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Abstracts

Depth-integrated (or shallow water) formulation has been widely used in debris flow and river 

engineering simulations so far (Kalkwijk and De Vriend 1980, Hervouet 2007). Recently, this 

formulation has been applied into particle method (Pastor et al. 2009, 2014). A simplified version 

of this method called Depth Integrated Particle Method (DIPM) had been used by previous 

researchers in the division the Geotechnical laboratory under the department of the Energy and 

Mechanics Engineering of the University of Tsukuba. Nakata (2017) made a pioneering work on 

evaluation of wide-area landslide hazard using DIPM and GIS applying to two wide-areas as a 

case studies: the Nova Friburgo (6.72 km by 4.5 km) in Brazil and the Hofu (4.75 km by 2.50 km) 

in Japan.  And a mixing model based on a two-step evaluation scheme was proposed together with 

DIPM by Zhang (2015) to quantitatively evaluate the debris flow hazards in Zhouqu and 

Wenchuan earthquake stricken areas.  

However, in these mentioned works, a precipitation simulations were not taken into account which 

is a necessary approach to locate the water catchment area where most of the erosions and sediment 

processes occurs. It is essential also to identify a potential soil saturation area which contributes in 

the delineation of the initial slope failure area and the maximum debris flow affected drainage 

channels.  Moreover, a new approach of calibrating the material parameters of the numerical model 

was implemented here using a recorded landslide events for a selected case study area in Japan by 

considering only the initial and final deposition places of each debris flow surges which was not 

taken into account by previous workers.  We identify the lower and upper bound values of the 

material parameter which were used to evaluate the most and the least risk regions for the case 

study area in Ethiopia where the available in situ records of the affected area and a documented 

mechanical test results of the material parameters are rarely available. 

The methodology implements a twofold strategy: first we assess a slope disaster risk in the given 

area by evaluation of the stability condition of the slopes using the available records. There are 

several classical ways to evaluate the stability of a slope and yet the subject is arguably the most 

complex and challenging sub-discipline in geotechnical engineering. We used a 1D slope formula 

to compute factor of safety (FS) of a slope with the assumption that a critical slope failure angle 

(θf) can be roughly evaluated from the available record of the saturated and unsaturated bulk 

density and the depth of the ground water of the unstable mass under consideration.  
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Secondly, after a surface soil mass fails and starts to slide, usually it will be mixed up with masses 

of liquids and the flow behavior of the mixture is strongly influenced by its material properties 

such as size distribution of geological grains (from micron scale to meter scale), grain shape and 

crushability, water contents, etc. However, there are no universal constitutive laws governing 

landslides that are straightforward to incorporate into numerical models (Pastor et al. 2012). 

Moreover, what is necessary for wide-area risk evaluation of landslide hazards is not a 

sophisticated and highly accurate constitutive models but rather primitive ones with the smallest 

number of material parameters that can be easily identified. Therefore, a simplifications of 

constitutive models appears to be a reasonable approach towards a systematic application of 

simulating the deposition process of debris flows. 

We have developed a simple depth-integrated particle method (DIPM) which is a simplification 

of an SPH. The model is based on depth-averaged shallow flow equations solved on a set particles 

obtained from the Digital Terrain Model (DTM) constructed using Grass GIS open source 

application software. The resultant forces acting on each particle is considered to be similar to the 

forces acting on the columns of soil in a limit equilibrium slope-stability analysis in which the 

gravity force and the hydraulic pressure are the driving forces and the resistance force to motion 

comes from the basal shear stress computed from Manning’s formula   combined with the equation 

of steady and uniform flow. Hence the model contains only two material parameters, the 

Manning’s coefficient n and the critical slope angle for the flow cr. The former is the most 

common parameters used in river engineering to characterize the flow resistance of river channels 

and stream canals. The latter can be regarded as the final slope angle that debris flows stop. 

Previous disaster surveys show that the deposition angle of debris flow ranges from 3 degrees to 

15 degrees depending on the material and water contents (Hungr et al 2001).  

The hydraulic pressure was determined by the interaction between the neighboring particles and 

thus it was affected by mesh size of a DTM used to acquire information about the topography of 

the area of interest.  In this study we construct a DTM from worldwide digital sources offered at 

30-m and 12.5-m resolutions. The ALOS 30m was obtained from Japan Aerospace eXploration 

Agency (JAXA).  A relatively smaller mesh size DTM at 12.5-m that has a higher resolution was 

obtained from ALOS-PALSAR (Phase Array type L-band Synthetic Aperture Radar) developed 
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(Alaska Satellite Facility (ASF), 2015). Another freely available DTM was also derived from 

Google earth application by extracting elevation values using free software called TCX converter. 

ALOS 30-m was used for wide area slope disaster risk evaluations in the case study areas in 

Ethiopia after evaluating its accuracy by comparing with a 10-m resolution DTM constructed by 

stereo-photogrammetric method from images taken by ALOS.  The results showed a similarity of 

cross sectional views at a longer length profiles but at a closer view the ALOS 30-m DTM showed 

some local flat planes problems which was corrected by a simple adjacent average smoothing by 

adding points along the path so that the model fits a smooth functions.     

A similar comparison was made between the ALOS 30-m, ALOS 12.5-m and airborne survey 1-

m DTM. And it was seen that the terrain correction made by Alaska Satellite Facility enhanced 

the resolution of the ALOS 12.5-m DTM.   

We also made a comparison between the ALOS 12.5-m and airborne survey 1-m DTM its ability 

in reproducing actual events using the numerical models. The results of the model runs using the 

two DTMs was compared on the basis of identifying each surge of the debris flow and on the basis 

of an agreement in the depositional patterns with observations. For a very local area investigations 

the result showed that the applications of freely available DTM can be limited only to give an 

approximate overview about the area of inundation and can serve also as a first estimates of the 

areas potentially affected by mass flows. However, for a wide area incidents, with a deep-seated 

slope failure that usually happen in many places of Ethiopia, having several kilometers width and 

lengths, the DTM from ALOS 30-m after a correction of the local flatness and from ALOS 12.5-

m without need of correction was found to be capable to be used in the evaluation of slope disaster 

risks using a calibrated material parameters. 

There are several approaches to calibrate the material parameters of numerical models. We used a 

calibration technique  based on a visual comparison of the main external aspects of landslide 

behavior such as how far do the debris flow travel and how wide do the flow spread in the 

deposition fan. Though this approach is subjective, it is simple to implement when the model 

contains few adjustable parameters that dominate characteristics of flow behaviors. 

The initial slope failure area need to be determined in advance in order to calibrate the flow 

parameters (𝑛 and 𝜃𝑐𝑟 ). This is due to the flow inundation results are sensitive to the initial mass 

discharges of the debris flow. Therefore we employ a user defined assignment of the initial slope 
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failure area, for a debris flow involving a single surge (the Kumamoto area). However, due to the 

inconvenience of user defined assignment for a debris flow with multiple number of surges (Hofu 

case), we use a critical slope failure angle, θf  to locate these places. From the sensitivity analysis 

between the initiation area obtained using some slope inclination and the actual slope failure area, 

it was able to select 40 and 42 degree for the western and eastern side respectively,  to locate the 

initial slope failure zone in this area. 

For the Komamoto case study area it was seen that the case for smaller 𝑛 (smaller bottom shear 

stress) leads to an excess flow acceleration and results in the too much deviation from the path of 

valley bottom in the upper stream. On the other hand, in the downstream deposition fan, the 

simulated inundated width is narrower than the observed one for larger  𝑛. Using  a comparison  at 

time history of the maximum velocity of the flowing mass with the evaluation by Mizuno et al. 

(2003) a lower and upper bound value of (𝑛 and 𝜃𝑐𝑟 ) was estimated to be in the range (0.05 to 

0.10, 5 to 7 deg.).  For Hofu case study area range values between (0.05 to 0.08, 0.5 to 7 deg.) was 

estimated to be fitting for the western part of the study area. And a range values between (0.05 to 

0.08, 0.5 to 4 deg.) was estimated to be fitting for the eastern side of the study area. 

A similar approach proposed by Galas et al (2007) was adopted with addition of an index value to 

separately maximize the intersection between the predicted and observed failure area and both 

failure and the safe area distinctly for the Debre Sina landslide area . It was found that the index 

values were maximum until a critical slope failure angle of 32 degree.  

A relatively higher number of particles were also found corresponding to the main and major initial 

slope failure area estimated by slope inclination value of 32 degree. After estimating the initial 

slope failure area we used the calibrated material parameters of the model to replicate the past 

landslide event. The replication of past landslide event was made using two extreme cases of the 

calibrated parameters, namely the lower bound values (𝑛 = 0.05 and 𝜃𝑐𝑟 = 0.5 𝑑𝑒𝑒𝑟𝑒𝑒 ) and 

upper limit values (𝑛 = 0.08  and 𝜃𝑐𝑟 = 7 𝑑𝑒𝑔𝑟𝑒𝑒 ).  

The lower bound values replicated a simulation debris mass under highly fluidized condition thus 

the simulated showed several number of surges which reveals its impact energy, that represent one 

of the most destructive cases. These replicated results were in agreement with the investigations 

made in the study area by previous researchers. In the case of upper bound values the simulation 
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results reproduces a deposition of debris flows with shorter runout distances both in the upper 

slope failure area and the lower river canals. 

For the Ankober area, we used the topographic map of the study area together with the satellite 

images taken in the year 2019 to identify the places that demands to be protected primarily such 

as villages, roads, and forest covered areas. We set a higher critical slope failure angle θf = 43 𝑜  

to predict the initiation area. From the overlap of the predicted slope disaster area and the 

topographic map it was seen that the eastern and western side of Ankober town, the road that 

connects to the capital city and the forest cover area are found to be near the predicted dangerous 

slope failure zones. 

Before we made a flow spreading simulations using the two extreme cases of the calibrated 

parameters, we made a precipitation simulations to identify the most vulnerable places for surface 

erosions and debris flow deposition areas. The result showed a high concentrations of simulated 

raindrops in the eastern most side of the study area.  Simulations were made using the two extreme 

cases of the calibrated parameters, namely the lower bound values (n=0.05 and 𝜃𝑐𝑟=0.5 degree) 

and upper limit values (n=0.08 and 𝜃𝑐𝑟=7 degree). In both cases of the simulation results obtained 

by the calibrated parameters of the lower and the upper bound values, it was seen that the identified 

places such as villages, roads, and forest covered area that necessitates to be protected primarily 

were simulated to be under high slope disaster risks.   

Moreover from the overlap of the simulated results and the satellite images, it was found that the 

most possible debris flows occurrence could be in the flood plains covered with trees or heavy 

brush, whose Manning’s coefficient n is about 0.1. A most dangerous case of a flow was also 

assumed by setting 𝜃𝑐𝑟  a zero value. The results found using these material parameters showed a 

wide inundated area having a high value of velocity and it covers relatively large number of houses.    

The predicted flow velocity at the initial stage was much higher than the previous case study areas 

due to a comparatively steep slope failure angle value more than 43 (deg.) occur in this area. The 

mean velocity of the predicted flow was found to be quite large value compared to the mean 

velocities of common debris flows under a channel gradients varying from about 40° in the starting 

zones to about 3° in the deposition zone (Hutter et al 1994). In general, the results showed the 

potential damages of slope disaster risks in the area and the necessity for further investigations. 
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The key issue here is to develop a method that is capable to obtain important material parameters 

from available in situ records that show the initial slope disaster locations as well as the extent and 

distributions of the debris flow surges in the given area. The availability of a model that can be 

integrated with a terrain model obtained from a global freely available sources through an open 

source Grass GIS application make it essentially applicable all over a slope disaster susceptible 

places for both experts and practitioners, while models that are commercially available tend to be 

expensive. Moreover the model results are found to be directly applicable into risk assessment 

calculations in order to be used as a visualization and communication tools. 

However, several key challenges remain, particularly the sensitivity of models to topographic 

resolution. Prediction of the flow-path and the deposition fan of the debris flows is found to be 

more reliable with airborne survey high resolution terrain source compared to a freely available 

global source. However, calibration of the model parameters using globally available terrain 

source with identical resolutions all over the world will resolve the differences in the values of 

material parameters due to topographic resolutions.  

It also turned out that the prediction of initial slope failure is still a big issue to be improved. For 

more accurate prediction, we incorporated erosion behavior of debris flow into the model. Zhang 

and Matsushima (2016) proposed a simple diffusion model to describe the entrainment of debris 

material resting on the valley bottom by the flow. 

Moreover, it should be recognized that calibrated parameter values can depend strongly on the 

roughness of the input topography; therefore, until a standard approach to model setup is adopted 

widely, calibration results documented by different workers using different models may not be 

directly comparable. Therefore, the model need to be applied to several case studies in central and 

escarpment area of the highlands of Ethiopia in order to create a valuable database of calibrated 

parameters. Detail geotechnical field investigations and laboratory works need be done to adjust 

the input parameters for specific to the geologic and topographic conditions of Ethiopian 

highlands. 
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1 
 

1 Introductions 

1.1 Problem statement 

Wide area slope disaster risk evaluation is an essential duty in landslide-threatened areas 

throughout the world. Slope disaster risks, frequently lead to loss of life, property, and 

infrastructures in mountainous areas. It involves collapsing of soil or rock material which may 

proceed by flowing of soil and water mixtures sliding downslopes. Evaluating such risks needs to 

consider ground conditioning factors that made slopes susceptible to movement such as the type 

the soil/rock conditions and geomorphological characterization such as slope angle and altitude.  

Landslides remain initiated often by failure of slopes due to a torrential rain and/or large 

earthquake, generating sliding mass of soil-water mixture which flows down more than tens of 

kilometers as a debris flow (Aipassa, 1991). Depending to their fluidity, they can travel long 

distances, often reaching the valley floor and moving beyond. During the course of their travel, 

the flows erode river beds, increasing the involved volume of mass which enhances the destructing 

nature of such events. 

Landslides that change into flows usually are characterized by high-velocity movement and long 

run-out distance that exert the paramount threat to human life. This is because, in the highlands, 

usually settled areas are located near to drainages and river channels because these areas are more 

favorable to urban development (Sidle et al 2004). Consequently these regions are vulnerable for 

risk of slope failures and flows. Therefore, slope failures and flows are a source of severe natural 

disasters and societal hazard in mountainous regions. 

Yearly property destruction from slope failures worldwide is estimated in the tens of billions of 

dollars (Schuster et al 1986). There are countless small to large-size slope failures that 

cumulatively inflict costs to people life and damages to infrastructures due to catastrophic events 

that draw so much attention (Shang et al 2003). Destruction to ecologies has not usually been 

predictable, that such events may destroy territories, for example by hindering streams and 

shedding slopes. All these damages demand for a multidisciplinary and combined methodology to 

hazard assessment and risk mitigation and preventions (Renn 2008). 

The data show that in total 55, 997 people were killed in 4862 distinct landslide events in the period 

from January 2004 to December 2016 excluding those triggered by earthquakes. The majority of 



2 
 

the events involved a single slope failure and their spatial distributions (Figure 1) is clearly 

heterogeneous with high areas of incidence in cities  and occur most frequently in countries with 

lower gross national income (Froude et al 2018). 

In Ethiopia, slope 

failure-generated 

hazards are becoming 

serious concerns. The 

ruggedness of the 

topography, the 

capricious seasonal 

rainfall and the 

seismicity of the Horn 

of Africa aggravated 

the incidents (Fubelli 

et al 2015). These 

slope disaster 

incidents often lead to 

eviction of 

inhabitants, damage to 

Figure 1 worldwide non-seismically triggered landslide events (from 2004 to 2016) 

(source: Froude et al 2018) 

Figure 2 location map of reported occurrences of landslides in Ethiopia. 

Source: Woldearegay 2013 
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housing, infrastructure and arable land and even loss of human lives (Woldearegay et al 2013). In 

a recent occasion an Ethiopian news service reported that at least 41 people have been killed when 

the heavy rain triggered a landslide in place called Kindo Didaye district on 09 May 2016 

(http://floodlist.com). A summary of the major slope failures reported so far in the country is 

shown in Figure 2.  

A densely distributed reported occurrences exits mainly in the central highly populated area of the 

country. It can be seen also that some of the regional government towns including the capital city 

Addis Ababa are exposed to such threats caused by risks of slope failures. The major patterns of 

distributions are lined north-northeast south-southwest following similar alignment with active 

volcano epicenters in the history of the African Rift System (Figure 3). 

Figure 3 Seismicity of East African Rift 1900–2013   source: Hayes et al 2014 USGS Open-File 

Report 2010–1083–P 
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The East African Rift System is a diffusive extensional region marking a triple junction, where 

three plates named as Somalian and Nubian plate in African, and the Arabian plate meet. It is prone 

to significant level of seismic hazard due to the presence of the active regional tectonic and 

volcanic activities. 

Moreover, the sustainability of most people is from sources of foods which depend on the 

productivity of the land. However, the topsoil is eroded and ruined by the landslides and associated 

hazards. The slope failure in the highlands are also main sources of debris-flows that cause floods 

which damage the agricultural lands in the lowland areas. Besides, due to the escalation of 

overburden on the land, many rural individuals are moving into areas which are potentially 

threatened by slope instability hazards.  

1.2 Disaster risk management in Ethiopia 

Since April 2018, the Ethiopian National Disaster Risk Management Commission, Early Warning 

and Emergency Response Directorate (NDRMC)-led a multi-sector National Flood Task Force 

and issued the first Flood Alert based on the National Meteorology Agency (NMA) Mid-Season 

Forecast for the season (April to May 2018).  

Subsequently, on 20 May, the National Flood Task Force updated and issued a second Flood Alert 

based on the monthly NMA weather update for the month of May 2018 which indicates a 

geographic shift in rainfall from the southeastern parts of Ethiopia (Somali region) towards the 

western, central and some parts of northern Ethiopia including southern Oromia, some parts of 

SNNPR, Amhara, Gambella, Afar and Tigray regional states during the month of May 2018. 

Flood risk areas were identified ( Figure 4). The condition of flooding is characterized by sudden 

onset with little lead time for early warning and often resulting in considerable damage on lives, 

livelihoods and property. These risk areas are mainly concentrated in the landslide prone areas 

aligning with the escapements between the highland and lowland region and the rift margins areas 

in central part of the country. 

Getahun and Gebre (2015) rated and combined flood generating factors such as slope, elevation, 

rainfall, drainage density, land use, and soil type to delineate flood hazard zones using a multi-

criteria evaluation  technique  in  a  GIS  environment. According to their findings nearly 2,103 
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and 35,406 km2 area were found to be in a very high and high flooding hazard conditions along 

the Awash River basin alone. 

According to Fubelli et al (2008) the main triggering factor of slope movements in Ethiopia is 

heavy rainfall.  Canuti et al. (1985) pointed out that infiltration of rain water plays a pivotal role 

in triggering landslides by increasing the total weight of the slope material as well as the water 

table level and the pore pressure in fine-grained deposits thus weakening the links between their 

component particles.  

  

 

 

 

 

 

 

 

 

 

 

 

1.3 General objective of the research 

In order to protect peoples and infrastructures of these areas, mitigation measures are needed to be 

taken. The extent to which a potential area is vulnerable and the intensity of the impact have to be 

identified to assess the risk. The prediction of the flow propagation (deposition area and its 

influence) is essential. This analysis can provide relevant information for land use planning and 

susceptibility mapping. Therefore, prediction of the affected places, including the potentially 

vulnerable populated sites, is of great relevance in slope failures and flows risk assessments. 

Figure 4 Identified flood prone areas in Ethiopia. 
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Many researchers in the universities and studies in the institutes had been given emphasis to 

understand slope failures and associated landslides and debris/earth flows (Ayalew et al 2004). 

Statistical index and certainty factor methodologies were implemented to investigate coactive 

factors for landslides in the Blue Nile gorge (Asfaw 2010). Remote sensing techniques for the 

investigation of a large landslide occurrence with a difficult accessibility were implemented to 

provide information about its extent, kinematics, zonation and evolution over time of a landslide 

that occurred around Debre Sina town (Kropáček et al 2015).  

Numerical simulation methods have been used as an alternative technique of doing time-

consuming and hard works in both field survey and experiments. Simulation methods provide 

more useful results than the traditional experimental methods in terms of displaying insightful and 

whole round information that cannot be directly measured or detected, or difficult to explore  

through other ways (Liu and Liu, 2003). Moreover, numerical models have the potential to provide 

more information because they can also be used to estimate relevant landslide intensity parameters, 

such as flow depths, flow velocities, and impact pressures, within a certain limits (Mcdougall 

2016). Nevertheless, researches and studies in Ethiopia made thus far seldom employ the 

application of numerical simulations for the analysis and identifying potentially slope failure areas 

and propagation and deposition patterns of debris/earth flows associated with such slope failures. 

There have been limited comprehensive studies with diverse methodological practices 

(Haregeweyn et al 2017). These margins in diversifying the methodologies of forecasting and 

evaluation slope failures and flows problems comprises the basic motivations. 

Depth-integrated (or shallow water) formulation has been widely used in debris flow and river 

engineering simulations so far (Kalkwijk and De Vriend 1980, Hervouet 2007). Recently, this 

formulation has been applied into particle method (Pastor et al. 2009, 2014). A simplified version 

of this method called Depth Integrated Particle Method (DIPM) had been used by previous 

researchers in the division the Geotechnical laboratory under the department of the Energy and 

Mechanics Engineering of the University of Tsukuba. Nakata (2017) made a pioneering work on 

evaluation of wide-area landslide hazard using DIPM and GIS applying to two wide-areas as a 

case studies: the Nova Friburgo (6.72 km by 4.5 km) in Brazil and the Hofu (4.75 km by 2.50 km) 

in Japan.  And a mixing model based on a two-step evaluation scheme was proposed together with 

DIPM by Zhang (2015) to quantitatively evaluate the debris flow hazards in Zhouqu and 

Wenchuan earthquake stricken areas. However, previous researchers did not includes a 
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precipitation simulations which is essential to locate the water catchment area where most of the 

erosions and sediment processes occurs. This helps to identify a potential soil saturation area and 

thereby contributes in the delineation of the initial slope failure area and a debris flow vulnerable 

drainage channels.   

