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Abstract 17 

Soil pore water pressure analysis is crucial for understanding landslide initiation and prediction. 18 

However, field-scale transient pore water pressure measurements are complex. This study investigates 19 

the integrated application of simulation models (HYDRUS-2D/3D and GeoStudio–Slope/W) to analyze 20 

pore water pressure-induced landslides. The proposed methodology is illustrated and validated using a 21 

case study (landslide in India, 2018). Model simulated pore water pressure was correlated with the 22 

mailto:beegumsahila@gmail.com


stability of hillslope, and simulation results were found to be co-aligned with the actual landslide that 23 

occurred in 2018. Simulations were carried out for natural and modified hill slope geometry in the study 24 

area. The volume of water in the hill slope, temporal and spatial evolution of pore water pressure, and 25 

factor of safety were analysed.  Results indicated higher stability in natural hillslope (factor of safety of 26 

1.243) compared to modified hill slope (factor of safety of 0.946) despite a higher pore water pressure 27 

in the natural hillslope. The study demonstrates the integrated applicability of the physics-based models 28 

in analyzing the stability of hill slopes under varying pore water pressure and hill slope geometry and its 29 

accuracy in predicting future landslides.  30 

Keywords: Landslide, Factor of safety, HYDRUS-2D/3D, GeoStudio-Slope/W, Pressure head, 31 

Pore water pressure, Extreme rainfall events 32 

Highlights:  33 

- Demonstration of the integrated application of physics-based models in analyzing the stability of 34 

hill slopes under varying pore water pressure and hill slope geometry  35 

- Correlation of evolution of pore water pressure, factor of safety, and geometry of hill slope to 36 

the landslide occurrence   37 

 38 

1. Introduction 39 

According to World Health Organization (WHO), landslides affected 4.8 million people and caused 40 

more than 18,000 deaths in the world between 1988 - 2017 (WHO, 2018). Prolonged and heavy rainfalls 41 

are the major factors causing landslides (Petley, 2012). In the past several years, the frequency of 42 

rainfall-induced landslides has increased with extreme rainfall events and anthropogenic activities (Marc 43 

et al., 2018; Rahimi et al., 2010). Climate change and frequent flash floods have also aggravated the 44 

landslide issues. Slope stability analysis can help understand the causes and potential triggers for a slope 45 

failure and aid in its mitigation. In the case of stability analysis of rainfall-induced landslides, it is 46 



 

essential to correlate the rainfall threshold and pore water pressure (PWP) threshold with the factor of 47 

safety by considering the changes in the physical and hydraulic properties of the soil. An accurate 48 

prediction of pore water pressure is fundamental for assessing slope stability in saturated soils. Though 49 

the landslide occurs within minutes, the soil moisture condition building up that ultimately triggers the 50 

landslides may take several hours to days. During a rainfall event, the pore water pressure varies 51 

temporally and spatially based on the (a) intensity and duration of the rainfall, (b) geometry of the soil 52 

layers and hillslope, (c) soil hydraulic properties and index properties, and (d) land use and land cover 53 

(Huang et al., 2012; Rahardjo et al., 2008b). Variations in the pore water pressure will impact the matric 54 

suction, effective stress, and soil stability (Rahardjo et al., 2008b). It is essential to account for these 55 

variabilities through accurate physical representation while investigating the slope stability. These 56 

parameters are crucial for understanding the initiation of landslide processes in a location and future 57 

landslide prediction for the mitigation approach (Carey et al., 2019; Kim et al., 2017; Liang, 2020).  58 

There are several limitations in analyzing the real-time pore water pressure evolution in field-scale/ 59 

laboratory-scale studies during the occurrence of a landslide. In most cases, the piezometers and other 60 

instruments installed to monitor real-time pore water pressure and landslide displacement gets damaged 61 

during landslides with large displacements (Matsuura et al., 2008). Besides, pore water pressure 62 

determination becomes more complex when the hill slope has highly heterogeneous soil layers, leading 63 

to complex flow dynamics in the unsaturated-saturated soil zone. Since the pore water pressure 64 

distribution rarely follows a linear distribution along the depth or a uniform response across the slope,  65 

accurate measurement of pore pressure would require a large number of sensors. The measurements 66 

become more complex in the presence of subsurface conduits (soil pipes, burrows, etc.) (Fannin & 67 

