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 36 

Abstract 37 

Stability analysis of slopes and water balance studies in Indian mountainous regions under 38 

normal temperature conditions and rainfall are well explored. However, in cold regions such 39 

as the glaciated Himalayan areas, negative temperatures and snowmelt water play a crucial role 40 

in governing water dynamics and stability of terrain slopes. These aspects of cold region 41 

engineering are still in a very developing stage in India, despite the vulnerability of the Indian 42 

Himalayan regions to geohazards. The present study aims to address this gap by examining the 43 

effect of negative temperatures and snowfall during winters, and the influence of snowmelt 44 

water in addition to rainfall during summers, on stability of sloping terrain and the water 45 

balance dynamics in Indian Himalayan region. Slope profiles consisting of homogeneous soils 46 

and reconstituted varved clay slopes are utilized in the study, using two soil types, namely Red 47 

Soil (RS) and Black Soil (BS). The homogeneous slope profiles consist solely of either RS or 48 

BS. For reconstituted varved clay slope profiles, RS and BS are arranged in layers of 2, 4, 8, 49 

and 16 in two different sequential arrangements. In one sequential arrangement, BS constitutes 50 

the topmost lamina, whereas in the other, RS constitutes the topmost lamina. Results indicate 51 

that the slope failure, the area affected by failed soil mass, water infiltration into the sloping 52 

terrain, and runoff vary among different slope profiles. These variations are observed under 53 

different climatic scenarios, which include consideration of water from rain only (RW) and 54 

water from both rain and snowmelt (RW+SW).  In the RW+SW climate scenario, early slope 55 

failures and increased water runoff are observed compared to RW.  Accelerated water 56 

infiltration leads to earlier attainment of maximum cumulative infiltration and earlier runoff 57 

initiation in RW+SW scenario compared to RW. These output parameters also vary with the 58 

thicknesses and sequential arrangement of laminae in reconstituted varved clays slopes. For the 59 

same number of laminae, slope failure and maximum net cumulative infiltration occurs later 60 

when BS is the topmost lamina. Also, in this arrangement, the area affected by failed soil mass 61 

is also smaller compared to when RS is the topmost lamina with the same number of laminae. 62 

 63 

Keywords: Slope Stability, Snowmelt Water, Finite Element Modelling, Reconstituted Varved 64 

Clays, Infiltration, Runoff 65 

 66 
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1. Introduction 67 

Climate change induced global warming has been identified as a major reason for the rapid 68 

recession of glaciers in the Indian Himalayan Region (IHR) at an alarming rate (Rafiq et al., 69 

2016; Mir et al., 2018; Chauniyal and Semwal, 2021). Climate change has caused severe 70 

impacts on both natural and human systems across the globe, and the associated geohazard 71 

risks are expected to continue to amplify (IPCC, 2014; Lagmay et al., 2020). The difficulty in 72 

predicting such catastrophic events, along with inadequate preparedness at the time of their 73 

occurrence, is leading to loss of lives, environmental damage, and infrastructure destruction 74 

(Bhasin et al., 2023). These events in cold regions have attracted significant global research 75 

attention. However, despite this global focus, studies in India that integrate geotechnical 76 

engineering with cold region sciences are still in their infancy and remain significantly 77 

underdeveloped.  78 

 79 

The complex interaction between climate and land play a crucial role in slope stability in cold 80 

regions (Dijkstra and Dixon, 2010). In cold regions, these land-climate interactions involve the 81 

melting of glaciers and snow, mostly followed by thawing of frozen ground, which have been 82 

linked to an increased frequency of landslides due to climate change (Rist and Phillips, 2005). 83 

Disasters induced by adverse climate change, such as cloudburst-triggered flash floods, debris 84 

flows, mass movements, and landslides, are common phenomena in the Himalayas. Heavy 85 

precipitation, in combination with water from the rapid melting of snow, has also been reported 86 

to cause an increase in the number of geohazards in the Himalayas (Carey, 2005; Worni et al., 87 

2012; Mishra and Liu, 2014). The 2013 Kedarnath flood disaster serves as a prime example of 88 

a natural catastrophe triggered by snowmelt water, with heavy snowfall preceding the event in 89 

June. Scientific research suggests that intense rainfall accelerated the snowmelt in the upper 90 

region of Kedarnath, whose water combined with rainwater runoff to generate a massive flow 91 

of water which led to devastating debris flow (Martha et al., 2013; Rao et al., 2014; Singh et 92 

al., 2015, Rafiq et al., 2019). The role of water from snowmelt in the Uttarakhand disaster in 93 

2021 was also found to be vital, with sudden floods capable of initiating landslides (Martha et 94 

al., 2021; Kropáček et al., 2021). Several other studies have identified a reduction in shear 95 

strength of sloping grounds due to the degradation of permafrost, melting of snow and glaciers, 96 

and ice-filled rock discontinuities which can lead to mass failures of sloping grounds 97 

(Seneviratne et al., 2012). Although extensive research on climate change has been conducted, 98 

studies on its potential impact on water dynamics and stability of natural slopes is still lacking 99 

(Scaringi and Loche, 2022). In the glaciated mountainous regions of India, it is crucial to 100 
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account for the effect of negative temperatures and water from snowmelt when examining 101 

water dynamics and slope stability. This study incorporates these factors by considering the 102 

influence of negative temperatures and snowfall during winter, along with the consequent 103 

snowmelt during summer.  104 

 105 

Another important consideration in this study is the laminae structure within the selected terrain 106 

profile of the study area. Stability studies in layered slope profiles have recently gained 107 

significant attention from researchers due to the prevalence of multilayered soil compositions 108 

in natural and artificial slopes (Deng et al., 2019; Chatterjee and Murali Krishna, 2021). Several 109 

studies have emphasized the profound impact of water infiltration processes in layered soil 110 

profiles as it is crucial in governing the stability of slopes (Damiano et al., 2017). For instance, 111 

Dai et al. (2022) analyzed slope stability using silt and clay soils arranged in horizontal layers, 112 

focusing on the effect of lower layer thickness on the Factor of Safety (FoS). The study found 113 

that when clay overlaid silt, the FoS decreased as the silt layer thickness exceeded 0.2 times 114 

the slope height, while the opposite trend occurred with inverse layering. Groundwater level 115 

variations also affected slope stability, with FoS decreasing as groundwater lowered below the 116 

slope toe. Chatterjee and Murali Krishna (2021) used numerical modeling to study 117 

homogeneous and layered soil slopes. The findings revealed rotational failure in homogeneous 118 

fine-grained soils and translational failure in layered profiles with coarse-grained soil on top. 119 

FoS decreased with an increase in the thickness of the top layer when the bottom layer was stiff 120 

and increased when the top layer was stiff. From the discussed literature, it can be observed 121 

that the study of layered soil profiles is carried out considering horizontal layering. However, 122 

in reality, the layering may exist parallel to the sloping ground as well conforming to the 123 

depositional bedding planes. Moreover, the studies are based on either the insertion of a weak 124 

layer in a soil slope profile or considering a two-layered sloping soil profile; however, in 125 

practical conditions, there might be numerous layers in a deposit. The present study focuses on 126 

sloping ground constituting reconstituted varved clays. The study uniquely examines the effects 127 

of laminae sequence and the number of laminae on slope stability, infiltration, and runoff in the 128 

selected study area. 129 

 130 

The Himalayas in Northeast India are highly vulnerable to landslides, and experience chronic 131 

economic losses worth billions of rupees due to a wide range of landslide issues (Reddy, 2014). 132 

Compared to other regions in Indian Himalayan belt, the Northeastern Indian Himalayas have 133 

seen a dearth of research on slope stability analysis (Dikshit et al., 2020). The scarcity of 134 
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research in the IHR is primarily attributed to the remoteness of this region and its challenging 135 

terrains (Kansal and Singh, 2022; Singh et al., 2023). For the present research, the study area 136 

comprises Tawang glaciatic region, located in the Northeastern state of Arunachal Pradesh, 137 