Moreover, in this research work a calibration of the material parameters of the numerical model 

was made using a recorded landslide events for a selected case study area in Japan by considering 

only the initial and final deposition places of each debris flow surges rather than making the 

comparison of the accuracy of the model in its ability to replicate the whole affected area by both 

the initial slope failure and the subsequent debris flow events which was made by previous 

researchers. This helps to identify the lower and upper bound values of the material parameter that 

can be used to evaluate the most and the least risk area using these calibrated parameters for the 

case study area in Ethiopia where the available in situ records the affected area and a recorded 

mechanical test results of the material parameters are rarely available.  

Models that are calibrated in one case study area can also be potentially well-suited to another area 

with a similar geotechnical conditions. The calibration was done on the comparison of the 

agreement between the simulation and observation on the basis of identifying the initiation and 

deposition fan of each surge of the debris flow in the study area. This approach is applicable for a 

model with unsophisticated rheological parameters but adequately capability of simulating the 

bulk behavior of inundation and the distribution of deposits, which is the main goal in a wide-area 

risk evaluations. In some cases, this approach may also have convenience and cost effectiveness 

in practice because specialized material testing is not required (McDougall 2016).  

1.4 Specific objectives and outlines of the methods 

From the general objectives, the following specific objectives were formulated: 

1. To design and evaluate a suitable rheological models for wide area slope disaster 

assessments. 

2. Explore the material parameters of numerical models. 

3. Calibrate the parameters the numerical model using actual slope disaster case study areas. 

4. Evaluate the resolutions of the digital terrain models obtained from global freely available 

sources.  
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We consider two case study area in two countries, namely in Ethiopia (the Debre Sina landslide 

and Ankober rift margin area) and in Japan (Kumamoto prefecture and Hofu city debris flow and 

shallow landslide events). It is organized in 7 chapters.  

After an introductions in the first chapter we give a detail literature review of slope stability 

analysis and assessments of the current status of the numerical simulation models in the second 

chapter.  In the 3rd chapter we made a comparison of a 30 meter mesh size (ALOS 30-m) digital 

terrain model (DTM) obtained from Japan aerospace exploration agency (JAXA) and a DTM 

obtained from google earth application, with a 10m mesh size DTM obtained under commercial 

dealing.  We also use a high resolution airborne survey 1m mesh size DTM to compare a 12.5 

meter mesh size DTM freely obtained from ALOS 12.5m global source. And the effect of the 

resolutions of the DTM from these sources on the numerical simulation results were also 

investigated. 

In Chapter 4 we give a detail formulation of the proposed numerical method. Then, in chapter 5, 

we demonstrate the calibration of the material parameters of numerical model using the 

performance of the method from a case history in Kumamoto and Hofu area in Japan. In chapter 

6 we made application of the method into wide area risk evaluation in Ankober and Debre Sina 

area in Ethiopia. The final, chapter 7 contains conclusions and recommendations.  

1.5 Methodology 

The first step in the process of evaluation of wide area landslide risk begins with a preparation 

Digital Terrain Model (DTM) to represent the topographic feature of the area of interest. Previous 

researchers in this field construct the DTM of the study area from stereo-photogrammetric method 

from images taken by the PRISM sensor mounted in ALOS satellite (Nakata 2016 and Zhang 

2019). However for regions with difficulty of accessibility the preparation of DTM from freely 

available global sources is inevitable.  In this study we prepare DTM from worldwide digital 

elevation sources which were obtained free of charge with 30-m and 12.5-m mesh.  

We compared the resolutions of the DTM from these sources with a more accurate ALOS 10-m 

commercial and 1-m airborne survey sources. And the effect of the resolutions of the DTM from 

these sources on the numerical simulation results were also investigated.  
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A conventional linear stability analysis for each pixel of the DTM was adopted by considering the 

physical and mechanical properties of surface soil at rest, including the water saturation, and the 

demarcation of the area of initial slope failure. Finally, the flow simulation is carried out for the 

entire area to obtain the affected area due to the slope failure and the subsequent flow and the 

simulation result then compared with the actual damage area in a quantitative manner.  Figure 5 

shows the flowchart of evaluation procedure. 

  

 

 

 

Simulation of flow inundation using Depth-Integrated Particle Method (DPIM)  

DTM from freely available 

sources 

In-situ records of soil parameters from well-documented 

landslide events from case studies in Japan 

Calibration of the material parameters through comparison of actual and simulated 

damage area in case study area, in Japan 

Evaluation of wide area slope disaster risk for case study areas in Ethiopia 

Delineation of initial slope failure location  

Evaluation of the resolution of DTMs 

Figure 5 Flowchart of wide area slope failure risk evaluation 
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2 Literature review: slope stability analysis and assessments of 

numerical simulation models  

2.1 1D slope stability  

The equation of Safety Factor (FS) have been 

implemented to analyze the stability of natural slopes. 

Several safety factor formulations were introduced 

such as Fellenius method (Matsui et al 1992), Bishop 

Method (Hungr et al 1989), etc. We adopted a basic 

formula of the Safety Factor (FS) of a slope (of soil 

material) defined as equation (2-1) with the 

assumption that the angle of the slope failure can be 

roughly evaluated by in-situ records of the area for the case of shallow one dimensional (1D) slope 

failure as presented in scheme shown by Figure 6. 

 𝐹𝑠 =
𝑠ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑠𝑜𝑖𝑙

𝑠ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑒𝑠𝑠
=

𝜏𝑓

𝜏
                                                                                           2-1          

Here, the shear strength of the surface soil is given as equation (2-2) 

𝜏𝑓 = ∁′ + 𝜎𝑣
′ 𝑡𝑎𝑛 ∅′                                                                                                                2-2 

Where ∁′  and ∅′   are the cohesion and the internal friction angle of surface soil, respectively 

and 𝜎𝑣′   is the effective normal stress given as equation (2-3): 

                              𝜎𝑣
′ = 𝜎𝑣 − 𝛾𝑤ℎ2 𝑐𝑜𝑠 𝑖𝑓       𝑤ℎ𝑒𝑟𝑒    𝜎𝑣 = (𝛾𝑡ℎ1 + 𝛾𝑠𝑎𝑡ℎ2) 𝑐𝑜𝑠 𝑖𝑓            2-3 

The shear stress 𝜏 in equation (2-1) is given as in equation (2-4): 

                                           𝜏 =  𝜎𝑣 𝑠𝑖𝑛 𝑖𝑓                                                                                      2-4      

Then substituting equation (2-4) in to equation (2-1) and using the expression in equation (2-2) 

and (2-3) the formula of the Safety Factor (FS) can be given as equation (2-5): 

                                           𝐹𝑠 =
∁′ + {𝛾𝑡ℎ1 + (𝛾𝑠𝑎𝑡 − 𝛾𝑤)ℎ2} 𝑐𝑜𝑠 𝑖𝑓

2 𝑡𝑎𝑛 ∅′ 

(𝛾𝑡ℎ1 + 𝛾𝑠𝑎𝑡ℎ2) 𝑠𝑖𝑛 𝑖𝑓 𝑐𝑜𝑠 𝑖𝑓
               2-5 

Figure 6 scheme for 1D slope stability 

analyses. 
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Where, 𝛾𝑡 and  𝛾𝑠𝑎𝑡    are the unsaturated and saturated bulk density of the surface soil, ℎ1  and    

ℎ2 are the non-saturated and saturated soil heights 𝛾𝑤    is the density of water and   if     is the 

critical slope angle for failure. 

2.2 Assessments of numerical simulation models 

Once a surface soil mass fails to be stable and starts to slide, its mechanical characteristics changes 

considerably and cannot be described by the behavior of soil masses in its stable conditions. A soil 

mass under sliding conditions usually will be mixed up with masses of liquids during the flowing 

process and even behaves like a complex fluid when the water content is large. Consequently, 

simulations of inundations have been applied either in a slope failure or in a fluid flow regime. 

The flow behavior of landslide mass is strongly influenced by its material properties such as size 

distribution of geological grains (from micron scale to meter scale), grain shape and crushability, 

water contents, etc. There are considerable number of studies on this issue, and various constitutive 

models describing the detailed flow behavior have been proposed so far. However, considering the 

difficulty in obtaining the flow parameters of surface soils in several landslide prone areas in 

Ethiopia, it is reasonable to divide the analysis method into slope stability analysis to demarcate 

each location of slope failure vulnerable zone and to apply detail flow behavior to obtain flow 

inundation area using simple constitutive formulations for flow affected area. 

Simplifications of constitute models appears to be a reasonable approach towards a systematic 

application of simulating the deposition process of debris flows. Hakuno& Uchida (1991) made a 

simplifications on discreet element method to analyze an aggregate of particles instead of an 

equation of motion formulated for each particles derived from the theoretical analysis of granular 

matter originated by Cundall and Otto (1979). Flow situation on irregular slopes and numerical 

simulations of the behavior and impact pressure when a debris flow collides with a vertical wall 

was also investigated by Hakuno& Uchida (1991). 

Due to the complexity and constitute ranges between clays and boulders, such simplifications have 

limitations in fully describing the natural debris flow phenomenon. A another simplification  a 

complex 3D problem into a 1D numerical model for unsteady flow called DAN (Dynamic 

ANalysis) was formulated  for modelling post failures ( Hungr 1995). The models has some ability 

to simulate actual behavior in a number of configurations and for varying material properties. 
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However, the model can only be used for cases where the rheology is constant and known in 

advance due to the model basis on a generalized rheological kernel which needs to be calibrated 

for a particular landslide type. 

Another approach with a relatively detailed flow behavior based on depth-averaged model 

equations and an advanced numerical integration scheme making use of a Lagrangian 

representation (i.e. the grid moves with the deforming pile) was proposed by Koch et al (1994). 

The numerical solutions based on a Finite Difference Method (FDM) representation was found 

fitting with the experimental data surprisingly well with restriction of limited ability to determine 

time series of complete contour plots of the evolving topographies.  

Several simulation code including FLO-2D solves the equations using FDM on a fixed rectangular 

grid. The FLO-2D computer model was developed at the Colorado State University.  It is a grid-

based physical process model capable calculating depth, velocities and pressures at any time on 

any grid-cell and its grid-based input and output structure favors to combine with a Geographical 

Information Systems (GIS) application.  However, the application of the FLO-2D mode1 requires 

high quality input data, especially of a DEM and of rheological parameters of the debris flow 

material (Hübl and Steinwendtner 2001). Moreover, constructing a regular grid for irregular or 

complex geometry usually requires additional complex mathematical transformation that can be 

more expensive than solving the problem itself (Liu and Liu, 2003). 

An extension of a Savage & Hutter theory to a 2D depth-integrated for a gravity-driven free-

surface flow was proposed by Pudasaini and Hutter (2003). This formulation of depth-averaged 

avalanche model gave an advantage of flexibility of application and was found to be suited to 

realistic situations in connection with the use of Geographical Information and Visualization 

Systems (GIVS). 

We have been developing a numerical method called depth-integrated particle method (DIPM) 

with a simple constitutive model (Hoang et al. 2009, Nakata and Matsushima 2014) that is able to 

use of the GIS from which a topographic information can be available. The model resemble with 

DAN analysis in the prediction of the mass movement and a definition of a typical values for 

mechanical parameters. When a mixture of various sizes of sediment (from clay to boulders), water 

and air, down a steep slope, are deformed in the presence of a gravitational field, segregation or 

grading of the particles can occur and particles having the same or similar properties tend to collect 
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together Hutter et al (1994). And hence it follows that theoretical concepts not incorporating any 

one of these cannot describe particle segregations.  

DIPM deals with the equation of motion of soil columns as individual ‘particles’ that are subjected 

to bottom shear friction computed from modified Manning’s formula and particle-to-particle 

interaction formulated from their hydraulic gradient. Accordingly, the material parameters 

governing the flow behavior are only two: the Manning’s coefficient, n, and the critical slope 

angle, θcr. This procedure with a limited number of the material parameters governing the flow 

behavior made the DIPM to be capable of reproducing a natural flow phenomenon at a satisfactory 

level with a relatively high computational efficiency.  

3 Evaluation and modification of freely available DTM 

3.1 Evaluation of ALOS 30-m mesh size DTM 

The accuracy of the DTM (Digital Terrain Model) considerably affects the evaluation result of 

debris flow inundated area. 20 years ago, DTMs having a global coverage were available in a 1km 

resolution like GTOPO-30 (Global Topography in 30 arc-sec) and GLOBE (The Global Land 

1km- Base Elevation Project). Recently, more advanced global DTMs with better resolutions have 

become available free of charge, such as the Shuttle Radar Topography Mission (SRTM) (version 

4, C-Band DEM of 3 arc-second, 90-m resolution) and the Advanced Spaceborne Thermal 

Emission and Reflection Radiometer (ASTER) (version 2, 30 m resolution) DTMs. Apart from 

these freely available sources, commercial DTMs with much higher resolution based on stereo-

images from a number of satellites (IKONOS, SPOT, ASTER sensors) are also available. 

Recently Japan Aerospace eXploration Agency (JAXA) has published the elevation data set (5-

meter mesh version) of the “World 3D Topographic Data” based on the images acquired by 

Advanced Land Observation Satellites (ALOS) operation, and its less accurate 30-meter mesh 

version is freely available for the entire globe (ALOS Global Digital Surface Model, 2019). 

Another freely available DTM was also derived from Google earth application by extracting 

elevation values using free software called TCX converter. A Keyhole Markup Language (KML) 

extension file of random points were collected by drawing paths on the google earth map of the 

research area. Then, elevation values for these random locations were found through internet 
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connection. The longitude and latitude values in the degree decimal were changed into Universal 

Transverse Mercator (UTM) meter values using zone 37 northern hemisphere used for central 

Ethiopia via GIS applications.  

3.1.1 Spatial interpolation methods 

We use interpolation methods to obtain elevation values at the desired interval values. The 

commercial ALOS DTM was obtained at 10 meter intervals from the providing sources. The 

ALOS 30-m mesh and the randomly collected google earth DTMs were changed into 10-m mesh 

size using natural neighbor algorithm in the Grass GIS invironment. Natural neighbor interpolation 

algorithm calculates the point value depending on the neighbour points. Similar to the Inverse 

Distnace Weighting (IDW) technique this algorithm also gives a higher weight to the nearset point 

and then the weight decreases as the distance increases (Ochoa et al 2019). 

Equation (3-1) shows the estimation of elevation value (Zx,y) at the point (x,y) from the elevation 

values of 30 meter and random intervals at the location i(xi, yi, zi ) 

𝑍𝑥,𝑦 = ∑ 𝑤𝑖

𝑛

𝑖=1

𝑍(𝑠𝑖)                                                                                             3-1 

Where, 𝑍𝑥,𝑦 is the estimate of the elevation at the point (x, y),       𝑤𝑖  is a weight that determines 

the relative importance of point Z,   𝑍(𝑠𝑖) is the measured value at the location si(xi, yi)  and n is 

the number of points. 

The two freely available DTMs namely, ALOS 30m and Google earth DTM were evaluted against  

the ALOS commerial source DTM. We use frequency of elevation values, the contour map for 

each DTM and the cross sectional sectional view  along selected profiles to evalutae the DTMs.  

3.1.2 Results and discusions 

In order to compare the accuracy of these DTMs, we took a 10 km by 10 km region in Ankober 

area in the central Ethiopia as an example. It is located at the margin of the Ethiopian Main Rift 

(EMR) and includes the highly mountains terrains (about 3,400 m above sea level) in the west part 

as well as the lower lands (about 1,400 m above sea level) in the east part. 
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Figure 8 shows the frequency and contour lines of the elevation values on the ALOS freely and 

commercially available as well as the google earth DTM. Figure 7 shows the cross-sectional view 

at some selected profiles of the three digital terrain models. There are 333 lines in the 100 square 

kilometer study area using 30m equal intervals.  Four cross sectional views at line 1, line 111 line 

222 and 333 were selected to make comparisons.  

The terrain discretization and smoothening effects of a DTM is evident in frequency distributions 

and contour line spacing. The highly varying frequency distribution on DTM derived from the 

google earth application shows the effect of terrain smoothening and this causes in a loss of 

topographic details. It is clearly seen from the figures that the free and commercial ALOS DTMs 

show more or less similar values in this scale, whereas the google earth DTM whose mesh size is 

30 m (same as free ALOS DTM) has much smoother topography particularly in the highland 

rugged places. The differences are more than 100 m in some places. 

The similarity of cross-sectional views at a longer profiles shows the equivalence of the resolution 

of the DTM on regional level. However for a local area investigation the resolution of the DTMs 

need to be checked at a closer view up at some selected places. At a closer view (Figure 9) it was 

found that free ALOS DTM has some local flat planes probably because of the process of accuracy 

reduction This artefact affects the evaluation of local slope inclination from which the force acting 

on a numerical soil column is computed (in chapter 4). In order to avoid this effect, we adopt a 

simple adjacent 

average smoothing by 

adding points along 

the points so that the 

model fits a smooth 

function along the 

path. Figure 9 includes 

an example of the 

topography after 

smoothing, which is 

free from the jaggy 
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Figure 9 example of close-up data of three different DTMs and the 

smoothed ALOS free data in Ankober area. 
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artefact while, most of the important (large-scale) topographic details were preserved. 

3.2 Conclusions of the evaluation of ALOS 30m DTM 

We made comparison of the DTMs considering that the commercial ALOS has a better 

morphological representation of the study area and we made evaluation of the freely available 

DTMs in their topographical representation of the of the study area. From these two sources the 

ALOS 30m mesh was the best at representing the topography both in mountainous and in flat area. 

Interpolations of the DEMs down to 10 meter mesh and the reduction of the accuracy introduce a 

local flatness and some artefacts in the freely available sources. We made adjacent average 

smoothing to eliminate these problems. 

3.3 Evaluation of ALOS 12.5m DTM 

A relatively smaller mesh size Digital Terrain Model (DTM) at 12.5m mesh size was obtained 

from ALOS Phase Array type L-band Synthetic Aperture Radar (PALSAR) developed by Alaska 

Satellite Facility (ASF) which is part of University of Alaska Fairbanks (Alaska Satellite Facility, 

2015) (Alahmadi 2018). We made evaluation of the ALOS 12.5 mesh size DTM using a high 

Hofu city 

Japan 

Figure 10 satellite image of ALOS 12.5-m and ALOS 30-m mesh evaluation area (white polygon) 

Around Hofu city, Japan. 
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resolution airborne survey DTM with 1m mesh size was obtained from Yamaguchi Office of River 

and National Highway in Chugoku Regional Development Bureau u, MLIT (Yamashita et al 2017) 

for the study area around Hofu city in Japan (Figure 10).  

3.3.1 Evaluation of the resolution of ALOS 12.5m and ALOS 30m DTM without interpolations 

Space-borne earth-observation sensors provide new perspectives in DTM generation for virtually 

any location on earth (Huggel et al 2008). However, the potential capability and the limitations of 

these sources for wide area slope disaster risk evaluations need to be evaluated. The travel distance 

and the delineation of the distal hazard zoning the numerical model result are strongly affected the 

digital representation of the drainage channel and valley cross-section of by DTM.  

We prepared the DTM of the study area from the three sources without making interpolations. 

Figure 11 and Figure 12 show the frequency and contour lines of the elevation values on the ALOS 

30m and ALOS 12.5m as well as airborne surveyed 1m mesh DTM.  The  frequency distribution 

map of ALOS 12.5m mesh DTM shows a high frequency value for the values between 100 and 

Figure 11 contour map (above) and frequency distribution (below) of the elevation values on the 

ALOS 30m (left) and airborne survey (right ) DTMs around Hofu city in Japan. 
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200 meter elevation value and then decreases as the elevation value increases which is similar to 

the airborne survey DTM.  

The contour line distribution of the both of the freely available DTMs differ from the airborne 

survey DTM. The lower (40m) and higher (440m) contour value of ALOS 30-m show a similar 

range to the airborne survey DTM. Whereas, the ALOS 12.5m show a 20-m higher value in both 

lower and higher places. Next we compared using a cross-sectional view at a selected profile as 

shown in the Figure 11 and Figure 12.  

ALOS 12.5m DTM showed better similarity to the airborne survey DTM compared to the ALOS 

30m mesh DTM both in the medium and low elevation area. At higher altitude values ALOS 30m 

showed near to airborne survey DTM. We made also a comparison of the DTM from the three 

sources by preparing slope classes and frequency distribution map of the DTM Figure 13. 

Figure 12 contour map (above) and frequency distribution (below) of the elevation values on the 

airborne survey (left) and ALOS 12.5m (right) DTMs around Hofu city in Japan. 

Airborne 

survey 1m ALOS 12.5m 
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The distribution of the local slope inclination of at each location determines the computation of 

the force acting on a numerical soil column. The slope distribution map from airborne survey 1m 

mesh DTM show high value of magnitude up 76 degree slope value and depicts the morphological 

features at a high resolution. It can be seen that ALOS 12.5m DTM showed a result close to this 

both in terms of the frequency distribution and slope magnitude compared to the ALOS 30m. 

Figure 14 shows the cross-sectional view at some selected profiles of the three digital terrain 

models without making interpolations. It can be seen a similarity in the distribution of elevation 

values between   the ALOS 12.5-m and the airborne survey DTM. Whereas the ALOS 30-m DTM 

differs considerably. Generally, it was found that ALOS 12.5m had shown a better improvement 

compared to ALOS 30m DTM.  