Jaakkola, 1999; Hopkins et al., 1975; Johnson & Sitar, 1990). Due to these limitations, transient nature 68 

pore water pressure is mainly studied as an approximation of the actual response (Kuriakose et al., 2008; 69 

Oh & Lu, 2015). A better alternative is to utilize integrated simulation models that simulate water flow 70 

through the unsaturated-saturated soil zones and carry out slope stability analysis by considering the 71 



change in pore water pressure due to the water flow dynamics. Simulation models can also assist in 72 

analyzing the spatio-temporal variation in the evolution of pore water pressure with the change in the 73 

hill slope geometry (due to natural or anthropogenic activities).  74 

GeoStudio-Slope/W (Geo-Slope, 2012) is a widely used simulation model for slope stability analysis 75 

(Jalilzadeh et al., 2020; Bui et al., 2020; Mishal & Khayyun, 2018). It can simulate a variety of slip 76 

surface shapes, pore water pressure conditions, analysis methods, and loading conditions. Pore water 77 

pressures accounted in the stability analysis in GeoStudio-Slope/W can be defined using piezometric 78 

lines or spatial functions or from GeoStudio finite element analysis model (Seep/W). Since pore water 79 

greatly influences the stability of the slope, GeoStudio-Slope/W model should be provided with accurate 80 

pore water pressure information (D. Fredlund, 1987; Rahardjo et al., 2008a; Xu & Yang, 2018). Among 81 

various simulation models for water flow dynamics and pore water pressure estimation in unsaturated-82 

saturated soil zones, HYDRUS-2D/3D has been extensively used to predict pore water pressure 83 

dynamics (Karandish & Šimůnek, 2019; Lehmann et al., 2013). An approach towards improving slope 84 

stability analysis using GeoStudio-Slope/W can be achieved by integrating the pore water pressure 85 

measurements from HYDRUS-2D/3D into GeoStudio-Slope/W. Jalilzadeh et al., 2020 studied that 86 

HYDRUS-1D has more database on soil/vegetation functions and offers less computational time than 87 

GeoStudio-Seep/W (commonly used finite element model for pore water estimation in GeoStudio-88 

Slope/W). HYDRUS-2D/3D can consider root water uptake, hysteresis, and tortuosity in the soil. 89 

HYDRUS-based simulations programs are already integrated with other models like MODFLOW 90 

(Beegum et al., 2018, 2019), AQUACROP (Kanda et al., 2021), etc., due to its modeling capabilities 91 

compared to other existing models.   92 

The objective of the study was to analyze the evolution of PWP and its relation to the hillslope stability 93 

using the integrated application of simulation models (HYDRUS-2D/3D and GeoStudio-Slope/W). As 94 

a case study, a hill slope in Kerala, India, that has undergone a modification in the natural hillslope was 95 



 

considered. Kerala Planning Board (KPB), 2019 reported 143 major landslides in this district, which 96 

was the highest recorded in the country in 2018. This study dictates the integrated application of the 97 

simulation models as a tool to understand and predict the landslide process. This study will help identify 98 

and predict future landslide-prone areas and design a subsequent mitigation approach to save human and 99 

property damages or warning before the incidence.  100 

2. Materials and Methods 101 

2.1.  Study design 102 

The study area considered was a hillslope in Munnar (10.087°N Latitude, 77.094°E Longitude) in the 103 

district of Idukki in Kerala, India. A massive slide occurred at this location on 16th August 2018 (Fig. 104 

1).  105 

 106 

Fig. 1. The country India, Kerala state, Idukki district, and a photograph of the landslide occurred on 107 

16th August 2018.  108 

Specific objectives of the study were to analyze; (a) PWP evolution corresponding to the extreme rainfall 109 

event that occurred in August 2018 (which was the month with the highest recorded rainfall in the year) 110 

and (b) the impact of modification of the natural hill slope on slope stability. Two different cases were 111 

analyzed: Case 1: a case with road cut in the hill slope (hill slope after slope modification), and Case 2: 112 



a case without road cut in the hill slope (natural hillslope). Case 1 corresponds to the prevailing slope in 113 

this area before the landslide occurred in 2018. Case 2 is an assumption made to analyze the potential 114 

impact of the extreme rainfall event if natural hillslope existed in this area (Fig. 2).  115 

