landslide susceptibility (33).

The FR method follows the principle of conditional probability, in which if the ratio is greater, the
stronger the relationship between landslides and factor classes and vice versa. The frequency ratio

was then summed to produce the final landslide susceptibility index (LSI) (34).

The ratio of percent domain of the class to percentage of total landslide in that class may be
represented as the frequency ratio of each class inside a given factor. Each predictive component is
repeatedly superimposed on the landslide inventory, and frequency ratio values for each class are
calculated. The FR technique is based on the conditional probability concept, which states that the
higher the ratio, the stronger the link between landslides and factor classes, and vice versa. The final

landslide susceptibility index was calculated by adding the frequency ratios (LSI) (10).
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CHAPTER THREE
MATERIAL AND RESEARCH METHODOLOGY
3.1 Introduction
This chapter describes the approaches and techniques used to collect data and investigate the
research problem. It include description of the Study area, Study area weather condition, research
design, study period, sample size, study variables, data collection processes, data analysis, data

quality control (validity and reliability), ethical consideration and plan for dissemination.

3.2 Study area

The study was conducted in the Northern South Nations Nationalities and Peoples’ Region (SNNPR)
on Zabidar Mountain, approximately 127Km from Addis Ababa. Zabidar Mountain is located in
central Ethiopia. It is the highest point in the Gurage zone and the entire Southern Nations,
Nationalities and Peoples’ Region. This mountain has an elevation of 3,719m above sea level. The
proposed study area has a perimeter of 17.5km, an area of 17.9Km? and a 13.9km highway road
through it. The study area is located in between six kebeles (Adeyo, Gugiso and Ageta) from Silt’e
zone and (Mirab meskan, Aborat and Wurib) from the Gurage zone. Geographically found between
latitude of 8° 05°00"N-8° 06°08"N and longitude of 38°14°46"E- 38°17°26"E with an elevation of

2,221 to 3,364.9m above sea level as shown with elevation profile below.
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Figure 3. Geographical location of the study area
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Figure 4. General elevation profile of study area (along center of road)

3.3. Study area weather condition
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According to world weather conditions from https://www.worldweatheronline.com/lang/ru/agena-

15day-weather-chart/et.aspx; the study area weather conditions are analyzed and estimated from

Agena station. According to the data obtained from worldweatheronline, the average temperature,

average rainfall and average snowfall for 15 days starting from 2009 G.C are shown below. As it is

clearly seen from each of the graphs, the average low temperature and average high temperature for

June, July, August and September are high and low respectively. While in the case of average

rainfall and average snowfall for June, July, August and September are very high as compared to

other months. In Ethiopia, these months (June, July, and August) are known as summer or kiremt

season. From this information, it is highly estimated that the season when landslides will potentially

occur in the area.
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3.5 Research Design

ﬁ Problem identification
>
- \\. Field observation, sample photos \\\_

/ .
<_ Boundary preparation for study area > and soil sampling were taken along
~

— e ~ a 13.9km road corridor through the study area /
~ ~ - /
s
~~ ~
\"\ //
_,:i >’\|/
/,./”’/_ _ H\"‘\~\‘,\\\‘ - _—Tra nsportatlon of samples to
< Hatching the entire study area and —~ __— Wolkite University and Jimma Umver5|ty T
Tsavein KML format file OR download/D/EM/ T~ laboratory for determination of -
‘“\\\ ///// T —~—_ Rock soil parameters /,,///
\\V///’
P T
- ~
~ ™~
~ ~
- ~~_
_~Download KML in GPS- vusuallzer as s Sy
(ltude, longitude and altitude or down Ioadm _— T~
™~ . from USGS 7 _— T
\\ - /./"/ Interpretation of laboratory result \'\,,\
- 7 ’J:or Geotechmcul characterization of Rock-soil slope along the roffd:‘
\/ T~ corridor. _
/,,//// \\\“\,\\ - \\\ _— -
__Preparation of digital elevation-
// model(DEM) of the study area for tm
T~ past six consecutive years e
T (2015-2020)By GIS
~__ -

///’Uéing cut/ fill surface tool in ArcGIST ™
<\ extract remove/ eroded surface
. fromDEMorslopemap

\J

—

Quantitative approaches

{
Landslide hazard zone mapping
]

&

Conclusion and recommendation

Figure 8. Flowchart for landslide susceptible Landslide zone map

16



3.6 Sample Size

After landslide hazard zone map development and field visit, the location of weathered rock masses
and soil slope failures, insitu measurement of failure angle along the road (as shown on Figure 9) and
samples for laboratory tests were taken from each point and transported to Wolkite University and
Jimma University soil laboratory. Direct shear test for shear strength parameters (C,®) using ASTM
standard (D-3080) for four points (2,3,4,5), sieve analysis using ASTM standard (D422-63) and
angle of repose for each selected points were determined and interpreted. Field unconfined
compressive strength of weathered rock mass was also tested at four points (2,3,4,5) and numerical
analysis of rock masses and soil slope stability along the road corridor was done by the limit

equilibrium method.

Road center through sudy area
— Study area boundary
A Sampling points

Figure 9. location map for Sampling

3.7 Study variables

In this study, there were two types of variables that were taken into consideration. They are
dependent and independent variables. The dependent variables are all landslide and slope failures in
the entire study area. The independent variables are all causative factors, such as lithology/soil mass,
elevation, slope, aspect, curvature, and distance to stream, and triggering factors for landslide and

slope failure occurrence in the study area.
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3.8 Softwares Applied in the study

In general, to achieve this study, programs like Google Earth pro, Gps-visualizer and software like
GIS, Rocscience(Slide), MS word, MS excel were used. Google Earth Pro is a free application that
allows you to see, evaluate, overlay, and create geographical data. It may also be used to examine its
ultra-high-resolution satellite images, upload and download geospatial data in its native interoperable
file format (KML), and locate places. GPS Visualizer is a free online program that downloads survey
data from Google Earth into the latitude, longitude, and altitude coordinate systems and generates
maps from GPS data, simple coordinates, or street addresses. A Geographic Information System
(GIS) combines map visual components and features with the ability to correlate these features'
attributes to databases. This connection allows GIS to find, display, analyze, and model information.
Rocscience (Slide) is a software used for limit equilibrium slope stability program for evaluating the
safety factor or probability of failure. MS Excel is a spreadsheet programme that allows you to save a
huge quantity of data or information in a structured tabular style with numerical and alphabetical
values. MS Word is a word processing programme which can be used to write letters, essays, notes,
and other documents.

3.9 Data collection process
In order to achieve the objective of this study, all pertinent data required for susceptibility of
landslide mapping for the entire study area and for rock-soil slope stability evaluation along the road
in the study area were collected from primary and secondary sources. For data collection and
process; different activities were carried out. These activities were classified into three phases: pre-
field work, field work and post field work. Each of the three steps comprises different activities.

3.9.1 Pre-field work

At this stage, the available information about the study area was compiled by reviewing literature or
available information from different sources, both published and unpublished, to get some
information to begin the study. Sufficient secondary data such as geological data, satellite images,
and meteorological data were collected. By using Google earth pro and Gps-Visualizer programs or
downloading from appropriate sites, survey data of the study area was prepared.

Using GIS (Geographical Information System) or downloading original 30x30m pixel size digital
elevation model from ASTER (Advanced Spaceborne Thermal Emission and Reflection
Radiometer), GDEM (Global digital elevation model), and USGS (United States Geological Survey);
or manually by hatching on google earth pro and downloading survey data in latitude, longitude and
altitude format. From these data causative factors like lithology, elevation, slope, aspect, curvature,

and distance from stream/river maps of the study area were developed by processing in required
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pixel size (resampling) for the previous six years. Finally, using GIS cut/fill raster surface tool, either
from digital elevation models (DEM) or Slope map; lossed, gained and unchanged surface in each
causative factors class for each year were developed. Since the study is targeted at landslides, only
lost surface was considered and extracted for each of the last 6 years. In each causative factor class in
the excel sheet that shows the number of lossed/eroded pixel numbers for each of the last 6 years
(2015- 2020) were tabulated.

3.9.2 Field work

In the field, the ground verification of potential landslides, general layout of the study area,
identification of mode and condition of landslides, measurement of depth, width and length of some
past (older) landslides were done for validation. Some of the visible geological outcrops and the
topographic condition, condition of geotechnical works, photographs of important features of the
area, visual identification of rock and soil profiles along the road corridor throughout the study area,
geometry of slope failure along road corridor, rebound test for compressive strength of rocks,
location of samples to be taken and sampling were made for determination of the geotechnical

properties.

Figure 11. Sample photo that shows failure Rock-soil slope along road corridor
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Figure 12. Sample photo that shows flooding risk local residents

3.9.3 Post field work

The densities of landslide occurrences within each causative factor map class were obtained in the
stage of pre-field and field work. Areas which are susceptible to landslides were identified by a
bivariate statistical approach (Calculate importance of contributing factor) through frequency ratio
(FR).

In the laboratory, limited geotechnical properties were determined, specifically particle size analysis,
angle of repose and Direct shear test for shear strength parameters (C,®). The samples for sieve
analysis and angle of repose were tested in Wolkite University’s soil mechanics laboratory and

Direct shear test were conducted in Jimma University’s soil mechanics laboratory.
3.10 Geology

Geology is the study of the occurrence and change of rock on the Earth's surface over time. Since
various rock types have differing resistance to weathering and soil erosion, geology has a big impact
on the occurrence of landslides. The geological map of the study area has been updated from the
Ethiopian Geological Survey's 1973 Geological Map (GSE,2011).As shown in the map below, the
geological composition of the study area is alkaline, Trachyte, tractry basalt, and per alkaline rhyolite
with subordinate alkaline basalt.
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Figure 13.Geological map of the study area

3.11 Ethical consideration

After Jimma University wrote an official letter and sent it to the appropriate local authorities and
other organizations, demanding that data and samples be taken and relevant tests be conducted, the
necessary data was gathered. Prior to data collection and analysis, the study's objective was made

clear to the organization and the concerned local communities.

3.12 Data quality control (validity and reliability)
The data's accuracy was ensured by a cross-check with real field measurement (validity) data, as well

as close attention paid to data collection and documentation.

3.13 Plan for dissemination

The thesis mainly focuses on Jimma University's academic purposes. For this analysis, random
surface elevation points of the study area were prepared by downloading DEM (digital elevation
maps) from known sites and processed as required pixel sizes. This approach tends to simplify data
collection methods by avoiding errors in manually recording the number of landslides, avoiding
errors in measuring the area and amount of landslides, and reducing the number of labour forces and
resources needed. Finally, a landslide hazard zone map was prepared for the entire study area. The
findings were presented to Jimma Institute of Technology's Civil Engineering Department and
Geotechnical Engineering Stream, as well as Jimma University's Technology Library and other

relevant governmental and non-governmental organizations.
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CHAPTER FOUR
RESULT AND DISCUSSION
4.1 Landslide causative factors
Using the frequency ratio (FR) model, this study investigated the relationship between six causative
factors and the occurrence of landslides. In order to know landslide hazard-prone areas and prepare a
landslide susceptibility map, it's important to assess the impact of causative factors on the spatial

distribution of landslides.