ALOS 

30m 
Airborne 

survey 1m 
ALOS 

12.5m 

Figure 13 slope distribution map (above) and frequency distribution (below) of the slope values showing 

the resolution of the three different DTM. 
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3.3.2 Evaluation of the sensitivity numerical simulations to the topographic input  

Numerical models are sensitive to the resolutions of the topographic input. All other numerical 

parameters being equal, the rougher the resolutions, the higher the simulated momentum losses 

and the shorter the modelled runout distance (McDougall 2016). The accuracy of numerical 

simulating models depends on two factors, the nature and veracity of the flow model itself, and 

the accuracy of the topographic data set over which it is run (Stevens et al 2003).The effect of 

difference in the accuracy, quality, and spatial resolution of a DTM from different sources has not 

yet been investigated sufficiently. Huggel et al. (2008) compared numerical simulation results 

from two different remote sensing derived DTMs of 30–90 m grid size. In this section we evaluate 

Figure 15 high resolution slope map and distribution of shallow landslides in Yahazuga-dake area from 

(Yamashita et al 2017) (left); distribution of the debris movement map (red polygons) from (Wakatsuki 

et al 2010) (right). 

                            100                             200                                  300                                     400                                500                                                                                                                   

X (m)    

Figure 14 cross-sectional view of the three DTMs along a selected profile. 
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the effect of varying in the resolutions of the DTMs between the freely available and the airborne 

survey high resolution source. 

In order to do the evaluation, we use a high resolution slope map and distribution of shallow 

landslides in the Yahazuga-dake area near by Hofu city (left side of Figure 15) obtained from 

Yamaguchi Office of River and National Highway in Chugoku Regional Development Bureau, 

MLIT (Yamashita et al 2017).  And a distribution of the debris movement map (debris flow 

affected area) (outlined by red polygons) was obtained from interpretation of aerial photograph by 

(Wakatsuki et al 2010). The former show the damaged area due to shallow landslides at higher 

resolutions and the later display the total damaged area due to both failure of slope and mass flows 

inundations in a local of 1470m east west length and 1350m north-south width. 

We combine these two available maps of 

observed damaged area from two sources as 

shown in (Figure 16). The red polygons 

represent distribution of soil movement map 

and the black polygons represent detected 

shallow landslides areas. Interpretations of 

aerial photographs have been used to map 

geomorphological features associated with 

the mass movements such as scarps, 

counterscarps, trenches, debris flows, rock 

falls and debris fans (Strozzi et al 2013).  

Shallow landslide areas were detected from 

more than 1m surface lowering between 

DTMs in 2005 and those in 2009 (Yamashita et al 2017).  

It can be seen that a substantial amount of identified shallow landslide area coincides with the 

initiation area of the soil movement distributions map obtained from interpretation of aerial 

photographs. 

Figure 16 identified shallow landslide area (in black) 

and debris movement distribution map (in red). 
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The two broadly different DTM with grid spacing of 12.5m (from ALOS 12.5m DTM) and a 1m 

mesh size high resolution DTM from airborne survey were used to make a replication of the 

observed affected area.   

Figure 17 shows 

distributions of 

slope angle values 

in the study area 

obtained from 1m 

and 12.5m mesh 

size DTM sources. 

At higher 

resolutions and at 

smaller value of the mesh size the counts of each slope angles and the magnitude of slopes in the 

study area remain to be higher compared to a lower resolution DTM. A higher magnitude up to 70 

degree and large number of frequency distributions of each slope value can be seen in the case of 

a 1m mesh size compared to the a 12.5m mesh size  ALOS DTM. In order to obtain a similar 

frequency distributions of slope angles on both DTM sources we apply a natural neighbor 

algorithm on both of the DTM sources to change into a 2-m meter intervals.  

 Figure 18 shows distributions of slope values at 2m mesh size from both the airborne survey and 

ALOS source. A similar frequency distributions can be seen in both cases. It can be seen also when 

the mesh size become at equal intervals the difference in the ranges of the magnitudes of slopes 

from both sources becomes narrower through an increase in the magnitude of slopes on ALOS 

DTM and a decrease 

in the values of 

slopes in the case of 

airborne survey 

DTM.  

Figure 17 distribution of slope angle values obtained from 1m and 12.5m mesh 

size ALOS and airborne survey DTM sources. 

Figure 18 distributions of slope values at 2m mesh size from the airborne 

survey and ALOS source. 
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Figure 19 shows the distribution of the slope angle values 

of the actual shallow landslide area shown in black dots in 

the figure 15 obtained using 2m mesh size airborne survey 

DTM. A higher frequency of values can be seen for slope 

angle values between 35 and 40 degree. The average value 

the slope angle distribution was found to be 36.78 degree 

which quite agree with the estimated value of 34-36 

degree value obtained by Yamashita et al (2017).   We 

used 47 degree as parameter for the numerical model to 

estimate the initial slope failure area on the airborne 

survey DTM and we used 38 and 44 degree slope angle 

values on the ALOS DTM. 

Unlike other numerous the commercially available and noncommercial numerical simulation 

models that require several input parameters 

such as: the volume failure mass, the path 

profile and geometry of the sediment 

properties, the model employed here did not 

necessitate many of the input parameters 

obtained from the in situ records of the 

affected area. 

Figure 20 shows simulated result of flow area 

in darker yellow and the initial failure zone in 

blue polygons obtained using a DTM from 

the airborne survey. We set a manning’s 

coefficient value of 0.08, a critical deposition 

angle of 3 degree and a critical slope failure 

angle of 47 degree.   

Figure 21 shows simulated result in darker 

yellow and the initial failure zone in blue 

polygons obtained using a DTM from ALOS 

Figure 20 comparison of simulated and observed 

damaged area obtained from the model run using 

airborne survey DTM using Manning’s coefficient, 

n=0.08, critical deposition angle,𝜃𝑐𝑟 =

3𝑜𝑎𝑛𝑑 𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑓𝑎𝑖𝑙𝑢𝑟𝑒 𝑎𝑛𝑔𝑙𝑒, 𝜃𝑓 = 47𝑜.   

Debris movement Shallow landslide  

Predicted initial 

failure area  

Predicted debris 

movement  

Figure 19 distribution of the slope 

angle values of the actual shallow 

landslide area shown in black dots in 

the figure 16 obtained using 2m mesh 

size airborne survey DTM. 
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12.5m source. The left side show a simulation result obtained using a manning’s coefficient value 

of 0.08, a critical deposition angle of 3 degree and a critical slope failure angle of 38 degree. And 

the right side show a simulation result obtained using a manning’s coefficient value of 0.13, a 

critical deposition angle of 3 degree and a critical slope failure angle of 44 degree. 

The simulation results were obtained using the material parameters of the model through selection 

of the best match between the simulation results and the observations results of previous studies. 

The model is capable of reasonably reproducing the depositional patterns through calibration of 

the parameters using an observed inundated area from the maps of previous studies. Such 

capability of the model parameters to be calibrated using data from the previous studies is the 

elegancy of the model to be applicable in all places in the world where the sediment concentration 

of the debris flows and the rheology of the complete mixture may not be readily available. 

Calibrations of the material parameters of the numerical model was done using the comparison of 

the observed and simulated results and it was found dependent on the resolutions of the DTM used 

to make the simulation results. In the case of using the high resolution airborne survey DTM, the 

material parameters values of (n=0.08, θcr = 3o) were found to be able to make a good replications 

of the actual event in the total area of the study area.   

Figure 21 Simulated damaged area obtained from ALOS 12.5m source DTM. The left side show 

simulations based on: Manning’s coefficient, n=0.08, critical deposition angle, 𝜃𝑐𝑟 =

3𝑜𝑎𝑛𝑑 𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑓𝑎𝑖𝑙𝑢𝑟𝑒 𝑎𝑛𝑔𝑙𝑒, 𝜃𝑓 = 38𝑜.  And the right side show simulations based on: Manning’s 

coefficient, n=0.13, critical deposition angle, 𝜃𝑐𝑟 = 3𝑜𝑎𝑛𝑑 𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑓𝑎𝑖𝑙𝑢𝑟𝑒 𝑎𝑛𝑔𝑙𝑒, 𝜃𝑓 = 44𝑜 
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In the case of using ALOS 12.5m DTM, the material parameters values of (n=0.08,  θcr = 3o) a 

critical failure angle of 38 degree were able to make a good replications of the actual event in the 

western and northwestern side of the study area. Whereas for the southeastern side of the area a 

material parameters of (n=0.13, θcr = 3o) and a critical failure angle of 44 degree was found to 

best fit the actual event. 

It can be seen that though there is only a small overlaps between the locations of the initial failure 

zone of simulation result found using the model run with the DTM from airborne survey with the 

locations of shallow landslides identified by Watatsuki et al 2010. Moreover, it can be seen that 

the initial slope failure area identified by the simulation results remains in the vicinity of the 

locations of the shallow landslides.  And most of the simulations of flow inundations quite agree 

with the soil movement distribution map obtained by aerial photographs. However, in the case of 

the result obtained by the model run using the DTM from the ALOS 12.5m source there exists a 

significance difference in both the location and the extent of the initial failure zones of the flows. 

Moreover, the flow simulations found using a manning’s coefficient value of 0.08, a critical 

deposition angle of 3 degree and a critical slope failure angle of 38 degree show a significant 

deviation with observed results in the south western part of the study area. We adjusted the 

manning’s coefficient to 0.13 and the critical failure angle to 44 degree and the result was in a 

better agreement with observation results.  

Generally, the debris-flow affected area considered  here for a comparison of the effect of DTM 

resolutions  comprise several main and secondary surges in a total area about 2 square kilometers. 

The results of the model runs using the two DTMs can be compared on the basis of identifying 

each surge of the debris flow and on the basis of an agreement in the depositional patterns with 

observations. The result of the model run with airborne survey DTM covers most of the flows with 

appropriate bending of the channel. Whereas in the case the result obtained with the run using 

freely available DTM the number of surges and the pattern of deposition considerable differ. 

Identifying each surge and accurately capturing the curved surfaces remain crucial because of  the 

variation of flow dynamics at such locations due to  the occurrence of  transverse shearing and 

cross-stream momentum transport when the topography obstructs or redirects the surge of debris 

masses. Extra longer estimation of initiation area of the flowing mass was observed on both cases.   
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In the case of freely available DTM most of channel are not modeled with the highest accuracy. 

Moreover, result of model run using freely available DTM show overestimations of flow 

spreading’s and were not also able to correctly identify a large area of flow surges. Local artifact 

observed slope inclinations on ALOS 30m mesh DTM was not observed on ALOS 12.5 and hence 

it did not required to apply smoothening with adjacent interval points. However yet, apart wide 

area risk evaluations, for such a local area investigations with short runout distance debris flow 

and a total area having less than a one and half kilometer length and width, the freely available 

source DTM can be limited only to give an approximate overview about the area of inundation 

and can serve also as a first estimates of the areas potentially affected by mass flows. In this a local 

area investigation, the total run out distance until the final deposition area of  the main surges were 

not include in the area considered here. The result found by the runs of both DTM can be improved 

by accounting each surges of the mass flows down until the observed deposition areas.  

Though the results found using the DTM from the airborne survey was more accurate in modeling 

both the bending and sinuosity of channels as well as the extent and the flow dispersion spans 

similar to the high resolution results of shallow landslides and the distribution of the debris 

movement map. Yet it can be seen that errors in the representation of the topography affects the 

local flows and the resulting depositional pattern. The results also showed how far a detailed spatial 

resolution of the channel and fan topography improves the model results (Rickenmann et al 2006).  

Nevertheless, yet due to factors such as highly dynamic active debris-flow channels and fans or 

uncertainties related to landslide and debris-flow initiation conditions, it is important to emphasize 

that even with high resolution DEMs the model results cannot give an absolute safety in prediction 

of risks in such hazard events. However, the contributions the results from both cases of DTM 

sources, in providing a support for identifying vulnerable areas, planning measures, and taking 

related decisions cannot be under estimated (Stolz and Huggel 2008). 

3.4 Summary of the evaluation and modification of the freely available DTM 

We compared the resolutions of the ALOS 30-m, ALOS 12.5-m and the google earth freely 

available DTM sources against a commercial available ALOS 10-m mesh and airborne survey 

DTM in their performance both in the representation of a realistic way of the topography and in 

the ability to make a replication of actual events in the numerical simulation models. Frequency 

and contour lines of the elevation values and the cross-sectional view at some selected profiles 
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were employed to compare the resolution of the DTM in representation of the topography. 

Regarding ALOS 30m DTM a local flatness artifacts were found which were corrected using 

smoothening of adjacent nodes.  

Regarding ALOS 12.5m DTM, it was seen that the terrain correction made by Alaska Satellite 

Facility enhanced its resolution and hence we made comparison with a high resolution airborne 

survey DTM in its ability in reproducing actual events using the numerical models. The results of 

the model runs using the two DTMs was compared on the basis of identifying each surge of the 

debris flow and on the basis of an agreement in the depositional patterns with observations. The 

result of the model run with airborne survey DTM covers most of the flows with appropriate 

bending of the channel. Whereas in the case the result obtained with the run using freely available 

DTM the number of surges and the pattern of deposition considerable differ.  

The comparison was made on a selected local area about 2 square kilometers and result showed 

that for such a local area investigations with short runout distance of a debris flow and a total area 

having less than a one and half kilometer length and width, the performance this DTM can be 

limited only to give an approximate overview about the area of inundation and can serve also as a 

first estimates of the areas potentially affected by mass flows. A comparison of numerical 

simulation results from two different remote sensing derived DTMs of 30–90 m grid size made by  

Huggel et al. (2008) showed  that the total travel distance of the debris flow modeled differs by as 

much as 15– 20% according to the DTM used. 

However, for a wide areas investigation, with a deep-seated slope failure that usually happen in 

many places of Ethiopia, having several kilometers width and lengths, the DTM from ALOS 30-

m after a correction of the local flatness and from ALOS 12.5-m without need of correction was 

found to be used in the evaluation of landslide risks. Wide area landslides have a longer runout 

distance (having several tens of meters) and they commonly travel at a higher velocity (in the order 

of tens m/s) hence causes severe damages (Devoli et al. 2008; Hungr et al. 2001; Pastor et al. 

2008). 
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4 Overview of DIPM 

4.1 Introductions to numerical models 

Following an idealization of the physical reality of the problem with a mathematical model through 

sets of governing equations, there comes a need for solutions of the governing equations. 

Numerical solutions are important because they provide more information about solutions of the 

equations, particularly about a landslide intensity parameters, such as velocities and depths of the 

flows.  

In the past, the numerical solution of the governing equations has usually been achieved by the 

finite difference Method (FDM), where the resulting flow patterns have been shown to correspond, 

within acceptable tolerances, to experimental results (Cheng 1970). In FDM approach, a 

continuous problem domain is discretized so that the dependent variables are considered to exist 

only at discrete points. Then derivatives are approximated by differences resulting in an algebraic 

representation of the partial differential equations (PDE), written in the strong form, using the 

Taylor expansion to approximate the spatial dimension of the PDEs into ordinary differential 

equations (ODE) in time.  The ODEs can then be solved by powerful ODEs methods such as the 

Runge-Kutta method.  

In FDM errors from the discretization, the stability conditions of the solutions and the effect of the 

gird size are required to be considered in order the solution obtained can be a good approximation 

to the exact solution of the original PDE (Imamura 1996). The accuracy of the method increases 

as the grid size  and the time step approach  to zero but  by  using  higher  order  of approximations 

impose  an  increases in the computation  time as well. Using large time steps helps also to increase 

the simulation speed in practice. However, too large time steps creates instabilities and affect the 

data quality (Hoffman and Frankel (2001) and Jaluria and Atluri (1994)). Although, it is possible 

to write most specific FDM as Petrov-Galerkin finite element methods (FEM) with some choice 

of local reconstruction and quadrature (Griffiths and Lorenz 1978), there is no Galerkin 

orthogonality, and hence convergence may be more difficult to prove. Moreover, in FDM the 

solution is only defined pointwise, so reconstruction at arbitrary locations is not uniquely defined. 

Generally, FDM is well suited for the numerical simulation of various types of conservation laws 

and it can be used on arbitrary geometries using structured or unstructured meshes. Furthermore, 
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it can be extended to arbitrarily high order of accuracy in many ways. However, it uses a 

topological square network of lines to construct the discretization of the PDE. This is a potential 

bottleneck of the method when handling complex geometries in multiple dimensions. This issue 

motivated the use of an integral form of the PDEs and subsequently the development of the Finite 

Element Method (FEM) and finite volume Method (FVM) (Peiró et al 2005). 

In a FVM, the numerical solutions of the equations are written in a form which can be solved for 

a given finite volume and then for every volume the governing equations are solved. The basic 

advantage of this method over FDM is it does not require the use of structured grids, and the effort 

to convert the given mesh in to structured numerical grid internally is completely avoided. 

However, as with FDM, the resulting approximate solution is a discrete, but unlike the FDM the 

variables are typically placed at the centers of each volume rather than at nodal points. Thus FVM 

are generally expected to provide better conservation properties but like FDM they provide discrete 

solutions not a continuous (up to a point) solution which can be obtained in FEM. 

In FEM the computational domain is divided into smaller domains (finite elements) and the 

solution in each element is constructed from the basis or test functions. Then the PDE equations 

that are solved are obtained by restating the conservation equations in weak form by multiplying 

with an appropriate test functions, and then integrated over an element. Since the FEM solution is 

in terms of specific basis functions, a great deal of information can be known about the solution 

than for either FDM or FVM. Moreover the accuracy of the result can be improved by constructing 

meshes of the computational domain with proper sizes and shapes. However, in all the three of 

methods, the problem spatial domain is discretized into meshes named as elements in FEM, grids 

in FDM and volumes in FVM. Such discretization of the spatial domain of the problem into meshes 

impose difficulties in handling problems related to mesh distortions.  Moreover, the construction 

of adequate meshes for problems with complicated boundary conditions turns to be a tough issue 

which limit their application for problems involving large deformations in the field of geotechnics. 

To surpass this problem mesh free methods have been implemented. 

The mesh free methods establish a system of algebraic equations for the problem domain without 

the use of meshes but uses instead a set of local nodes scattered within the problem domain and its 

boundaries. The field functions are then approximated locally using these nodes. There are a 

number of mesh free methods that use such local nodes for approximations (Liu 2009). Among 
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them the longest established and has matured compared with other meshless methods is the smooth 

particle hydrodynamics (SPH).  It was originally developed in the 1970s for the simulation of 

astrophysical phenomena (Lucy 1977; Gingold and Monaghan 1977). In this approach, the field 

variables such as mass, density, stress tensor, etc., are divided up into a collection of so-called 

“smooth particles”.  

Unlike Eulerian approach (fixed frame of reference) SPH is a purely based on a Lagrangian 

approach (moving frame of reference) in which particles carry field variables and move with the 

material velocity. Due to its Lagrangian formulation SPH has advantages in handling a large 

deformation compared to other grid-based numerical methods. And its adaptive nature allows to 

handle complex geometries without any difficulties.  

Nevertheless, almost all of the theory in fluid dynamics is developed in Eulerian or field form. In 

Eulerian descriptions the frame of reference is fixed in space and the particles move with respect 

to the grid. Therefore remeshing procedure are avoided making this formulation suitable for fluid 

or large deformation solid problems. However, this formulation suffers an advective term due to a 

relative motion between the particles and the mesh points which introduce a numerical difficulties 

that requires an implementation of a suitable numerical stabilization techniques.   

The Reynolds Transport Theorem had been used to transform the Eulerian description into field 

coordinates. This involves to deal with the material derivative that relates the time rate of the 

changes observed by following a moving particle D( )/Dt to the time rate of changes observed at a 

fixed position ∂( )/∂t  and the advective rate of changes in field coordinates V · ∇( ).  This term 

represents the transport of fluid properties at a definite rate and direction and it is nonlinear which 

involves a product of an unknown velocity and the first partial derivative of a field variable and so 

the wide array of methods that are available to solve linear PDEs will not be applicable. We 

avoided this via replacing the continuum formulations by an interactions of particle as used in 

Molecular Dynamics (Alder and Wainwright 1959) and Discrete Element Method (Cundall and 

Strack 1979). 

This simple depth-integrated particle method (DIPM) is a simplification of an SPH (Hoang et al. 

2009, Nakata and Matsushima 2014, Zhang and Matsushima 2016). In this approach, the field 

variables are divided up into a collection of particles similar to an SPH but unlike SPH it does not 

suffer to require a sufficient number of particles in the smoothening domain to achieve a reasonable 
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accuracy of computations.  Moreover, the weighted average of variables that are connected to the 

second order derivative of the smoothing function were not to consider here, to avoid numerical 

problems such as the tensile instability. In other words, we use a set of equations on a discrete 

system instead of the continuum equations. This approach helps a computational efficiency but it 

has strong dependence on the size of the particles which is a function of the mesh size of the terrain 

model that represent the region of interest. 

The set of equations are constructed by superposition of the particles. Hence as each particle 

moves, it pushes on all of its neighbors, so that in areas with a denser concentration of particles, 

the flow depth and depth gradients will be greater and, in general, so will the spreading forces. A 

major advantage of this method is that the particles are free to split apart from each other to move 

around obstacles in the path without causing mesh distortion problems (McDougal 2016). 

The model is based on the continuity and Navier-Stokes equations solve on a grid of networks 

obtained from the digital elevation model constructed using Grass GIS open source application 

software. The Grass GIS environment provides a uniform grid system to describe complex 

topography though a raster grid. The continuity and momentum equations are solved numerically 

and the soil-water mixture are considered as particles or columns moving in a Lagrangian 

coordination. It’s suitable for the simulation a wide area risk evaluations (Nakata et al., 2014, 

Zhang et al, 2016). The code is written in a FORTRAN programming language and has a graphical 

user interface. The flowing sections shows the procedures used in the numerical method  

1. Start  

2. Reading topographic data  

3. Step 1: generation of debris sources  

4. Slope failure judgment and put particles on the slope failure position and judgment of the 

deposition angle  

5. Step 2: simulation of debris flow  

6. Use the position information of debris sources  

7. Loop for each particle calculation steps  

8. Loop for neighboring particles  

9. Inter-particle distance judgment: if larger the maximum influence distance, go to (15)  

10.  Calculation of hydraulic pressure  
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11.  Next neighboring particle: go to (8)  

12. Next particle: go to (7)  

13.  Calculation of gravitational force and  

14.  Critical slope judgment and calculation of bottom shear stress  

15.  Sum up the total forces  

16.  Solve the equation of motion and obtain the next position of particles  

17.  Next calculation step: go to (11)  

18. Repeat (7)-(16)  

19. Output  

20. End 

It consists of 4 modules:  

 Main module (reading input data file and topographic data). 