2.2. Simulation models and modeling approach 116 

2.2.1. HYDRUS-2D/3D 117 

HYDRUS-2D/3D (Šimůnek et al., 2016) is a physics-based model for simulating water, heat, and solute 118 

movement in two- and three-dimensional variably saturated media. The advantages of HYDRUS-2D/3D 119 

lie in its ability to simulate highly heterogeneous soil layers, variable boundary conditions, the automated 120 

time-stepping algorithm for simulation optimization, etc. Several studies have demonstrated the 121 

capabilities of HYDRUS-2D/3D in simulating the pressure head/PWP and moisture content variation in 122 

the unsaturated and saturated soil zones (Beegum et al., 2018, 2019; Simunek et al., 2018; Šimůnek et 123 

al., 2016). The modeling of water flow and transfer and transformation of the solute consider soil 124 

hydraulic properties, solute transport parameters, environmental factors (precipitation, evaporation rate, 125 

transpiration rate), plant water uptake, and various boundary conditions. The HYDRUS-2D/3D model 126 

solves water flow in the unsaturated zone using the modified two-dimensional Richards’ equation: 127 

 128 𝜕𝜃(ℎ)𝜕𝑡 =  𝜕𝜕𝑥𝑖  [𝐾(ℎ) (𝐾𝑖𝑗𝐴 𝜕ℎ𝜕𝑧 + 𝐾𝑖𝑧𝐴)] − 𝑆(ℎ) 129 

 130 

where θ is the volumetric water content (dimensionless), h is the soil water pressure head [L], t is time 131 

[T], z is the vertical coordinate [L], S is the sink term [T-1], and K(h) is the unsaturated hydraulic 132 

conductivity [LT-1]. 𝐾𝑖𝑗𝐴 is the components of dimensionless anisotropy tensor 𝐾𝐴, S(h) is the sink/ 133 

source term [L3L-3T-1] and 𝑥𝑖 is the spatial coordinate [L]. The unsaturated hydraulic conductivity, K(h), 134 

and water content, 𝜃, depends on the soil water pressure head (h). This makes Richards’ equation a 135 

highly nonlinear equation that needs to be solved numerically. HYDRUS-2D/3D permits using five 136 



 

different analytical models to describe the soil hydraulic properties (Brooks & Corey, 1964; Durner, 137 

1994; Kosugi, 1996; Van Genuchten, 1980; Vogel & Cislerova, 1988).  138 

2.2.2. GeoStudio-Slope/W model 139 

GeoStudio-Slope/W model is developed based on the general limit equilibrium (GLE) formulation 140 

(Fredlund & Krahn, 1977). This formulation is based on two factors of safety equations; (a) the factor 141 

of safety with respect to moment equilibrium and (b) the factor of safety with respect to horizontal force 142 

equilibrium (Spencer, 1967). The interslice shear forces in the GLE formulation are based on the 143 

equation proposed by Morgenstern and Price (Morgenstern & Price, 1965):  144 𝑿 =  𝑬𝝀𝒇(𝒙 ) 145 

Where f(x) is the function describing the distribution of internal forces, λ is the percentage of the function 146 

used, E is the interslice normal force, and X is the interslice shear force. 147 

2.2.3. Integration of HYDRUS-2D/3D with GeoStudio-Slope/W model 148 

The integrated application of two different models was performed to utilize the advantages of HYDRUS- 149 

2D/3D in its accurate estimation of the pore water pressure with the stability analysis capabilities of the 150 

GeoStudio-Slope/W module. HYDRUS-2D/3D solves the water flow in the soil using a finite element 151 

formulation.  A finite element mesh was generated in the soil domain of the hillslope by dividing the 152 

flow region into quadrilateral or triangular elements (Fig. 5). Once the water flow simulations were 153 

carried out using HYDRUS-2D/3D, the pore water pressure at the nodes that form the corners of the 154 

elements was extracted for discrete time intervals. The time variable pore water pressure distribution 155 

was mapped into the GeoStudio-Slope/W model corresponding to the discrete-time intervals and spatial 156 

locations. The slope stability analysis in the GeoStudio-Slope/W model was then carried out based on 157 

these pore pressure distributions.  158 

2.3. Model setup 159 



The input data required for simulations using HYDRUS-2D/3D and GeoStudio-Slope/W were (a) cross-160 

sectional details of the hill slope, (b) soil physical and hydraulic properties, and (c) initial and boundary 161 

conditions. The cross-sectional details of the hill slope and soil properties in the study area were obtained 162 

based on the field investigation to examine the causes of repeated extreme heavy rainfall events, 163 

subsequent floods, and landslides in Kerala (Kerala Planning Board, 2019; Choudhury et al., 2019). The 164 

geometry of the hill slope in Case1 (with road cut) and Case 2 (without road cut) is shown in Fig. 2. The 165 

average angle of elevation is 24.8˚. The maximum depth of the soil (shown in yellow color in Fig. 2)  166 

above the rock (shown in grey color in Fig. 2) in Case 1 is 2.3 m, and for Case 2 is 4.4 m.  167 