India. Varved clays, common in glacial environments, are an example of naturally layered soils 138 

with alternating dark and light-colored bands (Anderson and Dean, 1988; Shur and Zhestkova, 139 

2003; Netto et al., 2012; Palmer et al., 2019; de Vries et al., 2022; Vergnano et al., 2023; Wang 140 

et al., 2023) and have been observed in such glaciated Indian Himalayan regions as well 141 

(Ahmad and Hashimi, 1974; Pant et al., 1998; Juyal et al., 2009; Bhattacharyya et al., 2011; 142 

Beukema et al., 2011). In these regions, varved layers of varying thicknesses are commonly 143 

and frequently found to constitute the glaciatic slopes (Palmer et al., 2019). In the present study, 144 

the laminae structure of varved clay has been simulated by alternately and repetitively arranged 145 

two selected soils for the present study, namely Red Soil (RS) and Black Soil (BS). These soils 146 

were specifically chosen based on preliminary geotechnical investigations that identified their 147 

compatibility with the geotechnical properties of natural varved clay (the same is elaborated in 148 

subsequent section). The alternate arrangement of RS and BS, with varying thicknesses, is 149 

representatively used to simulate varved clays with diverse laminae thicknesses, thereby 150 

producing various configurations of slope sections. The present study advances the current 151 

knowledge by investigating the effect of alternatively arranged laminae soil structures, their 152 

sequential arrangements, and the additional water infiltration by snowmelt. The analysis 153 

includes an evaluation of FoS against slope failure using Morgenstern and Price (1965) method, 154 

along with cumulative net infiltration and cumulative runoff in all the slope profiles, while 155 

considering the influence of land-climate interaction. This interaction encompasses the 156 

application of water flux from rainfall, with and without the inclusion of water from snowmelt 157 

(RW and RW+SW). Additionally, the study investigates influence of the number of laminae in 158 

the reconstituted varved clays and their sequential arrangement on FoS, infiltration, and runoff 159 

dynamics.   160 

 161 

In a nutshell, although the Himalayan territory has been quite well analysed in terms of the 162 

geohazards emanating from the rainfall or seismicity related triggers, hardly any studies exist 163 

until date that addresses the possible geohazards that can be triggered by seasonally infiltrating 164 

water emanating from rainwater and snowmelt in specific regions of such mountainous terrains 165 

of the Indian Himalayan system. Hence, this particular study provides an avenue to step beyond 166 

the existing state-of-the-art knowledge of instability in the glaciatic or sub-glaciatic Himalayan 167 

region. 168 
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2. Materials and Methodology 169 

2.1 Material Characterization of Constituent Laminae 170 

This study involves the utilization of two distinct soil types, namely Red Soil (RS) and Black 171 

Soil (BS), both of which were sourced from the vicinity of the IIT Guwahati campus (Figure 172 

1). The suitability and justifiability of selecting these soils as couplet laminae simulants of 173 

actual varved clays has been ensured based on a comprehensive geotechnical investigation 174 

conducted in the laboratory. These geotechnical investigations included determining properties 175 

such as Atterbergs Limits (IS:2720 Part 5, 1985), Particle Size Distribution (IS:2720 Part 4, 176 

1980) and compaction characteristics (IS:2720 Part 7, 1980) for both RS and BS. The table 177 

also includes the magnitudes of specific gravity (IS:2720 Part 3/Sec-2, 1980) and shear strength 178 

parameters obtained from direct shear tests (DST) conducted following ASTM 179 

D3080/D3080M (ASTM 2011). Table 1 lists the characteristic parameters of RS and BS 180 

relevant for the present study. The assessed parameters are found to be well within the ranges 181 

of the characteristic properties of actual varved clay layers that has been ascertained by several 182 

researchers in many literatures such as by Eden (1955), Kazi (1967), Eigenbrod and Burak 183 

(1991), Lydzba and Tankiewicz (2012), Florkiewicz et al. (2014), Tankiewicz (2016), 184 

Krawczyk and Szymanska (2018), and Flieger-Szymanska et al. (2019). Thus, the laboratory 185 

analyses revealed that RS can effectively simulate the light-colored, silt-dominant laminae 186 

found in actual varved clays, while BS can serve as a representative of the darker, clay-187 

dominant laminae; and the same has been adopted for the present study.  188 

 189 
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Figure 1. Representative sample of (a) RS and (b) BS collected in the vicinity of IIT 

Guwahati campus 

 190 

Table 1. Geotechnical properties of RS and BS 191 

Geotechnical Parameters Red Soil (RS) Black Soil (BS) 

Specific Gravity 2.7 2.6 

Atterberg Limit (%) 

 Liquid Limit 

Plastic Limit 

Plasticity Index 

45 

19 

26 

95 

30 

65 

Compaction Characteristics   

 Maximum Dry Density (g/cc) 

Optimum Moisture Content (%) 

1.77 

19.5 

1.59 

21.5 

Grain Size Distribution (%)   

 Sand 

Silt 

Clay 

23.2 

54.4 

22.4 

8.4 

6.7 

84.9 

Soil Classification ML CH 

Shear Strength Parameters   

Effective friction angle (°) 17.53 13.0 

Cohesion (kPa) 12.4 6.1 

 192 

After selecting RS and BS, as mentioned above, several other laboratory tests were conducted 193 

to obtain input parameters for conducting the numerical modelling for the present study. These 194 

tests included the estimation of saturated hydraulic conductivity, data points for calculating 195 

unsaturated hydraulic conductivity properties, and shear strength parameters for the two chosen 196 
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soils. Saturated hydraulic conductivity was determined in the laboratory using pre-fabricated 197 

permeability mould whose dimensions were in accordance to the standards outlined in ASTM-198 

D5856-15 (ASTM 2015). To obtain unsaturated parameters for both RS and BS, data points 199 

for the Soil Water Characteristic Curve (SWCC) were acquired using a WP4-T Dew Point 200 

Potentiometer manufactured by Decagon Devices, Inc., Pullman, WA, USA (Figure 2). The 201 

SWCC represents the relationship between water content in soil at different suction magnitude 202 

and is crucial in predicting the water movement through soil. The data points obtained through 203 

the potentiometer consists of various suction values corresponding to different moisture 204 

contents. The working principle of the potentiometer can be found in detail in ASTM D6836 205 

Method D (ASTM 2002). These data points were then fitted to the van Genuchten model (van 206 

Genuchten, 1980) to obtain smooth SWCC of both soils. Equation 1 represents the van 207 

Genuchten formulation used for obtaining SWCC (van Genuchten, 1980). Subsequently, the 208 

van Genuchten model parameters were further utilized to derive Hydraulic Conductivity 209 

Function (HCF) curves for RS and BS. HCF represents the variation of hydraulic conductivity 210 

with matric suction of soil or its degree of saturation. Equation 2 represents the equation used 211 

for deriving HCF curve.  212 

𝜃 = 𝜃𝑟 +
𝜃𝑠−𝜃𝑟

[1+|𝛼ℎ|𝑛]𝑚                                                                                (1) 213 

𝐾(ℎ) =
𝐾𝑠{1−(𝛼ℎ)𝑚𝑛[1+(𝛼ℎ)𝑛]−𝑚}2

[1+(𝛼ℎ)𝑛]𝑚𝑙                                                          (2) 214 

where 𝜃 represents the volumetric water content in soil (m3/m3); 𝜃𝑟 and 𝜃𝑠 represents the 215 

residual and saturated volumetric water content (m3/m3) of the soil respectively; 𝐾𝑠 and 𝐾(ℎ) 216 

is the saturated and unsaturated hydraulic conductivity (m/s). The parameters 𝛼, 𝑚 and 𝑛 are 217 

empirical parameters, where 𝑚 is calculated as (1 − 1
𝑛⁄ ). 218 

 219 

Table 2. van Genuchten parameter, water content, permeability and shear strength parameters 220 

of RS and BS 221 

Parameters Red Soil (RS) Black Soil (BS) 

van Genuchten Parameters 

a (kPa) 167 1000 

n 2.6 1.8 

m 0.615 0.444 

Water Contents   

Saturated Volumetric Water Content, 𝜃𝑠 (m3/m3) 