 Calculation of topographic slope. 

 Inter-particle distance judgment and calculation of hydraulic pressure. 

 Calculation of bottom shear stress and critical deposition slope judgement. 

The input data contain two categories: 

 The “*.txt” files containing information about the topography. From which the gridded 

mesh points are generated using mesh-generator application. 

 The “*.dat” files containing information about the type of the event, the control parameters 

of the simulation and the material properties.  

4.2 Governing equations 

Shallow water equations are used in computational fluids dynamics when the horizontal 

dimensions are much larger than the vertical length scale. SWE is obtained from depth integration 

of the Navier-Stokes Equations. Navier-Stokes equations can be formulated from the Lagrangian 

form a flow of a continuum, which can be put in vector differential equation as:  

         
𝐷𝑣⃗

𝐷𝑡
= −

𝛻𝝈

𝜌
+ 𝒇                                                                                                              4-1 

Where, v  is the depth-averaged flow velocity, 𝝈(𝜎𝑥, 𝜎𝑦, 𝜎𝑧) is the total stress force acting on the 

‘particle’, ρ is the density the ‘particle ‘assumed to be constant , f contains all of the body forces 
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per unit mass.  Separating the total stress force into ∇P and ∇ · T terms, where ∇P is the pressure 

gradient and ∇ ·T the shear stress tensor then equation (4-1) becomes the general form of the 

Navier–Stokes equation, which can be written as: 

 
𝐷𝑣⃗

𝐷𝑡
= − 

𝛻𝒑

𝜌
−

𝛻. 𝑻

𝜌
+ 𝒈                                                                                                   4-2 

Where, only gravity (g) has been accounted as the body force. 

Changing the total derivative into    
𝐷v⃗⃗⃗

𝐷𝑡
=

𝜕v⃗⃗⃗

𝜕𝑡
+ v⃗⃗. ∇v⃗⃗  the full mathematical model derived from 

mass and momentum conservation on with the z-axis parallel to the gravity is given as: 

             𝛻𝑣⃗ = 0                                                                                                                      4-3      

    𝜌 (
𝜕𝑣⃗

𝜕𝑡
+ 𝑣⃗ .  𝛻𝑣⃗) =  −𝛻𝒑 − 𝛻. 𝑻 + 𝜌𝒈                                                                4-4 

For real world landslides, the vertical scale is usually much smaller than the horizontal scale and 

the above fully three dimensional mathematical equations can be integrated along the vertical axis 

to derive the depth-averaged governing equations. For a one-dimensional problem, the resulting 

governing equations are given as: 

      
𝜕ℎ

𝜕𝑡
+

𝜕ℎ𝑣⃗𝑥

𝜕𝑥
 = 0                                                                                                   4-5 

      𝜌 (
𝜕ℎ𝑣⃗𝑥

𝜕𝑥
+

𝜕ℎ𝑣⃗𝑥
2

𝜕𝑥
+)  = −

𝜕𝜎𝑥𝑥ℎ

𝜕𝑥
− 𝜎𝑥𝑥

𝜕𝑧

𝜕𝑥
]

𝑏𝑒𝑑
+ 𝜎𝑧𝑥]𝑏𝑒𝑑                      4-6 

  𝜎  𝑧𝑧]𝑏𝑒𝑑 = 𝜌𝑔𝑧ℎ +
𝐷𝑣⃗𝑧

𝐷𝑡
                                                                                      4-7 

Where h is depth subscript ‘𝑏𝑒𝑑’ denotes the stresses at the bed (i.e. the earth surface on which the 

landslides move), the bar denotes that the variable is averaged along the depth. From Eq. (4-6) and 

Eq. (4-7), as suggested by Savage and Hutter (Savage & Hutter, 1989). 
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4.3 Constitutive models 

The mathematical equations described in the above sections cannot be used due to the stress and 

strain tensor is still unknown. Therefore, constitutive or rheological models relating the stress and 

strain tensors are needed. The position of each particle from the initiation area to the next position 

was determined after estimation of the balance between the gravitational force, the bottom shear 

stress and the hydraulic pressure gradient. Hence, the depth-integrated balance equation of shallow 

water equation can be written as follows (Pastor et al. 2014):  

 

         
𝐷𝝂̅

𝐷𝑡
= 𝒈 

𝜕(𝛨𝑜 + ℎ)𝑦

𝜕𝑥
+

1

𝜌ℎ

𝜕(ℎ𝝈̅∗)

𝜕𝑥
−

𝝉𝑏

𝜌ℎ
                                                         4-8                

Where v  is the depth-averaged flow velocity of soil column, 0H  

and h  are the base ground and water surface heights, respectively,  
*

σ  is the depth-averaged deviatoric stress, bτ  is the bottom shear 

stress. 

Regarding the first term on the right hand side of Eq. (4-3), 

)/( 0 xH  is the base ground gradient computed from the DEM 

data. The hydraulic gradient )/( xh  is related to the pressure 

gradient as )/(/ xx  hgp  and stands for the force 

exerted per unit area on a surface of the channel due to a column 

of water at a given height. In open-channel flow  it is used to 

determine whether a flow reach had gain or lost energy through the travel paths. In this study it is 

determined by the interaction between the neighboring particles as shown by Figure 22 It is 

computed by the summation of the particle-wise interaction with the neighboring particles as 

follows: 

𝜕𝜬

𝜕𝑥
= −𝜌𝑔

𝜕ℎ

𝜕𝑥
= 𝜌𝑔𝑉𝑜 ∑

12

𝜋𝑅4

𝒙𝒋−𝒙𝒊

𝑟
|𝑟 − 𝑟𝑒𝑓𝑓|            4-9        𝑟 = ‖𝒙𝒋−𝒙𝒊‖                          4-10 

Where effr  is the effective radius. This equation is derived by the quadratic smoothing function 

42 /)(6)( effeff rrrrW   often used in SPH formulation. Since Eq. (4-10) is a linear function of 

particle distance r , hence it is easy to ensure the computational stability. As for the second term 

in eq. (4-3), we neglected the term of 
*

σ  for simplicity. 

Figure 22 scheme of the 

hydraulic pressure. 

https://en.wiktionary.org/wiki/exert
https://en.wikipedia.org/wiki/Open-channel_flow
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The third term in eq. (3-3), bτ  for viscous fluid is usually computed from Manning’s formula 

nIRv /)( 2/13/2  combined with the equation of steady uniform flow hgI b  /  and assuming 

the hydraulic radius hR   as follows: 

 

v

v
τ














 2

3/1

2

v
R

n
gb                                                                4-11 

Where,  is the gradient of the base 

ground, and  is the Manning’s roughness 

coefficient. The values of Manning roughness 

coefficient n shows a variety in the roughness of 

the wetted perimeter of a channel, deposition of 

solid particles and presence of obstructions.  The 

values also controls the yield strength at a given 

channel.  

For soil-water mixture flow in this study, we adopt 

Bingham-like model (as shown in Figure 23) with 

the critical slope gradient,  θcr controls the critical 

shear stress value required to be exceeded before any shear occurs: 

                                             4-12 

                                                                         4-13 

Where m  is a parameter for smoothing Bingham model, and 01.0m  is adopted in this study. 

4.4 Material parameters of the constitutive model 

The mechanism of a slope failure and properties of the flows are complex events. Such events 

consists movement of a mixture of water and solid particles. Lots of rheological parameters are 

required to describe such a phenomenon (Sosio et al 2007). These parameters can be grouped into 

two categories: terrain feature and flow property parameters. The terrain feature parameters 

represents mainly the gradient the slopes that can be obtained from the DTM of the study area.  

xHI  /0

n

v

v
vvτ
















2

3/1

2

R

n
g

m

crb 

crcr Rg  tan

Figure 23 material response of a Bingham like 

fluid under a simple shear flow. 
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The gradient of the slope angle are often used as a parameter for identification of the slope failure 

initiation areas (Dai and Lee 2002) for the reason that the  steeper the slope, the more the risk of 

the slope failure due to the higher shear induced by gravity. Columns of slopes with similar values 

to the slope angle referred as failure slope angle (𝜃𝑓) were used to locate the slope failure area. 

Selections of failure slope angles were made from the steepest existing slope gradients on the DTM 

of the area and we search for exact value of the slope unit depending on the slope failure situation 

of the actual event.  

The deposition angel (𝜃𝑐𝑟) controls the locations of the depositions funs.  Flows may travel up to 

the termination of the flow channels and flood plains or natural or manmade obstructions might 

halt the flows in the middle of the canals. Deposition angles greater than 0 degree is used to 

represent such obstruction objects. Previous disaster surveys show that the deposition angle of 

debris flow ranges from 3 degrees to 15 degrees depending on the material and water contents 

(Hangr et al. 1984, VanDine 1985, Takahashi and Das 1992). Therefore, we can roughly evaluate 

these parameters even though there is no direct data for the material in the regions of interest. 

In the most of the available table of the manning’s coefficient values, the minimum value is 0.025 

and the maximum value is 0.20.  Table 1 shows the typical values of n  for various environments.  

 Table 1  Manning's roughness coefficients for common materials. (Adopted from 

www.engineeringtoolbox.com/mannings-roughness) 

  

5 Validation of the model using case study areas in Japan 

How to calibrate the rheological parameters required to 

describe the mechanism of a slope failure and properties of 

the flows used in the numerical models had been a 

challenge in the past two decades. The question is that, 

how do we validate the input parameter values and use 

them in several wide area slope disaster risk evaluations? 

surface 

Materials 

Earth channels Flood plains 

cobbles weedy gravelly clean farmland Light brush Heavy brush trees 

Manning’s 

(n) 

0.035 0.030 0.025 0.022 0.035 0.050 0.075 0.15 

Simulated  

Observed  

Figure 24 calibration method proposed 

by Galas et al. (2007) 

http://www.engineeringtoolbox.com/mannings-roughness
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According to the opinion of this author, this is needs to be a research focus for scientists and 

practitioners in this area of studies.  

A simple calibration method (Figure 24) proposed by Galas et al (2007) was based on 

maximization of the ration of intersection (purple area) and union (blue + red +purple areas) of 

simulated and observed inundation areas. A perfect fit would correspond to a ratio of 1 (McDougall 

2016).  

Table 2 modified version of calibration of parameters using ratio between 

intersection and union of simulated and observed affected area 

𝜷 =
𝒂

𝒂 + 𝒃
      𝜶 =

𝒂 + 𝒅

𝒂 + 𝒃 + 𝒄 + 𝒅
 Simulation 

Unsafe safe 

Observation unsafe a b 

safe c d 

A modified version of this this method (Table 2 ) was employed to compare between the observed 

and predicted initiation area using visible scarps from satellite images for the case study in Ethiopia 

(the Debre Sina landslide area) where a relatedly extensive extent deep seated  failure of  slopes 

occurred.   

The comparison was made using indices (𝛽 𝑎𝑛𝑑 𝛼 ) to estimate the the ratios beween the simulated 

and observed safe and (unsafe) failure area separately. Another alternative approach is to calibrate 

the input parameter values based on a physical properties of the material using values directly 

measured in the field works or in a laboratory experimentations (Iverson and David 2014). This 

approach is appropriate to assess the velocity of real landslides. However it requires a complex 

constitutive relationships with quite enormous input parameters and it needs use of material 

sampling and testing procedures that incur a significant challenge to be applicable in areas in which 

detailed field works are difficult to do in the areas of every landslide occurrences. Moreover, for a 

wide-area risk evaluation of landslide hazards, it is not a sophisticated and accurate constitutive 

models that are desired, rather a primitive ones with the smallest number of material parameters 

that can be easily identified will benefit a lot.  

We employed an alternative approach, which has been adopted in the majority of previous studies, 

to base on selected numerical parameter on calibrated values obtained through numerical analysis 

of past landslides.  The calibration was done on the comparison of  the agreement between the 

simulation and observation on the basis of identifying the initiation and deposition fan of each 
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surge of the debris flow in the study area. This approach is appelicable for a model with 

unsophisticated rheological parametrs but adequately capablity  of  simulating the  bulk behaviour 

of inundation and the distribution of deposits, which is the main goal in a wide-area risk 

evaluations. In some cases, this approach may also have convenience and cost effectiveness in 

practice because specialized material testing is not required (McDougall 2016).  

Moreover, models that are calibrated in one case study area can also be potentially well-suited to 

another area with a similar geotechnical conditions. There are several ranges of simple rheological 

models that can be used for this purpose. In these models calibration is done by comparing the 

simulation results with observations through adjusting the parameter values by trial-and-error to 

achieve a satisfactory match in terms of the simulated runout distance, deposit distribution, and 

velocities (Hungr 1995). Such an approach will be typically simple when the model has few 

adjustable parameters that dominate different characteristics of the simulation and can therefore 

be adjusted relatively independently of each other. 

Depth integrated particle method model has only  two material parameters: The deposition angel 

(θcr) which  governs the slope angle on which material begins to deposit and the Manning’s 

coefficient (n) that can be calibrated to achieve a satisfactory visual match with the observed 

inundated area. In the following sections we will demonstrate the calibration of these material 

parameters of model using well documented events in selected case study areas in Japan.  

5.1 Case study 1: Calibration of the material parameters for the shallow landslide 

affected area around Hofu city, in Japan 

A calibration of the material parameters of the numerical was done using a case study area 

considered in the section 3.2.2 but here, using a wider region of the affected area which includes 

the deposition fan of the main surges down up to the final places as shown in the  Figure 25. The 

geology of the area is characterized by granodiorites and the vegetation cover of these areas is 

mainly Japanese red pine with ferns densely cover in some parts of the areas (Yamashita et al 

2017).  

We prepare 5 meter mesh size DTM from data obtained at 1m interval using airborne survey. A 

natural neighborhood algorithm interpolation technique in Grass GIS environment was employed 

to obtain elevation values at 5 meter intervals. A wide area extending 2.85 kilometers east-west 

and 2.5 kilometers north south directions was considered to make the numerical method 
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investigations. We apply a 

natural neighbor algorithm on 

1m airborne survey sources to 

find elevation values at 5m 

meter intervals. 

Figure 26 shows the DTM of 

the area. The map shows 

morphological trends with 

high elevation around 460m in 

the southern peripheries and 

decreases down to about 10m 

above sea level in the northern 

side. 

The accuracy of the match in 

both the scale and location of 

the soil movement and the 

DTM map was verified by 

comparing the slope and the 

contour map of the DTM with the soil 

movement distribution map as shown in the 

Figure 27. These maps helps to look at 

morphological features such as drainage 

channels at high resolution level which 

helps to verify the precision of the location 

and size of area before making the 

comparisons to calibrate the material 

parameters. 

Figure 25 soil movement distribution map (red polygons) from 

(Wakatsuki et al 2010) overlaid with shallow landslides identified by 

(Yamashita et al 2017) (in green polygons) around Hofu city. 

 
460 

220 

 10 

Figure 26 digital terrain model of shallow landslide 

affected area after interpolation to 5m mesh from 1m 

interval data obtained through airborne survey. 
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5.1.1 Estimation of the critical slope gradient for dry and saturated soil in the study area.   

Before making the prediction of slope failure location we made evaluation of the stability condition 

of the area using the available records. The critical slope gradient of natural and saturated soil was 

estimated using a simplified version 1D slope formula as shown in equation 5-1 and 5-2 using a 

scheme shown in Figure 28. 

                 𝐹𝑠 =
𝑐+𝛾𝑡1ℎ1 𝑐𝑜𝑠 𝜃 𝑡𝑎𝑛 𝜑

𝛾𝑡1ℎ1 𝑠𝑖𝑛 𝜃
                         Unsaturated                                         5-1        

    𝐹𝑠 =
𝑐′+(𝛾𝑡2−𝛾𝑤)ℎ2 𝑐𝑜𝑠 𝜃 𝑡𝑎𝑛 𝜑′

𝛾𝑡2ℎ2 𝑠𝑖𝑛 𝜃
              Saturated                                     5-2                 

where, θ is the slope angle, ℎ1 and ℎ2 are the failure 

depth and the depth of ground water (ℎ1 < ℎ2), 

respectively, 𝛾𝑡1  and 𝛾𝑡2 are the unsaturated and 

saturated bulk density of the surface soil, 𝛾𝑤 =1.0 

(g/cm3) is the unit weight of water,  and φ are the 

cohesion and the internal friction angle of surface 

soil, respectively, in terms of effective stress.  

'c

Figure 27 comparison of identified morphological features in the soil movement distribution map (left) 

in the slope and contour map of the DTM used in the simulation result (right). 

Figure 28 scheme of simplified 1D slope 

stability safety factor assessment. 
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Using the data describing in Yamashita et al 2017 (soil particle density =2.66 (g/cm3), internal 

friction angle of natural and saturated soil, 𝜑 =46.7° and 44.5°, cohesion of natural and saturated 

soil ,  𝑐′ =8.31 (𝑘𝑃𝑎) ,  𝑐′ =4.55 (𝑘𝑃𝑎), dry and saturated unit volume weight,  𝛾𝑡1=12.53 (𝑘𝑁/

𝑚3) and 17.62 (𝑘𝑁/𝑚3), unit volume weight of water, 𝛾𝑤 =9.8 (𝑘𝑁/𝑚3) and the void ratio=1.08. 

Assuming h =5.0(m), the slope inclination corresponding to is 𝜃𝑓=36.29 (deg.) for ℎ1=0(m) (fully 

saturated), and 𝜃𝑓=59.57 (deg.) (fully unsaturated). However, in the DSM obtained from data using 

airborne survey, the ratio of the number of meshes whose slope angle is more than 49.57(deg.) was 

found to be less than 0.1%. 

Figure 29 shows the location of meshes whose slope angle 𝜃𝑓 exceeds (39, 40 and 41 degree) in 

yellowish gray. The correspondence between predicted failure slope only by slope angle (dark 

yellow area) and the initiation area of each surge from the combination of the two sources are not 

very good, possibly because of the effect of heterogeneous groundwater paths and /or 

heterogeneity of geomaterials. 

5.1.2 Simulating surface flows of a uniformly distributed particles over the entire ranges of the 

region for the Hofu case study area 

Before the calibration of the material parameters of the numerical model, we made a simulation 

the flows of a uniformly distributed raindrops in 10 mesh size intervals all over the study area.  

Figure 30 shows the distribution of the number of particles passing in the respective location of 

the study area using a threshold value of 5 number of meshes. Gray shades indicate greater number 

39o 40o 41o 

Figure 29 subjective visual comparison between predicted slope failure only by slope angle (outlined by 

dark yellow ) and the initiation area of each surge obtained from the combination of the maps obtained 

by (Wakatsuki et al 2010 and Yamashita et al 2017) 
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of raindrops passing in that location which can be interpreted as a greater potential for soil 

saturation or a passage of stream channel in that area. Yellowish gray polygons show location of 

meshes whose slope angle exceeds 40 degree. It can be seen that all the stream channels identified 

as having a greater potential of soil saturation were not inundated by the debris flow event. But all 

the debris flow 

affected derange 

channels 

coincide with 

identified stream 

channels by the 

simulation 

result. 

It can be seen 

that the 

simulation result 

showed a similar 

sinuosity of the 

streams and 

pattern of 

deposition fan 

with the actual 

affected area obtained by interpretation of aerial photographs and those shallow landslides 

identified by Yamashita et al 2017. 

A strong correspondence can be seen also between this simulation results with the deposition fan 

of the main debris flows surges in the study area. However the correspondence between this 

simulations results with the shallow landslide affected area identified by Yamashita et al (outlined 

by green polygon) and the initial slope failure area identified by slope inclination of 40 degree are 

not very good.  

Figure 30 simulated distribution 

of raindrops at the respective 

location in the Hofu area (left); 

intersection of rainfall simulation 

and slope inclination greater 

than 30 degree (right). 

Number of particles  
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The precipitation simulation result also show a difference between the eastern and western part in 

that there were some stream channels of the eastern side in which a debris flow inundations were 

not observed compared to the northwestern and western side of the study area.  This can be an 

indication of the difference in the material properties of the soil mass in the western and eastern 

side of the study area.  

 

Figure 31 shows the simulation result in black and the actual damaged area in red in the left side 

of the figure using the initial slope failure area obtained by intersection of the rainfall simulation 

with threshold value 3 particles and slope failure angle of 30 degree shown in the right side the 

figure. The comparison of the initial slope failure area obtained from Yamashita et al 2017 shown 

in green polygons and the result found using the intersection of the rainfall simulation and the 

slope failure angle did not exactly match. However it can be seen that the simulation result had an 

appropriate initial slope failure area for debris flow surges marked by A, B and C as well as E. 

We made a detail comparison of the initial slope failure area of these surges using several slope 

failure angles in order to calibrate the material parameters of the numerical model. 

5.1.3 Calibration of the material parameters of the model  

Before the calibration the flow parameters of the initial slope failure area is required to be 

identified.  However a user defined assignment of the initial slope failure locations becomes 

No. of particles  

Figure 31 simulated damaged area in black using initial slope failure area obtained by intersection of 

the rainfall simulation with threshold value 3 particles and slope failure angle of 30 degree.   Using 

model run with the Manning’s coefficient, n=0.04, critical deposition angle, 𝜃𝑐𝑟 = 5𝑜   

B 

A 

C 

D D 

E 
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difficult due to the debris flow event involved quite large number of surges. Therefore, delineation 

of initial slope failure area was done using critical slope failure angle. We made a sensitivity 

analysis using some critical slope failure angle values shown in the Figure 32 and Figure 33.  