  

Case 1: With road cut Case 2: Without road cut 

Fig. 2. The geometry of the hill slope in Case1 and Case 2. The yellow-colored region represents the 168 

soil layer, and the grey-colored area represents the rock.  169 

Table 1. Index and engineering properties of the soil in the hill slope 170 

Moisture 

content 

(%) 

Bulk 

density 

(g/cc) 

Shear strength 

parameters 

Grain size distribution (%) Consistency limits (%) 

 c (kPa) ɸ (degree) Silt+clay Sand Gravel Liquid limits Plastic limits 

4.26-18.8 1.34-1.76 2.0-74.0 22.29-36.69 20-76 21-54 1.0-40 34.5-63.1 22.9-35.31 

 171 

Table 1 shows the index and engineering properties of the soil in the hill slope. The unit weight of the 172 

rock was considered as 29.4 KN/m3. This corresponds to the rock type - Peninsular Gneissic Complex 173 



 

(PGC) observed in the north region Idukki district represented by granite gneiss (District Survey Report 174 

of Minor Minerals, Idukki District, Department of Mining and Geology, 2016). The van Genuchten-175 

Mualem analytical model (van Genuchten, 1980) was used to describe the hillslope soil hydraulic 176 

properties with the parameters given in table 2. 177 

Table 2. van Genuchten-Mualem analytical model parameters 178 

van Genuchten-Mualem analytical 

model parameters 

Values 

Residual water content, θr 0.077 

Saturated water content, θs 0.425 

Saturated hydraulic conductivity, Ks 1.5 m day-1 

Pore connectivity parameter, l 0.5 

Shape parameters, α and n α = 1.37 m-1, n = 1.4027 

 179 

These parameters were obtained using the neural network prediction of soil hydraulic properties using 180 

the Rosetta Lite V.1.1 (Schaap et al., 2001). The specific weight of water was considered as 10 KN/m3.  181 

2.3.1. Initial and boundary condition 182 

In both cases (Case 1 and Case 2), a hydrostatic pressure head distribution was considered in the soil 183 

domain at the beginning of the simulation. The left boundary and the bottom of the soil layer (or the top 184 

of the rock layer) were considered to have a no-flow boundary. A seepage boundary was given at the 185 

extreme right slope of the domain for a depth of 2 m (Fig. 3). In the seepage boundary, when the node 186 

next to seepage face becomes saturated, water is immediately removed by overland flow, which in 187 

HYDRUS-2D/3D is considered to be removed from the system.  188 



 189 

Fig. 3. Boundary conditions (atmospheric boundary, seepage boundary and no-flow boundary) 190 

considered in the study.  191 

2.3.2. Surface boundary condition 192 

To simulate the landslide event in August 2018 in Munnar, the daily rainfall data for this month was 193 

used as the atmospheric boundary condition on the slope surface. This data was obtained from the Indian 194 

Meteorological Department (IMD) for the weather station in Munnar. The maximum rainfall in August 195 

2018 recorded in this station was 291.8 mm/day on 16th August 2018, followed by 253.6 mm/day on 9th 196 

August 2018. Transpiration from the surface of the soil was not considered in the analysis. Figure 4 197 

shows the rainfall for August 2018 in Munnar. 198 

 199 

Fig. 4. Precipitation in mm/day in August 2018 in Munnar IMD station 200 



 