Residual Volumetric Water Content, θr (m
3/m3) 

Saturated Permeability, Ks (m/s) 

0.42 

0.035 

1.10x10-7 

0.37 

0.045 

5.18x10-9 

 222 
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Figure 2. WP4-T Dewpoint Potentiometer with its operating parts, and prepared soil sample 

in stainless steel cups  

 

The fitted SWCC and the data points for RS and BS are illustrated in Figure 3(a). Subsequently, 223 

the Van Genuchten parameters, in conjunction with the saturated hydraulic conductivity (Ks), 224 

were utilized to calculate HCF curves for both RS and BS, following Equation 2. The HCF 225 

curves for both soils are depicted in Figure 3(b). 226 

(a) (b) 

Figure 3. (a) Soil Water Characteristic Curve for RS and BS (b) Hydraulic Conductivity 

Function curve for RS and BS 

 227 

2.2 Methodology and Numerical Modelling 228 

Figure 4 shows the terrain profile from the Indian Himalayan Region of Tawang considered in 229 

the present study. The terrain data (Figure 4b) is extracted from Google Earth (Figure 4a) image 230 

of the location. From the figure, it can be observed that there are infinite sets of slip surface 231 

possible for the chosen terrain. Additionally, there is an infinite number of slope angles present 232 

in the study terrain profile. Therefore, conducting slope stability analysis for the entire stretch 233 

of the terrain is not feasible. Instead, a location is selected on the terrain profile for conducting 234 
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slope stability analysis based on its high sensitivity to hydrological variation during ground-235 

climate interaction. From the water pressure profile of the terrain during the study period, it is 236 

observed that there is a rapid decrease in initial negative water pressure at the chosen marked 237 

location in Figure 4. This indicates a rapid rate of suction loss at this terrain section. Such a 238 

phenomenon may be attributed to the additional downward infiltration of water from the upper 239 

mountain region. The loss of suction due to water infiltration leads to the destabilization of the 240 

slope. Additionally, the figure shows that the marked section has a steep sloping terrain for a 241 

sufficient length. Steeper slopes have a higher tendency to undergo sliding. The inclination of 242 

the sloping ground and the hydraulic characteristics of the soil govern the amount of infiltration 243 

into the soil, the corresponding runoff and the FoS of the slope. The rapid decrease in suction 244 

combined with a steep and extended soil slope length makes the selected topography 245 

appropriate for carrying out slope stability analysis. 246 

 247 

 (a) 

(b) 

Figure 4. (a) Google earth image of the Tawang study area (b)Terrain profile extracted from 

Google earth image for hydrological study with marked location for slope stability analysis 
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For homogeneous soil terrain profiles, two profiles are created individually with RS and BS. 248 

In case of reconstituted varved clay in the same sloping terrain, the two selected soils are 249 

arranged in layers of the same total thickness (400 cm) as considered for homogeneous soils. 250 

The reconstituted varved clay slope profile is considered in two types of sequential 251 

arrangements. In one set of laminae arrangements, BS occupies the topmost lamina, while in 252 

the other set, RS serves as the topmost lamina. Both types of laminae arrangements are 253 

considered in the present study because the characteristics of slope failure, infiltration, and 254 

runoff will be different in both cases. The interaction of the topmost lamina is pivotal, as the 255 

land-climate interaction of the sloping terrain primarily occurs through that lamina. Notably, 256 

the alternating laminae arrangement in the varved clay soils introduces variability in soil 257 

properties across its vertical profile. The laminae structures also govern moisture distribution, 258 

which influences the slope stability mechanisms. The sloping terrain comprising reconstituted 259 

varved clay with BS as the topmost layer is designated as 2L_BS, 4L_BS, 8L_BS, and 16L_BS, 260 

where 'L' represents 'Lamina', and the numeric digits indicate the number of laminae. Similarly, 261 

for RS lying at the top, the reconstituted varved clays are represented as 2L_RS, 4L_RS, 262 

8L_RS, and 16L_RS. 263 

 264 

The present study assumes a constant active region depth of 400 cm throughout the considered 265 

terrain (Figure 6). The active region depth of 400 cm is determined by the findings of several 266 

researchers, who have identified it as the optimal depth for maximum infiltration, water 267 

storage, and moisture fluctuation (Zou et al., 2001; Dongli et al., 2014; Mei et al., 2018; Luo 268 

et al., 2023; Ya et al., 2023). This active region depth signifies the maximum depth until which 269 

the water flux can infiltrate in glaciatic region, thereby affecting the slope stability of the varved 270 

slopes until this depth. Therefore, active region depth represents the maximum soil depth 271 

affected by hydrological processes such as freezing, thawing and infiltration. In this study, 272 

numerical modeling is carried out using GeoStudio 2023.1.0. The SEEP/W and SLOPE/W 273 

modules of GeoStudio are integrated for carrying out transient analysis for 365 days. The 274 

coupling of SEEP/W and SLOPE/W allows for the simulation and analysis of the complex 275 

dynamics between infiltrating water, runoff, and slope stability with a time increment of 0.2 276 

days. The SEEP/W module is configured to simulate transient water flow through unsaturated 277 

and saturated soils under varying climatic conditions. This module follows Darcy's law to 278 

govern water flow through porous media. The model incorporates SWCC and HCF for both 279 

RS and BS. The boundary condition at the top of the sloping ground consists of time-varying 280 

water flux along with other climatic variables. While the water is free to move in lateral 281 
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directions, such as down the slope, it is restricted to flow beyond 400 cm depth as discussed 282 

previously.    283 

 284 

In this study, slope stability analysis is performed using the Morgenstern and Price (1965) 285 

method. For the homogeneous sloping terrain profiles, the slip surface assessment is 286 

determined by the entry-exit method, whereas for reconstituted varved clay profiles, the block-287 

specified method is used (Figure 6). In both of these methods, a certain number of trial slip 288 

surfaces are generated, and the slip surface with the minimum FoS is selected as the critical 289 

slip surface. In Figure 6(a) and 6(b), the red line along the ground surface in homogeneous RS 290 

and BS soil profiles represents the entry (left side) and exit zones (right side). In Figure 6(c) to 291 

6(f), green-colored grids can be seen throughout the depth of the soil profiles when the block 292 

specified method of generation of slip surfaces is used. These grids are referred to as the left 293 

block and right block. In both of these cases, the direction of trial slip surface generation aligns 294 

with the direction of slope failure, i.e. from left to right. The block-specified search technique 295 

method of slope stability is best suited when there is a presence of a low-strength layer in the 296 

slope profile and the middle segment line between the two grids is significantly longer than the 297 

projection segment at both ends. In the present study, the two chosen soils are arranged in a 298 

different number of layers, with BS having lesser strength parameters than RS. Therefore, the 299 

block-specified method is used in the case of layered soil slope profile. Furthermore, while the 300 

vertical lines in both the grids are taken as 11 for all the layered soil slope profiles, the number 301 

of horizontal lines in the grid is determined according to the number of laminae constituting 302 

the slope profile. If N is the number of layers, then the number of grid lines in the horizontal 303 

direction is taken as N+1. This is done to ensure that the horizontal grid line lies at the top and 304 

bottom of the sloping profiles and at the interface of RS and BS. Therefore, the number of 305 

horizontal lines in both left and right grid is 3, 5, 9, and 17 for 2-Layered, 4-Layered, 8-Layered, 306 

and 16-Layered reconstituted varved clay slope profiles. In homogenous soil slope cases where 307 

the entry-exit method is used, 11 entry and exit points are used. In Figure 6(c), 6(e), 6(g), and 308 

6(i), the reconstituted varved clay slope profile with BS as the topmost lamina is shown. A 309 

similar type of arrangement is done for the analysis when RS occupies the topmost layer, as 310 

depicted in Figure 6(d), 6(f), 6(h), and 6(j). 311 

 312 

The analysis covers a total study period of 365 days, beginning in November and ending in 313 