Similar to the results found from the precipitation simulations  it can be seen from the two figures 

mention above that a critical failure angle of 40 and 41 degree were able to make a good 

replications for main debris flow surges and interments for the debris flow surges marked by A 

and B. But these predictions of the slope failure estimations incur extra area for the debris flow 

surge marked by E.   

 

Figure 32 simulated inundation area (in dark yellow) and initial slope failure area (in blue-black) for 

( 𝜃𝑓 = 40 𝑎𝑛𝑑 41 𝑑𝑒𝑔.). 

Whereas the initial slope failure area predicted by a critical failure angles of 42 and 43 degree was 

found to match the initiation of the surges of the actual debris flow event for the debris flow surge 

marked by E. However, these prediction were unable to reproduce the all the initiation area of the 

surges of the debris flow event for surges marked by A and B.  Therefore, we divide the calibration 

of the material parameters (n and  𝜃𝑐𝑟) for the study area into two parts, separately. We use the 

initiation area predicted using slope inclination value of 40 degree for A and B and 42 degree for 

E. 

 

 

40o 41o 

B 

A 

C 

D D 

E 

B 

A 

C 

D D 

E 
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Figure 33 simulated inundation area (in dark yellow) and initial slope failure area (in blue-black) for 

( 𝜃𝑓 = 42 𝑎𝑛𝑑 43 𝑑𝑒𝑔.). 

Our focus of the calibration is based a visual comparison of the main external aspects of landslide 

behavior such as how far do they travel and how wide do the flow spread in the deposition fan. 

Here, the landslide mass is treated as an “equivalent fluid” and the debris flow material of each 

surge is assumed to be governed by simple constitutive relationships with a limited number of 

adjustable parameters (Hungr 1995). Though this approach is subjective, it is simple to implement 

when the model contains few adjustable parameters that dominate different characteristics of the 

simulation which can be adjusted relatively independently of each other. Such a visual comparison 

approach tends to require more interpretations using a series of model calibration runs. 

42o 43o 

B 

A 

C 

D 
D 

E 

B 

A 

C 

D 
D 

E 
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Figure 34 subjective visual comparison of the sensitivity to the Manning’s value (n) of the simulation 

result using comparison between the simulated and observed  inundation area for (n=0.06 and 0.07 and 

𝜃𝑐𝑟= 0.5 deg.). A critical slope angle value of 40 degree was used to predict the initiation area in the 

western part the study area. 

First we made calibration of the Manning’s coefficient (n) value for debris flow surges marked by 

A and B in the Figure 34 shown above. For these two debris flow surges the initiation area of slope 

failure area was predicted relatively correctly using slope inclination angle of 40 degree. Moreover, 

both the initial slope failure and final deposition of these debris flow lays in the study area. 

For the cases  other two main surges (marked as C and D), it can be seen that, the predicted flow 

of in the flow path marked as C comes from the initiation area match larger than actual slope failure 

area identified by both debris movement distribution map (Watatsuki et al 2010) and (Yamashita 

et al 2017). As to the debris flow surges marked by D (in both eastern and western side of the study 

area) it can be seen from the Figure 35 that the initiation area of these flows happens to be out the 

study area considered for the numerical method analysis. It can be seen also that the deposition fan 

of the smaller debris flow surges in the southern peripheries of the study area remains to be out the 

of the study area considered for the numerical analyses. 

(n=0.06) (n=0.07) 

B 

A 

C 

D 
D 

E 

B 

A 

C 

D 
D 

E 
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The travel path and width in the deposition fan predicted (shown in Figure 34 above) by (n=0.06 

and 0.07 and θcr = 0.5) for the debris flow surge marked A can be seen to be narrower both in the 

initiation area and the deposition fans. Whereas for the case of the surge marked by B it can be 

seen that the predicted result is similar to the actual event identified by the researchers mentioned 

in the previous sections. Therefore, this simulation produces much narrower (lateral) width for the 

case of the surge A and wider width for surge B. It can be seen that the model results are sensitive 

D D 

Figure 35 initial slope failure areas of the debris flow surges marked by D obtained from the soil 

movement distribution map. The area considered for the numerical method analysis is outline by white 

polygon. 
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to both the initial mass discharge and the resistive characteristics of each flow channel 

(characterized here by selection of θf and n values). This effect appears to be depend on the site-

specific field topography (Rickenmann et al 2006). In order to see the sensitivity of the value n, 

we also consider lower n values (0.03) and greater (0.08) than the values mentioned above shown 

in Figure 36 below.   

 

Figure 36 comparison between simulated and observed inundation in the western part of the study area 

for (n=0.03 and 0.08 and 𝜃𝑐𝑟= 0.5 deg.). 

The model results obtained using n value of 0.03 showed much wider (lateral) width for the case 

of both the surges A and B. whereas results obtained using n value of 0.08 showed much narrower 

width for the case of surges. Considering the comparison made using these two main surges of the 

debris flow in the western parts of the study area, it can be said that n values in the range between 

0.04 and 0.07 can be selected to be fitting for the area.  As to the flow surge marked by E, it can 

be seen that for n values mentioned above, the predicted results match bigger lateral width 

compared to the actual affected area. This due to the predicted initiation area was match larger 

than actual slope failure area identified by both debris  movement distribution map (Watatsuki et 

al 2010) and (Yamashita et al 2017). Therefore, for this surge we made a separate analysis using 

the initiation area predicted by using slope inclination value 42 degree.  
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Figure 37 show the result of simulated inundated area using n values 0.06 and 0.07 and critical 

failure deposition angle of 42 and 0.5 degree for debris flow surges marked by E.  For this main 

surge in this part of the study area it can be seen that, the predicted flow obtained using n value of 

0.06 showed a bit wider but the result obtained using n value of 0.07 show a similar width with 

the actual event identified by the researcher mentioned in the previous sections (both soil 

movement distribution map (Watatsuki et al 2010) and (Yamashita et al 2017).In this figure 

(Figure 37) it is visible  to seen that the extra longer flow travel in the prediction for the flow surge 

marked B is due to an extra initiation area in the middle of the study area (outlined by black polygon). 

In this eastern part, we made also a comparison between simulation and observation using lower 

n values (0.03) and greater (0.08) than the values mentioned above shown in   below to make a 

complete sensitivity analyses. In this figure (Figure 38), similar to the discussions made above, the 

model results obtained using n value of 0.05 showed much wider (lateral) width compared to the 

actual even. Whereas results obtained using n value of 0.08 showed much narrower width for the 

case of this surge. It can be noticed that, the simulation results obtained using n values (from 0.05 

to 0.08) was in the acceptable range. The range n values (i.e. between 0.05 and 0.08) becomes 

smaller compared to then values (between 0.03 and 0.08) as the number of surges considered 

becomes smaller and smaller.  From this it can be once again noticed that the simulation results 

are sensitive to both the initial mass discharge and the resistive characteristics of each flow channel 

(characterized here by selection of θf and n values).   

Figure 37 sensitivity of the result for Manning’s (𝑛) through comparison between the simulated 

and the actual inundation area for (n=0.06 and 0.07 and 𝜃𝑐𝑟= 0.5 deg. 
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It can be also seen that that for all results obtained using n values in the range between 0.03 and 

0.08 the simulation results can be seen visibility to be longer compared to the actual observed 

places. The critical deposition angle (θ𝑐𝑟) parameter control the area of deposition fan, for overland 

flow in the Bingham fluid model we used. And this value was kept constant to be 0.05 in all the 

simulations shown above. The following sections show the analysis of the model results using 

varying values of critical deposition angle (θ𝑐𝑟).   

Figure 39 shows the comparison between the simulated and the actual inundation area for (n=0.06 

and θcr= 0.5 and 1.5 deg.). It can be seen that the difference is not only in the location the 

deposition area but also the lateral width of the flows both in the initiation and deposition area (as 

indicted by the black polygons) happens to vary considerably. Indeed, it can be seen from the 

formulation of the Bingham fluid as a constitutive model that these two material parameters have 

dependence on each other. Hence both parameters (n and  θcr) need to be adjusted simultaneously 

to achieve a satisfactory visual match between the observed and simulated results. 
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Figure 38 comparison between the simulated and the actual inundation in the eastern side of area for 

(n=0.05 and 0.08 and 𝜃𝑐𝑟= 0.5 deg.) 
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Figure 39 sensitivity of the result for critical deposition angle (𝜃𝑐𝑟) via comparison of simulated and the 

actual inundation area for (n=0.06 and 𝜃𝑐𝑟= 0.5 and 1.5 deg.) A critical slope failure angle 𝜃𝑓= 40 

degree was used to predicted initial slope failure area for the western part of the study area. 

However, a separate analysis of each parameters made so far helped as to determine the ranges 

values for each parameters distinctly. After knowing the ranges of each separate parameter values 

then we made analysis by varying the two parameters simultaneously to search for the acceptable 

ranges of the values that fit for the study area. 

Figure 40 shows a comparison simulated and observed inundated area using the ranges the two 

parameters considered to be acceptable to best fit for the study area. At the lower bound value 

θcr = 0.05 and using n = 0.05, we can see that the simulated result quite acceptable for the surge 

marked as A but for the surge marked by B the result showed an extra prediction. At the upper 

bound value θcr = 7 and using n = 0.07, we can see that the simulated result is quite acceptable 

for the surge marked as B but for the surge marked by A the result showed shorter prediction. 

Therefore, it can be concluded that, the values in between these two lower and upper bounds can 

be used for the western part of the study area.  

For the eastern side of the study area, concerning to the surge marked as E,  Figure 41 show the 

result of simulated inundated area using the lower and upper n values 0.05 and 0.08 and θcr value 

of 0.5, 4 and 7 degree.  For this main surge in this part of the study area it can be seen that, the 

predicted flow obtained using n value of 0.05 and θcr = 0.5  showed a bit longer and wider but 

(𝜃𝑐𝑟 = 0.5 deg.) (𝜃𝑐𝑟 = 1.5 deg.) 
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the result obtained using n value of 0.05 θcr = 7 𝑑𝑒𝑔  showed wider but shorter than the observed 

inundated area. The result obtained using n value of 0.08 and θcr = 0.5  showed a bit longer and 

wider but the result obtained using n value of 0.05 θcr = 4 𝑑𝑒𝑔  showed similar width and length 

with the actual event. Therefore, for the eastern side of the study area, it can be seen that a better 

upper and lower bound can be (n, θcr) = (0.05 to 0.08, 0.5 to 4 deg.) that fits to this area 

 

Figure 40 comparison of simulated and observed inundations using acceptable lower bound value of n 

(0.05) and upper bound value (0.07) together with upper and lower bound value of 𝜃𝑐𝑟 (0.5 and 7 deg.) 
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5.2 Case study 2: Calibration of the material parameters for debris flow affected area in 

Kumamoto prefecture, japan 

We also make an investigation using another case study area a well-documented landslide event 

that occurred on July 19-20, 2003 in Hougawauchi area nearby Minamata city, Kumamoto 

prefecture (Figure 42) (Iwao 2003, Taniguchi 2003, Nakazawa et al. 2003, and Wang et al. 2006). 
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Figure 41 simulated inundated area using the lower and upper n values 0.05 and 0.08 and 𝜃𝑐𝑟 value of 

0.5 and 4 degree for eastern and 7 degree for the western side of the study area. 
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The main slope failure occurred in the middle reaches of Atsumari ravine, and the volume of the 

landslide mass is approximately 50,000 to 100,000 cubic meters (Taniguchi 2003).  

The landslide triggered a debris flow, and it flew down about 1500 meters up to the junction with 

Hougawauchi river (Point B in Figure 43), and the flow velocity estimated from the difference 

between the inner and outer trace at the curved sections is ranging from 2.9 to 23.5 m/s (Mizuno 

et al. 2003). In addition, (Nakazawa et al. 2003) reported that the final debris flow deposition was 

observed from Point B to point A (whose elevation is 140 above sea level) as shown in Figure 43. 

5.2.1 Estimation of the critical slope gradient of dry and saturated soil for the debris flow 

affected area in Kumamoto prefecture 

Before making the prediction of slope failure location we made evaluation of the stability condition 

of the area using the available records. There are several classical ways to evaluate the slope 

stability. The simplest way is to use the 1D slope formula to compute the safety factor shown in 

equation (5-3). 

 𝐹𝑠 =

∁′

𝑔⁄ + ⌊𝜌1ℎ1 + (𝜌𝑠𝑎𝑡 − 𝜌𝑤)(ℎ − ℎ1) 𝑐𝑜𝑠 𝜃  ⌋ 𝑡𝑎𝑛 ∅′ 

(𝜌𝑡ℎ1 + 𝜌𝑠𝑎𝑡(ℎ − ℎ1)) 𝑠𝑖𝑛 𝜃
                              5-3 

Figure 42 location map of case study area in Kumamoto prefecture in Japan. 
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where  is the slope angle, h and 1h  are the failure 

depth and the depth of ground water ( hh 1 ), 

respectively, t  and sat are the unsaturated and 

saturated bulk density of the surface soil, w (=1.0 

(g/cm3)) is the unit weight of water, and 'c  and '  are 

the cohesion and the internal friction angle of surface 

soil, respectively, in terms of effective stress. 

Another way to compute the safety factor is to use the 

method of slices such as Fellenius method, Bishop 

Method, etc. Wang et al. (2006) assumed the elliptic 

sliding surface and applied a couple of methods of 

slices into the above-mentioned Kumamoto landslide, and obtained the material parameters; c=20 

(kN/m2) and ɸ=26 (deg.). 

Using the data describing in Taniguchi (2006) (soil particle density 𝜌𝑠=2.6(g/cm3), 𝜌𝑡=1.5(g/cm3), 

porosity n=0.596), we can compute 𝜌𝑠𝑎𝑡 = (1 − 𝑛)𝜌𝑠 + 𝑛𝜌𝑤=1.65(g/cm3). Assuming h =5.0(m), 

the slope inclination corresponding to 1SF  is f =24.9(deg.) for 1h =0(m) (fully saturated), and 

f =49.5(deg.) (fully unsaturated). However, in the DTM obtained from the data of ALOS 30-m 

freely available source (Figure 44), the ratio of the number of meshes whose slope angle is more 

than 49.5(deg.) is less than 0.1%. 

 

 

 

 

 

 

 



Figure 44 visual comparison between the predicted failure slope only by slope angle (black area) and 

the potential failure slopes based on 3D limit equilibrium model (red closed curves) (Wang et al. 2006). 

Figure 43 photo of the Kumamoto debris 

avalanche.   Source: Asia Air Survey Co. 
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Figure 44 shows the location of meshes whose slope angle 𝜃𝑓 exceeds (35, 40 and 45 degree) in 

black. The figure also shows the potentially dangerous slopes estimated by Wang et al. (2006) 

using the above-mentioned elliptic sliding surface method (in red).  

The correspondence between them are not very good, which indicates the assumption of failure 

mode influences the prediction. Moreover, both predictions cannot cover the actual slope failure 

(hatched area in red in Figure 44, possibly because of the effect of heterogeneous groundwater 

paths and /or heterogeneity of geomaterials.  

5.2.2 Simulating surface flows of a uniformly distributed particles over the entire ranges of the 

region for the Kumamoto case study area 

We made also a similar 

simulation of flows of 

uniformly distributed 

raindrops in the Komamoto 

area. Figure 45 shows the 

distribution of the number 

of particles passing in the 

respective location of the 

study area. 

Gray shades indicate 

greater number of 

raindrops in that location, 

yellowish color polygons 

show location of meshes 

whose slope angle 𝜃𝑓 

exceeds 35 degree and the 

hatched area in red show the actual slope failure area while area outlined by broken black lines 

show the debris flow affected area.  

Number 

of 

particles 

at the 

respective 

locations 

Figure 45  simulated distribution of raindrops passing at the 

respective locations in the Komamoto area. 
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Apart from the major drainage channels, a relatively higher number of particles can be seen in the 

middle of the initial slope failure area of the debris flow event.  And the final deposition area can 

be seen corresponding to a higher accumulation of raindrops.  

A large portion of the location of meshes whose slope angle 𝜃𝑓 exceeds 35 degree and the western 

side of the debris flow affected area can be seen covered by the larger number of simulated 

raindrops. This may possibly indicate a failure of slopes accompanied by a strong river bank 

erosion along the indicated drainage channels which had contributed the volume debris mass at 

the deposition places.  

5.2.3 Calibration of the material parameters of the model for Kumamoto debris flow area 

In order to calibrate the material parameters n and  𝜃𝑐𝑟 for this case study area, we made gain a 

visual comparison of simulation results with observations and adjust the parameter values by trial-

and-error until a satisfactory match is achieved in terms of the simulating the travel distance, the 

deposit distributions, and the velocities (Hungr 1995). The key outputs of the model, namely the 

flow direction and the path width can be adjusted using material parameters n and  𝜃𝑐𝑟 after we 

assign the initial slope failure location 

(McDougall 2016).  

In this the Kumamoto debris flow case the 

even involves a single surge with the main 

slope failure as shown in black region in 

Figure 46. The maximum failure depth was 

reported as 15 to 20 m (Taniguchi 2003), 

but considering the failure area (170 m 

long and 100 wide) and the landslide mass 

volume estimation, we set the equal depth 

of 5 m. 

Figure 46 shows an ALOS free DTM of 

2150 by 2350 meters that we used in the 

following simulations. The degree decimal 

values were first changed in to meter 
Figure 46 digital terrain model of the study area. Using 

data from ALOS 30m sources and after smoothening. 
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values using projection of WGS84 zone 52. Elevation values range from 540 meters above mean 

sea level in the northern part of the study area down to around 60 meters in the lowland area in the 

south and southeastern periphery. The DTM data was modified by the smoothing process as 

described in Section 3 and interpolated to make 5m mesh. The figure also shows Points A and B 

in Figure 43 and 

the observed 

affected area by 

red lines 

(Nakazawa et al. 

2003). 

Figure 47 shows 

the simulated 

inundated area in 

grey and the final 

deposition area in 

black for various 

set of ( n , cr ). As 

a general trend, the 

inundated area 

becomes smaller 

and narrower as n  

and 𝜃𝑐𝑟 increase. 

Considering the 

fact that the actual 

debris flow 

stopped at around 

Point B, their 

maximum and 

minimum values 

can be identified.  Figure 47 simulated inundation area (in grey) and final deposition area (in black) 

for various (n and 𝜃𝑐𝑟). 
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Then, if we compare the simulated inundated area with the actual one in Figure 48 it turns out that 

the case for smaller n  (smaller bottom shear stress) leads to an excess flow acceleration and results 

in the too much deviation from the path of valley bottom in the upper stream. On the other hand, 

in the downstream at around Point A in Figure 47, the simulated inundated width is narrower than 

the observed one for larger n . 

Moreover, looking at Figure 49 which shows the time history of the maximum velocity of the 

flowing mass, it can be seen that the maximum velocity for the case of n =0.02 is too large 

compared to the evaluation by Mizuno et al. (2003) described above. 
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Figure 49 time history of the maximum velocity of the flowing mass for different set of (n and 𝜃𝑐𝑟 ). 

Figure 48 comparison between simulated (in grey) and the actual (in red) inundation area for 

different set of (n and 𝜃𝑐𝑟). 
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Consequently, the most appropriate values are (n, θcr) = (0.05 to 0.10, 5 to 7 deg.) if we adopt a 

single set of values throughout the simulation. However, recalling Table 1, the Manning’s 

coefficient differs in different ground surface materials, and it may be reasonable to set a larger 

value in the upstream and a smaller value in the downstream based on the aerial photo information 

such as in Figure 43. It should be also noted that increase in flowing mass due to valley bottom 

erosion (which was reported in Nakazawa et al. 2003 but not included in the present study) and 

additional water supply at the junction point with Hougawauchi river may contribute to the 

increase in the observed final deposition area at around Point B. 

5.3 Summary of the calibration of the material parameters of the model 

There are several approaches calibrating the material parameters of numerical models. We used a 

calibration technique based on a visual comparison of the main external aspects of landslide 

behavior such as how far do the flows travel and how wide ruins the flow spreading and the 

deposition fan. Though this approach is subjective, it is simple to implement when the model 

contains few adjustable parameters that dominate different characteristics of the simulation which 

can be adjusted relatively independently of each other. Such a visual comparison approach tends 

to require more interpretations using a large number of model calibration runs.  

Depth integrated particle model provides an advantage of selecting the material parameters of the 

model based on a calibration made through applications into several case study areas affected by 

previous landslide events. Such a calibration approach is carried out routinely in geotechnical 

practice with limit equilibrium slope stability analyses (e.g., back-analyzing a failed slope to help 

constrain shear strength values) (Mcdougall 2016). A modified version of calibration of parameters 

using ratio between intersection and union of simulated and observed affected area was also 

employed in a selected the case study area in Ethiopia (the Debre Sina landslide area).   

The calibration technique based on the main external aspects of landslide behavior requires making 

careful interpretations of a large number of simulation results. Even for a model that contain only  

two parameters with some four or 5 ranges discreet value (as the case in here), it needs to consider 

simulation results with a total number equivalent to the permutation of these numbers which turns 

to be a tedious task. And hence it is apparent that a lengthy period of calibration is likely required 

(Dai et al 2002). However, after the parameters are calibrated, it provides advantage of applying 
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the model to evaluate wide area slope disaster risk, in particular where the geologic record of past 

events is insufficient. 

The initial slope failure area need to be determined in advance in order to calibrate the flow 

parameters (𝑛 and 𝜃𝑐𝑟 ). This is due to the flow inundation results are sensitive to the initial mass 

discharges of the debris flow.  Estimation of a potential initial slope failure hazard area using 3D 

slopes stability analysis was done using historic landslide for the Kumamoto debris flow affected 

area (Wang et al 2006). A 1D slope stability analysis was applied here to estimate the critical 

failure slope gradient values of the dry and saturated soils in both Hofu and Kumamoto landslide 

affected areas.  

