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Abstract  

Occurrences of rainfall induced landslides coincide in time with the period of high persistence of heavy wet spells 

and in spatial locations where vegetative cover has been denuded. A landslide prediction model was formulated and 

calibrated by simulation of previous landslide occurrences and then applied in scenario analyses to establish the 

effects of rainfall persistence and land use changes on slope stability in the western escarpment of the Kerio Valley in 

Kenya. Long term daily rainfall input was obtained using a rainfall generator. HYDRUS 1D model was applied in soil 

moisture analysis. An EXCEL spreadsheet infinite slope model was developed for model calibration. ILWIS GIS model 

was used to map spatial distribution of slope stability. The model successfully modelled the occurrence of previous 

landslide events. Results indicate that rainfall totals and wet spell persistence contribute to increase in unstable 

areas. Assessment of slope stability under different land uses showed that if the entire study area were completely 

forested, then the unstable and critical areas would be 0.05% and 1.81% respectively, but would be 0.69% and 

5.35% respectively if it were completely under agriculture. 
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1. Introduction 

Landslides represented about 5% of all natural disasters worldwide between 1990 and 2005 (Kanungo et al., 

2006). In Kenya, landslides frequently occur when the country experiences heavy rainfall and often lead to 

loss of life and destruction of property (Standardmedia, 2012; Standardmedia, 2011; BBC news, 2010; 

Standardmedia, 2010). Numerous factors contribute to slope failures in mountainous areas. However, 

intense rainfall (Lakhan, 2009) is a trigger in both shallow and deep-seated landslides since rain water 

percolating the slopes increases the soil water content and reduces in situ matric suction, resulting in a 

decrease in the effective stress in the slope soils. This may induce slope failures when the critical pore water 

pressure threshold is exceeded (Corominas and Moya, 1999). 

Land use change has been recognized as the most important factor influencing the occurrence and re-

activation of landslides triggered by rainfall. The relation between landslide and vegetation cover is 

extremely important and should not be underestimated. Vegetation influences slope stability parameters 

such as cohesion, angle of internal friction, weight of the slope-forming material and pore-water pressure 

(Karsli et al., 2008). Shallow slope failures occurred in Northern Ontario after forest clearing and the major 

causes of these slope failures was attributed to a decrease in evapotranspiration and decaying of the root 

system (Eigenbrod and Kaluza, 1997). It is thus important to investigate the hydrological, land use and soil 

factors that have a bearing on slope instabilities by using modelling approaches so as to provide an insight 

into the causes and spatial distribution of landslides. 

In addition to cost, available landslide models often have requirements that make it difficult to run in 

situations of limited data. This paper presents the theoretical background, the methods used in development, 

modelling and simulation, followed by interpretation and discussion of results. Finally, conclusions and 

recommendations for further research are given. 

 

2. Modeling and scenario analyses 

2.1. Study area 

The study area is part of the highland escarpment of the Great Rift Valley located in Elgeyo-Marakwet County 

in Kenya (Figure 1). It lies within the coordinates of 350 29’E 00 51’N and 350 43’E 10 19’N. The altitude of the 

area ranges from about 1000 meters above sea level (a.s.l) in the valley floor to about 3000 meters a.s.l in the 

highlands. The average temperature at the valley is around 26 centigrade and 6 to 18 centigrade at the 

highlands. Annual rainfall ranges from 1000 mm at the basin of the valley to 1600 mm in the highlands. 

Annual evaporation rate is about 2000 mm in the valley and 1300 mm in the highlands (Muchemi et al., 

2002). During heavy rains, the escarpment suffers from landslides and soil erosion while the valley floor 

suffers from floods and deep gullies. These threaten the suitability and sustainability of the environment for 

human habitation. Mokwo village is in the highlands. It is endowed with fertile dark-brown loamy soils which 

are well drained. 
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Figure1. Location of study area in Kenya 

 

2.2. Soil moisture modeling using HYDRUS 1D 

The rainfall necessary to drive the system was generated using stochastic rainfall generating model (Koskei, 

2013). The state of soil moisture after a wet spell was obtained using a one-dimensional mixed form of 

Richard’s equation describing the uniform movement of water in a partially saturated rigid porous medium 

with assumptions that the air phase plays an insignificant role in the liquid flow process and that water flow 

due to thermal gradients is neglected (Šimůnek et al., 2009). 
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(1) 

where  is the pressure head [L],  is the volumetric water content [L3L-3],  is time [T],   is the spatial 

coordinate [L] (positive upward),   is the sink term [L3L-3T-1], defined as the volume of water removed from a 

unit volume of soil per unit time due to plant water uptake (Feddes et al., 1978),   is the angle between the 

flow direction and the vertical axis (i.e.,        for vertical flow,        for horizontal flow,           

for inclined flow) and  is the unsaturated hydraulic conductivity [LT-1]. 