October of the succeeding year. The present study utilizes ten years of average real-time 314 

meteorological data of Tawang in the state of Arunachal Pradesh, India. This data is obtained 315 
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from an online climate data collector (World Weather Online). Initially, it is assumed that there 316 

is no snow on the ground, and the soil profiles have an initial pressure of -1500 kPa. The 317 

meteorological data, including air temperature, humidity, wind speed, and precipitation, are 318 

averaged over a month. Months with an average temperature equal to or below 0°C are 319 

considered winter months (November to March), while those with a positive average air 320 

temperature are considered summer months (April to October). The study assumes that 321 

precipitation occurs as snow during winter and as rainfall during the summer season. The 322 

analysis starts in November, marking the onset of the winter season during which the 323 

precipitation occurs as snow. Snow simply accumulates on the soil surface from day 0 to day 324 

151 (November to March). Day 152 marks the start of April and hence the onset of summer 325 

season. In summer season, precipitation occurs as rainfall. The present study considers 326 

infiltration under two different climatic conditions of RW and RW+SW. In terms of albedo, it 327 

varies from 0.9 for freshly fallen snow to about 0.2 for dirty snow, and during melting, the 328 

albedo is around 0.4 (Hall and Martinec, 1985). In this study, an albedo of 0.9 is considered for 329 

winter months when it snows (days 0 to 151, November to March), and an albedo of 0.4 is 330 

considered for summer months when snow is melting (days 152 to 365, April to October).  331 

 332 

2.2.1 Land-Climate-Interaction (LCI) Boundary Conditions 333 

In cold region geotechnical engineering studies that incorporate the impact of climate change, 334 

it becomes crucial to consider interactions between the various components of the atmosphere 335 

and near-surface soil (Tang et al., 2018). These interactions help in understanding the behaviour 336 

of geo-structures in these cold areas. Therefore, this study incorporates Land-Climate-337 

Interaction (LCI) boundary conditions, which considers water dynamics along the depth of the 338 

soil due to climate variability (Nunes et al., 2022). LCI boundary conditions incorporate 339 

climate data such as air temperature, precipitation, relative humidity, wind speed, solar 340 

radiation, and albedo. Solar radiation is estimated based on the specific day of the year and the 341 

latitude of the study area. For the present study, the latitude of the study area is 27.84542°.  342 

 343 

During winter, snow accumulates on the ground surface, resulting in no net infiltration into the 344 

ground. Since no infiltration occurs, there is no change in pore water pressure within soil, and 345 

consequently, no change in the FoS of the sloping terrain during this period. However, as 346 

temperatures rise above freezing (T > 0°C) in the summer, the accumulated winter snow begins 347 

to melt. This melted snow, referred to as Snow Water Equivalent, represents the water stored 348 

in a snowpack. Snow Water Equivalent is crucial for water balance studies, including its 349 
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application in geotechnical engineering, as it affects the stability of slopes due to variations in 350 

pore water pressures. Snow Water Equivalent at the current numerical time step (𝑆𝑊𝐸𝑡) 351 

(mm/day) is calculated using Equation 3. 352 

𝑆𝑊𝐸𝑡 = 𝑆𝑊𝐸𝑡−1 + 𝑆𝐹 − 𝑆𝑀                                                             (3) 353 

where  𝑆𝑊𝐸𝑡−1 is the snow water equivalent at the previous numerical time step (mm/day), 𝑆𝐹 354 

is the snowfall precipitation rate and 𝑆𝑀 is the snowmelt rate (mm/day). 355 

 356 

The snowmelt rate is calculated using Equation 4, as proposed by the U.S. Army Corps of 357 

Engineers (U.S. Army COE, 1998). This equation utilizes an energy balance approach to 358 

determine the rate of snow melting. It is important to note that there are two separate equations 359 

available to calculate the rate of snow melting, one for rainy days and one for non-rainy days. 360 

In the present study, the equation for rainy days is used since the analysis considers the average 361 

precipitation throughout the given month. Therefore, Equation 4 is applied to calculate the rate 362 

of snowmelt in this study. 363 

𝑆𝑀 = 𝐶[0.09 + (0.029 + 0.00504𝑣 + 0.007𝑃)(𝑇𝑎 − 𝑇𝐹)]             (4) 364 

where 𝑣 is the wind speed (miles/hr),  𝑇𝑎 is the air temperature (°F), 𝑇𝐹 is the freezing 365 

temperature (°F) that is considered as 32°F in the present study, and 𝐶 is the coefficient to 366 

account for variations that is assumed as 2.5 in the present study. This choice of C is based on 367 

several factors, including the non-linear and diverse nature of snowmelt-related variables. This 368 

value of 2.5 is supported by findings from various studies (Burakov and Ivanova, 2010; Liu et 369 

al., 2015; Davenport et al., 2019; Ruijsch et al., 2021), which collectively demonstrate the 370 

substantial variability in snowmelt processes and their significant impact on hydrological 371 

responses. 372 

 373 

As stated above, the Snowfall (𝑆𝐹) precipitation is calculated based on given temperature 374 

during the particular time which is represented numerically as given in Equation 5. 375 

𝑆𝐹 = 𝑄𝑝 × 𝑃                                                                                   (5) 376 

where P is the precipitation (mm/day), and 𝑄𝑝 is the thermal factor given in Equation 6: 377 

𝑄𝑝 = 0 (𝑖𝑓 𝑇𝑎 > 𝑇𝑓); 𝑄𝑝 = 1 (𝑖𝑓 𝑇𝑎 < 𝑇𝑓)                                     (6) 378 

 379 

2.2.2 Slope Stability and Shear Strength of Soil under Unsaturated Conditions 380 

In the present study, the slope stability analysis employs the Mohr-Coulomb material model in 381 

an unsaturated state. This particular model, which was proposed by Vanapalli et al. (1996), is 382 
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based on Bishop's effective stress principle, and is described using Equation 7. 383 

𝜏 = 𝑐′ + (𝜎𝑛 − 𝑢𝑎)𝑡𝑎𝑛𝜙′ + (𝑢𝑎 − 𝑢𝑤)[𝜒𝑡𝑎𝑛𝜙′]                              (7) 384 

where 𝜏 is shear strength of soil (kPa), 𝜎𝑛 is net total stress (kPa), 𝑢𝑎is pore air pressure (kPa), 385 

𝑐′ is effective cohesion (kPa), 𝜙′ is effective angle of internal friction (°) and 𝜒 is parameter 386 

related to the degree of saturation.  387 

𝜒 is defined by Vanapalli et al. (1996) as: 388 

𝜒 =
𝜃𝑤−𝜃𝑟

𝜃𝑠−𝜃𝑟
                                                                                             (8) 389 

 390 

In the present study, slope stability analysis is performed using the limit equilibrium technique 391 

proposed by Morgenstern and Price (1965). This method employs FoS equations with respect 392 

to the moment equilibrium (𝐹𝑜𝑆𝑚) and with respect to force equilibrium (𝐹𝑜𝑆𝑓), as provided 393 

in Equation 9 and Equation 10, respectively. 394 

𝐹𝑜𝑆𝑚 =
∑[𝑐′𝑙𝑅+{𝑁−𝑢𝑤𝑙𝜒−𝑢𝑎𝑙(1−𝜒)}𝑅𝑡𝑎𝑛𝜙′]

∑ 𝑊𝑥−∑ 𝑁𝑓±∑ 𝐷𝑑±∑ 𝐴𝑎
                                             (9) 395 

𝐹𝑜𝑆𝑓 =
∑[𝑐′𝑙𝑐𝑜𝑠𝛼+{𝑁−𝑢𝑤𝑙𝜒−𝑢𝑎𝑙(1−𝜒)}𝑡𝑎𝑛𝜙′𝑐𝑜𝑠𝛼]