However,  the locations of mesh values in the respective critical slope gradients for dry soil  (60 

degree for  Hofu case )  and (49.5 degree for Kumamoto case) were less that 1 percent in both of 

the DTM, obtained from high resolution airborne survey (for Hofu case) and from feely available 

data source (ALOS 30m mesh) (Kumamoto case). Moreover, for the Kumamoto case study area, 

the slope failure location identified by using slope inclination and the potentially dangerous slopes 

estimated by Wang et al. (2006) using elliptic sliding surface method was not in agreement with 

the actual slope failure area.  

Simulations of flows of uniformly distributed raindrops were made for the Hofu and Komamoto 

area. In both case of the study area a large number simulated raindrops were accumulated in the 

final deposition fan of the debris flow affected area. A strong correspondence between both in the 

sinuosity and pattern of depositions were seen between the simulated large number of raindrops 

and the path of the debris flows in both study areas. The result had also shown a difference between 

the eastern and western part side of correspondence between simulated raindrop distributions in 

the Hofu area. 

Therefore we employ a user defined assignment of the initial slope failure area, for a debris flow 

involving a single surge (the Kumamoto area). However, due to the inconvenience of user defined 

assignment for a debris flow with multiple number of surges (Hofu case), we use a critical slope 

failure angle, θf  to locate these places. From the sensitivity analysis between the initiation area 

obtained using some slope inclination and the actual slope failure area, it was able to select 40 and 

42 degree for the western and eastern side respectively,  to locate the initial slope failure zone in 

this area. 
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Using the user defined initial slope failure zone we made comparison of simulated and observed 

inundated area using various (𝑛 and 𝜃𝑐𝑟 ). In general it was seen that the case for smaller  (smaller 

bottom shear stress) leads to an excess flow acceleration and results in the too much deviation 

from the path of valley bottom in the upper stream. On the other hand, in the downstream 

deposition fan, the simulated inundated width is narrower than the observed one for larger  𝑛. 

Using  a comparison  at time history of the maximum velocity of the flowing mass with the 

evaluation by Mizuno et al. (2003) and looking at table 1, lower and upper bound value of 

(𝑛 and 𝜃𝑐𝑟 ) for was estimated to be in the range (0.05 to 0.10, 5 to 7 deg.) for the debris flow 

affected area in the Kumamoto prefecture. However looking at Table 1, the Manning’s coefficient 

differs in different ground surface materials, and it can be recommended to set a larger value in 

the upstream and a smaller value in the downstream based on the information obtained aerial photo. 

Due to the problem of too much initial volume of discharge predicted using only slope inclination 

values, we  considered only certain main surges (marked as A and B) in the western side and a 

debris flow surge marked as E in the eastern of the study area. Looking the model results obtained 

using n value of 0.03 to be much wider (lateral) width for the case of both the surges A and B using 

n value of 0.08 to be much narrower width for the case of surges it was able to set the lower and 

upper bound for n value to be in these two values. However, it was seen that the variation of the 

simulation result using these two parameters was not independent of each other. Generally, a range 

values between (0.05 to 0.08, 0.5 to 7 deg.) was estimated to be fitting for the western part of the 

study area. And a range values between (0.05 to 0.08, 0.5 to 4 deg.) was estimated to be fitting for 

the eastern side of the study area. 

Table 3 summary of the upper and lower bound values of calibrated material parameter 

Case study area 
𝒏  𝜽𝒄𝒓 (degree) 

Lower upper Lower Upper 

Hofu area 0.05 0.08 0.5 7 (4) 

Kumamoto 

area 

0.05 0.1 5 7 

 

Calibration of the two material parameters, the Manning’s coefficient, 𝑛 and the critical slope 

angle for the deposition, 𝜃𝑐𝑟 was demonstrated in the case study of both the Kumamoto debris flow 

n
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and Hofu shallow landslides. Table 3 recaps the upper and lower bound values of these parameter 

for the two case study area.  

In both cases the lower value of  𝑛 and the upper value 𝜃𝑐𝑟was equivalent except the eastern side 

of Hofu case study area which as a 4 degree value. The upper value of 𝑛 and the lower value of 

𝜃𝑐𝑟 showed some differences. 

These difference arises due to the problem of predicting accurate initial volume of discharges. The 

prediction of initial slope failure is still a big issue to be improved. Nakata and Matsushima (2014) 

attempted a statistical analysis of landslide affected area which suggested the importance of 

considering the rain water catchment topography in relation to the saturation of soil as many others 

focused on (Burton and Bathurst 1998, Crosta and Frattini 2003). The difference in the terrain 

input data used in the two case study area has affected also the magnitude of the two material 

parameters as pointed out in section 3.2.2. Prediction of the flow-path and the deposition fan of 

the debris flows is found to be more reliable with airborne survey high resolution terrain source 

compared to a freely available global source. However, calibration of the model parameters using 

globally available terrain source with identical resolutions all over the world will resolve such 

differences.  

The key issue here is to develop a method to obtain important material parameters from available 

GIS data such as maps that show the extent and distributions of the damages in the area. The 

availability of a model that can be integrated with a terrain model obtained from a global freely 

available sources make it essentially applicable all over slope disaster susceptible places for both 

experts and practitioners, while models that are commercially available tend to be expensive. 

Moreover the model results are found to be directly applicable into risk assessment calculations in 

order to be used as a visualization and communication tools. 

In general, for those main debris flow surges in the eastern and western part of the study area (Hofu 

case), in which the initial slope failure were accurately identified to a certain degree, the predicted 

simulation results were able to reproduce the propagation and deposition fan in good agreement 

with observations made by previous researchers in these areas.  A similar coincidence between 

observed and simulated results was also demonstrated using user defined initial slope failure zone 

(Kumamoto case).  
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The numerical method together with a digital elevation model constructed using a Grass GIs made 

it possible to study the behavior the debris flow situation in both areas, using an acceptable terrain 

model. The proposed DIPM (depth-integrated particle method) with a simple flow constitutive 

model, can be used for wide area risk evaluations to estimate the flow ranges and to define 

potentially hazardous areas of the deposition fans. 

6 Application of the model to evaluate wide area slope disaster risk in 

Ethiopia 

6.1 Risk evaluation of the Debre Sina slope disaster area 

6.1.1 Introductions  

In Ethiopia, the hilly and mountainous terrains of the highlands are frequently affected by rainfall-

induced landslides of different types and sizes causing loss of human lives, failure of engineering 

structures, damage on agricultural lands and on the natural environment (Woldearegay 2013). 

Furthermore, the area between the highland and Ethiopian Main Rift (EMR) system is vulnerable 

to landslides due to earthquake tremors associated with the Afar Triangle.  

The study area lies at about 190 km northeast from Addis Ababa Figure 50. It is one of the areas 

located in the high seismic zone, with relatively high annual rainfall. It is characterized by gentle 

to steep slope gradients, dense 

drainage system & deep river cut 

and gully erosion, with elevation 

range of 1,368 to 3,100 m above 

the sea level. The area includes a 

wide length of 4000m north-

south and 6000m east-west 

distance. The middle and lower 

parts are densely populated and 

intensely cultivated. East facing 

steps of flat terraces and cliffs 

are commonly attributed to the 

Figure 50 location map of Debre Sina landslide area. 
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rift margin faults (Abebe et al 2010). 

This landslide event has been studied by several researchers including (Abay and Giulio 2012) 

who mapped susceptibility zones, investigated rainfall distributions, labeled basic geological 

location settings and pointed out earthquake situations around the Afar Triangle as the probable 

main triggering factor. Geophysical and hydro-geological researches were also made by 

(Alemayehu et al 2012). The Afar Triangle is a diffusive extensional region marking a triple 

junction, where three plates named as the African, the Indian and the Arabian plate meet. It is 

prone to significant level of seismic hazard due to the presence of the active regional tectonic and 

volcanic activities (Kropáˇcek et al 2015).  

Figure 51 shows the satellite image of the study area. The  event caused losses of over 900 hectares 

of arable lands, displacement of more than 4,049 peoples, destruction of more than 1,200 dwelling 

local houses and over 75% crop harvesting failure specifically in the localities named Yezaba 

(Woldearegay 2013). The prevalence of landslide hazards in this area could certainly have major 

role in aggravating the food insecurity problem of the country as most people living here are 

farmers who are dependent on subsistent agriculture. 

The image shows a main scar termed as here main scarp in the hillside along the northwestern 

periphery of the study of area. Another kind of slope failure termed as rock fall occurred in adjacent 

Yezaba village 

Figure 51 satellite image of the study area taken in the year 2007. 
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area in the south western flank. Minor scarp, rotational landslide scarp, the new and re-activated 

scarp were identified from this image. 

The date and year of the of landslide occurrence have been in controversies. Several views 

concerning the dating of the major events can be found in literature. The incidence of the primary 

phenomenon was dated to around August 2005 according to (Woldearegay 2008), but (Hagos 

2012) argues to be around September of the same year. The major sliding event was dated as 13–

14 September 2005 by the report of Action by Churches released in 2006. Due to the high elevation 

gradient in the study area the climate in the upper part is considerably colder and wetter. The 

landslide area is drained by the Dem Aytemashi River towards the north and later to the east 

towards the Awash River. The drainage pattern of the basin probably follows tectonic presetting 

Figure 52  close up look at the primary slope failure areas. 
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Figure 52 shows enhanced snap shot of a satellite image around the Main (above), the minor scarp 

(below-left side) and the rock fall scarp (below-right side). In the Major carp area, an active scarp 

is displayed by whitish color bordered from above by an old scarp now covered by shrubs .It is 

characterized by deep-seated failure of large column of slope materials with depth up to 200m and 

length of nearly 1200 meters north east south west directions matching with the predominant 

direction of discontinuity (faults and lineaments) orientation that aligns WSW-ENE (NW-SE). 

Figure 53 satellite images of the year 2007, 2013 and 2016 around the primary scarp area. 

Figure 53 shows the images taken in the year 2007, 2013 and 2016 which indicate the processes 

of recovery. Through the development of time the scarps became covered by vegetation. It can be 
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seen also that the impact in the main scarp area do not well recover till now. Moreover, a new 

small area scarp can be seen above the old main scarp area. This probably shows the condition of 

a recurrent slope failure event in the study area. 

When a slope fails, it is usually not possible to pinpoint a single cause that acted alone and resulted 

in instability (Duncan et al 2014). A single precipitation event listed in previous paragraphs as the 

daily maximum rainfall is unlikely to trigger a slope failure of such a large extent. It is pointed out 

by (Jan Kropatec et al 2015) that the sliding events were caused by a combination of geologic and 

tectonic predispositions together with external factors such as long-term water saturation and/or  

Figure 54 shows the lithological setting of the Debre Sina landslide modified from (Hagos 2012) 

and (Woldearegay 2013). The western part of the study area mainly contains   basaltic composition 

of rocks forming a vertical cliffs and ridges trending in the N-S direction and some E-W offsets. 

Northwestern part of these ridges is formed by deeply weathered volcanic rock surrounded by 

unconsolidated colluvium material (Kropatec et al 2015). Alluvial deposits dominantly lie at the 

middle part of the catchment where there is relatively flat topography and following the river beds 

and river banks. It can be seen that the major, minor and the rock fall scarps lay in the alteration 

zones between the basaltic and fractured trachyte rock types. 

Apart from the considerations of fracturing and layering, basaltic rocks remain to have higher 

strength compared to the sedimentary deposits. The state of layering and weathering vary 

associated with the type of different rock units. The layering and fracturing at the contact zone of 

separate lithological units can cause instability of slopes. In the main area of the slope failure zone, 

Figure 54 lithological setting of the Debre Sina landslide area. 
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the vertical/sub-vertical joints and tensional fractures create a promising situation for rainwater 

filtrations (Hagos 2012) which diminish the strength of the slope column materials and aggravate 

the damaging impact of the landslide event. 

After slope failures flows slides down the slopes along the drainage channels and flood plains. 

Figure 55 shows the drainage networks obtained from the topographic map of the study area 

obtained from Ethiopian Mapping Agency (EMA). It can be seen that flow streams originate from 

the western side mountain ridges and 

flows down to a larger river channel 

in the eastern side the study area, 

named as Dem Ayetemashy. 

Under dangerous flooding conditions 

it is estimated that all the drainage 

channels remains inundated by the 

debris flows. Hence the path and the 

location of these river channels can 

be used to evaluate the accuracy 

of the predictions of a numerical 

results.  

Figure 56 shows digital terrain model 

of the study area obtained from 

ALOS 30m freely available source 

after interpolating and smoothening 

into a 10 meter mesh size intervals. 

The map shows morphological 

trends with high elevation around 

2900m in the western peripheries 

and decreases down to about 

1600m above sea level in the western side. Extra high values are shown in the southwestern side 

and lesser low values are spread in the northeast border of the area. Medium elevation values are 

Figure 55 topographic map of Debre Sina landslide affected area 

Figure 56 digital terrain model of the study area. Using data from 

ALOS 30m sources. After interpolation into 10-m mesh size. 
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widely distributed in between these regions around the middle of the study area and in its most 

southeastern peripheries. 

6.1.2 Delineation of the initial slope disaster area 

The angle of internal friction, ϕ was estimated to be from 23 to 42 degrees, and the cohesion, c, 

value of 0.02 was estimated by a safety factor analysis made using 25 soil samples collected in the 

area, by (Hagos 2012). However, other required data including the unsaturated and saturated bulk 
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Figure 57 initial slope failure area predicted only by slope angle using 𝜃𝑓  from 30 to 35 degree. 
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density of the soil mass as well as porosity n of the surface soil was not available to compute the 

slope angle corresponding the safety factor value of  𝐹𝑠 = 1.  

Therefore, we use a critical slope failure angle θf,, value from 30  to 35 degree to predict the 

initiation area. Figure 57 shows columns of slopes identified by a given slope failure angle from 

30 to 35 degree. Slope failure angle of 35 degree represents also entire ranges of values above this 

magnitude. The steepest slope gradient value was 35 degree. Few ranges of columns of slopes are 

shown both on the hill side in the western and nearly the central places in the study area; and 

around the lower altitude area 

in the eastern peripheries. 

Relatively wide columns of 

slope appear in the western 

side of the area around the 

medium elevation value places 

quite nearby to the center. 

Moreover, the majority of 

these slopes are concentrated 

in areas with high and medium 

elevation values.  

Figure 58 shows an association 

of the photo taken by 

(Kropáˇcek et al 2015) and a 

satellite image taken in 2007 

around the main scarp area. 

And Figure 59 show a similar 

association between a photo 

and a satellite image for the 

case a rock fall event around 

same area.  

The effect of rock fall on the 

vegetation cover can be seen 

Figure 58 photo taken by (Kropáˇcek et al 2015); and b) a tilted view 

from year 2007 satellite imagery; around the main scarp area. 

b) 

Figure 59 photo taken by (Krthe opáˇcek et al 2015); and b) a tilted 

view from year 2007 satellite imagery; around the rock fall scarp area. 
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visibly. The area formerly covered by grass and trees on the eroded cone shaped area at the upper 

part of the slope were eroded whereas a few amount of bushes in the middle of the slope still stay 

intact. 

Figure 60 a panoramic view of the Debre Sina landslide area from east to west with displaced rock 

blocks with well-marked scarp line in the photo taken by (Kropáˇcek et al 2015). Figure 61 show 

a visible satellite image taken in the year 2007 which shows a clear out crop of a shear line in the 

middle of the study area quite similar to the panoramic view of the photo. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 61 visible shear line outcrop both in the central area (outline by dim red color line) and in the 

main slope disaster area (marked by black color line) visible on satellite image taken in 2007. 

Figure 60 panoramic view of the Debre Sina landslide area from east to west with displaced rock. 
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It can be seen from the similarity of the above pictures that satellite images can be used to obtain 

a satisfactory amount of information about the situations of landslide events, particularly for such 

a wide area slope disaster investigations. We used these satellite images to determine a threshold 

value of critical slope failure angle for the prediction of the initiation area.  

Figure 62 shows a replication of the initial slope failure area predicted only by slope angle using 

θf   from 30 to 35 degree on the satellite image of the study area. We made comparison of the 
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Figure 62 comparison of intersection between observed (outlined by broken white color polygons) and 

predicted only by slope angle (outlined by gray color solid polygons) of the initiation area. 
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actual initial slope failure area and the predicted result in order to calibrate the parameter of the 

numerical model. 

A calibration method similar to the one proposed by Galas et al (2007) was used for comparison. 

It is based on maximization of the ration of intersection between predicted (area outlined yellowish 

gray polygons) and observed (areas outlined broken white color lines) of area to select a threshold 

value the critical slope failure angle. Observed and initiation area was taken from the visible scarps 

of the satellite images.  

We made a maximization of the ratio of intersection between the predicted failure area (a) and 

union (a + b) of the simulated and the observed inundation area represented by the index β. And 

the ratio of intersection predicted safe and failure area (a + d) and union of safe and failure (a + b 

+ c + d) of simulated and observed inundation area represented by the index α. If the observed 

failure area (a + b) is predicted completely then ‘a’ becomes a zero value. Correspondingly, if the 

observed safe area (c + d) is predicted completely then ‘c’ becomes a null value.  

Table 4 Indices’ α and β values of the comparison between intersection of simulated and observed initial 

slope failure area. 

Table 4 shows the percentage values of intersection between the predicted and observed slope 

failure area using the definition give in Table 2 (shown here again to make convenient reference) 

and the percentage values of the indices described above.  

The value β show the intersection of 

predicted failure area to the total 

observed slope failure area. And the 

ratio of α show the percentage 

prediction of total safe and failure area. 

 

visible scarps on the  

satellite image 

Percentage value of intersection area between simulation and observation ( β, α) 

35o 34o 33o 32o 31o 30o 

Major 42,85 54,86 76,92 92,94 96,92 97,88 

Minor 43,52 62,67 69,68 73,67 76,65 82,76 

Rock fall 0,50 0,50 51,53 64,63 64,67 64,64 

New scarp 0,50 0,50 26,53 35,54 36,54 35,55 
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Figure 63 close up view of an overlap 

between simulated (in yellow) and 

observed (in broken white line polygons) 

around the minor scarp of the slope disaster 

even area. And Figure 64 close up view 

around the main scarp of the slope disaster 

event area. 

It can be seen also from Table 4 that at the 

major and minor slope failure area, both α 

and β keep on maximizing until the slope 

gradient value of 32 degree. But after 32 

degree the value of α starts to decrease. A 

similar trend of maximum intersection can 

be seen also for the rock fall event area.  

Figure 65 show a 

replication of predicted 

slope failure overlaid by 

the geological map of the 

study area. It can be seen 

that the predicted slope 

disaster area align with 

the northeast-southwest 

alignment of the 

lithological setting of the 

study area. Therefore, 

using this threshold value 

of the slope gradient 

magnitude we can predict 

the other initiation areas 

(in the eastern and western peripheries of the study area) to be an initial slope failure zone of the 

Figure 63 close up view of an overlap between simulated 

(in yellow) and observed (in broken white line polygons) 

around the minor scarp of the slope disaster even area. 
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Figure 64 close up view of an overlap between simulated (in yellow) and 

observed (in broken white line polygons) around the main scarp of the slope 

disaster even area. 
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year 2005 landslide 

event though the 

images taken by the 

year 2007 satellite 

image did not show a 

clear scarps around 

these areas.  

 

 

 

 

6.1.3 Simulating surface flows of a uniformly distributed particles over the entire ranges of the 

region for the Kumamoto case study area 

We made a 

simulation of 

flows of 

uniformly 

distributed 

raindrops in the 

Debre Sina area. 

Figure 62 

simulated 

distribution of 

raindrops passing 

at the respective 

locations in the 

Debre Sina 

landslide area. 

Figure 65 predicted initial slope failure area using   𝜃𝑓= 32 (outlined by 

black polygons) overlaid by the geological map of the study area. 

Minor scarp 

 

Number of 

particles  

Figure 66 simulated distribution of raindrops passing at the respective locations 

in the Debre Sina landslide area. 

Main scarp 

Rock fall 

scarp 
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Darker shades indicate greater number of raindrops passing in that location, yellowish gray 

polygons show location of meshes whose slope angle exceeds 32 degree and the area outlined by 

broken black line show the initial slope failure identified from the satellite images.  

It can be seen that a large number of simulated raindrops coincide along the major drainage 

channels, and a relatively higher number of particles can be seen in the main and major initial 

slope failure area.  And the final deposition area can be seen corresponding to a higher 

accumulation of simulated raindrops. 

6.1.4 Evaluation of slope disaster risk in Debre Sina landslide area using calibrated values of 

material parameters 

In the previous section we had demonstrated that the material parameters (𝑛 and 𝜃𝑐𝑟 ) in Bingham 

fluid models control the locations on which material decelerates and deposits. We calibrate the 

ranges of these values using visual comparison of the materials travel distance and deposition fans 

between the observed and simulated results in the selected cases studies in Japan. These calibrated 

values can be used to produce very good simulations of past events on a case-by-case basis, and 

many examples of successful case-specific landslide back-analyses have been documented (Loew 

et al 2012). 

Models that are calibrated in one case study area can also be potentially well-suited to another area 

with a similar geotechnical conditions. We consider lower and upper bound limit values of these 

calibrated parameters to produce a simulations of past events in this area. The lower limit value 

𝑛 = 0.05 and an upper value of 𝑛 = 0.08  are chosen to replicate the two extreme cases of the 

flows under these soil resistance parameters.  And an upper limit value 𝜃𝑐𝑟 = 7  degree and a lower 

limit value of 𝜃𝑐𝑟 = 0.5  degree are chosen to predict the water contents of the events. 