Richards’ equation does not have a general analytical solution, and must therefore be solved numerically. 

The HYDRUS 1D software was used for this purpose. It is a finite difference programme where the soil profile 

is first discretized into     adjoining elements (Figure 2) perpendicular to the soil surface with the ends of 

the elements located at the nodal points;   is the number of nodes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Spatial and temporal discretization scheme used in solving Richard’s equation 

(Source: Gurrapu, 2005) 

 

A mass-lumped linear finite elements scheme was used for discretization of the mixed form of the 

Richards' equation resulting in an equivalent and somewhat standard finite difference scheme (e.g., Vogel et 

al., 1996); 
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(2) 

in which subscripts        and     indicate the position in the finite difference mesh; superscripts   and 

    denote the previous and current iteration levels, respectively; and superscripts   and     represent 

the previous and current time levels, respectively. Equation (2) is based on a fully implicit discretization of 

the time derivative, and is solved using a Picard iterative solution scheme. 

The flux components were calculated only at each node  , with the upper boundary condition chosen as 

atmospheric with surface runoff while lower boundary condition was chosen as constant flux, 0q  , 

assuming rock level. The initial condition was specified in terms of the volumetric water content and an 

assumed value of 0.2 was set. 

 

(3) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Descretization of soil layer in HYDRUS 1D model and the infiltration zones 
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The soil layer was discretized into one hundred and one equidistant nodes. The soil moisture simulation 

was monitored in nodes 11, 46, 86 and 101. The modelled water content in nodes 11, 46 and 86 represented 

average water content in the three soil zones (Figure 3). The upper section which is highly affected by 

weather conditions was represented by 20% of soil layer thickness while the lower section that represents 

water accumulation was represented by 30% of soil thickness. The middle section (transmission zone) took 

50% the thickness of soil layer.  

The HYDRUS 1D model requires temporal data that include time, precipitation rate, potential 

evapotranspiration rate, and absolute value of the minimum allowed pressure head at the soil surface which 

should be selected such that the corresponding water content is at least 0.005 higher than the residual water 

content (Van Genuchten,1980). 

2.3. Slope stability model 

In the infinite slope model, failure occurs when soil shear stress exceeds soil shear strength. Factor of safety 

   at any point in a soil layer is obtained as the ratio between the soil shear strength    and shear stress   

(Christanto, 2008). 

 
(1) 

where; =effective normal stress, = total normal stress, = total cohesion strength, = angle of 

internal friction,    slope obliquity. 

For partially saturated soils, there exists suction stress that increases the soil effective shear resistance on 

a slope. Therefore, infinite slope stability equation has to be modified to take into consideration suction 

stress. A generalized effective stress equation in soil that unifies both saturated and unsaturated conditions 

was proposed by Lu and Likos (2004, 2006) as 

' ( )
s

z z au      (1) 

where  is the pore air pressure, = effective normal stress, = total normal stress, s
 = matric suction 

stress at failure plane. 

Equation (5) is used to replace the effective normal stress in equation (4) (Duncan and Wright, 2005), 

resulting in an equation describing stability of a slope under any soil saturation condition i.e., 
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The flow chart for the infinite slope model is given in Appendix A. The formulation was implemented both 

in ILWIS GIS model (mapping function) and in Ms-EXCEL comprising the LPM for calibration and 

identification of critical mapping days. 

2.4. Spatial modelling using ILWIS GIS 

ILWIS GIS model was applied for spatial mapping of unstable areas (Pack et al., 2001). ILWIS GIS provides a 

platform for formulating mapping equations such as infinite slope model. It requires raster maps of soil and 

topographical properties and also inputs of soil moisture from a hydrological model. The mapping function in 

ILWIS GIS model was formulated taking into consideration spatial variation in components of hydrology and 

topography that affect stability of slopes. These components include water flow flux, soil moisture, slope, 

land use and soil type. The formulated methodology was calibrated using previous landslide occurences. 