∑ 𝑁𝑠𝑖𝑛𝛼−∑ 𝐷𝑐𝑜𝑠𝜔±∑ 𝐴
                                     (10) 396 

where 𝑊 is total weight of a slice of width b and height h, 𝑁 is total normal force on the base 397 

of the slice, 𝐷 is external point load, 𝑅 is radius of a circular slip surface or moment associated 398 

with the mobilized shear force, 𝑥 is horizontal distance from the centreline of each slice to the 399 

centre of rotation or to the centre of moments, 𝑑 is perpendicular distance from a point load to 400 

the centre of rotation or to the centre of moments, 𝑎 is perpendicular distance from the resultant 401 

external water force to the centre of rotation or to the centre of moments, 𝐴 is resultant external 402 

water forces, 𝜔 is angle of the point load from the horizontal, 𝛼 is angle between the tangent 403 

to the centre of the base of each slice and the horizontal and 𝑙 is base length of each slice. 404 

In the present study, the mobilized shear and normal stresses in unsaturated states are 405 

determined using Equation 11 and Equation 12, as proposed by Fredlund and Krahn (1977). 406 

𝜏𝑚 =
𝑙

𝐹
(𝑐′ + (𝜎𝑛 − 𝑢𝑎)𝑡𝑎𝑛𝜙′ + (𝑢𝑎 − 𝑢𝑤)𝑡𝑎𝑛𝜙𝑏                           (11) 407 

𝑁 =
𝑊+(𝑋𝑅−𝑋𝐿)−[

𝑐′+𝑙𝑠𝑖𝑛𝛼+𝑢𝑎𝑏𝑠𝑖𝑛𝛼(𝑡𝑎𝑛𝜙′−𝑡𝑎𝑛𝜙𝑏)+𝑢𝑤𝑙𝑠𝑖𝑛𝛼𝑡𝑎𝑛𝜙𝑏

𝐹

𝑐𝑜𝑠𝛼+
𝑠𝑖𝑛𝛼𝑡𝑎𝑛𝜙′

𝐹

                      (12) 408 

where 𝜏𝑚 is shear force mobilized on the base of each slice, and 𝐹 is horizontal interslice 409 

normal forces. Subscript L and R designate the left and right sides of the slice, respectively. 410 
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In the present study, a relationship is derived by equating the unsaturated soil shear strength 411 

equations proposed by Vanapalli et al. (1996) and Fredlund et al. (1978) as given in Equation 412 

13. 413 

𝑡𝑎𝑛𝜙𝑏 = 𝜒𝑡𝑎𝑛𝜙′                                                                                 (13) 414 

 415 

In the present study, the inclination angle of slopes and the change in pore-water pressure due 416 

to water infiltration are the driving forces, whereas the shear force generated along the slip 417 

surface acts as the resisting force. In slope stability analysis, FoS is a measure of the ratio of 418 

resisting forces to driving forces on a slope. As soon as the FoS drops below 1, the slope 419 

becomes unstable and eventually fails. An FoS equal to 1 signifies that the resisting forces just 420 

become insufficient to counteract the driving forces, which marks the onset of slope instability. 421 

Therefore, an FoS equal to 1 signifies the imminent stable slopes under ideal conditions when 422 

no uncertainties are considered. However, in reality, there are significant uncertainties 423 

associated with shear strengths around the failure plane. Therefore, under static conditions of 424 

slope stability, an FoS of 1.5 (as per IS14243 Part 2: 1995) is commonly adopted to ensure a 425 

safety margin for slopes. Consequently, the present section discusses the FoS trends for all ten 426 

considered soil profiles under two different climate conditions of RW and RW+SW. The day 427 

on which the FoS drops just below 1.5 is also discussed, and the area under the failed soil slope 428 

mass is analyzed for different soil slope profiles. 429 

 430 

 431 

3. Results and Discussions 432 

This section presents the results obtained from the study for various combinations of two 433 

climatic conditions (RW, RW+SW) and ten slope profiles (RS, BS, 2L_BS, 4L_BS, 8L_BS, 434 

16L_BS, 2L_RS, 4L_RS, 8L_RS, 16L_RS). The section is further divided to discuss how these 435 

variables impact the FoS and area of the soil profile affected by slope failure in Section 3.1, 436 

and water dynamics in Section 3.2 across the considered slope profiles. It should be noted that, 437 

although the study period spans 365 days, the graphical plots for FoS and cumulative net 438 

infiltration over time represent data for a limited time frame, as the values remain constant 439 

beyond these intervals.  440 

 441 

3.1 Variation in FoS in Different Soil Profiles for RW and RW+SW Scenarios  442 

The graphical plots in Figure 5(a) to 5(j) show the change in FoS over time. For all the slope 443 

profiles, a decrease in FoS during the summer season is observed. This decrease is attributed 444 
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to the loss of soil strength, which is caused by a reduction in soil suction due to water 445 

infiltration. The rate of decrease in FoS in all slope profiles is relatively higher under RW+SW 446 

conditions, as the additional water from snowmelt leads to greater water infiltration into slope 447 

compared to RW. This results in earlier slope failure under RW+SW conditions. The exact day 448 

of failure for different soil profiles under various climate scenarios can be found in Table 5. 449 

 450 

From Figure 5(a) and Figure 5(b), it is observed that the rate of decline in FoS is much more 451 

rapid in the case of homogenous BS slope profile compared to RS slope profile for both RW 452 

and RW+SW. Furthermore, slope failure occurs earlier in BS than in RS, even though the initial 453 

FoS for the BS slope profile is approximately 7.6 times higher than the initial FoS for the RS 454 

slope profile. The initial high FoS of the BS slope profile can be attributed to the higher 𝜒 455 

parameter due to a higher difference in saturated volumetric water content (𝜃𝑠) and residual 456 

volumetric water content (𝜃𝑟), which significantly influences the shear strength of the soil 457 

(Equation 7). The values of 𝜃𝑟 and 𝜃𝑠 for both RS and BS are mentioned in Table 2. The initial 458 

suction is higher than the Air Entry Value (AEV) of RS and BS (Figure 3b and Table 2). The 459 

rapid rate of decrease in FoS in the BS slope profile, compared to RS slope profile, is due to 460 

the higher unsaturated hydraulic conductivity of BS at the high initial suction magnitude of -461 

1500 kPa. From Figure 3(b), it is evident from the HCF curve that the saturated and near-462 

saturated hydraulic conductivities for RS are greater than those for BS. However, beyond the 463 

intersection of the HCF curves for RS and BS, the trend changes, with BS exhibiting higher 464 

hydraulic conductivity than RS. This intersection point is referred to as the ‘breakthrough 465 

suction point’. Therefore, as the hydraulic conductivity of BS is higher for the considered initial 466 

suction in the slope profile, there is a higher rate of water infiltration in BS slopes compared to 467 

RS slope profiles. This leads to the early attainment of saturation in BS slope profiles. 468 

Consequently, slopes consisting of BS fail earlier than those constituting RS.  469 

 470 

  
(a) (b) 
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(c) (d) 

  
(e) (f) 

  
(g) (h) 

  
(i) (j) 

Figure 5. Variation in FoS in slope profiles for RW and RW+SW scenarios (a) BS (b) RS (c) 

2L_BS (d) 2L_RS (e) 4L_BS (f) 4L_RS (g) 8L_BS (h) 8L_RS (i) 16L_BS (j) 16L_RS 

 471 
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Figures 5(c), 5(e), 5(g), and 5(i) show the change in FoS with time for soil slope profiles where 472 

the topmost lamina is BS, arranged alternately with RS in 2 layers, 4 layers, 8 layers, and 16 473 

layers. Similarly, Figures 5(d), 5(f), 5(h), and 5(j) show the change in FoS with time for slope 474 

profiles where RS is the topmost lamina, arranged alternately with BS in 2 layers, 4 layers, 8 475 

layers, and 16 layers. The figures show that the impact of additional water from snowmelt along 476 

with rain (RW+SW) is more pronounced in laminae slope profiles with RS as the topmost layer 477 

compared to those with BS as the topmost lamina. This is evident from the larger difference in  478 