79 
 

6.1.4.1 Simulated inundated area using  𝑛 = 0.08 and  ( 𝜃𝑐𝑟 =0.5 and 7 degree) 

Figure 67 and Figure 68 

shows the simulated 

inundated area shown in 

in blue obtaind with the 

parameters mentiond 

above overlapped in the 

satellite images.  A lower 

and upper value the 

critical deposition angle,

𝜃𝑐𝑟 represents a higher 

and lower water contents 

of the landslide mass 

respectively. And an 

upper limit value 𝑛 describes larger bottom shear stress acting on the flowing soil-water mixture 

(Nakata 2016).  

Figure 67 and Figure 68 shows show a replication of the landslide event that occurred in the Debre 

Sina area under these 

lower and upper limit 

cases. The case for 

smaller 𝜃𝑐𝑟  (highly 

fluidized soil mass) 

reproduces the event to be 

an excess flow which 

covers wide spread both in 

the initial slope failure 

area and the valley 

bottoms. On the other 

hand, the case for larger 

𝜃𝑐𝑟  reproduces a 

Figure 67 a replication of past slope disaster events in the Debre Sina 

area using calibrated parameters with upper limit  value 𝑛 = 0.08  and 

lower limit value    𝜃𝑐𝑟=0.5 degree. 

Figure 68 a replication of past slope disaster events in the Debre Sina 

area using calibrated parameters with upper limit  value 𝑛 = 0.08  and 

lower limit value    𝜃𝑐𝑟 =7 degree. 

B 
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deposition of debris flows with shorter runout distances both in the upper slope failure area and 

the lower river canals.  

Figure 69 shows a satellite image and a photo taken by Weldearegay et al 2013. It can be seen that 

the replicated result around the place marked ‘B’ in dim red polygon and the observed results 

shown by the photo and the satellite images quite agree each other. 

In both cases of the simulation results obtained by the calibrated parameters can be seen that the 

major and minor slope failure area well as the rock fall scarps was simulated to be under high slope 

disaster risks which agree with the actual event observed from the satellite images taken in the 

same year (2007). While the eastern side of the study area a deposition of debris mass can be seen 

along the drainage channel in reasonable agreement with satellite image. 

Figure 69 signs of sliding seen on the satellite images (a); final 

depositions of simulated result obtained by  using  𝑛 =

0.08 𝑎𝑛𝑑 and 𝜃𝑐𝑟 = 7 𝑑𝑒𝑔𝑟𝑒𝑒 around the place marked as ‘B’ 

in the figure 63 (b)  ; photo taken by Weldearegay et al 2013 

showing traces of sliding in the same locations (c). 
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6.1.4.2 Simulated inundated area using  𝑛 = 0.05 and ( 𝜃𝑐𝑟=0.5 nd 7 degree) 

Figure 70 show a 

replication of the landslide 

event using calibrated 

parameters with a lower 

limit value of 𝑛   together 

with lower and upper limit 

cases of   𝜃𝑐𝑟. Under the 

lower value 𝑛 = 0.05,  and 

lower value 𝜃𝑐𝑟 = 0.5  it 

can be seen the flows tend 

to be widely distributed in 

most of the study area. The 

flows also involve a larger 

number of surges and thus 

with high impact energy, 

and represent one of the 

most destructive cases. 

Lateral spreads usually 

happen on mild slopes or 

smooth terrain and 

commonly involve a 

horizontal displacement of 

the surface soils.  

A recent debris sediments with larger boulder at the river floor shown in the Figure 71 by Hagos 

(2012) can used to verify the replicated results with larger number of surges. 

On the other hand, the case for larger 𝜃𝑐𝑟 = 7 degree reproduces a deposition of debris flows with 

shorter runout distances both in the upper slope failure area and the lower river canals similar to 

the case with larger  𝑛 = 0.08.   

Figure 70 a replication of past slope disaster events in the Debre Sina 

area using calibrated parameters with upper limit  value 𝑛 = 0.05  and 

lower limit value    𝜃𝑐𝑟 =0.5  and upper limit value   𝜃𝑐𝑟 =7 degree 
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The several flow entrainments can 

be seen connecting to the main river 

channel that exist in the eastern side 

of the study area. Such an 

involvement of a movement of soil 

or rock mass combined with a 

general subsidence of the fractured 

mass of cohesive material will 

soften the underlying materials and 

make it liquefied (Varnes, 1996).  

It was stated by (Hagos 2012) that 

the flows in this area involved also an incision effect on the stream canals and as a result a 

significant amount of crop lands were extensively eroded and collapsed, that ruined properties of 

several farmers and made them 

landless.  

Figure 72 shows the photo taken by 

(Hagos 2012) which shows both 

major slope failure at the upper 

section and the final deposition 

places in the river channel at the 

lower section of the study area. 

According to same source the 

average aerial distance from the 

crown to the toe of the slope disaster 

event was estimated to be about 

3km. 

6.1.5    Summary of the slope disaster risk evaluation in the Debre Sina area 

The slope disaster event occurred in the area was large and wide to be clearly identified by the 

satellite images taken in the near date of the event. We used some pictures and panoramic photos 

Figure 71 recent sediments of debris deposits at the river floor. 

Figure 72 average aerial distance from the crown to the toe of 

the slope disaster event in the Debre Sina landslide area from 

the photo taken by (Hagos 2012). 
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of the slope disaster event taken by previous researchers to evaluate images taken by the satellites. 

Identical morphological features were identified both in the pictures and in the satellite images.  

We use these satellite images to make a calibration of the critical slope failure angle in order to 

identify the initial slope failure area. A similar approach proposed by Galas et al (2007) was 

adopted with addition of an index value to separately maximize between the intersection in the 

predicted and observed failure area and both failure and the safe area distinctly. It was found that 

the index values were maximum until a critical slope failure angle of 32 degree.  

A relatively higher number of simulated raindrops were also found corresponding to the main and 

major initial slope failure area. We used this threshold value to predict the places in the eastern 

and western peripheries where no signs of sliding was seen on the satellite images taken in the year 

2007. After estimating the initial slope failure area we used the calibrated material parameters of 

the model to replicate the past landslide event. 

The replication of past landslide event was made using two extreme cases of the calibrated 

parameters, namely the lower bound values (𝑛 = 0.05 and 𝜃𝑐𝑟 = 0.5 𝑑𝑒𝑒𝑟𝑒𝑒 ) and upper limit 

values (𝑛 = 0.08  and 𝜃𝑐𝑟 = 7 𝑑𝑒𝑔𝑟𝑒𝑒 ). The lower bound values replicated a simulation debris 

mass under highly fluidized condition thus the flows involved several number of surges which led 

to a high impact energy, that represent one of the most destructive cases. These replicated results 

were in agreement with the investigations made in the study area by previous researchers. In the 

case of upper bound values the simulation results reproduces a deposition of debris flows with 

shorter runout distances both in the upper slope failure area and the lower river canals. 

The model can be used for both back analysis (simulation) of previous events and the forward-

analysis (prediction or forecasting) of potential future events. The outcomes of the simulation 

results have revealed that the model reasonably reproduces the initial slope failure zone and the 

observed deposition area of the documented landslide event in the study area. Such an efforts will 

be helpful for prediction of possible future wide area slope disaster events in the neighboring areas. 

Although a significant achievement have been made in the calibration of the material parameters 

using a well-documented slope disaster event and in reproducing a past event using these calibrated 

parameters, several key challenges remain, including the problem with too much initial spreading 

and the challenge of accounting for sudden channel obstructions in the simulation of debris flows, 

and the sensitivity of models to topographic resolution and filtering methods (Mcdougall 2016). 
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6.2 Slope disaster risk evaluation of the Ankober rift margin area in Ethiopia 

6.2.1 Introductions  

Ankober area is located 

by the side of the 

eastern escarpment of 

the Ethiopian Rift 

Margin (EMR) at an 

elevation of about 2,465 

meters and at a distance 

of 140 km northeast the 

capital city, Addis 

Ababa. The location of 

this area (outlined by 

white line polygon) is 

about 50 kilometers 

south of the Debre Sina 

landslide area (outlined 

by blue) (Figure 73). A 

similar seismicity in 

these areas were 

observed along the 

border faults of the 

escarpment where stress 

is believed to 

concentrate due to the lateral density and lithospheric thickness contrast between the adjacent 

plateau and the rift (Tiberi et al 2005). Several volcanic eruptions are also believed to be initiated 

in the nearby area due to the existence of one or two Paleogene mantle plumes underneath the thin 

crust in this area (Schilling et al 1992; Ebinger and Sleep 1998). 

Figure 73 location map of slope disaster risk evaluation area around 

Ankober town in the EMR. 

Debre Sina case 

study area 

Ankober case 

study area 
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Under such circumstances, development of wide area slope disaster risk evaluation method is an 

urgent task. However, the essential difficulty is the lack of quantitative records of the previous 

landslide events. In-situ mechanical test records of the geomaterials are also rarely available. 

Therefore, an applicable 

evaluation method should contain 

the least number of parameters that 

can be roughly estimated without 

detailed material data. 

A digital terrain model of the study 

area (Figure 74) was prepared from 

ALOS 30 meter mesh freely 

available data. Adjacent average 

smoothing was done by 

adding points along the path 

so that the model fits a smooth 

function along the 

points after 

interpolation into 

15m intervals.  

We consider a 

wide area 

(outlined by white line polygon in 

the Figure 73 ) which comprises 16 

by 14 kilometers of east-west and 

north-south distance, respectively. 

The map shows 

morphological 

trends with high elevation around 3400m in the western peripheries and decreases down to about 

1400m above sea level in the eastern side. Extra high values are shown in the southwestern side 

and lesser low values are spread in the northeast border of the area. Medium elevation values are 

3437 

2410        

1384 

Figure 74 digital terrain model of Ankober area from ALOS 30m data 

source after smoothening and interpolation into 15m intervals. 

Ankober  

Figure 75 topographic map of Ankober area from Ethiopian Mapping Agency. 
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widely distributed in between these regions around the middle of the study area and in its most 

southeastern peripheries.      

Figure 75 shows the 50, 000 scale topographic map of study area obtained from Ethiopian Mapping 

Agency. The map shows ground reliefs such as landforms and terrains, drainage channels as well 

as forest covered areas. We used the topographic map to identify the places that necessitates to be 

protected primarily such as villages, roads, and forest covered areas. In several cases occurrences, 

slope failure disasters causes surface erosion of the fertile soil covers and results in deforestations. 

6.2.2 Slope unit-based estimation of the initial slope failure area 

The required data including the unsaturated and saturated bulk density of the soil mass as well as 

porosity n of the surface soil was not available to compute the slope angle corresponding the safety 

Figure 76 location map of initial slope failure area predicted only by slope angle using 𝜃𝑓 value from 

43 to 46 degree. 
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factor value of   1SF .Therefore, we set a higher critical slope failure angle θf to predict the 

initiation area. This holds true because the most likely failure places happen in steep slopes. 

Moreover, slope angle stands to be one of the most important factors controlling the stability of 

slopes (Ercanoglu and Candan 2002). It has been verified also that in many paces larger part of the 

area of severe destruction was on the steep slopes (Soeters and Van Westen 1996).  

Figure 76 shows the locations of columns of slopes identified only by a given slope failure angle 

from 41 to 46 degree. Input data needed for wide area slope disaster risk evaluation includes 

topography, geology, in situ geotechnical tests as well as information about land use and 

hydrology. However it is only in an ideal case will all types of data be available. It can be seen that 

a large number columns of dangerous slopes are shown both on the hill side in the western and 

Figure 77 location map of dangerous slope failure area predicted only by slope angle (outlined by 

gray color solid polygons) overlaid with the topographic map of Ankober area. 
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nearly the central places in the study area; and around the lower altitude area in the eastern 

peripheries. Relatively wide columns of slope appear in the western side of the area around the 

medium elevation value places quite nearby to the center.  

A most straightforward approach for wide area slope disaster zonation includes field surveys, 

aerial photo interpretations, and a data base of historical occurrences of landslides in the given 

area. We combined identified dangerous slope failure locations with the topographic map of the 

study area (Figure 77) so that it helps to make slope disaster zonation in this area. Such a 

vulnerability zonation is essential for disaster management and control in mountainous regions. 

The eastern and western side of Ankober town, the road that connects to the capital city and the 

forest cover area are found to be near the predicted dangerous slope failure zones. 

6.2.3 Simulating surface flows of a uniformly distributed raindrops in the Ankober area 

We made a simulation of flows of uniformly distributed raindrops in the Ankober area. Figure 78 

shows the distribution of the number of particles passing in the respective location of the study 

area.  

Darker shades 

indicate greater 

number of raindrops 

passing in that 

location, yellowish 

gray polygons show 

location of meshes 

whose slope angle 𝜃𝑓 

exceeds 43 degree 

and blue lines show 

the drainage 

channels obtained 

from topographic 

map of the study 

area. 

Number of 

particles  

Figure 78 simulated distribution of raindrops passing at the respective locations 

in the Ankober rift margin area. 
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It can be seen that a large number of simulated raindrops along the major drainage channels.  The 

concentration of the raindrops increases towards the eastern most sides of the study area which 

shows a bigger risk of debris flow deposition fan.  

6.2.4 Evaluation slope disaster risk in Ankober area using calibrated values of the material 

parameters 

From Figure 77 it can be seen that there are much steeper slopes found in this region than the 

previous case study area, which implies that the shear strength of the geo-materials in this area is 

higher in this area. Considering this condition,   𝜃𝑓=45 (deg.) was set in the simulations. Flow 

spreading simulations were made using the two extreme cases of the calibrated parameters, namely 

the lower bound values (n=0.05 and 𝜃𝑐𝑟=0.5 degree) and upper limit values (n=0.08 and 𝜃𝑐𝑟=7 

degree). 

6.2.4.1 Simulated slope disaster inundated area using lower bound values ( 𝑛 = 0.05  and  𝜃𝑐𝑟=0.5 

degree) 

A lower bound 

values of the 

material 

parameters 

represents a 

higher water 

contents of the 

landslide mass 

and lower bottom 

shear stress acting 

on the flowing 

soil-water 

mixtures. 

Figure 79 show a 

simulated slope 

disaster 

Figure 79  simulated slope disaster inundation (in yellowish color in the Ankober 

area using calibrated parameters with lower limit values 𝑛 = 0.05  and    𝜃𝑐𝑟 =

0.5  degree overlaid in the satellite image of the study area. 
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inundation in the Ankober area using calibrated parameters with a lower limit value of 𝑛 =

0.05,  and 𝜃𝑐𝑟 = 0.5 overlaid with the satellite image of the study area taken in the year 2019. The 

predicted imitation area are shown in solid fill yellowish color polygons. And the simulated flow 

inundations are shown in transparent yellowish color polygons. 

The flow paths in downstream side agree well with the river system shown in Figure 75 while the 

upstream inundated areas are widely spread into residential area.  It can be seen the flows remain 

widely distributed in most of the drainage channels in the eastern side of study area. The flows 

also involve a larger number of surges and thus with high impact energy, and represent one of the 

most destructive cases.  

 

6.2.4.2 Simulated slope disaster inundated area using upper bound values ( 𝑛 = 0.08  and  𝜃𝑐𝑟=7 

degree) 

In practice an upper 

limit value 

𝑛 describes larger 

bottom shear stress 

acting on the 

flowing soil-water 

mixture and a 

higher bound 

values of the 

critical deposition 

angle represents a 

lower water 

contents of the 

landslide mass. 

Figure 80 show a 

simulated slope 

disaster inundation 

in the Ankober area 

Figure 80 simulated slope disaster inundation (in yellowish color in the Ankober 

area using upper bound values of calibrated parameters 𝑛 = 0.08 and    𝜃𝑐𝑟 =

7 𝑑𝑒𝑔𝑟𝑒𝑒 overlaid in the satellite image of the study area. 
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using calibrated parameters with an upper limit value of 𝑛 = 0.08,  and 𝜃𝑐𝑟 = 7 overlaid with the 

satellite image of the study area taken in the year 2019. The predicted inundations area are shown 

in solid fill yellowish color polygons. And the simulated flow inundations are shown in transparent 

yellowish color polygons. In the case for larger values the calibrated parameters a deposition of 

debris flows with shorter runout distances both in the upper slope failure area.  

In both cases of the simulation results obtained by the calibrated parameters lower and upper bound 

values, it can be seen that the identified places such as villages, roads, and forest covered area that 

necessitates to be protected primarily were simulated to be under high slope disaster risks.  

Moreover, from 

the overlap of the 

simulated results 

and the satellite 

images it can be 

seen that the most 

possible debris 

flows occurrence 

could be in the 

flood plains 

covered with trees 

or heavy brush, 

who’s Manning’s 

coefficient n is 

about 0.1. 

On the other hand, 

the critical angle for 

flow 𝜃𝑐𝑟 depends 

highly on the water contents of the landslide mass, which is difficult to identify in advance. 

Therefore, we assume the most dangerous case and set to   𝜃𝑐𝑟 =0 (deg.).   

A 

B 

Figure 81 simulation of slope disaster event using Manning’s coefficient n value 

0.1 and 𝜃𝑐𝑟=0 (deg.) for a most dangerous case. 
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Figure 81 shows the simulation result obtained using these material parameters. The close-up 

views for areas A and B are shown in Figure 82, where simulated inundated areas are overlapped 

in the satellite images.  

In area A, we can observe the traces of several previous landslides (A-1, A-2, A-3, A-4) from the 

satellite image. Since some of the simulated inundated areas cover such traces, which indicates 

that they are still potentially dangerous. On the other hand, area A-5 does not have such previous 

landslide traces, but the steep slope in the west part of the area has relatively high risk of landslides. 

Moreover, they may lead to wide inundated area as shown in the simulated one, which covers 

relatively large number of houses. The simulation in area B also suggests wide inundated area 

covering certain amount of 

houses (B-1). The area B also 

contains the town of Ankober 

town in the southwest part, but it 

is located in the highland and the 

inundation risk is not high. The 

major risk of the town may be 

the landslide at the east edge of 

the town (B-2).  

Figure 83 shows the time history 

of the maximum and average 

flow velocity in the simulation. 

Figure 82 close-up views for areas A and B in Figure 81. 

Figure 83 time history of the maximum and spatially averaged 

velocity of the flowing mass. 
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Since the angle of slope at failure is very steep more than 45 (deg.), the flow velocity at the initial 

stage is much higher than the previous areas. The average flow velocity goes to zero at around 

t=1000 (sec.), but some part of flow runs fast even after t=3000 (sec.) because the simulation 

adopted 𝜃𝑐𝑟=0 (deg.) (with zero yield stress). Such cases are common when the debris materials 

flow through gullies with comparatively quick changes from steep to shallow topographies. The 

mean velocity of the predicted flow was found to be quite large value compared to the mean 

velocities of common debris flows under a channel gradients varying from about 40° in the starting 

zones to about 3° in the deposition zone (Hutter et al 1994). 

6.2.5 Summary of the slope disaster risk evaluation in the Ankober area 

Ankober area is located at the edge of the eastern side of the EMR closer to the Debre Sina 

landslide area. It is characterized by similar seismicity and geological characteristics. Both the 

Ankober and the Debre Sina area are near to the Afar Triangle where several old and recent 

volcanic eruptions are believed to exist due to existence of one or two Paleogene mantle plumes 

underneath the thin crust in this area (Schilling et al 1992; Ebinger and Sleep 1998). These 

conditions urge for a search for a wide area slope disaster evaluation methods. 

A quantitative records of the past landslide events is not available in the Ankober area. Moreover, 

in-situ mechanical test records of the geomaterials are also rarely available. We used the 

topographic map of the study area together with the satellite images taken in the year 2019 to 

identify the places that necessitates to be protected primarily such as villages, roads, and forest 

covered areas. We identify also forest covered fertile areas that need to be  most protected because 

slope failure disasters causes surface erosion of the fertile soil covers and results in deforestations 

in several cases.  

Due to absence of the required data including the unsaturated and saturated bulk density of the soil 

mass as well as porosity n of the surface soil was not available to compute the slope angle 

corresponding the safety factor value of  𝐹𝑠 = 1. Therefore, we set a higher critical slope failure 

angle θf to predict the initiation area. From the overlap of the predicted slope disaster area and the 

topographic map it was seen that the eastern and western side of Ankober town, the road that 

connects to the capital city and the forest cover area are found to be near the predicted dangerous 

slope failure zones. 
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Flow spreading simulations were made using the two extreme cases of the calibrated parameters, 

namely the lower bound values (n=0.05 and 𝜃𝑐𝑟=0.5 degree) and upper limit values (n=0.08 and 

𝜃𝑐𝑟=7 degree). In both cases of the simulation results obtained by the calibrated parameters lower 

and upper bound values, it was seen that the identified places such as villages, roads, and forest 

covered area that demands to be protected primarily were simulated to be under high slope disaster 

risks.  Moreover from the overlap of the simulated results and the satellite images, it was found 

that the most potential occurrence of a debris flows could be in the flood plains and the drainage 

channels covered with trees or heavy brush, whose Manning’s coefficient n is about 0.1. 

A most dangerous case of a flow was also assumed and 𝜃𝑐𝑟 was set to a zero value. The results 

found using these material parameters showed a wide inundated area having a high value of 

velocity and it covers relatively large number of houses.    

The predicted flow velocity at the initial stage was much higher than the previous case study areas 

due to a comparatively steep slope failure angle value more than 45 (deg.) occur in this area. The 

mean velocity of the predicted flow was found to be quite large value compared to the mean 

velocities of common debris flows under a channel gradients varying from about 40° in the starting 

zones to about 3° in the deposition zone (Hutter et al 1994). In general, the results suggest the 

necessity of a further investigations in this area. 

7 Conclusions and recommendations  

7.1 Conclusions 

The need for evaluation of slope disaster risk is a crucial task in all places where the vulnerability 

to the condition of a slope disaster incidences exists.  All over the world, slope disaster occurrences 

cause loss of lives and damages to properties and infrastructures especially in mountainous 

terrains. In the period between 2004 and 2016 alone 55, 997 people were killed in 4862 distinct 

non seismically triggered occurrences all over the world according to data collected by Froud et al 

2018. The majority of these landslide events involved a single failure slopes having wide area 

spatial distributions with high areas of incidence in the cities. 