Calculation of slope stability in ILWIS GIS is done on a pixel basis and the effect of the neighbouring pixels is 

not considered resulting in a hazard map of safety factors (Van Westen and Terlien, 1996). The flow chart for 

Landslide Prediction Model (LPM) is shown in Appendix B. 

2.5. Model calibration 

The formulated model was calibrated on the landslides that occurred previously at the escarpment near 

Mokwo village. The area has loam soil with an average thickness of about 1.5m. The major land use activity in 

the area is intensive agriculture (Muchemi, 2002; Kenya soil survey, 1997). The escarpment in the area 

slopes at an angle of around 40 degrees. The rainfall data for HYDROID 8935184 rainfall station was used for 

simulation as it was the nearest meteorological station to the landslide occurrence site.  

Sensitivity analysis was conducted using HYDRUS 1D model and Ms-EXCEL infinite slope model to 

establish influence of soil and topographic parameters on slope stability. Since all the parameters had an 

effect on state of slope stability, it was decided to calibrate the model by multiplying formulated factor of 

safety function with a constant so as to force the model to indicate failure on 29th April. A numerical constant 

0.55 gave the anticipated results. 

 

3. Results and discussion 

3.1. Model calibration 

The variation with time of volumetric water content and suction stress in the soil layer are depicted in Figure 

4 and Figure 5 respectively. In factor of safety analysis and spatial mapping, only suction stress results for 

top of bedrock was used since failure plane in this study was assumed to coincide with this point. 

Variation of factor of safety (  ) with time was undertaken using formulated Ms-EXCEL infinite slope 

model. The    model value for 29th April was found to be overstated since it is above the critical value of 1. 

Overestimation of    may have been caused by overestimated angle of friction, underestimated slope angle, 

underestimated depth, or overestimated cohesion. 
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Figure 4. Redistribution of Soil water for loam soil of thickness of 1.5 m at Mokwo village 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.Variation of suction stress for loam soil of depth 1.5m at Mokwo village 
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Table 1 shows the results of the sensitivity analysis while Figure 6 shows the calibrated results. 

 

Table 1. Sensitivity of model to parameter change 

Parameter 

name 

Parameter 

Value adopted 

Increasing 

parameter value 

by 25% 

Fs 

Decreasing  

parameter 

value by 25% 

Fs 

Angle of 

friction 
28 35 1.9 21 1.6 

Soil cohesion 16 20 2.0 12 1.4 

Soil depth 1.5 1.88 1.4 1.13 2.2 

Slope angle 40 50 1.55 30 2.0 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.Variation of    for loam soil of depth 1.5 m on a 40 0  slope 
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A mapping function formulated from infinite slope equation was used in generation of the hazard maps. 

Figure 7 shows hazard map for the Mokwo area at the time of a landslide on 29th April 2007 (around time 

700 hours). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Hazard map for Mokwoarea at time of landslide on 29th April 2007 (time 700 hours) 

 

3.2. Scenario analysis for slope stability assessment 

Two aspects were analysed for landslides triggering conditions. These were the rainfall persistence and land 

use changes. 

3.2.1. Evaluating effects of rainfall persistence on slope stability 

The rainfall that caused landslides in the 2007, 2010, 2011 and 2012 had a cumulative total of between 420 

and 460 mm for the months of April and May. Therefore generated rainfalls having totals greater than 

420mm for the months of April and May were used for analysis.  

HYDRUS 1D model was run on the generated rainfall to create temporal soil parameters that were then 

applied in ILWIS GIS software for generation of spatial slope instability  (hazard) map. The effect of rainfall 

persistence on slope stability was demonstrated by generating hazard maps for different days in the analysis 
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period using ILWIS GIS and the generated percentages of stable, critical and unstable areas are as shown in 

the Table 2. 

 

Table 2. Statistical analysis for stability classifications in ILWIS GIS 

   STABILITY RESULTS 

   Percentage area  

(%)  

Area   

(m2)  

date  stability 

class  

evenly  skewed  evenly  skewed  

13th 

April 

unstable   0.24 0.24 8028326.2 8002649.2 

critical  3.7 4 12372660.2 133871055.2 

stable  96.06 95.76 3213033709.9 3202916991.9 

21st 

April 

unstable   0.86 0.84 28749624.4 28141936.5 

critical  4.74 4.73 158546603.6 158212803.3 

stable  94.4 94.43 3157494468.4 31584435956.5 

6th May 

unstable   1.5 1.48 50309702.9 49642102.2 

critical  5.18 5.08 173113992.9 170049876.9 

stable  93.32 93.43 3121367000.6 3125098717.2 

23rd 

May 

unstable   0.33 0.57 11546068.2 19685661.2 

critical  3.38 3.36 117300863.9 116530555.4 

stable  96.28 96.07 3338345782.0 3330976497.5 

 

3.2.2. Evaluating Effects of Land Use Change on Slope Stability 

The analysis to test the effect of landuse change considered the stabilizing effect of roots for two assumed 

scenarios: 

 Adoption of (pine) forest as a sole land use in the entire study area. 