FoS magnitudes between RW and RW+SW when RS is the topmost layer.  Additionally, the 479 

graphs indicate that all the reconstituted varved clay slopes fail earlier when the topmost lamina 480 

is RS in both the RW and RW+SW cases. The days on which all slope profile, including the 481 

reconstituted varved clay slopes fails are listed in Table 3. It can be observed from the table 482 

that for the same number of laminae, slope failure occurs at different times depending on the 483 

sequential arrangements of laminae in reconstituted varved clay slope profiles. Slope profiles 484 

with RS as the topmost lamina fail earlier compared to those with BS as the topmost lamina.  485 

Another observation from Table 3 is that for reconstituted varved clay profiles with BS as the 486 

topmost layer, earlier failure in soil slopes is observed as the number of laminae increases in 487 

both RW and RW+SW cases. In contrast, for profiles with RS as the topmost layer, a reverse 488 

trend of delayed slope failure is observed as the number of laminae increases in both climatic 489 

conditions. The last column of Table 3 shows the time difference RW and RW+SW climatic 490 

conditions when the different slope profile fails. The difference in days when slope failure 491 

occurs between RW and RW+SW increases with the number of laminae for profiles with BS 492 

as the topmost lamina, whereas a decreasing difference in failure days is observed as the 493 

number of laminae increases for slope profiles with RS as the topmost lamina. This indicates 494 

that the rate of incoming water flux affects different slope profiles differently, depending on 495 

the sequential arrangement of the two laminae. The variation in the time of failure of slopes 496 

between the two sequential arrangements of reconstituted varved slopes is linked to the time 497 

taken to attain maximum cumulative net infiltration in each arrangement, as discussed in detail 498 

in Section 3.3 of the paper. 499 

 500 

 501 

 502 

 503 

 504 
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Table 3. Time (in days) when FoS drops below 1.5 

Soils Slope Profiles RW RW+SW RW-(RW+SW) 

Homogenous 
RS 193.0 181.6 11.4 

BS 171.0 168.4 2.6 

Reconstituted Varved Clay 

with BS as topmost lamina 

2L_BS 184.6 182.2 2.4 

4L_BS 180.0 176.0 4.0 

8L_BS 180.0 175.6 4.4 

16L_BS 179.8 175.6 4.2 

Reconstituted Varved Clay 

with RS as topmost lamina 

2L_RS 178.6 171.4 7.2 

4L_RS 179.0 173.6 5.4 

8L_RS 179.4 174.2 5.2 

16L_RS 179.4 174.4 5.0 

 505 

Figure 6 shows the failed slopes in the different slope profiles considered in the study. Figures 506 

6(a) and 6(b) depict the critical slip surfaces formed during slope failure in the homogeneous 507 

BS and RS slope profiles, respectively. It is observed that the depth of the slip surface in the 508 

homogeneous RS slope profile is greater than in the homogeneous BS slope profile. This can 509 

be attributed to the lower cohesion and internal angle of friction of BS, which prevents it from 510 

sustaining large stresses due to increased pore water pressure, causing it to fail at a shallower 511 

depth compared to RS. In other words, since RS has higher magnitudes of shear strength 512 

parameters and the 𝜒 parameter does not hold significance for soils approaching saturation, RS 513 

is more resistant to shear failure compared to BS. Therefore, the RS slope profile is able to 514 

maintain stability at a greater depth before failing, as it can sustain higher stresses. However, 515 

the area of soil mass involved in failure is larger in the homogeneous RS slope profile compared 516 

to the BS slope profile, with the affected area measuring 52 m² for the homogeneous RS slope 517 

profile and 38.96 m² for the homogeneous BS slope profiles. 518 

 519 

From the water pressure profile diagrams of the considered slope profiles, it is observed that 520 

slope failure occurs when a particular soil slope portion becomes fully saturated. Full saturation 521 

occurs when the soil reaches its maximum water-holding capacity, meaning all pores are filled 522 

with water, leaving no available air voids. This fully saturated section acts as a weaker zone 523 

than the rest of the soil mass, bounded by the propagating slip surfaces, one of which fully 524 

develops into the critical slip surface (Figure 6).  Figures 6(c), 6(e), 6(g), and 6(i) show the 525 

critical slip surfaces in reconstituted varved clay laminae with 2, 4, 8, and 16 layers, 526 

respectively, where BS is the topmost lamina. Similarly, Figures 6(d), 6(f), 6(h), and 6(j) show 527 

the corresponding profiles where RS is the topmost lamina. It is observed from Figure 6 that in 528 

homogeneous slope profiles, the failure surface is circular, whereas in reconstituted varved clay 529 
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slope profiles, the slip surface formed is transitional. A common observation in both sequential 530 

arrangements is that the maximum depth of the critical slip surface passes through the 531 

lowermost BS lamina. Since in 2L_RS, 4L_RS, 8L_RS, and 16L_RS, BS forms the lowermost 532 

lamina, slip surface penetrates the full 4 m thickness. For slope profiles with BS constituting 533 

the topmost lamina, the critical slip surface passes through Layer 1, Layer 3, Layer 7, and Layer 534 

15 in the 2L_BS, 4L_BS, 8L_BS, and 16L_BS slope profiles, respectively. As a result, the 535 

critical slip surface forms at shallower depths when BS is the topmost lamina, leading to a 536 

smaller affected area of failed soil mass compared to when RS is the topmost lamina for the 537 

same number of layers. The area of soil mass involved in failure is 33.07 m² for 2L_BS, 51.38 538 

m² for 4L_BS, 69.09 m² for 8L_BS, and 72.04 m² for 16L_BS. In comparison, for 2L_RS, 539 

4L_RS, 8L_RS, and 16L_RS profiles, the affected areas are 78.16 m², 121.81 m², 79.89 m², 540 

and 84.08 m², respectively.  541 

 542 

   
(a) (b) 

 543 

  

(c) (d) 
 544 
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(e) (f) 

 545 

  
(g) (h) 

 546 

  
(i)  (j) 

Figure 6. Failed soil mass enclosed in critical slip surface for various slope profiles (a) BS (b) RS 

(c) 2L_BS (d) 2L_RS (e) 4L_BS (f) 4L_RS (g) 8L_BS (h) 8L_RS (i) 16L_BS (j) 16L_RS 

 547 

 548 

 549 
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3.2 Cumulative Net Infiltration and Cumulative Runoff in Different Soil Profiles for RW 550 

and RW+SW scenarios 551 

Figures 7(a) to 7(j) depict cumulative net infiltration over time for different soil slope profiles 552 

under both RW and RW+SW climatic conditions. Infiltration begins in all soil profiles under 553 

both climatic conditions with the onset of summer at 151 days. After some time, the infiltration 554 

rates in all soil profiles reach their maximum values and remain constant for the remainder of 555 

the study period up to 365 days. Although the rate of cumulative net infiltration differs between 556 

RW and RW+SW initially, both eventually converge to similar values in all the slope profiles. 557 

The graphical plots clearly show that cumulative net infiltration is higher under RW+SW 558 

conditions, due to the additional water from snowmelt combined with rainfall. Among the 559 

profiles, RS exhibits the highest cumulative net infiltration at 2793.28 m³, while BS displays 560 

the lowest at 1309.91 m³. Intermediate values are observed for all reconstituted varved clay 561 

profiles with different sequential arrangements. These infiltration values for different profiles 562 

are listed in Table 4. The larger value of the infiltration in RS compared to that in BS is due to 563 

the higher value of porosity 0.42 m3/m3 while the porosity of the BS is 0.37 m3/m3. Due to high 564 

porosity, more water volume can be stored in RS, resulting in a higher magnitude of maximum 565 

cumulative net infiltration. Conversely, lower porosity of BS allows for lesser water storage, 566 

leading to the lowest maximum cumulative net infiltration among all considered slope profiles. 567 

Among homogeneous soil profiles of RS and BS, cumulative net infiltration in the RS slope 568 

profile is more affected by the addition of snowmelt water compared to BS (Figures 7a and 569 