The simulation was carried out for 31 days, corresponding to the number of days in August 2018. The 201 

model was simulated to analyze the pore water pressure on each day. A finite element unstructured 202 

triangular mesh was developed in the model with a finer resolution at the soil surface. Three observation 203 

points (Op1, Op2, and Op3) were specified in the soil domain (Fig. 5).  204 

Case 1: With road cut Case 2: Without road cut 

Fig. 5. The unstructured triangular mesh, observation points (Op1, Op2, Op3), and the number of finite 205 

elements and nodes considered in the study. 206 

3. Results and Discussion 207 

Model simulations for Case 1 and 2 were carried out based on the integration methodology discussed in 208 

section 2.2.3. The variation in the volume of the water in the hill slope domain, variation in the moisture 209 

content at different observation points, pore water pressure distribution, and the factor of safety were 210 

analyzed in the hill slope corresponding to the rainfall event in August 2018 and are discussed in the 211 

following sections.  212 

3.1. Variation in the volume of water in the domain 213 

The analysis of total volume of the water in the hillslope soil is important because of its correlation with 214 

landslide activity. Klose et al., 2012; Wicki et al., 2020 used soil moisture characteristics for determining 215 

the water content threshold for landslide predictions and early warning. The volume of water depends 216 

on soil hydraulic properties, rainfall, initial moisture content, and domain geometry. The total volume 217 

of water was more in Case 2 than in Case 1 because of the larger soil volume in Case 2 (56.44 m3) 218 

compared to Case 1 (48.88 m3). The volume of water for both cases increased from 6th August 2018, 219 



corresponding to the rainfall event on that day. On 9th August 2018, 253.6 mm/day rainfall was received 220 

in this area. A sudden increase in volume of water in the domain was observed from 8th to 9th August 221 

2018 for both cases (Fig. 6). Though the rainfall on 10th, 11th, and 12th August was less than the rainfall 222 

on the 9th
 August, volume of water in soil did not show a considerable decrease. This indicates that the 223 

volume of water added to soil due to the rainfall on 9th August 2018 was drained at a slow rate in the hill 224 

slope. This was mainly because of lateritic soil in this region with clay and slit particles which retain 225 

water in the pores for a long time even after rainfall stops (Easton & Bock, 2016). Moisture content in 226 

soil reached its maximum on 16th August 2018 with 20.77 m3 of water in Case 1 and 23.98 m3 of water 227 

in Case 2. On this day, the hillslope received the maximum rainfall (291.8 mm/day).  228 

  229 

Fig. 6. The total volume of water in the domain for Case 1 (with road cut) and Case 2 (without road 230 

cut). 231 

3.2. Variation in the moisture content at observation points 232 

Water content in the soil's pores leads to pore water pressure (PWP). Changes in water content at three 233 

observation points (Op) (points 1, 2, 3 in Fig. 5) for Case 1 and Case 2 were analyzed. Water content 234 

increased at all the Op’s and reached a saturated condition (water content = 0.425) at different times. 235 

The Op3 reached saturation earlier than the other two locations. This is because of the combined effect 236 

of rainfall and the initial hydrostatic pressure head distribution assumed in the domain. Op2 reached the 237 



 

saturated condition earlier than Op1 for both cases. A maximum pressure head/water content is observed 238 

in the soil in all the observation points, approximately 15 to 16.5 days. Water content value equal to 239 

0.425 at any location and time corresponds to the saturated condition, and the water table will be at or 240 

above this point. Moisture variations at Op1 and Op2 were similar in both cases. The moisture content 241 

at Op3 in Case 1 reached the saturated condition earlier than Case 2. At Op3, Case 1 reached the saturated 242 

state in 12.15 days, and Case 2 reached the saturated condition in 13.5 days. It was also observed that 243 

moisture content remained in saturated condition for a longer time (from 12.15 to 19.85 days) at Op3 in 244 

Case 1 compared to Case 2 (which was from 13.50 to 18 days). The moisture content decreased slower 245 

(0.004/day after 20 days) for Case 1 compared to Case 2 (0.0084/day after 20 days).  This shows that 246 

the specific hill slope geometry in Case 1 retained the moisture in the soil for more time with a low rate 247 

of its decrease compared to Case 2. Soil moisture status has a crucial role in landslide initiation since 248 

the increase in moisture content increases the pore water pressure and decreases the shear strength 249 