 Adoption of agriculture (maize farming) as a sole land use in the entire study area. 

 

In the first scenario, it was assumed that the study area was covered entirely with pine forest. The 

adopted values for root tensile strength and root area ratio (RAR) are 30 MPa and 0.0075 respectively 

(Norris et al., 2008; De Baets et al, 2008). In the second scenario, it was assumed that the entire study area 

consisted of a maize plantation. April is the maize planting period in the study area. A root tensile strength 

and RAR of 5 MPa and 0.001 were adopted respectively. The resulting hazard maps are shown in Figure 8. 
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The percentage of unstable and critical areas for pine forest was found to be 0.05% and 1.81% respectively 

while for maize it was 0.69% and 5.35% respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Scenario hazard map of study area on 29th April 2007: (a). Forest cover; (b). Agriculture 

 

3.3. Discussion 

Soil moisture content in the soil layer varies with depth (Figure 4). The uppermost soil layer gets moisture 

directly from rainfall and loses it faster than the lower layers due to its direct exposure to solar radiation and 

wind. After the onset of the rainy season, water content of the lower layers would build up gradually to 

saturation because the bedrock would not allow further percolation of soil water. Similarly, the suction stress 

varies with the water content (Figure 5). Suction stress of the upper soil layers is high and fluctuates 

 

                                         (a)                                                                                  (b) 
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continuously with the water content. In the bottom section, soil suction has much lower values and tends to 

zero in many places due to high water content. 

The values of    based on site soil parameters was found to be slightly higher for failure at the desired 

times. Since a sensitivity analysis did not reveal a dominant parameter, the model was forced by multiplying 

with a constant. The resulting model was able to produce satisfactory hazard map that included the landslide 

event at time of 29th April 2007 (around time 700 hours) in the unstable areas (Figure 6 and Figure 7). 

It was established that rainfall intensity in the study area follows a gamma distribution in which 60% of 

the rainfall tends to fall within the first 20 minutes (Koskei, 2013). The main soil type in the study area is clay 

loam with characteristically low infiltration rates that can easily be exceeded by the rainfall intensity 

resulting in the generation of high surface runoff. This explains why individual storms with high total amount 

of rainfall do not necessarily produce high percentages of unstable areas. 

Landuse type also has a great influence on the slope stability. The adoption of pine forest in the study area 

would result in much smaller area being unstable or in critical state as compared to that for maize plantation 

in April. 

 

4. Conclusions and recommendations 

4.1. Conclusions 

Landslide hazards can be systematically assessed using different methods depending on the available data 

and resources. For this study, a model was developed to suit available resources.  

The results obtained from this study were fairly conclusive that high persistence of heavy rainfall was a 

major contributor to landslides in the study area. Persistent high rainfall would result in more slope failures. 

Scenario analysis involving pine forest and maize plantations for land use respectively confirmed the 

importance of vegetation roots in reinforcing of soils on slopes. The formulated landslide prediction 

methodology could provide a basis for modelling the occurrence of rainfall induced landslides since most of 

the standard models are commercial. Information provided by hazard maps could form a basis of decision 

making by relevant authorities for reducing, preventing, mitigating and avoiding losses caused by landslides. 

4.2. Recommendations 

Most of the analyses were based on values obtained from the literature and may not accurately correspond to 

field values for the study area. These include: soil types and their properties, RAR values and root 

distribution with depth.  This may have led to under- or over-estimation of   in slope stability analysis.  

It is recommended that all future landslides in Kenya should be geo-referenced and documented by 

relevant institutions to facilitate quality assessment and validation in future studies. Research is also 

recommended to accurately establish soil types and their properties and values of other landslide related 

parameters. 
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APPENDIX A. Flow chart for the infinite slope stability model 
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APPENDIX B. Summary flow chart of Landslide Prediction Model (LPM) 
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