4.1.1 Lithology/ Soil mass Map

The current research area's lithological map was collected from the Ethiopian Geological Survey
1973 report (GSE,2011). The study area has three types of soil mass. According to the data from the
map, Pelitic vertisols, Stone crust, and Chromic luvisols are the three types of lithology/soil masses
that cover the study area. In this study, Pelitic vertisols occupy 87.7 percent of the study area, Stone
surface accounts for 12.2 percent, and Chromic luvisols account for 0.1 percent.
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Figure 14. Lithological map /soil mass of the study area.
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4.1.2 Elevation map

A digital elevation model (DEM) was created for this study over the last six years (2015-2020). The

elevation maps for all years were classified into five subclasses: 2221-2450 meters, 2450-2670

meters, 2670-2900 meters, 2900-3100 meters, and 3100-3370 meters above sea level.

Elevation map for the past six years
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Figure 15. Elevation map of the study area.

23



4.1.3 Slope Map

The slope for the present study area for each of the past six years was extracted from the digital
elevation model (DEM). A slope category (subclass) map was created for four categories for the
current study: (i) 0-5%, (ii) 5-25%, (iii) 25-50%, and (iv) 50-100%, as shown in the figure below.

Slope map for the past six years

Slope map for 2015 Slope map for 2016

Slope map for 2017 Slope map for 2018

Slope map for 2020

Slope map for 2019

0.8.250 0.5 1 1.5 2 25

(™ s ™ s ™" s ™" sl 03 Legend LOPE PERCENT]
] Boundary of study area
. *Local Streams/Rivers 0-5%
Coordinate System: | Lewvel 1 chanals/small streams
WGS 19884 -UTM zone 37TIN 5-25%
. . = Lewvel 2 chanals/medum streams|

Projection: Traverse Mercator | Level 3 chanals /strong streams 25.50%
= lavel 4 chanals/Nomal Rivers
j——= Road through study area 50-100%

Figure 16. Slope map of the study area.
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4.1.4 Aspect Map

For this study, the slope aspect was derived from the DEM data and it was divided into nine
categories: flat (1), northeast (22.5-67.5), east (67.5-112.5), southeast (112.5-157.5), south (157.5—
202.5), southwest (202.5-247.5), west (247.5-292.5) and northwest (292.5-337.5) (Fig. 14).

Aspect map for the past six years

' Aspect map for 2019

W#E
Flat (-1}

0E250 05 1 15 2 25 Legend
Km

North (0-22.5)
Northeast (22.5.67.5)
East (67.5-112.5)
Southeast (112.5-157.5)
South {157.5-202.5)
Southwest (202.5-247.5)
West (247.5-292.5)
Northwest (292.5.337.5)
North {337.5-360

=== Road through study area

] Boundary of study area
Coordinate System: “Local Streams/Rivers

WGS 19884-UTM zone 37N —— Level 1 chanals/small streams
Projection:Traverse Mercator [~ Level 2 chanals/imedum streams
Level 3 chanals /strong streams
level 4 chanals/Norm al Rivers

Figure 17. Aspect map of the study area.

25



4.1.5 Plan Curvature Map

The plan curvature for the present study area for each of the past six years was developed from the
digital elevation model (DEM). A Plan curvature subclass map was prepared for three categories: (a)
Concave, (b) Flat and (c) Convex as shown below

Curvature map for the past six years

. B e T

%

0®250 05 1 15 2 25 Legend N
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{— Level 3 chanals /strong streams
= level 4 chanals/INormal Rivers - Convex ( =0.05)

Figure 18. Curvature map of the study area.
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4.1.6 Distance from Stream/River map

As a result, five subclasses were defined for this analysis based on their respective distances. 0-5

metres, 5-10 metres, 10-15 metres, 15-20 metres, 20-25 metres, and 25-35 metres from the stream's

centre.
Distance from stream map for the past six years
Year 2017
Year 2019
N
[egend W+E
| ] Bounda
0281250 0I5 05 075 1 '_ Road :Mre S
== — T3 1] -
Local Stream s and Rivers
—— Lewel 1 chanals/small streams
== Lewel 2 chanals/medum streams
Grid:WGS-1984-UTM ZONE 37 Lewel 3 chanals /strong streams
Projection:Travers Mercator [ ‘leveld chanalsiNormal Rivers
Datum: Addindan - 0-5m Distance from centre of the river
510m Distance from centre of the river
10-15m Distance from centre of the river|
15-20m Distance from centre of the river|
20-35m Distance from centre of the river|

Figure 19. Distance from streams/river map of the study area
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4.2 Data analysis

4.2.1 Extraction of eroded/ removed surface

The cut/fill spatial analyst tool in GIS-10.3.1 allows us to generate a map centered on two input
surfaces (before and after), showing the areas and amounts of surface material that have been
changed by the addition or removal of surface material. For this study, the two consecutive years’
DEM (Digital elevation model) or Slope map was used as an input. After running cut/fill processing,
the output results are lost, unchanged, and gained. Since the aim of this research is to evaluate

landslides, only the loss surface pixel number in each causative factor is calculated and counted.

By GIS cut/fill tool == Loss/unchanged/gained — Only loss

Year 2016

ce eroded/Removed

Year 2016
from b etween 2016 and 2017]

Year 2017 Year 2018

Year 2019

from between 2020 and 2021

Figure 20. Map that show elevation difference in for past six consecutive years of the study area
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Table 2. lossed surface pixel number for each of the past six years in each causative factor subclasses

Using Elevation map
) Causative factor Number of

Causative factor Number of ) )

Year _ ) Year | Elevation subclasses | removed pixels
Elevation subclasses | removed pixels
2221-2450 5583 2221-2450 6012
2450-2670 4474 2450-2670 6222
2670-2900 4334 2670-2900 7226

2015 2018
2900-3100 5028 2900-3100 7847
3100-3370 6356 3100-3370 10342
Total 25775 Total 37649
2221-2450 2823 2221-2450 7404
2450-2670 2086 2450-2670 6540
2670-2900 2677 2670-2900 7530

2016 2019
2900-3100 3807 2900-3100 8237
3100-3370 4090 3100-3370 10582
Total 15483 Total 40293
2221-2450 3357 2221-2450 2437
2450-2670 3265 2450-2670 3172
2670-2900 3847 2670-2900 4067

2017 2020
2900-3100 4722 2900-3100 4646
3100-3370 5972 3100-3370 5554
Total 21163 Total 19876

After determining the number of eroded pixel numbers (15.4x15.4m size), they were projected or
overlayed techniques were applied with each causative factor subclass (lithology/soil mass,
elevation, slope, aspect, plan curvature, and distance from stream) in each of the previous six years
(2015-2020) using the zonal statistics tool in GIS.

4.2.1.1 On lithology/soil mass map

Since each class of materials has different shear strength and permeability characteristics, lithology is
one of the most important limiting parameters in slope stability. Different rock types have different

29



compositions and structures, which can either help or hurt the slope material's resistance. In
comparison to the softer/weaker rock units, the stronger rock units have greater resistance to the
pushing forces. As a result, the number of lost surface pixels in each elevation or slope map
subclasses were determined using GIS software and tabulated in excel sheet for the previous six

consecutive years.

Overlay on Lithology map for the past six years

Year 2015 * Year 2016

Year 2018

Year 2019 Year 2020

Legend N
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Grid:WGS-1984-UTM ZONE 37 ' Level 2 chanals/medum streams

Projection:Travers Mercator Level 3 chanals /strong streams

Datum: Addindan e level 4 chanals/Normal Rivers
Remowved/Eroded surface
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Stone surface
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Figure 21. Mapping the lost/eroded surfaces on lithological map for the past six years
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Table 3. Eroded/removed surface (in percent) on each lithology/soil mass subclasses

v Causative Sub class Eroded surface Eroded/ removed
ear
factor subclasses pixels number pixel number surface in percent
a. Pelitic vertisols 66605 22467 87
b. Stone surface 8378 3308 13
2015
¢. Chromic luvisols 70 3 0
Total 75053 25778
a. Pelitic vertisols 66605 13662 88
b. Stone surface 8378 1802 12
2016
¢. Chromic luvisols 70 16 0
Total 75053 15480
a. Pelitic vertisols 66605 18322 87
b. Stone surface 8378 2837 13
2017
¢. Chromic luvisols 70 2 0
Total 75053 21161
a. Pelitic vertisols 66605 32768 87
b. Stone surface 8378 4855 13
2018
¢. Chromic luvisols 70 21 0
Total 75053 37644
a. Pelitic vertisols 66605 35281 88
b. Stone surface 8378 4982 12
2019
¢. Chromic luvisols 70 30 0
Total 75053 40293
a. Pelitic vertisols 66605 18109 91
b. Stone surface 8378 1756 9
2020
¢. Chromic luvisols 70 9 0
Total 75053 19874
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Figure 22. Bar chart of eroded/removed pixel numbers in each classes in each six years.

4.2.1.2 On elevation map

Changes in elevation affect the geomorphology, vegetation, and rate of erosion in a given region,
altering landslide susceptibility. As a result, the number of missing surface pixels in each elevation
map subclass was determined and tabulated using GIS software for the previous consecutive six

years.

Overlay on Elevation map for the past six years

Owverlay on Elevation map for 2020
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Figure 23. Mapping the lost/eroded surfaces on elevation map for the past six years.
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Table 4. lossed surface pixel number on elevation map for the past six years.
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4.2.1.3 On slope map

According to the reviewed literature, slope is a critical parameter for landslide study because it has a
clear relationship with the frequency of landslides. As a consequence, it's commonly used in
landslide susceptibility mapping. As a result, in each slope map subclasses, the amount of
removed/eroded surface pixels was calculated and tabulated using GIS tools for each of the previous

Six years.

Overlay on Slope map for the past six years

Overlay on Slope map for 2020
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Figure 24 Mapping the lost/eroded surfaces on slope map for the past six years.
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Table 5. lossed surface pixel number on slope map for the past six years.
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Figure 25. Bar chart of lost/eroded pixel in each subclasses on slope map for the past six years.
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4.2.1.4 On Aspect map

In landslide studies, this aspect is significant since it influences the slope's exposure to sunshine,
wind speed, rainfall (degree of saturation), and discontinuity conditions. As a result, all
eroded/removed surface pixel numbers in the elevation or slope map were counted in each aspect

subclass and tabulated.

Overlay on Aspect map for the past six years

Overlay on Aspect map for 2015
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Figure 26. Mapping the lost/eroded surfaces on aspect map for the past six years.
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Table 6. lossed surface pixel number on aspect map for the past six years.
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Figure 27. Bar chart of lost/eroded pixels in each subclasses on aspect map for the past six years.

4.2.1.5 On plan curvature map

Hollows are concave outward plan curvatures, noses are convex outward plan curvatures, and

straight contours are known as planar areas. To know the frequency of landslide occurrence, all

eroded/removed surface pixel numbers counted in each plan curvature subclass and tabulated.

Overlay on Curvature map for the past six years
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Figure 28. Mapping the lost/eroded surfaces on curvature map for the past six years.
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Table 7. lossed surface pixel number on Curvature map for the past six years.
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Figure 29. Bar chart of lost/eroded pixel in each subclasses on curvature map for six years
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4.2.1.6 Distance from Stream/River map

Rivers with many drainage networks are more likely to cause landslides when they erode the slope
foundation and saturate the submerged portion of the slope-forming soil. In this study, the number of
lost parts or surfaces were counted and tabulated for each distance subclass for each year.