(Abraham et al., 2020; Marino et al., 2020).  250 

 251 

Fig. 7. Change in the water content in the soil at three observation points (Op1, Op2, Op3) in the 252 

domain for Case 1 and Case 2. 253 

3.3. The factor of safety in the hill slope 254 



The factor of safety (FoS) is a crucial indicator of slope stability and is defined as the ratio of the resisting 255 

force to the driving force along a failure surface. An FoS equal to or greater than one represents that the 256 

slope is stable, and a value less than one represents likely failure. The FoS of the hill slope corresponding 257 

to the pore water pressure distribution (determined using HYDRUS-2D/3D) in the soil in August 2018 258 

was simulated using the GeoStudio- Slope/W. 259 

  260 

Fig. 8. The factor of safety of the slip surface for Case 1 (with road cut) and Case 2 (without road cut) 261 

Figure 8 shows the minimum FoS of the slip surface each day in August 2018 for Case 1 (with road cut) 262 

and Case 2 (without road cut). The slope was found to be stable in Case 2 compared to Case 1. For both 263 

cases, the FoS showed a sudden decrease after 8th August 2018. This corresponds to the (a) increase in 264 

rainfall on the same day, (b) increase in moisture content, and (c) increase in pore pressure in the soil. A 265 

minimum FoS was observed on 16th August 2018 (0.946) for Case 1. This day corresponds with the day 266 

with maximum rainfall (291.8 mm/day), the maximum volume of water (23.98 m3) in the domain, and 267 

a longer saturated soil condition in the hill slope (as discussed in sections 3.1 and 3.2). It was on this day 268 

the actual landslide occurred in this location (a picture of the landslide is shown in Fig. 1). The weight 269 

of the soil, geometry of the hill slope, and the moisture in the soil in Case 2 were such that the resisting 270 

moment in the slide was greater than the activating moments, which resulted in FoS>1. This shows that 271 

the natural slope of the hill was able to prevent rainfall-induced landslides in the study area. Figure 9 272 



 

shows the slip surface with minimum FoS for Case 1 (FoS= 0.946) and Case 2 (FoS= 1.243) on 16th 273 

August 2018.  274 

  

Case 1: With road cut Case 2: Without road cut 

Fig. 9. Slip surface with minimum Factor of Safety for Case 1 (with road cut) and Case 2 (without road 275 

cut) 276 

3.4.  Pore water pressure distribution  277 

 278 

Case 1: With road cut 279 



 280 

Case 2: Without road cut 281 

 282 

Fig. 10. Pore water pressure distribution in the hill slope for Case 1 (with road cut) and Case 2 283 

(without road cut) on 16th August. 284 

 285 

Case 1: With road cut Case 2: without road cut 

 286 

Fig. 11. Pore water pressure along the slip surface from  14th August 2018 to  19th August 2018 for 287 

Case 1 and 2. 288 

Figure 10 shows the pore water pressure distribution in the soil for Case 1 and 2 on  16th August 2018 289 

simulated using HYDRUS-2D/3D. The hill slope in Case 2 was subjected to larger pore water pressure 290 

than Case 1, with a maximum of 23 KPa and 31 KPa for Case 1 and 2, respectively. Figure 11 shows 291 

the pore water pressure along the slip surface from  14th August 2018 to  19th August 2018 for Case 1 292 



 

and 2. For both cases, pore water pressure increased from 14th to its maximum at 16th and then decreased. 293 

The pore water pressure is depended on the amount of saturation in the soil. Larger pore water pressure 294 

was observed in Case 2 (14.5 KPa at a distance of 7 m) compared to Case 1(12.8 KPa at 6.8 m). It was 295 

observed that Case 2 was more stable compared to Case 1 even when the pore water pressure along the 296 

slip surface was more in Case 2. This shows that the geometry of the hill slope plays a predominant role 297 

in keeping the slope stable. Glade, 2003; Jaboyedoff et al., 2016; Singh & Singh, 2013 also observed a 298 

decreased hill slope stability with land-use change and artificial topographic interventions in hill slopes.   299 

 300 

Fig. 12. Strengthening of the slope using nail reinforcement in Case 1 (hillslope with road cut). The 301 

black arrow marks represent the location of the nail reinforcement. 302 

 303 

Several slope strengthening measures can be adopted to prevent the slope from failing (e.g., anchors and 304 

piles, geosynthetic reinforcement, sheet pile walls, etc.). In this study, one of the strengthening measures 305 

was studied to improve the slope stability in Case 1 (hillslope with road cut). Model simulations were 306 

carried out to analyze the slope stability using a nail reinforcement (Fig. 12). This method of 307 

reinforcement is generally used for strengthening the natural slope. Soil nails are included in GeoStudio-308 