7b). For reconstituted varved clay profiles, this additional water from snowmelt water has a 570 

greater impact on profiles with RS as the topmost lamina (Figures 7c to 7j). This is evident 571 

from the difference in magnitudes of cumulative net infiltration over the same time period 572 

before the curves for RW+SW and RW curves converge. Table 5 provides valuable insights 573 

into the time when the maximum cumulative net infiltration is achieved and stabilizes for the 574 

remainder of the study period. This information is crucial for understanding the dynamics of 575 

water infiltration and its impact on slope stability, particularly in the context of additional water 576 

from snowmelt. It can be observed that in the case of RW, the maximum and minimum 577 

durations to achieve cumulative net infiltration are for homogeneous RS and BS slope profiles, 578 

respectively. From Table 3, it can be observed that the maximum and minimum durations for 579 

soil failure are taken by homogeneous RS and BS sloping profiles, respectively. Similarly, in 580 

the case of RW+SW, the maximum and minimum durations to achieve maximum cumulative 581 

net infiltration are by 2L_BS and homogeneous BS slope profiles (Table 5). Correspondingly, 582 

2L_BS and homogeneous BS take the maximum and minimum durations to fail (Table 3). 583 
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These observations indicate that water infiltration controls the failure of slopes. The more days 584 

taken to attain maximum cumulative net infiltration in a soil slope profile, the later the slope 585 

failure will occur. From Table 5, it can further be observed that the duration to attain maximum 586 

infiltration in 2L_BS, 4L_BS, 8L_BS, and 16L_BS is higher compared to 2L_RS, 4L_RS, 587 

8L_RS, and 16L_RS, under both RW and RW+SW conditions. This trend aligns with the 588 

pattern of time to slope failure, with 2L_BS, 4L_BS, 8L_BS, and 16L_BS slopes failing later 589 

than 2L_RS, 4L_RS, 8L_RS, and 16L_RS for both RW and RW+SW cases. Furthermore, the 590 

difference in duration to attain maximum cumulative net infiltration between RW and RW+SW 591 

increases as the number of laminae increases when BS is the topmost lamina. In contrast, for 592 

profiles with RS as the topmost lamina, this difference in duration decreases with the increase 593 

in laminae. A similar trend in the difference of days to slope failure can be observed from Table 594 

3, where when BS constitutes the topmost lamina, the difference in days to failure increases 595 

with the number of laminae, whereas a reverse trend of decreasing difference in days of slope 596 

failure is observed for laminae arrangements with RS as the topmost lamina. This observation 597 

further strengthens the link between FoS and infiltration in the respective soil slope profiles. 598 

From Table 3 and Table 5, it can also be stated that slope failure occurs in all the soil slope 599 

profiles sufficiently before maximum cumulative net infiltration is achieved in the sloping soil 600 

profiles. 601 

 602 

 603 

 604 

 605 

 606 

 607 

 608 

 609 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 
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(g) (h) 

  
(i) (j) 

Figure 7. Variation in cumulative net infiltration in slope profiles for RW and RW+SW 

scenarios (a) BS (b) RS (c) 2L_BS (d) 2L_RS (e) 4L_BS (f) 4L_RS (g) 8L_BS (h) 8L_RS 

(i) 16L_BS (j) 16L_RS 

 610 

From Table 4, it is observed that the maximum cumulative net infiltration at the end of the 611 

study period decreases as the number of laminae increases for both types of sequential 612 

arrangements. However, the reconstituted varved clay slope profiles with BS as the topmost 613 

lamina show higher magnitudes of cumulative net infiltration compared to slope profiles with 614 

RS as the topmost lamina. The last column of Table 4 shows the differences in magnitudes of 615 

cumulative net infiltration between the two sequential arrangements corresponding to the same 616 

number of laminae. It can be observed that as the numbers of layer increases, the difference in 617 

magnitudes of the cumulative net infiltration between the two types of varved sequential 618 

arrangements decreases.  619 

 620 

In the slopes with reconstituted varved clay profiles, the delayed slope failure when BS is the 621 

topmost lamina (Section 3.1), along with the delayed attainment and higher cumulative net 622 

infiltration by the end of the study compared to when RS is the topmost lamina, is attributed to 623 

the barrier and breakthrough phenomenon. The barrier effect is commonly observed in layered 624 

soils when water infiltrates from a finer soil layer to a coarser soil layer under unsaturated 625 

conditions, such that the initial suction is greater than the breakthrough suction of both soils 626 

(as in the present case). Under such conditions, the infiltrating water from the finer layer is 627 

restricted from moving into the coarser layer due to the contrast in hydraulic properties between 628 

the two soils. The breakthrough suction, also known as the water-entry suction value, occurs 629 

when the matric suction at the interface between the fine-grained soil layer and coarse-grained 630 
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soil gets lower than the water-entry suction value of the coarse-grained soil (Li et al., 2021). 631 

This suction is achieved by raising the water content in the fine-grained soil near the interface. 632 

The coarser the underlying soil, the greater the pressure head required for breakthrough to occur 633 

(Baker and Hillel, 1990). In this study, the geotechnical properties of BS and RS are such that 634 

BS is finer than RS (Table 2). Figure 3(b) shows the HCF curves for RS and BS, with the 635 

intersection of the HCF curves representing the breakthrough suction when BS overlies RS. 636 

For 2L_BS, 4L_BS, 8L_BS, and 16L_BS, breakthrough occurs 1, 2, 4, and 8 times, 637 

respectively, whereas for 2L_RS, 4L_RS, 8L_RS, and 16L_RS, breakthrough occurs 0, 1, 3, 638 

and 7 times, respectively. Therefore, fewer breakthroughs are observed when RS occupies the 639 

topmost layer in the laminae soil profiles. Therefore, the higher number of breakthrough events 640 

in reconstituted varved slopes with BS as the topmost lamina leads to delayed slope failure, as 641 

well as delayed attainment and higher cumulative net infiltration by the end of the study, 642 

compared to slopes with RS as the topmost lamina. 643 

 644 

Table 4. Cumulative Net Infiltration at the end of study period in different slope profiles 

Soils 

No. of 

Laminae in 

slope 

profile 

Cumulative Net Infiltration (m3) 

Difference 

(m3) 

Reconstituted 

Varved Clay with 

BS as topmost 

lamina 

Reconstituted 

Varved Clay with 

RS as topmost 

lamina 

Reconstituted 

Varved Clay 

slope profiles 

2 2059.64 2035.85 23.79 

4 2043.52 2027.36 16.17 

8 2029.87 2018.77 11.10 

16 2009.91 2001.19 8.72 

 Soils Cumulative Net Infiltration (m3) 

Homogenous 

soil slope 

profiles 

RS 2793.28 

BS 
1309.91 

 645 

Table 5. Time (in Days) when Maximum Cumulative Net Infiltration is achieved 

Soils Slope Profiles RW RW+SW RW-(RW+SW) 

Homogenous 
RS 204.0 193.6 10.4 

BS 179.6 178.0 1.6 

Reconstituted Varved Clay 

with BS as topmost lamina 

2L_BS 202.2 202.8 0.6 

4L_BS 196.6 195.4 1.2 

8L_BS 194.0 191.6 2.4 

16L_BS 192.8 190.2 2.6 

Reconstituted Varved Clay 

with RS as topmost lamina 

2L_RS 185.6 179.2 6.4 

4L_RS 188.8 184.4 4.4 

8L_RS 190.0 186.4 3.6 

16L_RS 190.8 187.4 3.4 
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Figures 8(a) to 8(j) present graphical plots of cumulative runoff with time for all soil profiles 646 

considered in this study. The runoff for different soil profiles begins at different times during 647 

the summer season. The graphs clearly depict a notable increase in runoff in case of RW+SW 648 

as compared to RW. Furthermore, it is observed that the homogeneous BS slope profile exhibits 649 

the highest cumulative runoff, while the homogeneous RS slope profile displays the lowest 650 

cumulative runoff among all the considered soil slope profiles at the end of the study period. 651 