Overlay on distance from stream map of study

Overlay on Distance from stream map for 2019 Overlay on Distance from stream map for 2020
08250 05 1 15 2 25 Legend N
™ ™ s ™ s ™ s B 1 “-._-?,,._
= Road through study area )

8
D Boundary of study area

Coordinate System: *Local StreamsiRivers
WGS 19884-UTM zone 37N Level 1 chanalsismall streams
Projection: Traverse Mercator

- 0-5m Distance from centre of the river
l:l 5-10m Distance from centre of the river
l:l 10-15m Distance from centre of the river
- 15-20m Distance from centre of the river

Level 2 chanalsi/medum streams

Level 3 chanals /strong streams

level 4 chanalsiN ormal Rivers
Il r=moved eroded surface I 20-35m Distance from centre of the river

Figure 30. Mapping the lost/eroded surfaces on distance from the river map for the past six years.
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Table 8. lossed surface pixel number on distance from streams/rivers map for the past six years.
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2015 10-15m 14572 | 6072.4 24
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Figure 31. Bar chart of lost/eroded pixel in each subclasses on distance from stream map
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The percentage distribution of landslide/removed surface in corresponding subclasses of various

causative factors for each of the past six consecutive years are shown below.

Causative Year 2015 Percent Cavsative Year 2016 e
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i a. Pelitic vertisols e 8/ - _ : . P S S S S R T
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Year 2020
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Figure 32. Bar chart that shows distribution of lossed/eroded surface for the past six years.

After all of the eroded or removed surfaces’ pixel number in each causative factor class was counted
for each six past consecutive years of the study area, based on the ideology of “soil erosion initiates

landslides™ (19); statistical hazard model through frequency ratio (FR) were tabulated.

Fri,j" = % cen e e e e e e (%) where, ni, j =The number pixels of lossed/eroded

land surface in j™ subclass of the factor i during rainy season

Ni, j = The number of pixels in the corresponding subclass

nT =The total number pixels of lossed/eroded land surface and

NT =The total number of pixel number under investigation.

As indicated in the appendix from table 1A to 6A; the landslide inventory were repeatedly overlaid
with each predictive factor, and frequency ratio values of each class get calculated summarized as

follow.
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Table 9. Frequency ratio of eroded/removed surface on each causative factors for past six years.

) Frequency (FR)
_ causative
No | causative factors Year
factor subclasses
2015 | 2016 | 2017 | 2018 | 2019 | 2020
a. Pelitic vertisols 1.0 1.0 1.0 1.0 1.0 1.0
1 Lithology b. Stone surface 1.1 1.0 (1.2 1.2 1.1 0.8
c. Chromic luvisols | 0.1 11 0.1 0.6 0.8 0.5
2221-2450 09 |08 |07 |07 |08 0.5
2450-2670 10 |08 |09 |10 |10 1.0
2 Elevation (m) 2670-2900 10 |10 |11 1.1 1.1 1.2
2900-3100 10 |13 |12 |11 |11 1.2
3100-3370 1.1 |12 |12 |12 |12 1.2
0-5% 09 |07 |08 |07 |08 0.4
5-25% 10 |10 |09 |09 |10 0.9
3 | Slope (percent)
25-50% 10 |11 |11 |11 |11 1.3
50-100°% 1.1 |10 |12 |11 |11 1.4
FLAT 12 |07 |19 |12 |11 2.3
N 08 |10 |11 |11 |11 1.6
NE 07 |09 |05 |10 |10 0.9
E 10 |10 |06 |09 |09 0.6
4 | Aspect SE 14 |12 |13 |09 |09 0.4
S 21 |13 |20 |10 |10 0.8
SW 19 |11 |29 |10 |09 1.0
W 14 107 |25 |12 |12 2.1
NW 14 |06 |22 |12 |12 2.5
a. Concave (<-0.05) | 1.0 1.0 1.0 1.0 1.0 0.9
5 Plan Curvature b. Flat (-0.05-0.05) 0.1 1.6 0.8 0.8 0.4 2.7
c. Convex (>0.05) 10 |10 |10 1.0 |10 1.1
a.0-5 09 |12 |08 |10 |08 0.8
b.5-10 09 |12 |10 |10 |10 0.9
Distance from
6 ) c.10-15 12 |11 |10 |10 |09 1.1
Stream/river(M)
d.15-20 1.1 |05 |12 |09 |11 1.3
e.20-35 10 |03 |14 |10 |15 1.3
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Figure 33. line chart that shows frequency ratio of lossed/eroded surface for the past six years.

The FR method follows the principle of conditional probability, in which if the ratio is greater, the

stronger the relationship between landslides and factor classes and vice versa. From this frequency

analysis, it is observed that the stronger the relationship of landslide/removed surfaces and causative

factor subclasses for each of the past consecutive six years were identified.

Table 10. Landslide frequency ratio of eroded surface on each causative factors for past six years.

-W (To west
direction)
-NW (To North west

direction)

Years
2015 2016 2017 2018 2019 2020
Dominant landslide causative factors
-S(To -On flat -SW (To south -Stone surface -In 20-35m | -On flat
south surface west direction) -On 3100-3370m from river | surface
direction) -On flat surface

Finally, the landslide Susceptibility index ( LSI) for each of six past years causative factors were

created by summing the FR values of each subclasses in the conventional FR method.
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LSI=FR}i+ FRei + FRg + FRas +FRey+FRgr wovveeeiin (2*) where,

LSI = landslide Susceptibility index, FRj= frequency ratio value of lithology
FRe = frequency ratio value of elevation, FRg = frequency ratio value of slope

FRas = frequency ratio value of aspect, FR., = frequency ratio value of curvature,

FRqr = frequency ratio value of distance from stream/ river

Table 11. Landslide susceptibility index of each causative factors for past six years.

years
No. Causative factors 2015 2016 | 2017 | 2018 2019 2020
landslide Susceptibility index (LSI)
1 Lithology 2.3 3.1 2.3 2.7 2.9 2.3
2 Elevation 5 5 5 5.1 5 5.1
3 Slope 4 3.8 4.1 3.9 3.9 3.9
4 Aspect 11.8 8.6 15.1 9.6 94 119
5 Plan curvature 2.1 3.6 2.8 2.8 24 4.7
6 Distance from Stream/River 5.1 4.4 8.2 49 10.2 14.9
E 12.00 A H LITHOLOGY
Q0
'g_ :10.00 . M ELEVATION
g %8.00 1 u SLOPE
E éG'OO ) H ASPECT
3 " 4.00 - M CURVATURE
T 2.00 -
m DISTANCE
0.00 - FROM RIVER
2015 2016 2017 2018 2019 2020
Year

Figure 34. Bar chart of landslide susceptibility index of the study area for the past six years.

Landslide susceptibility index (LSI) indicate the degree of susceptibility of the area for landslide
occurrence. The higher the value of landslide susceptibility index (LSI), the higher the probability of
landslide occurrence, but the lower the landslide susceptibility index (LSI) value indicate the lower
the probability of landslide occurrence. Based on the value of LSI for each causative factors
subclasses in each years, the following hierarchal rank of causative factors were developed for each

years.
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Table 12. Hierarchal rank of causative factors for landslide occurrence each of the past six years.

2015 2016 2017 2018 2019 2020
Rank Landslide susceptibility index order (LSI)
Aspect Aspect Aspect Aspect Distance Distance
1° from Stream | from Stream
Distance Distance
2" from Stream | Elevation from Stream | Elevation Aspect Aspect
Elevation | Distance Elevation Distance Elevation Elevation
3™ from Stream from Stream
4" Slope Slope Slope Slope Slope Plan
curvature
Lithology Plan Plan Plan Lithology Slope
5 curvature curvature curvature
Plan Lithology Lithology Lithology Plan Lithology
6" curvature curvature

4.3 Landslide susceptibility mapping analyses
The frequency ratio approach was used in this work to conduct landslide susceptibility studies. After
the frequency ratio for all considered causative factor subclasses for all the past six consecutive years
were calculated, further analysis between all six causative factors and landslides was made to deduce
correlation ratings. The governing parameters were rated using a G1S-based statistical and likelihood
approach, and then a customized raster calculation was used to develop the landslide hazard zone

maps for each of the past six years.

During the present study six causative factors namely; lithology/soil mass, Elevation, slope, aspect,
Plan curvature, and distance from river were considered. It was assumed that these causative factors
were probably responsible for landslides in the area. The probability method attempt was made to
establish a spatial relationship between these factors and the landslides/erosion occurred in the
study area for all the past consecutive six years. By using statistical approach, in addition to
frequency ratio (FR) different parameters such as frequency rate (RF), frequency rate in percentage
(RF%) and Probability ratio(PR) was tabulated by excel sheet.

frequency ratio (FR)

Frequency rate (RF) - Z:lo:lfrequency ratio (FR)

frequency ratio (FR)

Frequency rate (RF%) = *100

Z :’:1 frequency ratio (FR)
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INT(RF)= Integer value of rate of frequency(RF) Without including any decimal value of rate

of frequency(RF)

Probabilty ratio(PR) =

Max RF—Min RF

Where,

MININUM OF(Max RF—Min RF)

Min RF= Minimum frequency rate and

Max RF=Maximum frequency rate

Table 13. Probability ratio of eroded/removed surface on each causative factors for year 2015.

Year 2015
® - o
o o —~~ . =
No. Ecs Eé &/ % % = r - i
g 2 212 B g L g B EE
2 Z 2 T | g 5 ol |l |2 g 2 [ S
= = S8 T ETIE | |5 3T =8 L
S S 3 I | Ex|Z2 |5 |5 =38
a. Pelitic vertisols | 1.0 | 0.435 435 |43
>. | b. Stone surface 1.1 | 0.509 50.9 |50
(o))
1 % c. Chromic
< ) 0.1 | 0.055 5.5 5
T | luvisols
Total 2.3 | 1.000 0.06 | 0.51 | 0.454 | 0.037 | 12.31
2221-2450 0.9 | 0.179 179 | 17
— | 2450-2670 1.0 | 0.208 20.8 | 20
S
5 = | 2670-2900 1.0 | 0.195 195 |19
o
§ 2900-3100 1.0 | 0.202 20.2 | 20
(<3}
w | 3100-3370 1.1 | 0.216 216 |21
Total 5.0 | 1.000 0.18 | 0.22 | 0.037 | 0.037 |1
0-5% 0.9 | 0.231 23.1 | 23
% 5-25% 1.0 | 0.251 25.1 | 25
o
3 é 25-50% 1.0 | 0.247 247 | 24
8 | 50-90°% 11]0271 |27 |27
? [ Total 4.0 | 1.000 0.23 | 0.27 | 0.040 | 0.04 |1.09
FLAT 1.2 | 0.102 10.2 | 10
N 0.8 | 0.066 6.6 6
o | NE 0.7 | 0.057 5.7 5}
4 o
g E 1.0 | 0.082 8.2 8
SE 1.4 0.118 118 |11
S 2.1 10.178 17.8 | 17
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SW 1.9 | 0.158 158 |15
W 1.4 | 0.119 119 |11
NW 1.4 |0.121 121 |12
Total ;1' 1.000 0.06 | 0.18 | 0.121 | 0.04 | 3.27
o | a. Concave 1.0 |1 0475 475 | 47
§ b. Flat 0.1 | 0.064 64 |6
S c. Convex 1.0 | 0.461 46.1 | 46
§ Total 2.1 | 1.000 0.06 | 0.48 | 0.411 | 0.04 |11.2
~ |a0-5 0.9 | 0.167 16.7 | 16
% b.5-10 0.9 | 0.183 18.3 |18
E c.10-15 1.2 | 0.236 23.6 |23
£E [di15-20 1.1 (0.211 211 |21
% e.20-35 1.0 | 0.203 20.3 |20
-‘E Total 5.1 | 1.000 0.17 1 0.24 | 0.069 | 0.04 | 1.86