SLOPE/W by defining the pull-out resistance, representing the amount of stress mobilized per unit area 309 

at the interface between the nail and soil. Table 3 shows the nail specifications used in this case study. 310 

Table 3. Specification of the nail reinforcement 311 



Nail specifications Value 

The inclination of the nails 35o 

Bond diameter: The diameter of the grouted section in contact 

with soil 

0.3 m 

Resistance reduction factor: This factor accounts for the 

nonlinear stress reduction over the embedded length 

1.5 

Pull-out resistance: This represents the amount of stress 

mobilized per unit area at the interface between the nail and 

soil 

100 KPa 

 

Tensile capacity 400 KN 

Shear reduction factor: This accounts for the reduction of the 

tensile capacity due to physical processes such as installation 

damage, creep, and durability 

1 

 312 

 313 

  314 

Fig. 13. The factor of safety of the slip surface for Case 1 (with road cut) and the case with road cut 315 

and nail reinforcement. 316 



 

 317 

Figure 13 shows the FoS of the slip surface in Case 1 (with road cut) and the case with road cut and nail 318 

reinforcement corresponding to the rainfall in August 2018. It was observed that the FoS has improved 319 

after incorporating the nail reinforcement throughout the month. The lowest FoS when there is no 320 

reinforcement was observed as 0.946, and the lowest FoS after incorporation of the nail reinforcement 321 

was found to be 1.524 on 16th August 2018. This demonstrates that strengthening measures can be 322 

incorporated to improve the stability of this hillslope, and this can be analyzed using the integrated 323 

modeling approach. A detailed investigation can be carried out to optimize the strengthening measure, 324 

its design, and the related parameters. 325 

4. Conclusions 326 

In the context of a large number of landslides worldwide, it is essential to investigate the potential 327 

solutions for its mitigation. This requires analysis of the landslide triggering mechanisms. Though 328 

several triggering factors exist that independently and combinedly act upon a hill slope, the current study 329 

focuses on slope stability analysis based on rainfall-induced pore water pressure in the soil, which is one 330 

of the significant triggering mechanisms. A methodology for integrating existing models (HYDRUS-331 

2D/3D and GeoStudio- Slope/W) for simulating pore water pressure-induced landslides was developed. 332 

As a case study to illustrate the methodology, a hill slope in Munnar, India, was investigated for its 333 

stability corresponding to the ERE during August 2018. The stability analysis considered the pore water 334 

pressure distribution in the soil corresponding to the daily variation in the rainfall in the hill slope. The 335 

volume of water in the hill slope, temporal and spatial evolution of pore water pressure and factor of 336 

safety were analyzed and correlated with the actual landslide that occurred in the study area. It was 337 

observed that the slope was stable (with FoS equal to 1.243 ) when there was no road cut in the natural 338 

slope of the hill, whereas the slope failed on 16th August 2018 in the case with road cut (with FoS equal 339 

to 0.946). The integrated application of the simulation models (HYDRUS-2D/3D and GeoStudio- 340 

Slope/W) effectively predicted the landslide that occurred in the study area on 16th August 2018. The 341 



integrated model application also helped analyze the importance of the hill slope geometry in resisting 342 

forces that drive the initiation of a slide. Though the pore water pressure was found to be more in Case 343 

2 (without road cut) compared to Case 1 (with road cut), it was Case 1 that failed compared to Case 2. 344 

A similar simulation modeling approach can be utilized for predicting landslides by anticipating extreme 345 

rainfall conditions. The study also demonstrated the analysis of one of the strengthening measures (nail 346 

reinforcement) for improving slope stability in Case 1 (hillslope with road cut) using the integrated 347 

modeling approach.   348 

Software availability 349 

Simulation model: HYDRUS-2D/3D 

Authors: M.Sejna and J.Simunek, Rien Van Genuchten 

Copyright © 2006 - 2016:, PC-Progress s.r.o., Korunni 108a, Prague, Czech Republic 

Contact details: hydrus@pc-progress.cz, admin@pc-progress.cz 

Website: www.hydrus3D.com, www.pc-progress.com 

Simulation model: GeoStudio-Slope/W 

Developers: GEO-SLOPE International Ltd 1400, 633 – 6th Ave SW Calgary, Alberta, Canada T2P 

2Y5  

Contact details: info@geo-slope.com  

Website: http://www.geo-slope.com 
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