The situation in Ethiopia is not different. In a recent occurrence alone, at least 41 people were 

killed due to a heavy rain triggered slope disaster event in a place called Kindo Didaye district on 
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May 2016. The situation is aggravated due to the existence of a wide area tectonically active rifting 

system (EMR) that cross the country from northeast to southwest. This severe condition of slope 

disaster risk necessitates a comprehensive and diversified methodology of forecasting and 

evaluating these problems. 

Depth-integrated (or shallow water) formulation has been widely used in debris flow and river 

engineering simulations so far (Kalkwijk and De Vriend 1980, Hervouet 2007). Recently, this 

formulation has been applied into particle method (Pastor et al. 2009, 2014). A simplified version 

of this method called Depth Integrated Particle Method (DIPM) had been used by previous 

researchers in the division the Geotechnical laboratory under the department of the Energy and 

Mechanics Engineering of the University of Tsukuba. Nakata (2017) made a pioneering work on 

evaluation of wide-area landslide hazard using DIPM and GIS applying to two wide-areas as a 

case studies: the Nova Friburgo (6.72 km by 4.5 km) in Brazil and the Hofu (4.75 km by 2.50 km) 

in Japan.  And a mixing model based on a two-step evaluation scheme was proposed together with 

DIPM by Zhang (2015) to quantitatively evaluate the debris flow hazards in Zhouqu and 

Wenchuan earthquake stricken areas. However, previous researchers did not includes a 

precipitation simulations which is essential to locate the water catchment area where most of the 

erosions and sediment processes occurs. This helps to identify a potential soil saturation area and 

thereby contributes in the delineation of the initial slope failure area and the maximum budding 

debris flow affected drainage channels.   

The methodology implements a twofold strategy: first we assess a slope disaster risk in the given 

area by evaluation of the stability condition of the slopes using the available records. There are 

several classical ways to evaluate the stability of a slope and yet the subject is arguably the most 

complex and challenging sub-discipline in geotechnical engineering. We used a 1D slope formula 

to compute factor of safety (FS) of a slope with the assumption that the critical slope failure angle 

can be roughly evaluated from the available record of the saturated and unsaturated bulk density 

and the depth of the ground water of the unstable mass under consideration.  

Secondly, once a surface soil mass fails to be stable and starts to slide, usually it will be mixed up 

with masses of liquids and the flow behavior of the mixture is strongly influenced by its material 

properties such as size distribution of geological grains (from micron scale to meter scale), grain 

shape and crushability, water contents, etc. However, there are no universal constitutive laws 
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governing landslides that are straightforward to incorporate into numerical models (Pastor et al. 

2012). Moreover, what is necessary for wide-area risk evaluation of landslide hazards is not a 

sophisticated and highly accurate constitutive models but rather primitive ones with the smallest 

number of material parameters that can be easily identified. Therefore, a simplifications of 

constitute models appears to be a reasonable approach towards a systematic application of 

simulating the deposition process of debris flows. 

A simplification of  a complex 3D problem into a 1D numerical model for unsteady flow called 

DAN (Dynamic ANalysis) was formulated  for modelling post failures ( Hungr 1995).  However, 

the model can only be used for cases where the rheology is constant and known in advance due to 

the model basis on a generalized rheological kernel which needs to be calibrated for a particular 

landslide type. Another approach with a relatively detailed flow behavior based on depth-averaged 

model equations and an advanced numerical integration scheme making use grids which  moves 

with the deforming pile was proposed by Koch et al (1994). However, the implementation an Finite 

Difference Method (FDM) for the numerical solutions suffer a restriction of limited ability to 

determine time series of complete contour plots of the evolving topographies. 

Moreover, an FDM uses a topological square network of lines to construct the discretization of the 

PDE which is a potential bottleneck of the method when handling complex geometries in multiple 

dimensions. This issue motivated the use of an integral form of the Partial Differential Equations 

PDEs and subsequently the development of the finite element method (FEM) and finite volume 

Method (FVM) (Peiró et al 2005). However, in all the three methods, the problem spatial domain 

is discretized into meshes named as elements in FEM, grids in FDM and volumes in FVM. Such 

discretization of the spatial domain of the problem into meshes impose difficulties in handling 

problems related to mesh distortions. To surpass this problem mesh free methods have been 

implemented. Among them the longest established and has matured compared with other meshless 

methods is the smooth particle hydrodynamics (SPH). Unlike Eulerian approach (fixed frame of 

reference) SPH is a purely based on a Lagrangian approach (moving frame of reference) in which 

particles carry field variables and move with the material velocity. Due to its Lagrangian 

formulation SPH has advantages in handling a large deformation compared to other grid-based 

numerical methods. And its adaptive nature allows to handle complex geometries without any 

difficulties. 
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We have developed a simple depth-integrated particle method (DIPM) which is a simplification 

of an SPH. The model is based on depth-averaged shallow flow equations solved on a set particles 

obtained from the Digital Terrain Model (DTM) constructed using Grass GIS open source 

application software. The resultant forces acting on each particle is considered to be similar to the 

forces acting on the columns of soil in a limit equilibrium slope-stability analysis in which the 

gravity force and the hydraulic pressure are the driving forces and the resistance force to motion 

comes from the basal shear stress computed from Manning’s formula   combined with the equation 

of steady and uniform flow. The hydraulic pressure was determined by the interaction between the 

neighboring particles and thus it was affected by mesh size of a DTM used to acquire information 

about the topography of the area of interest.   

Previous researchers in this field construct a DTM from stereo-photogrammetric method from 

images taken by the Panchromatic Remote-sensing Instrument for Stereo Mapping (PRISM) 

sensor onboard the Advanced Land Observation Satellites ALOS satellite (Nakata 2016 and Zhang 

2019). Space-borne earth-observation sensors provide new perspectives in DTM generation for 

virtually any location on earth (Huggel et al 2008). In this study we construct a DTM from 

worldwide digital sources offered at 30-m and 12.5-m resolutions. The ALOS 30m was obtained 

from Japan Aerospace eXploration Agency (JAXA).  A relatively smaller mesh size DTM at 12.5-

m that has a higher resolution was obtained from ALOS-PALSAR (Phase Array type L-band 

Synthetic Aperture Radar) developed (Alaska Satellite Facility (ASF), 2015). ASF has produced 

products at both 12.5-m and 30-m resolutions. Another freely available DTM was also derived 

from Google earth application by extracting elevation values using free software called TCX 

converter. 

ALOS 30-m was used for wide area slope disaster risk evaluations in the case study areas in 

Ethiopia after evaluating its accuracy by comparing with a 10-m resolution DTM constructed by 

stereo-photogrammetric method from images taken by ALOS. A frequency and contour lines 

distribution maps as well as a cross-sectional view at some selected profiles were used to compare 

the ALOS 30-m and google earth DTM with ALOS 10-m a commercially available DTM source. 

The resulted showed a similarity between the ALOS 30-m and ALOS 10-m DTMs. Particularly, 

the similarity of the cross sectional views at a longer length profiles showed the equivalence of the 

resolution of the DTM on regional level. However, at a closer view the cross-sectional profiles the 

ALOS 30-m DTM showed some local flat planes problems which was corrected by a simple 
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adjacent average smoothing by adding points along the path so that the model fits a smooth 

function along the points.     

A similar comparison was made between the ALOS 30-m, ALOS 12.5-m and airborne survey 1-

m DTM using a frequency and contour lines distribution maps as well as a cross-sectional view at 

some selected profiles and it was seen that the terrain correction made by Alaska Satellite Facility 

enhanced the resolution of the ALOS 12.5-m DTM.   

We also made a comparison between the ALOS 12.5-m and airborne survey 1-m DTM its ability 

in reproducing actual events using the numerical models. The results of the model runs using the 

two DTMs was compared on the basis of identifying each surge of the debris flow and on the basis 

of an agreement in the depositional patterns with observations. The result of the model run with 

airborne survey DTM covers most of the flows with appropriate bending of the channel. Whereas 

in the case the result obtained with the run using freely available DTM the number of surges and 

the pattern of deposition considerable differ.  

The comparison was made on a selected local area about 2 square kilometers and result showed 

that for such a local area investigations with short runout distance of a debris flow and a total area 

having less than a one and half kilometer length and width, the performance this DTM can be 

limited only to give an approximate overview about the area of inundation and can serve also as a 

first estimates of the areas potentially affected by mass flows. However, for a wide area incidents, 

with a deep-seated slope failure that usually happen in many places of Ethiopia, having several 

kilometers width and lengths, the DTM from ALOS 30-m after a correction of the local flatness 

and from ALOS 12.5-m without need of correction was found to be capable to be used in the 

evaluation of slope disaster risks using a calibrated material parameters. 

There are several approaches to calibrate the material parameters of numerical models. We used a 

calibration technique  based on a visual comparison of the main external aspects of landslide 

behavior such as how far do the debris flow travel and how wide do the flow spread in the 

deposition fan. Though this approach is subjective, it is simple to implement when the model 

contains few adjustable parameters that dominate different characteristics of the simulation results. 

Depth integrated particle model provides an advantage of selecting the material parameters of the 

model based on a calibration made through applications into several case study areas affected by 

previous landslide events. Such a calibration approach is carried out routinely in geotechnical 
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practice with limit equilibrium slope stability analyses (e.g., back-analyzing a failed slope to help 

constrain shear strength values) (Mcdougall 2016).  

The initial slope failure area need to be determined in advance in order to calibrate the flow 

parameters (𝑛 and 𝜃𝑐𝑟 ). This is due to the flow inundation results are sensitive to the initial mass 

discharges of the debris flow.  Estimation of a potential initial slope failure hazard area using 3D 

slopes stability analysis was done using historic landslide for the Kumamoto debris flow affected 

area (Wang et al 2006). A 1D slope stability analysis was applied here to estimate the critical 

failure slope gradient values of the dry and saturated soils in both Hofu and Kumamoto landslide 

affected areas.  

However,  the locations of mesh values in the respective critical slope gradients for dry soil  (49.57 

degree for  Hofu case )  and (49.5 degree for Kumamoto case) were less that 1 percent in both of 

the DTM, obtained from high resolution airborne survey (for Hofu case) and from feely available 

data source (ALOS 30m mesh) (Kumamoto case). Moreover, for the Kumamoto case study area, 

the slope failure location identified by using slope inclination and the potentially dangerous slopes 

estimated by Wang et al. (2006) using elliptic sliding surface method was not in agreement with 

the actual slope failure area.  

Simulations of flows of uniformly distributed raindrops were made for the Hofu and Komamoto 

area. In both case of the study area a large number simulated raindrops were accumulated in the 

final deposition fan of the debris flow affected area. A strong correspondence between both in the 

sinuosity and pattern of depositions were seen between the simulated large number of raindrops 

and the path of the debris flows in both study areas. The result had also shown a difference between 

the eastern and western part side of correspondence between simulated raindrop distributions in 

the Hofu area. 

Therefore we employ a user defined assignment of the initial slope failure area, for a debris flow 

involving a single surge (the Kumamoto area). However, due to the inconvenience of user defined 

assignment for a debris flow with multiple number of surges (Hofu case), we use a critical slope 

failure angle, θf  to locate these places. From the sensitivity analysis between the initiation area 

obtained using some slope inclination and the actual slope failure area, it was able to select 40 and 

42 degree for the western and eastern side respectively,  to locate the initial slope failure zone in 

this area. 
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For the Komamoto case study area it was seen that the case for smaller 𝑛 (smaller bottom shear 

stress) leads to an excess flow acceleration and results in the too much deviation from the path of 

valley bottom in the upper stream. On the other hand, in the downstream deposition fan, the 

simulated inundated width is narrower than the observed one for larger  𝑛. Using  a comparison  at 

time history of the maximum velocity of the flowing mass with the evaluation by Mizuno et al. 

(2003) and looking at Table 1, a lower and upper bound value of (𝑛 and 𝜃𝑐𝑟 ) was estimated to be 

in the range (0.05 to 0.10, 5 to 7 deg.) for the debris flow affected area in the Kumamoto prefecture. 

However looking at Table 1, the Manning’s coefficient differs in different ground surface 

materials, and it can be recommended to set a larger value in the upstream and a smaller value in 

the downstream based on information obtained from the aerial photo. 

Due to the problem of too much initial volume of discharge predicted using only slope inclination 

values, we considered only certain main surges in the western eastern side of the study area in the 

Hofu case. Looking the model results obtained using n value of 0.03 to be much wider (lateral) 

width for the case of both the surges and looking n value of 0.08 to be much narrower width for 

the case of these surges it was able to set the lower and upper bound for n value to be in these two 

values. However, it was seen that the variation of the simulation result using these two parameters 

was not independent of each other. Generally, a range values between (0.05 to 0.08, 0.5 to 7 deg.) 

was estimated to be fitting for the western part of the study area. And a range values between (0.05 

to 0.08, 0.5 to 4 deg.) was estimated to be fitting for the eastern side of the study area. 

Calibration of the two material parameters, namely the Manning’s coefficient, 𝑛 and the critical 

slope angle for the deposition, 𝜃𝑐𝑟 was demonstrated in the case study of both the Kumamoto 

debris flow and Hofu shallow landslides. Table 3 recaps the upper and lower bound values of these 

parameter for the two case study area. In both cases the lower value of  𝑛 and the upper value 

𝜃𝑐𝑟was equivalent except the eastern side of Hofu case study area which as a 4 degree value. The 

upper value of 𝑛 and the lower value of 𝜃𝑐𝑟 showed some differences. 

Table 5 summary of the upper and lower bound values of calibrated material parameter 

Case study area 𝒏 𝜽𝒄𝒓 (degree) 

Lower upper Lower Upper 

Hofu area 0.05 0.08 0.5 7 (4) 

Kumamoto area 0.05 0.1 5 7 
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These difference arises due to the problem of predicting accurate initial volume of discharges. The 

prediction of initial slope failure is still a big issue to be improved. Nakata and Matsushima (2014) 

attempted a statistical analysis of landslide affected area which suggested the importance of 

considering the rain water catchment topography in relation to the saturation of soil as many others 

focused on (Burton and Bathurst 1998, Crosta and Frattini 2003). The difference in the terrain 

input data used in the two case study area has affected also the magnitude of the two material 

parameters. Prediction of the flow-path and the deposition fan of the debris flows is found to be 

more reliable with airborne survey high resolution terrain source compared to a freely available 

global source. However, calibration of the model parameters using globally available terrain 

source with identical resolutions all over the world will resolve such differences.  

A slope disaster event occurred in the Debre Sina landslide area was large and wide to be clearly 

identified by the satellite images taken in the near dates of the event. We used some pictures and 

panoramic photos of the slope disaster event taken by previous researchers to evaluate images 

taken by the satellites. Identical morphological features were identified both in the pictures and in 

the satellite images.  

We used these satellite images to make a calibration of the critical slope failure angle in order to 

identify the initial slope failure area. A similar approach proposed by Galas et al (2007) was 

adopted with addition of an index value to separately maximize the intersection between the 

predicted and observed failure area and both failure and the safe area distinctly. It was found that 

the index values were maximum until a critical slope failure angle of 32 degree.  

A relatively higher number of simulated raindrops were also found corresponding to the main and 

major initial slope failure area. We used this threshold value to predict the places in the eastern 

and western peripheries where no signs of sliding was seen on the satellite images taken in the year 

2007. After estimating the initial slope failure area we used the calibrated material parameters of 

the model to replicate the past landslide event.  The replication of past landslide event was made 

using two extreme cases of the calibrated parameters, namely the lower bound values (𝑛 =

0.05 and 𝜃𝑐𝑟 = 0.5 𝑑𝑒𝑒𝑟𝑒𝑒 ) and upper limit values (𝑛 = 0.08  and 𝜃𝑐𝑟 = 7 𝑑𝑒𝑔𝑟𝑒𝑒 ).  

The lower bound values replicated a simulation debris mass under highly fluidized condition thus 

the flows involved several number of surges which led to a high impact energy, that represent one 
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of the most destructive cases. These replicated results were in agreement with the investigations 

made in the study area by previous researchers. In the case of upper bound values the simulation 

results reproduces a deposition of debris flows with shorter runout distances both in the upper 

slope failure area and the lower river canals. 

The model can be used for both back analysis (simulation) of previous events and the forward-

analysis (prediction or forecasting) of potential future events. The outcomes of the simulation 

results have revealed that the model reasonably reproduces the initial slope failure zone and the 

observed deposition area of the documented landslide event in the study area. Such an efforts will 

be helpful for prediction of possible future wide area slope disaster events in the neighboring areas. 

The capability of the model to reproduce a past event using a calibrated the parameters found from 

a well-documented case study area remains to be an essential achievements. 

Ankober area is located at the edge of the eastern side of the EMR closer to the Debre Sina 

landslide area. It is characterized by a similar seismicity and geological characteristics. Both the 

Ankober and the Debre Sina area are near to the Afar Triangle where several old and recent 

volcanic eruptions are believed to exist due to existence of one or two Paleogene mantle plumes 

underneath the thin crust in this area (Schilling et al 1992; Ebinger and Sleep 1998).  

A quantitative records of the past landslide events is not available in the Ankober area. Moreover, 

in-situ mechanical test records of the geomaterials are also rarely available. We used the 

topographic map of the study area together with the satellite images taken in the year 2019 to 

identify the places that demands to be protected primarily such as villages, roads, and forest 

covered areas. We identify also forest covered fertile areas that need to be  most protected because 

slope failure disasters causes surface erosion of the fertile soil covers and results in deforestations 

in several cases.  

Due to absence of the required data including the unsaturated and saturated bulk density of the soil 

mass as well as porosity n of the surface soil was not available to compute the slope angle 

corresponding the safety factor value. Therefore, we set a higher critical slope failure angle θf to 

predict the initiation area. From the overlap of the predicted slope disaster area and the topographic 

map it was seen that the eastern and western side of Ankober town, the road that connects to the 

capital city and the forest cover area are found to be near the predicted dangerous slope failure 

zones. 
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Before we made a flow spreading simulations using the two extreme cases of the calibrated 

parameters, we made a precipitation simulations to identify the most vulnerable places for surface 

erosions and debris flow deposition areas. The result showed a high concentrations of simulated 

raindrops in the eastern most side of the study area.  Then a flow spreading simulations were made 

using the two extreme cases of the calibrated parameters, namely the lower bound values (n=0.05 

and 𝜃𝑐𝑟=0.5 degree) and upper limit values (n=0.08 and 𝜃𝑐𝑟=7 degree). In both cases of the 

simulation results obtained by the calibrated parameters lower and upper bound values, it was seen 

that the identified places such as villages, roads, and forest covered area that necessitates to be 

protected primarily were simulated to be under high slope disaster risks.  Moreover from the 

overlap of the simulated results and the satellite images, it was found that the most possible debris 

flows occurrence could be in the flood plains covered with trees or heavy brush, whose Manning’s 

coefficient n is about a value of 0.1. 

A most dangerous case of a flow was also assumed and 𝜃𝑐𝑟 was set to a zero value. The results 

found using these material parameters showed a wide inundated area having a high value of 

velocity and it covers relatively large number of houses.    

The predicted flow velocity at the initial stage was much higher than the previous case study areas 

due to a comparatively steep slope failure angle value more than 45 (deg.) occur in this area. The 

mean velocity of the predicted flow was found to be quite large value compared to the mean 

velocities of common debris flows under a channel gradients varying from about 40° in the starting 

zones to about 3° in the deposition zone (Hutter et al 1994). In general, the results showed the 

potential damages of slope disaster risks in the area and the necessity for further investigations. 

7.2 Recommendations  

The key issue here is to develop a method that is capable to obtain important material parameters 

from available in situ records that show the initial slope disaster locations as well as the extent and 

distributions of the debris flow surges in the given area. The availability of a model that can be 

integrated with a terrain model obtained from a global freely available sources though an open 

source Grass GIS application make it essentially applicable all over slope disaster susceptible 

places for both experts and practitioners, while models that are commercially available tend to be 

expensive. Moreover the model results are found to be directly applicable into risk assessment 

calculations in order to be used as a visualization and communication tools. 
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However, several key challenges remain, particularly the sensitivity of models to topographic 

resolution. Prediction of the flow-path and the deposition fan of the debris flows is found to be 

more reliable with airborne survey high resolution terrain source compared to a freely available 

global source. However, calibration of the model parameters using globally available terrain 

source with identical resolutions all over the world will resolve such differences.  

It also turned out that the prediction of initial slope failure is still a big issue to be improved. Nakata 

and Matsushima (2014) attempted a statistical analysis of landslide affected area which suggested 

the importance of considering the rain water catchment topography in relation to the saturation of 

soil as many others focused on (Burton and Bathurst 1998, Crosta and Frattini 2003). To improve 

the accuracy slope failure predictions we incorporated erosion behavior of debris flow into the 

model. And Zhang and Matsushima (2016) proposed a simple diffusion model to describe the 

entrainment of debris material resting on the valley bottom by the flow. 

In addition to these (Mcdougall 2016) recommended that, other emerging topics that warrant more 

attention from researchers and practitioners need improved model efficiency and user-friendliness, 

including shorter model setup, run times, and processing times. Improved model availability and 

cost, improved simulation of mitigation elements and integration of model results directly into risk 

assessment calculations remains to be the biggest challenges.  

Moreover, it should be recognized that calibrated parameter values can depend strongly on the 

roughness of the input topography; therefore, until a standard approach to model setup is adopted 

widely, calibration results documented by different workers using different models may not be 

directly comparable. Therefore, the model need to be applied to several case studies in central and 

escarpment area of the highlands of Ethiopia in order to create a valuable database of calibrated 

parameters. Detail geotechnical field investigations and laboratory works need be done to adjust 

the input parameters for specific to the geologic and topographic conditions of Ethiopian 

highlands. 
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