Table 14. Probability ratio of eroded/removed surface on each causative factors for year 2016

Year 2016
S 5 3 £ S
No | 8 S ¥ 8 & FRETEE
E E @2 ? ? ? [T w L E ‘§>é %
b g < g g 1S e |lx | o x 2 5
3 3 8 5 g |8 T |E | £ = 2 E =
S S 2 I | |2 |5 |2 |2 B
a. Pelitic vertisols 1.0 | 0.316 316 | 31
. g [D. Stone surface 10 | 0332 | 332 | 33
é c. Chromic luvisols | 1.1 352 | 35
= [Toul 3.1 0.316 | 0.35 | 0.04 | 004 | 1
2221-2450 0.8 | 0151 | 151 | 15
o | 2450-2670 0.8 | 0.161 | 16.1 | 16
) g 2670-2900 1.0 | 0201 | 20.1 | 20
8 | 2900-3100 1.3 | 0255 | 255 | 25
i [3100-3370 1.2 | 0232 | 232 | 23
Total 5.0 0.151 | 0.26 | 0.10 | 0.04 | 2.86
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0-5% 0.7 | 0185 | 185 | 18
B [55% 10 | 0270 | 270 | 26
g [2550% 11 | 0281 | 281 | 28
£ [50-100% 10 | 0.264 | 264 | 26
? ol 3.8 0.185 | 0.28 | 0.10 | 0.04 | 2.67
FLAT 0.7 | 0076 | 76 | 7
N 10 | 0121 | 121 | 12
NE 0.9 | 0.110 | 11.0 | 10
E 10 | 0121 | 121 | 12
5 [SE 12 | 0141 | 141 | 14
g s 13 | 0149 | 149 | 14
SW 11 | 0125 | 125 | 12
W 0.7 | 0081 | 81 | 8
NW 06 | 0075 | 75 | 7
Total 8.6 0.075 | 0.15 | 0.07 | 0.04 | 2.04
o | a. Concave 1.0 | 0271 | 271 | 27
g [b.Flat 16 | 0.447 | 447 | 44
S c. Convex 10 | 0282 | 28.2 | 28
S Toml 3.6 0.271 | 0.45 | 0.18 | 0.04 | 4.87
= [a05 12 | 0273 | 273 | 27
5 | Db510 12 | 0271 | 271 | 27
£ |c10-15 11 | 0256 | 256 | 25
% d.15-20 05 | 0122 | 122 | 12
2
5 [e20-35 03 | 0078 | 78 | 7
8 [Towl 4.4 0.078 | 0.27 | 0.20 | 0.04 | 5.41
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Table 15

. Probability ratio of eroded/removed surface on each causative factors for year 2017.

Year 2017
No. —
[75} o)
: &=
S $ —_ o
3 (TR < g
2 = ~ | & o L S
2 g w s b = g
Y Y —_ E
= = 3] ) S > 2
= = g | & | g |E | £ 3 s z | L
O O L LT = Z S > S S a
1 a. Pelitic vertisols 1.0 | 0428|428 |42
§ b. Stone surface 1.2 |0.527 | 52.7 |52
é c. Chromic luvisols | 0.1 [ 0.044 |44 |4
-
Total 2.3 0.044 | 0.527 |0.483|0.071 | 6.83
2221-2450 0.7 |0.131|13.1 |13
| 2450-2670 0.9 |0.184|18.4 |18
e
T:’ 2670-2900 1.1 |0.210(210 |21
(@]
§ 2900-3100 1.2 |10.230|23.0 | 22
ﬁ 3100-3370 1.2 | 0.246 | 246 | 24
Total 5.0 0.131 | 0.246 | 0.115|0.071 | 1.63
3 0-5% 0.8 |0.206 | 20.6 | 20
B [525% 0.9 |0227 227 | 22
(@]
ﬁ 25-50% 1.1 | 0.261|26.1 | 26
qé 50-100% 1.2 |0.306 | 30.6 |30
@ Total 4.1 0.206 | 0.306 | 0.100|0.071 | 1.41
4 FLAT 19 |0.123 (123 |12
N 1.1 0074 |74 7
NE 05 |0.035(35 |3
E 0.6 10041 |41 4
8 |[SE 13 |0085|85 |8
)
< Is 20 10134134 |13
SW 29 10.195|195 |19
w 25 10.164 | 16.4 | 16
NW 22 10148 | 148 |14
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Total 15.1 0.035 | 0.195 | 0.160 | 0.071 | 2.26
5 a. Concave 1.0 [0.341 341 |34
S [b Flat 08 | 0294|294 |29
% c. Convex 1.0 |0.365|36.5 | 36
© Toul 2.8 0.294 [ 0.365 | 0.071[0.071 |1
6 < a. 0-5 0.8 [0.092]92 |9
T |[b5-10 1.0 [0121 121 |12
E c.10-15 1.0 |0.126[12.6 |12
£ [di520 12 | 0141|141 |14
% E.20-35 14 [0175|175 |17
-‘%’ Total 8.2 0.092 [ 0.175 | 0.082 | 0.071 | 1.17

Table 16. Probability ratio of eroded/removed surface on each causative factors for year 2018.

Year 2018
- =
8 o
No 2 | T | =
> LL g S =
2 s x o4 LS
= e Tl = © © |5
8 8 Ll & | B S |
> > pas
.g .g = e ? o LL L L § o
< < L L ) 14 o o 14 = =
3 & | = = g x x Z I
= = o | O g (B |E |8 |8 |2 |«
O O oL | L = = S S S S a
a. Pelitic vertisols 1.0 10359 | 359 35
>
. <_g> b. Stone surface 1.2 0.42 42.3 42
2 [c. Chromic luvisols | 06 |0219 | 21.9 | 21
|
Total 2.7 022 | 042 | 0.2 | 0.02 | 10.6
2221-2450 07 (0131 ] 131 | 13
= 2450-2670 1.0 | 0196 | 196 | 19
, g 2670-2900 11 (0221 | 221 | 22
€ | 2900-3100 11 | 0214 | 214 | 21
[¢5)
w | 3100-3370 1.2 10239 | 239 | 23
Total 5.1 0.13 | 0.24 | 0.1 | 0.02 | 5.4
o | 0-5% 0.7 | 0186 | 186 | 18
3 D
S |525% 09 [0243] 243 | 24
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25-50% 11 | 0291 29.1 | 29
50-100% 11 | 0280 | 280 | 27
Total 3.8 010 [ 029 [ 0.1 | 0.02 | 5.2
FLAT 12 | 0128 | 128 | 12
N 11 | 0115 115 | 11
NE 1.0 |0.100 | 100 | 9
E 09 |0094| 94 | 9
5 | SE 09 |0098| 98 | 9
g s 1.0 |0.104 | 104 | 10
SW 1.0 | 0.103 | 10.3 | 10
W 12 | 0.128 | 128 | 12
NW 12 | 0129 | 129 | 12
Total 9.6 01 | 013 |00 | 002 | 1.7
a. Concave 10 | 0340 | 340 | 34
£ [b.Flat 08 | 0285 | 285 | 28
g c. Convex 1.0 | 0374 | 374 | 37
© [Toul 2.8 029 | 037 | 0.1 | 0.02 | 45
s |205 1.0 | 0.207 | 20.7 | 20
T [b5-10 1.0 | 0210 | 21.0 | 20
E ¢.10-15 1.0 | 0.199 | 19.9 | 19
2 [di520 09 |0.190 | 190 | 18
% £.20-35 10 | 0.194 | 194 | 19
2 ol 4.9 0.19 | 021 | 0.0 | 0.02 | 1
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Table 17. Probability ratio of eroded/removed surface on each causative factors for year 2019

Year 2019
R —
e | _ | &k L £
Nl 8 | 8 E 8 | s B
g % A g g S o | LL E § o
g 83 s |3 |2 |E|S |5 |5 EgTF
S 8 3 g | | & |z |5 |2 |2 B &|¢&
a. Pelitic vertisols 1.0 0341 | 341 | 34
>. | b. Stone surface 1.1 | 0.383 | 383 | 38
- —§’ c. Chromic
£
T | luvisols 0.8 0.276 | 276 | 27
Total 2.9 0.28 | 0.38 | 0.107 | 0.03 | 34
2221-2450 0.8 | 0151 | 151 | 15
= 2450-2670 1.0 0.193 | 193 | 19
N ‘g 2670-2900 11 | 0216 | 216 | 21
§ 2900-3100 1.1 0.210 | 21.0 | 21
ﬁ 3100-3370 1.2 0.229 | 229 | 22
Total 5.0 0.15 | 0.23 | 0.078 | 0.03 | 2.5
0-5% 0.8 0.206 | 20.6 | 20
’?13 5-25% 1.0 0246 | 246 | 24
™ g 25-50% 11 0.275 | 275 | 27
g [50-100% 11 | 0273 | 273 | 27
@ Total 3.9 0.21 | 0.28 | 0.069 | 0.03 | 2.2
FLAT 1.1 | 0120 | 120 | 12
N 1.1 | 0115 | 115 | 11
NE 1.0 0.104 | 104 | 10
E 0.9 0.100 | 10.0 9
8 SE 0.9 0.100 | 10.0 9
T 1g s 10 | 0107 | 10.7 | 10
SW 0.9 0.099 | 9.9 9
W 1.2 0.124 | 124 | 12
NW 1.2 | 0131 | 131 | 13
Total 9.4 01 | 013 | 0.031 003 | 10
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a. Concave 1.0 0.395 | 395 | 39
S [Db. Flat 04 | 0177 | 17.7 | 17
© | £ [ Convex 10 | 0428 | 428 | 42
© Total 2.4 0.2 04 0251 00 | 80
= a.0-5 0.8 | 0.083 | 83 8
T§ b.5-10 1.0 |0.100| 10.0 | 9
6 % c.10-15 09 | 0088 | 88 8
":‘, d.15-20 1.1 | 0.108 | 10.8 | 10
£ [e203 15 | 0144 | 144 | 14
'(02 Total 10.2 0.9 0.1 |0061| 01 |19
Table 18. Probability ratio of eroded/removed surface on each causative factors for year 2020
Year 2020
m =S e
- 5 |5 |a L3
3 2 L | B |8 £ &
E E’@ S8z lolw w2 |2 |,
B E g s 3 BEEE 5|5 [EE
S S 3 T | |25 |=|= ||k
a. Pelitic vertisols | 1.0 [0.446 | 446 |44
b. Stone surface 08 |0.344 | 344 |34
1 > c. Chromic
2 | luvisols 05 (0211 |211 |21
£ [Towl 23 021 | 045 | 0235 | 0034 | 682
2221-2450 05 (0100 |100 |9
2450-2670 1.0 |0.188 |18.8 |18
| 2670-2900 1.2 0234 |234 |23
? ‘i’ 2900-3100 1.2 0238 |238 |23
% 3100-3370 12 10241 (241 |24
)
w | Total 5.1 0.10 | 0.24 |0.141 |0.034 |4.09
0-5% 0.4 |0.106 | 106 |10
3 L g 5-25% 09 (0226 |226 |22
% § 25-50% 1.3 0322 |322 |32
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50-100% 14 0.346 | 34.6 34
Total 3.9 0.17 [ 0.35 | 0.241 |0.034 |6.98
FLAT 2.3 0.189 | 18.9 18
N 1.6 0.134 | 134 13
NE 0.9 0.073 | 7.3 7
E 0.6 0.047 | 4.7 4
SE 0.4 0.030 | 3.0 2
‘ S 0.8 0.063 | 6.3 6
SW 1.0 0.083 | 8.3 8
w 2.1 0.175 | 175 17
g NW 2.5 0.207 | 20.7 20
s
£ | Total 11.9 0.03 |0.21 |0.177 |0.034 |5.15
a. Concave 0.9 0.195 | 195 19
o b. Flat 2.7 0.579 | 57.9 57
> g c. Convex 1.1 0.227 | 22.7 22
3 | Total 4.7 0.2 0.58 |0.384 [0.034 |11.1
£ a.0-5 0.8 0.051 |51 5
TE’ b.5-10 09 [0063 [63 |6
6 % c.10-15 1.1 0.076 | 7.6 7
ﬁ d.15-20 1.3 0.085 | 85 8
8
§ e.20-35 1.3 0.09 |85 8
'g Total 14.9 0.05 | 0.09 |0.034 |0.034 |1

After all, required parameters for each causative factors’ subclasses for each of the past six years, by

using the raster calculator in ArcGIS landslide susceptibility maps for each of the past six years were

established.

landslide hazard map(LHM) for year(ij) = Z(Causative factor map(ij) * PR(ij))

n=1

LHZ (Year ij)=[Lithology map(ij)*PR(li)+Elevation map(ij)*PR(el)+Slope

map(ij)*PR(sl)+Aspect

map(ij)*PR(as)+Plan curvature map(ij)*PR(cu)+ Distance from

river/stream map (ij)*PR(dr)]

56




Where, PR(li)=Probability ratio for Lithology map, PR(el)= Probability ratio for Elevation map
PR(sl)= Probability ratio for Slope map, PR(as)= Probability ratio for Aspect map

PR(cu)= Probability ratio for Plan curvature map, PR(dr)= Probability ratio for
Distance from river/stream map

Applying this statistical approach, landslide hazard maps for each year under consideration were
prepared. Susceptibility to landslides is observed in the areas near rivers/streams, directional slopes

to the north and south, and highly steep slope areas, as shown in each of the maps.

Hazard map for the past six years

A
Hazard map for 2019

o&m2% 05 1 1.5 N
J— . Legend
. Fm w E
e Road through study area
: I Boundary of study area S
Coordinate System: *Local Streams’'Rivers
WGS 19884 - UTM zone 37N -
- . I Level 1 chanals/small streams Free from landslide zone
Projection: Traverse Mercatol
— Level 2 chanals'medum streams Suspectible to landslide zone
Level 3 chanals /strong streams Medium hazard to landslide zon
e level 4 chanals/Norm al Rivers Very hazard to landslide zone

Figure 35. Maps that show landslide hazard zone classes distribution for the past six years.

The final landslide hazard zone of the study area was developed by using the average value of each
year as follow.
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Table 19. Average Probability ratio of eroded/removed surface on each causative factors for study

area
Years . Years
o E 2
o w|lo|l~|lo|lolol|lZ Lo ©o | ~ o) o | o =
S| = S|a|la|la|la|8|x S |88 |38 SO |3
No | & 8 N| Q| N | Q| || g ~ N | N ~ N | N g
vo| & pe! =
2| o £ o
% % 8 Integer (INT) S Probability Ratio (PR) §
O <2 > >
8§ 3 z .
a. Pelitic 43131142 |35|34 |44 | 38
vertisols
b. Stone 5033|5242 |38 |34 |42
P
. | surface
£ [c. Chromic | 5 | 35| 4 | 21|27 |21 |17
-
luvisols
Total - 0
@ 8 29| & |R
S |a|lo |S|w|6 |
2221-2450 |17 1513|113 |15| 9 |13
2450-2670 | 20|16 (18 |19|19 |18 | 18
E (26702900 | 19|20 |21 |22 [ 21|23 21
2 .§ 2900-3100 |20 |25 (22 |21|21 |23 |22
o
% 3100-3370 | 21|23 24|23 |22 |24 23
@ © ™ S| <@ 0?
— AN — Lo N < N
0-5% 2311812018 | 20|10 | 17
=] 9-25% 2512622 24|24 |22 |23
(b}
3 g 25-50% 24 128 | 26 |29 |27 | 32 | 28
o
\é 50-90°% 27126 30|27 |27 |34 |28
°
o | Total o S - < | o] o | ©
S © < N 1| D N
— AN — Lo N [{e] o™
FLAT 10 7 (1212|1218 | 11
N 6 |12 7 (1111|1310
4 | 8[NE 501039 10] 7|7
(%)
<[E 812|499 4]7
SE 1111418 |1 9|91 2 | 8
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S 17114113 |110(110| 6 | 11
SW 15112119 10| 9 8 | 12
wW 11 8 |16 |12 |12 |17 | 12
NW 12| 7 |14 |12 13|20 | 12
Total N~ o | © < |o|l o | o
N o N ~ S| - Lo
o [9V} AN — — Lo (9}
a.Concave |47 |27 |34 13413919 | 32
(D)
% b. Flat 6 |44 12928 | 17|57 | 32
5 % c. Convex 46 | 28 |36 | 37 |42 |22 | 34
O
(_% Total 0 <
o - & S8 3| R
— < — < ~ | ©
a. 0-5 16127 9 |20 | 8 5116
%, b.5-10 1812712120 9] 6 |17
% c.10-15 23125112119 8 7 |17
6 | §[d1520 2112141810 8 [ 15
§ e.20-35 200 7 |17]119 14| 8 | 15
% Total
D O — N~ < (e}
© S | ) S
i LN — — — — AN

Accordingly, the following average landslide hazard zone map groups were established based on the
statistical analysis approach: free from landslide zone, susceptible to landslide zone, low to landslide

zone, and very hazard to landslide zone.
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Figure 36. Maps of average/ generalized landslide hazard zone classes distribution.

In general, from the landslide hazard map built, out of a total of 17.9 km2, 27 percent (4.8 km2) of

free from landslide zone, 29 percent (5.2 km2) susceptible to landslide zone, 23 percent (4.1 km2)

low to landslide zone, and 21 percent (3.8 km2) of really hazard to landslide zone.
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Figure 37. Bar chart of distribution/coverage of landslide hazard classes in the study area.

Based on the hazard map developed, geotechnical characterization of rock-soil slope failure along
road corridor were studied. To do this on some selected points sieve analysis, angle of repose and
direct shear for soil part were conducted in soil laboratory and unconfined compressive strength for

weathered rock mass were done in field and interpreted.

Figure 38. Sample photos that shows weathered rock-soil slope failure along road corridor

Using ASTM standard (D422-63); the following sieve analysis for six points along the road corridor
and the slope failure angle in the field were done. Based on the analysis; the amount of soil mass

fractions ( gradation) were categorized and presented as follows.
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M Gravel fraction
(Retained on 4.75 mm sieve)

M Sand fraction(Passe on 2.26 and
Retained on .075 mm sieve)

I Fine graine fraction
(passes on .075 mm sieve)

Percentage passes

pointl point2 point3 point4 point5 point6

Figure 39. Bar chart that shows rock-soil fraction along road corridor for selected points

The slope failure angle in the field and angle of repose in the laboratory were also conducted and

compared.

Figure 40. photo taken during determination of angle of repose in the laboratory.

50
== failure slope angle
@ 40 (in field)
%Jo === Angle of repose(in
% 30 laboratory)
£
P 20
=3
< 10
O T T T T T 1
1 2 3 4 5 6
Sampling points

Figure 41. Curve of weathered rock-soil slope failure angle with angle of repose along road.

As observed from the total point results, nearly 67% of the angle of repose measured values in the

laboratory are smaller than the failure slope angle measured in the field. This shows that there is a
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probable continuous decreasing of field slope angle until the minimum slope angle is maintained and

the soil is stable by its own weight.

The direct shear tests for determination of shear strength parameters for four points along the road

corridor were conducted as follow.

Table 20. Table for direct shear test results for shear strength parameters

Point Unit weight Angle of internal friction Cohesive force
(y in KN/m®) (@ in©°) (C in KN/m?
2 17.5 32 28
3 18 30 68
4 17 31 14
5 18 30 68

Shear stress Vs Normal stress Curve for point 2

al 50
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Shear stress Vs Normal stress Curve for 4

250 y =0.60x + 13.46
R2=0.99 o

Max. shear stress T,
(KN/m2)

0 50 100 150 200 250 300 350 400 450 500
Normal stress a, (KN/m2)

Figure 42. Curves of direct shear test results for selected points

In addition to sieve analysis (gradation), angle of repose and direct shear, Unconfined Compressive
Strength (UCS), which is related to the uniaxial compressive strength of weathered rock slopes along
the road corridor, was determined. For this work, the Schmidt hammer (also known as the rebound or
impact hammer) test was applied to determine the strength of rock in terms of surface rebound

hardness from center of failure points to outside.

Point 2 point 3 ;
29.5 : ——= 30 '
29 ; e — 30 > *
y-=0.6915x+19- 25k y=10-"7137/%+188
— 285 =2z = »
S 28 = = s
< =29
8 27.5 o
2 27 > 28
&
26.5 28
26 - 27
11 11.5 12 12,5 13 13.5 14 145 15 125 13 135 14 145 15 155 16
Hammer rebound number Hammer rebound number
Point 4 Point 5
32 31 »
315 30 Vi= 7 43 + 8 —1
31 y=06815%x+19368—— — rd
= = < ¥
a 30.5 {:: % 29
2 30 = g *
(%s]
8 295 == = =
o)
29 = 27 =
28.5 & /A[
28 26 %
13 14 15 16 17 10 11 12 13 14 15 16 17 18
Hammer rebound number Hammer rebound number

Figure 43. Curves of unconfined compressive strength of weathered rock slope failure
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The unconfined compressive strength of weathered rock near the failure point is smaller than the

values obtained far from the failure points. It has also been observed in the field that water flows

through the thin permeable zones (joints) more through the failed weathered rock-soil slope zone

than through the unfailed weathered rock-soil slope zone, producing pore-water pressures and

seepage forces during rainstorms and decreasing the shear strength of materials. Using Rocscience

software (Slide), and general Hoek Brown of strength type, characterization of rock mass properties,

and the geological strength index (GSI) value of all four points were described as follows and its

slope stability analysis by the limit equilibrium method was determined.

Table 21. Geological strength index (GSI) value of rock mass of selected points

Pick GSI Value ><
Rock Type: General ~ SURFACE CONDITIONS
GSI Selection: [2o i s I GcooD [ FAIR | roor | Yoot
STRUCTURE DECREI}SING SUBFACE Ol;JAI_ITY ‘=:>
e -] DISINTEGRATED - poorly inter- § / /
= - locked, heavily broken rock mass 20
%] with mixture of angular and {L
o o= rounded rock pieces
Geological Intact rock | UCS(intact) | Unit
poi strength index | constant In KN/m? weight
nt Structure (GSI) value. (mi) In KN/m®
2 | Disintegrated-poorly interlocked,
heavily broken rock mass with
mixture of angular and rounded 20 10 28562.5 21
rock pieces
3 | Disintegrated-poorly interlocked,
heavily broken rock mass with
mixture of angular and rounded 20 10 29437.5 22
rock pieces
4 | Disintegrated-poorly interlocked,
heavily broken rock mass with -
mixture of angular and rounded 20 10 29562.5
rock pieces
5 | Disintegrated-poorly interlocked,
heavily broken rock mass with ’1
mixture of angular and rounded 20 10 27812.5
rock pieces

65




The General Hoek Brown technique, which is a commonly used method of rock mass slope stability
analysis, was used with Rocscience software (Slide) for the 2D limit equilibrium method of rock
slope stability analysis for points 2,3,4 and 5. Even though a very thin layer of soil was found, it was
assumed to be a homogeneous weathered rock mass at full depth for this work, and the usual
practices of Bishop simplified, Janbu simplified, and Ordinary/Fellenius were used as factor of safety

determination methods.
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A. Bishop simplified method of limit equilibrium analysis for point 2
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B. Bishop simplified method of limit equilibrium analysis for point 3
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C. Bishop simplified method of limit equilibrium analysis for point 4
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D. Bishop simplified method of limit equilibrium analysis for point 5

Figure 44. Limit equilibrium method analysis of weathered rock slope along road




Table 22. Factor of safety (FS) based on the methods

Factor of safety(FS) based on the methods
Failure points
Bishop simplified Janbu simplified Ordinary/Fellenius
Point 2 1.236 1.093 1.473
Point 3 1.812 1.488 2.397
Point 4 1.149 0.892 1.985
Point 5 1.120 0.926 1.898

NN
o

N

Factor of safety (Fs)

=
o0 NN

1.2

== Bishop simplified

== Janbu simplified

Ordinary/Fellenius

Point 2 Point 3 Point 4 Point 5
Failure points

Figure 45. Curve of Factor of safety(FS) based on three methods

The result shows 80% is unstable slope by Bishop’s and Janbu’s simplified (factor of safety less than
1.5). Therefore, based on this result as evidence, it can be generalized that from landslide hazard
zone map developed, more than 80% of very hazard zone to landslide subclass is unstable area.
Therefore, all weathered rock-soil slope failure points along road corridor and all this subclass in
entire study area need follow up and special treatment, such as by constructing retaining walls,
gabions, grouting, planting, etc. In addition to slope treatment, awareness should be given for all

societies who are living in this risky area.

During the research, it was assessed that there are approximately 1,432 households in the entire study
area. Using overlay analysis of these households over the whole area map, it was discovered that 588
households live in the free from landslide zone, 555 households live in the susceptibility to landslide

zone, 228 households live in the low landslide zone, and 61 households live in the extremely high
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danger to landslide zone. Sample photos are taken from the study area which shows resident those

are in high hazard to landslide area.

Figure 46. Sample photos that show risked residents in the hazard area.

According to information collected from societies in the study region, landslides have killed people
and animals, as well as damaging houses, crops, and utilities including roads and power lines.
Because of all of these reasons, any zone may be dangerous for future habitation or development.
According to the study's results, the main causes of landslides in the current research area are linked
to hydrology, geometry and gravity movement favored by the area's usual geological and
geomorphological conditions. The landslides in the region were caused entirely by heavy rainfall

during summer season.

As a result, urgent mitigation steps are expected in susceptible-hazard zone areas, or such zones must
be avoided for human settlement or other planned construction projects unless land erosion
management and landslide protection mechanisms are absolutely necessary.

Therefore, this area requires a detailed investigation to evaluate the causes, types and failure
mechanisms of landslides and to prepare the landslide susceptibility maps. Therefore the following
hazard zone map with current social settlement is developed.
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Figure 47. Maps of settlement of households distribution in landslide hazard zone classes

4.4 Validation of landslide hazard zone map

Few scholars argue for another different validation approach that compares current landslides to the
landslide susceptibility map and applies the success-rate curve of the area under the curve (AUC) to
qualitatively assess forecast accuracy. The success rate curve depicts how well the model and factors
accurately forecast landslides. The number of landslides classified into each susceptibility class was
obtained by an overlay analysis of landslides with the best landslide susceptibility map. If the
number of landslides in the high and very high susceptibility classes is significant, the landslide

susceptibility map can be trusted to predict future landslides. The success-rate curves were used to
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calculate the forecast accuracy that was utilized to choose the best susceptibility map (37, 38). In this
study, for all the past six years, an average total of 26707 removed/eroded pixels was calculated.
From this 26707, 80% (21366 pixels) were used as training and (20%) as validation landslide. To
validate the landslide hazard zone map, zonal overlay statistical analysis was applied. The success
and predictive rate curves can be created for the FR model. The success rate curve is based on the
comparison between the predictive model and the training landslide. The predictive rate curve is
based on the comparison between the predicted map and the validation landslide. The developed
curve shows a success rate of 89.58% and a predictive rate of 82.69% (Fig 49). In addition to this, a
Google Earth image and a field visit (reconnaissance) were also used to confirm the final production
of the landslide danger zone map. For example, all the six slope failure points along the road corridor
shown in figure 38 in the study area are the best evidence for validation. As a result, approximately
all of the previous landslide locations were in strong agreement with the landslide hazard zone map.

Table 23. Landslide susceptibility class and training landslide pixels of the FR model

B S <
N S _ — 5] 5]
@ 8 [} = S o IS
S o e = e — =
o c o & o c a @ g
S 5 — 5 O > s g 2 e o
S o o = > S E ~1 & B &
> c X S = o |18 & € [& 3
h= = Q 2 5 S 3318 |& 2
= c o —_ @ c wn =
5 - T |27 | X T e o2 & | g
No = g |= |2 |S |EEB S ESR
8 o Y— =N 3 s = 2 S 8
3 .y o = o = © |o Q| © D
=2 S o > ) D = ()
< (<5} = %) @ S S <
n S ()] + © o (@] > () =~
2 g |58 |5 | g |5 e I8
S c o = | c k] o =
77 3 S = S S |2 =
=] 5 Q o > S >
c [ 0 N @ S
< o S a O O
- I3V
0 0 0 0 0 0 0 0
Free from landslide
1 20276 27 2350 2718 11 45.65 18 36.49

zone

Susceptible to
2 ) 21451 | 29 3632 4036 | 17 | 7694 | 26 |62.53
landslide zone

Low to landslide

3 17350 | 23 7264 4209 34 | 8958 | 27 | 82.69
zone
Hazard to landslide
4 15975 | 21 8119 4521 38 100 29 100
zone
Total 75052 | 100 21366 | 15484 | 100 100
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Conclusion

Landslides are one of the world's most common natural problems, especially in mountainous terrain,
where they have resulted in substantial injury and loss of life, as well as property and infrastructure
damage. Ethiopia is one of the experienced countries in which rainfall-induced landslides of various
forms and sizes often occur on hilly and mountainous terrains. As a result, if an appropriate landslide
hazard map (LSM) is produced for the region, these landslide concerns may be handled.

The current research was carried out in the Gurage zone along the Zabidar mountain road corridor.
According to the study's results, the main triggering factors of landslides in the current research area
are linked to hydrology, geometry, human activity, geological and geomorphological conditions and
gravitational force. The primary goal of this research was to assess landslide risk and create a
landslide hazard zonation map for the study area by GIS. The aim of this analysis was to determine
the relationship between different causative factors and past landslides, as well as their possible
contribution to future landslides in the area. Lithology, elevation, slope, aspect, Plan curvature, and
distance to streams were all considered as causative factors in this study. The spatial relationship
between causative factors and landslide frequency was derived using the probability approach as part
of the methodology used. In this analysis, the governing parameters were rated using a GIS-based
statistical and frequency ratio approach, and the landslide hazard map was created using a
customized raster calculation. The map created showed that 27 percent (4.8 km2) of the study area is
no landslide or free from landslide, 29 percent (5.2 km2) shows susceptible to landslide zone, 23
percent (4.1 km2) low-risk landslide zone and 21 percent (3.8 km2) of the area is in a high-risk
landslide zone. To know the accuracy of GIS result, laboratory tests such as sieve analysis, angle of
repose and direct shear tests for determination of shear strength parameters were conducted for
geotechnical characterization of some selected points. Rocscience(slide) software was used for
numerical analysis of rock-soil slope stability along the road corridor by the limit equilibrium
method. General Hoek Brown method as Strength type of the rock mass and Bishop’s simplified,
Janbu’s simplified and Ordinary/Fellenius method for determination of factor of safety were applied.
Out of five selected points for slope stability analysis, 80% is unstable slope by Bishop’s simplified
and Janbu’s simplified method (factor of safety less than 1.5). Therefore we are confident to
conclude that working with GIS software for landslide assessment /slope failure analysis can safe

times, resources, labor forces, cover wide area and provide accurate results.

The landslide hazard assessment showed in free landslide zone 588, in susceptible to landslide zone

555, in a low-risk landslide zone 228 and in a high-risk landslide zone 61 households are living.
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Recommendation

Only a few causative variables were included in this study: lithology, elevation, slope, aspect,
plan curvature, and distance to nearby streams. To obtain more practical outcomes, additional
landslide causative factors such as land use/land cover, distance to faults, and other prone
factors should be considered.

Evaluation of the impact and speed of rock/soil weathering is needed.

Only a small number of samples and tests were taken along the road for this study. But
extensive tests through entire study area for geotechnical characterization and for advanced
constitutive models of rock-soil slope stability analysis is recommended.

In addition to 2D limit equilibrium method of slope stability analysis, 3D finite element
method (FEM) of slope stability or entire area analysis is highly recommended.

During the rainy season, vulnerable residents should be given priority in order to save their
lives and property, based on the landslide danger zones (very hazard, low hazard, susceptible,
and free from hazard zones).

Landslides found in the research region ranges from no movement types ( creep) to travel a
great distance downslope, causing damage to inhabitants' lives, homes, properties, and
utilities. As a result, diverting debris paths away from residential areas, afforestation, rather
than deforestation, is strongly encouraged.

Landslide detector like Slope inclinometers/slope indicators, Real time monitoring etc. should
be installed.

Along road corridor such as additional retaining wall, gabions, grouting and other rock-soil
slope failure mitigation initiatives is essential to safe infrastructure from damage.

Additional study should be done, specially on the effect of fresh rock weathering on the
stability of cut or fill slopes along road corridors.

This method of landslide hazard zone mapping should be widely applied in all susceptible

landslide areas.
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APPENDICES

Table 1A. Frequency ratio of eroded/removed surface on each causative factors for year 2015

Year 2015
D S
No. 2L N
E $ Be|s | Eg Es
= @ Q S L | B BSH &
2L B 2 |83 8¢ wsg oo
T Q 2 i) x o X o x o
o & 7] (@) Sa| 82 Rsgsg aobb
a. Pelitic vertisols | 66605 | 88.7 | 22467 |87.2 |10
) b. Stone surface 8378 |11.2 | 3308 128 |11
1 Lithology i :
¢. Chromic luvisols | 70 0.1 3 0.0 0.1
Total 75053 | 100.0 | 25778 | 100.0 | 2.3
2221-2450 18087 | 24.1 | 5583 21.7 |0.9
2450-2670 12521 | 16.7 | 4474 174 1.0
_ 2670-2900 12884 | 17.2 | 4334 168 | 1.0
2 Elevation (m)
2900-3100 14482 | 19.3 | 5028 195 |10
3100-3370 17078 | 22.8 | 6356 24.7 |11
Total 75052 | 100.0 | 25775 | 100.0 | 5.0
0-5% 6478 | 8.6 2066 8.0 0.9
5-25% 38546 | 51.4 | 13354 |51.8 |1.0
3 Slope (percent) 25-50% 27050 | 36.0 | 9242 359 |1.0
50-100°% 2976 | 4.0 1114 4.3 1.1
Total 75050 | 100.0 | 25776 | 100.0 | 4.0
FLAT 5604 |75 2323 9.0 1.2
N 12314 | 16.4 | 3294 128 |0.8
NE 18085 | 24.1 | 4193 16.3 0.7
E 22287 | 29.7 | 7396 28.7 | 1.0
SE 10714 | 14.3 | 5125 199 |14
4 Aspect
S 1581 | 2.1 1142 4.4 2.1
SW 740 1.0 474 1.8 1.9
W 793 11 385 15 14
NW 2935 | 3.9 1444 5.6 1.4
Total 75053 | 100.0 | 25776 | 100.0 | 11.8
5 Plan Curvature a. Concave (<-0.05) | 37599 | 50.1 | 13116 |50.9 |1.0
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b. Flat (-0.05-0.05) |64 |01 |3 00 o1
c. Convex (>0.05) | 37393 | 49.8 | 12657 |49.1 | 1.0
Total 75056 | 100.0 | 25776 | 100.0 | 2.1
a. 05 23722 | 31.6 | 70014 |27.2 |09
b.5-10 18303 | 24.4 | 5936.4 |23.0 |0.9
5 | Distance from river() ¢.10-15 14572 | 19.4 | 60724 |236 |12
d.15-20 10014 | 13.3 |3739.4 |145 |11
£.20-35 8439 |11.2 | 30264 |11.7 |1.0
Total 75050 | 100.0 | 25776 | 100.0 | 5.1

Table 1B. Frequency ratio of eroded/removed surface on each causative factors for year 2016

Year 2016
o
(b}
© S g
No. 8 X 2 5
8 " 2 5 |3 P
2 2 X é § S = ?g
2 ks 2 o 2% Bz |22
S 2 2
8 U:) 8 e @ g é_ o\g’ g Lil-_) E::L/
a. Pelitic vertisols 66605 | 88.7 | 13662 /883 |1.0
b. Stone surface 8378 |11.2 | 1802 116 |1.0
1 Lithology
¢. Chromic luvisols | -5 01 |16 01 |11
Total 75053 | 100.0 | 15480 | 100.0 | 3.1
2221-2450 18087 | 24.1 | 2823 |182 |08
2450-2670
» | Etevation m 12521 | 16.7 | 2086 135 |08
2670-2900 12884 | 17.2 | 2677 | 173 | 1.0
2900-3100 14482 | 193 | 3807 |246 |13
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3100-3370

17078 | 22.8 | 4090 | 26.4 |12
Total 75052 | 100.0 | 15483 | 100.0 | 5.0
0-5% 6620 |88 |949 6.1 |07
5-25% 38761 | 516 | 8097 |523 |10
Slope (percent) 25.50% 26972 | 359 |5884 | 38.0 |11
50-100% 2702 |36 |553 36 |10
Total 75055 | 100.0 | 15483 | 100.0 | 3.8
FLAT 5649 |75 | 762 49 |07
N 12319 | 164 |2651 [17.1 | 1.0
NE 18085 | 24.1 | 3515 |22.7 |09
E 22210 [ 29.6 | 4774 | 308 |10
SE 10852 | 145 | 2718 |17.6 |12
Aspect
S 1560 |21 | 411 27 |13
SW 702 |09 |156 10 |11
w 750 |10 | 108 0.7 |07
NW 2026 [39 | 389 25 |06
Total 75053 | 100.0 | 15484 | 100.0 | 8.6
Plan Curvature a. Concave (<-0.05) | 37802 |50.4 | 7636  |49.3 |1.0
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b. Flat (-0.05-0.05) |6 00 |2 00 |16
c. Convex (>0.05) | 37246 | 49.6 |7846  |50.7 |1.0
Total 75054 | 100.0 | 15484 | 100.0 | 3.6
a. 0-5 23724 |31.6 |5884  |38.0 |12
b.5-10 18303 | 24.4 | 4501 | 29.1 [1.2
6 | Distance from river(w) | 1015 14574 | 19.4 |3391 |21.9 [1.1
d.15-20 10013 | 13.3 | 1112 |72 |05
e.20-35 8439 |11.2 |594 38 (03
Total 75053 | 100.0 | 15482 | 100.0 | 4.4

Table 1C. Frequency ratio of eroded/removed surface on each causative factors for year 2017

Year 2017
No. 5 o 3
° X S )
i o = 5 =
= & X & S 5 5 |2 <
2 8 2 | = | B¢ |5z |37
2 8 8 = S 2 |8 |Bm
$) a §) X T < S a T L
a. Pelitic vertisols | 66605 | 88.7 18322 86.6 1.0
b. Stone surface 8378 11.2 2837 13.4 1.2
1 Lithology
¢. Chromic
) 70 0.1 2 0.0 0.1
luvisols
Total 75053 | 100.0 21161 100.0 2.3
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2221-2450 18087 | 24.1 3357 15.9 0.7
2450-2670 12521 | 16.7 3265 15.4 0.9
2670-2900 12884 | 17.2 3847 18.2 1.1
Elevation (m)
2900-3100 14482 | 19.3 4722 22.3 1.2
3100-3370 17078 | 22.8 5972 28.2 1.2
Total 75052 | 100.0 21163 100.0 5.0
0-5% 5052 | 6.7 1189 5.6 0.8
5-25% 32715 | 43.6 8475 40.0 0.9
Slope
25-50% 30153 | 40.2 9006 42.6 1.1
(percent)
50-100% 7133 |95 2494 11.8 1.2
Total 75053 | 100.0 21164 100.0 4.1
FLAT 5593 | 7.5 2927 13.8 1.9
N 12302 | 16.4 3899 18.4 1.1
NE 18290 | 244 2711 12.8 0.5
Aspect
E 22252 | 29.6 3901 18.4 0.6
SE 10662 | 14.2 3870 18.3 1.3
S 1570 | 2.1 897 4.2 2.0
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SW 742 1.0 615 29 29
W 701 0.9 491 2.3 25
NW 2939 3.9 1854 8.8 2.2
Total 75051 | 100.0 21165 100.0 15.1
a. Concave 37570 | 50.1 10231 48.3 1.0
b. Flat 17 0.0 4 0.0 0.8
Plan
Curvature
c. Convex 37466 | 49.9 10933 51.6 1.0
Total 75053 | 100.0 21168 100.0 2.8
a.0-5 23724 | 31.6 5082 24.0 0.8
b.5-10 18302 | 24.4 5142 24.3 1.0
_ c.10-15 14574 | 19.4 4253 20.1 1.0
Distance from
river(M)
d.15-20 10012 | 13.3 3269 154 1.2
E.20-35 8439 11.2 3420 16.2 1.4
Total 75051 | 100.0 21166 100.0 8.2
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Table 1D. Frequency ratio of eroded/removed surface on each causative factors for year 2018

Year 2018
” D o
No. w 2 T |2 2 & >~
= 2 2 8 2| =2 8 5 & 3
2 e & > o 2/ 253 2 gl
s 3 2 2 g8 2888w
o & 7] O R a|ls & R & oo &
a. Pelitic vertisols | 66605 | 88.7 | 32768 87.0 1.0
) b. Stone surface 8378 |11.2 | 4855 12.9 1.2
1 Lithology i :
c. Chromic luvisols | 70 0.1 21 0.1 0.6
Total 75053 | 100.0 | 37644 100.0 2.7
2221-2450 18087 | 24.1 | 6012 16.0 0.7
2450-2670 12521 | 16.7 | 6222 16.5 1.0
2670-2900 12884 | 17.2 | 7226 19.2 1.1
2 Elevation (m)
2900-3100 14482 | 19.3 | 7847 20.8 1.1
3100-3370 17079 | 22.8 | 10342 27.5 1.2
Total 75053 | 100.0 | 37649 100.0 51
0-5% 5361 | 7.1 1916 5.1 0.7
5-25% 34124 | 45,5 | 15954 42.4 0.9
3 Slope (percent) 25-50% 29313 | 39.1 | 16410 43.6 1.1
50-100% 6254 | 8.3 3367 8.9 1.1
Total 75052 | 100.0 | 37647 100.0 3.8
FLAT 5547 | 7.4 3424 9.1 1.2
N 12254 | 16.3 | 6806 18.1 1.1
NE 18298 | 24.4 | 8818 23.4 1.0
E 22200 | 29.6 | 10079 26.8 0.9
SE 10691 | 14.2 | 5036 13.4 0.9
4 Aspect
S 1630 | 2.2 818 2.2 1.0
SW 719 1.0 358 1.0 1.0
w 743 1.0 459 1.2 1.2
NW 2972 | 4.0 1850 4.9 1.2
Total 75054 | 100.0 | 37648 100.0 9.6
a. Concave (<-0.05) | 37488 | 49.9 | 17910 47.6 1.0
5 Plan Curvature b. Flat (-0.05-0.05) |5 0.0 2 0.0 0.8
c. Convex (>0.05) | 37559 | 50.0 | 19736 524 1.0

84




Total 75052 | 100.0 | 37648 100.0 2.8
a. 0-5 23724 | 31.6 | 12179 324 1.0
b.5-10 18303 | 24.4 | 9519 25.3 1.0
) _ c.10-15 14574 | 19.4 | 7182 19.1 1.0
6 Distance from river(M)
d.15-20 10014 | 13.3 | 4710 12.5 0.9
e.20-35 8439 |11.2 | 4057 10.8 1.0
Total 75054 | 100.0 | 37647 100.0 4.9

Table 1E. Frequency ratio of eroded/removed surface on each causative factors for year 2019

Year 2019
L K]
2 g -
No. 3 © o & 2
) D L 7 38 2 D> ©
2 a g_ 8 = — 8 = c S
5 < : s | B% S=zg|sl
S |22] o L T QO o =
3 3 S |es=| £§3 |gg&|&E
a. Pelitic vertisols 66605 88.7 35281 87.6 1.0
_ b. Stone surface 8378 11.2 4982 12.4 11
1 Lithology : i
¢. Chromic luvisols 0.1 30 0.1 0.8
Total 75053 100.0 | 40293 100.0 2.9
2221-2450 18087 24.1 7404 18.4 0.8
2450-2670 12521 16.7 6540 16.2 1.0
5 Elevation 2670-2900 12884 17.2 7530 18.7 1.1
(m) 2900-3100 14482 19.3 8237 20.4 1.1
3100-3370 17078 22.8 10582 26.3 1.2
Total 75052 100.0 | 40293 100.0 5.0
0-5° 6507 8.7 2831 7.0 0.8
5-250 38667 515 20124 49.9 1.0
Slope
3 25-500 26705 35.6 15509 38.5 1.1
(degree)
50-900 3174 4.2 1828 45 1.1
Total 75053 100.0 | 40292 100.0 3.9
FLAT 5399 7.2 3274 8.1 1.1
4 Aspect N 12336 16.4 7146 17.7 1.1
NE 18158 24.2 9513 23.6 1.0
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E 22183 29.6 11170 27.7 0.9
SE 10741 14.3 5416 134 0.9
S 1622 2.2 873 2.2 1.0
SW 758 1.0 380 0.9 0.9
W 795 1.1 499 1.2 1.2
NW 3062 4.1 2021 5.0 1.2
Total 75054 100.0 | 40292 100.0 9.4
a. Concave (<-0.05) | 37455 49.9 19296 47.9 1.0
. Plan b. Flat (-0.05-0.05) | 13 0.0 3 0.0 0.4
Curvature | c. Convex (>0.05) | 37584 50.1 20993 52.1 1.0
Total 75052 100.0 | 40292 100.0 2.4
a.0-5 23724 31.6 10785 26.8 0.8
b.5-10 18302 244 9995 24.8 1.0
Distance
c.10-15 14573 194 6976 17.3 0.9
6 from
) d.15-20 10015 13.3 5886 14.6 1.1
river(M)
e.20-35 8441 11.2 6653 16.5 1.5
Total 75055 100.0 | 40295 100.0 10.2

Table 1F. Frequency ratio of eroded/removed surface on each causative factors for year 2020

Year 2020
L —
2 5 2 g gl 2323 <
s o 3 o © B ©wb =X S| € T
S 8 8 @ L 3T Lo S X qg)‘ &
—_— X O Na el (@]
S & 3 O K A5 8 3F § ol L
a. Pelitic vertisols | 66605 | 88.7 | 18109 91.1 1.0
_ b. Stone surface 8378 |11.2 | 1756 8.8 0.8
1 Lithology
¢. Chromic luvisols | 70 0.1 9 0.0 0.5
Total 75053 | 100.0 | 19874 100.0 2.3
2221-2450 18087 | 24.1 | 2437 12.3 0.5
2450-2670 12521 | 16.7 | 3172 16.0 1.0
) 2670-2900 12884 | 17.2 | 4067 20.5 1.2
2 Elevation (m)
2900-3100 14482 | 19.3 | 4646 23.4 1.2
3100-3370 17078 | 22.8 | 5554 27.9 1.2
Total 75052 | 100.0 | 19876 100.0 5.1
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0-5% 6507 | 8.7 715 3.6 0.4
5-25% 38667 | 51.5 | 9076 45.7 0.9
Slope (percent) 25-50% 26705 | 35.6 | 8943 45.0 1.3
50-100% 3172 | 4.2 1142 5.7 1.4
Total 75051 | 100.0 | 19876 100.0 | 3.9
FLAT 5664 | 7.5 3377 17.0 2.3
N 12321 | 16.4 | 5211 26.2 1.6
NE 18075 | 24.1 | 4164 21.0 0.9
E 22349 | 29.8 | 3310 16.7 0.6
Aspect SE 10676 | 14.2 | 996 5.0 0.4
S 1614 | 2.2 321 1.6 0.8
SwW 698 |0.9 |[184 0.9 1.0
W 778 1.0 429 2.2 2.1
NW 2877 | 3.8 1881 9.5 2.5
Total 75052 | 100.0 | 19873 100.0 11.9
a. Concave (<-0.05) | 37631 | 50.1 | 9214 46.4 0.9
Plan CUrvature b. Flat (-0.05-0.05) | 11 0.0 8 0.0 2.7
c. Convex (>0.05) |37411|49.8 |10654 |53.6 1.1
Total 75053 | 100.0 | 19876 100.0 4.7
a.0-5 23724 | 31.6 | 4760 23.9 0.8
b.5-10 18304 | 24.4 | 4560 22.9 0.9
Distance from river(M) c.10-15 14573 | 19.4 | 4351 21.9 1.1
d.15-20 10015 | 13.3 | 3367 16.9 1.3
e.20-35 8440 |11.2 | 2838 14.3 1.3
Total 75056 | 100.0 | 19876 100.0 14.9
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Table 2A. Sieve analysis for Point 1

percentage | cumulative percentage Percentage
Sieve size | Mass retained(g) | retained | retained(g) finer
4.75 1095 94.75 94.75 45.25
2.36 430 21.5 76.25 23.75
1.18 50 2.5 78.75 21.25
0.6 100 5 83.75 16.25
0.3 115 5.75 89.5 10.5
0.15 160 8 97.5 2.5
0.075 35 1.75 99.25 0.75
pan 15 0.75 100 0

Table 2B. Unconfined compressive and Sieve analysis test of rock-soil for Point 2

point | Hammer rebound number | Unconfined compressive strength (Mpa)

12.5 27.75

13.5 28.75

14.5 29.25

13 28.5

11 26.5

. 13 28.5

Point 2

16 30.25

14.5 29.25

13 28.5

16 30.25

17.5 31.25

12.5 27.75
Sieve size | Mass retained(g) | %age retained | Cum. %age retained(g) %age finer
4.75 745 37.25 37.25 62.75
2.36 415 20.75 58 42
1.18 170 8.5 66.5 335
0.6 210 10.5 77 23
0.3 185 9.25 86.25 13.75
0.15 130 6.5 92.75 7.25
0.075 115 5.75 98.5 1.5
pan 30 1.5 100 0
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Table 2B. Unconfined compressive and Sieve analysis test of rock-soil for Point 3

oint Hammer rebound Unconfined compressive
P number strength (Mpa)
14 28.75
14.5 29.25
15 29.5
16 30.25
12.5 27.75
. 15 29.5
point 3
16 30.25
15.5 29.75
15 29.5
14 28.75
17.5 31.25
17 31
percentage cumulative percentage | Percentage
Sieve size Mass retained(g) retained retained(g) finer

4.75 875 43.75 43.75 56.25

2.36 545 27.25 71 29

1.18 90 45 75.5 24.5

0.6 125 6.25 81.75 18.25

0.3 120 6 87.75 12.25

0.15 15 0.75 88.5 115

0.075 5 0.25 88.75 11.25

pan 225 11.25 100 0

Table 2C. Unconfined compressive and Sieve analysis test of rock-soil for Point 4

point Hammer rebound Unconfined compressive
number strength (Mpa)
15 29.5
14.5 29.25
13 28.5
point 4 17 31
14 28.75
17.5 31.25
16 30.25
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18 31.75
16.5 30.5
15 29.5
17.5 31.25
18 31.75

percentage | cumulative Percentage
Sieve size Mass retained(g) retained percentage retained(g) | finer

4.75 1140 57 57 43
2.36 395 19.75 76.75 23.25
1.18 50 2.5 79.25 20.75

0.6 95 4.75 84 16

0.3 90 4.5 88.5 115
0.15 85 4.25 92.75 7.25
0.075 70 3.5 96.25 3.75
pan 75 3.75 100 0

Table 2D. Sieve analysis for Point 5

point Hammer rebound Unconfined compressive
number strength (Mpa)
10.5 26
12.5 27.5
115 26.75
17 31
13 28.5
, 14.5 29.25
point 5
13 28.5
16 30.25
16.5 30.5
17.5 31.25
16 30.25
18 31.75
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Point 5
percentage cumulative Percentage
Sieve size | Mass retained(g) retained percentage retained(g) finer
4.75 505 25.25 25.25 74.75
2.36 530 26.5 51.75 48.25
1.18 285 14.25 66 34
0.6 275 13.75 79.75 20.25
0.3 205 10.25 90 10
0.15 95 4.75 94.75 5.25
0.075 65 3.25 98 2
pan 40 2 100 0
Table 2E. Sieve analysis for Point 6
Point 6
percentage | cumulative Percentage
Sieve size | Mass retained(g) | retained | percentage retained(g) | finer
4.75 816 40.8 40.8 59.2
2.36 665 33.25 74.05 25.95
1.18 130 6.5 80.55 19.45
0.6 124 6.2 86.75 13.25
0.3 100 5 91.75 8.25
0.15 65 3.25 95 5
0.075 60 3 98 2
0 40 2 100 0
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Table 2F. Table generalized sieve analysis test for Rock-Soil slope stability evaluation

Percentage finer
Soil class point 1 | point 2 | point 3 point4 | point5 | point 6
Gravel fraction (Retained on 4.75 mm
sieve) 45.25 | 62.75 56.25 43 74.75 59.2
Sand fraction(Passes on 2.36 and
Retained on .075 mm sieve) 23.75 42 29 23.25 48.25 25.95
Fine grained fraction (passes on .075
mm sieve) 0.75 1.5 11.25 3.75 2 2
Table 3A. Table for angle of repose test for Rock-Soil slope stability evaluation
Sampling points failure slope angle in degree (in field) Angle of repose in degree
1 44 46
2 45 43
3 40 38
4 41 40
5 39 41
6 38 36
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Table 4A. Direct shear test result for soil at point 2

Height deformation (mm)

Normal Max. Cohesion Angle
. Shear of
Trial Stress Stress C, Friction
(KN/m2) (kN/m2) (KN/m2) @
1 109 98.39
2 218 164.92
28 32
3 327 221.64
4 436 305.58
_350.00
A 300.00 ALk | Ly )
E T -
> 250.00 ,-/
< 200.00 /o AT T T crmrmimim el e Shear stress T-1 (kN/m2)
£ 150.00 -‘,:,'_- ——————— T L L L ——— Shear stress T-2 (KN/m2)
210000 1577 et
£ 50.00 .l ----- - - = Shear stress T-3 (kN/m2)
§ 0.00 — -+ = Shear stress T-4 (kKN/m2)
& 0.00 2.00 4.00 6.00 800  10.00 1200  14.00

Table 4B. Direct shear test result for soil at point 3 and 5

. Angle
_ Normal Max. Shear Cohesion of
Trial Stress Stress (KN/m2) C, Friction
(KN/m2) (KN/m2) 7 '
1 109 129.25
2 218 198.53
68 30.
3 327 256.39
4
( __300.00
%‘ 25000 | e
2 200,00 e
Z 150.00 '/,— .......... - = Shear stress T-1 (kN/m2)
% 100.00 _.-';':-~_'$" -7 T e Shear stress T-2 (kKN/m2)
5 5000  F.-
§ 0.00 A e Shear stress T-3 (kN/m2)
5 0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00
Height deformation (mm)
\-
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Table 4C. Direct shear test result for soil at point 4

Normal Max. Angle
Trial Stress Shear | Cohesion C, of
(kN/m2) Stress (KkN/m2) Friction,
(KN/m2) %)
1 109 73.31
2 218 147.49
14 31
3 327 215.73
4 436 267.19
(" 300.00
_ 25000 | e
£ 1 O
> 200.00 P P S SN
=3 — — — Shear stress T-1 (kN/m2)
= 150.00 ‘ I S e B N
§> ,/ e |~ Shear stress T-2 (kN/m2)
% 100.00 ,", | NN il Shear stress T-3 (kN/m2)
5 5000 ;':" - Shear stress T-4 (kN/m2)
= s
000 &
0.00 2.00 4.00 6.00 8.00
-50.00 . .
Height deformation (mm)
\_
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