The magnitude of cumulative runoff at the end of the study period is listed in Table 6. It is 652 

observed from the table that the cumulative runoff at the end of the study period is slightly 653 

higher in the case of laminae profiles with RS constituting the topmost lamina as compared to 654 

the laminae profiles with BS as the topmost lamina. These runoff trends show an inverse 655 

relationship with infiltration. Cumulative net infiltration is greater when BS is the topmost 656 

lamina but decreases as the number of laminae increases, while runoff increases. More 657 

infiltration leads to less runoff, and vice versa. Additionally, the difference in cumulative runoff 658 

between RS and BS decreases as the number of laminae increases, corresponding to the trend 659 

observed in net infiltration. 660 

 661 

  
(a) (b) 

  
(c) (d) 
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(e) (f) 

  
(g) (h) 

  
(i) (j) 

Figure 8. Variation in cumulative runoff in slope profiles for RW and RW+SW scenarios (a) 

BS (b) RS (c) 2L_BS (d) 2L_RS (e) 4L_BS (f) 4L_RS (g) 8L_BS (h) 8L_RS (i) 16L_BS (j) 

16L_RS 

 662 

Table 7 shows the duration (in days) at which runoff begins in the different slope profiles 663 

considered in this study. For all slope profiles, runoff begins much earlier in the case of 664 

RW+SW compared to RW. It is further observed that when BS occupies the topmost lamina, 665 

the time when runoff starts is delayed as the number of laminae increases. Conversely, for the 666 
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slope profile with RS as the topmost lamina, the runoff begins earlier with an increased number 667 

of laminae for both RW and RW+SW cases. In reconstituted varved clay soil profiles with BS 668 

constituting the topmost soil, it is observed that for RW+SW consideration, runoff initiation is 669 

the same for BS, 2L_BS, and 4L_BS soil profiles. This indicates that, for higher exposure to 670 

water, runoff initiation is primarily influenced by the properties of the topmost lamina. 671 

Furthermore, the difference in days for runoff initiation between RW and RW+SW generally 672 

increases with the increase in the number of laminae for the varved clay profiles with BS as 673 

the topmost lamina. In contrast, for other case of sequential arrangement of laminae in sloping 674 

soil, this difference decreases with the increase in laminae. 675 

 676 

Table 6. Cumulative runoff at the end of study period for different slope profiles 

Soils 

No. of 

Laminae 

in slope 

profile 

Cumulative Runoff (m3) 

Difference 

(m3) 

Reconstituted 

Varved Clay with 

BS as topmost 

lamina 

Reconstituted 

Varved Clay with 

RS as topmost 

lamina 

Reconstituted 

Varved Clay slope 

profiles 

2 9785.35 9798.54 13.19 

4 9798.60 9809.70 11.11 

8 9810.88 9819.44 8.55 

16 9830.16 9837.57 7.41 

 Soils Cumulative Runoff (m3) 

Homogenous soil 

slope profiles 

RS 9031.05 

BS 10542.90 

 677 

Table 7. Number of days required to initiate runoff  

Soils Slope Profiles RW RW+SW RW-(RW+SW) 

Homogenous 
RS 170.2 160.0 10.2 

BS 157.8 155.0 2.8 

Reconstituted Varved Clay 

with BS as topmost lamina 

2L_BS 157.2 155.0 2.2 

4L_BS 157.8 155.0 2.8 

8L_BS 160.8 155.2 5.6 

16L_BS 161.0 156.0 5.0 

Reconstituted Varved Clay 

with RS as topmost lamina 

2L_RS 170.6 160.0 10.6 

4L_RS 166.4 159.8 6.6 

8L_RS 163.8 157.4 6.4 

16L_RS 162.4 157.0 5.4 

 678 

3.3 Temporal Dynamics of Pore-Water Pressure in Different Soil Profiles  679 

Figures 9 and 10 illustrate the temporal variation of pore-water pressure in homogeneous BS 680 

and layered 2L_BS slope profiles. Although such pore-water pressure contours at different time 681 

steps are generated for all soil profiles under both RW and RW+SW conditions, only the 682 
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homogeneous BS and 2L_BS slope profiles under RW conditions are shown here for 683 

illustrative purposes. Figures 9(a-c) and 10(a-c) represent pore-water pressure conditions prior 684 

to failure in the corresponding RS and 2L_BS slope profiles, respectively. Figure 9(c) and 10(c) 685 

portray the pore-water pressure distribution just before FoS drops below 1 for BS and 2L_BS 686 

slope profiles, respectively, which happens at the 171th and 186.8th day respectively. Further, 687 

Figures 9(d) and 10(d) present pore-water pressure distributions at the onset of slope failure 688 

that happens at the 171.2th day and 187th day for the RS and 2L_BS slope profiles, respectively. 689 

Finally, Figures 9(e-f) and 10(e-f) depict the pore-water pressure distribution in the post-failure 690 

scenario of BS and 2L_BS slopes, respectively.  691 

 692 

Both Figures 9 and 10 illustrate that the toe of the slope loses suction and migrates to suction 693 

earlier than the other areas, as indicated by pore-water pressures being equal to or exceeding 0 694 

kPa (represented by the red-shaded contour). In the 2L_BS profile, the lower lamina saturates 695 

first distinctively (Figure 10c) because of the differential permeability in the laminae. However, 696 

the slope failure initiates only when the saturation extends to the upper lamina and slope 697 

surface, as shown in Figure 6d. For both the cases, as time elapses, the extent of saturation in 698 

the slope keeps on expanding, which corresponds to a continuous decrease in the FoS, as 699 

illustrated in Figure 5 (FoS vs. Time). Once the slope becomes fully saturated, the FoS reaches 700 

its minimum value and remains constant for the portion of the terrain analyzed for stability. 701 

These temporal images confirm an increase in pore-water content in the sloping terrain, which 702 

is consistent with the rise in cumulative net infiltration over time, as illustrated in Figure 7. The 703 

net cumulative infiltration becomes constant after certain duration once the terrain is fully 704 

saturated. 705 

 706 

  

(a) (b) 
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(c) (d) 

  

(e) (f) 

Figure 9. Temporal variation in pore-water pressure under rainwater infiltration for the 

homogeneous BS slope profile across different days: (a) Day 151, (b) Day 161, (c) Day 171, 

(d) Day 171.2, (e) Day 171.4, and (f) Day 172.4 

 

 707 

  

(a) (b) 
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(c) (d) 

  

(e) (f) 

Figure 10. Temporal variation in pore-water pressure under rainwater infiltration for the 

2L_BS reconstituted varved clay slope profile across different days: (a) Day 151 (b) Day 161 

(c) Day 186.8 (d) Day 187 (e) Day 187.2 and (f) 188.2 

 708 

4. Conclusions 709 

In the present study, the effects of water infiltration from two climatic scenarios (RW and 710 

RW+SW) on homogeneous profiles (RS and BS) and reconstituted varved clay profiles (2-711 

Layered, 4-Layered, 8-Layered and 16-Layered) with two different sequential arrangements, 712 

are investigated. The analysis focuses on slope stability, the area of soil mass affected by 713 

failure, cumulative net infiltration, and cumulative runoff in various soil slope profiles. The 714 

key findings and conclusions drawn from the study are summarized below: 715 

 Early slope failure, earlier attainment of maximum cumulative net infiltration, and earlier 716 

runoff are observed under RW+SW climatic conditions compared to RW alone. The 717 

RW+SW scenario also results in higher runoff volume due to the additional water from 718 

snowmelt combined with rainwater.  719 
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 In reconstituted varved clay slope profiles, the laminae structure leads to a transitional 720 

mode of failure, while homogeneous slope profiles exhibit a circular slip surface at failure. 721 

 The arrangement of RS and BS, along with the number of laminae in reconstituted varved 722 

clay profiles, significantly impacts the time at which slope fails, the area of soil mass 723 

involved in failure, cumulative net infiltration, cumulative runoff, and the timing of these 724 

events. In slope profiles where BS is the topmost lamina, the critical slip surface forms at 725 

shallower depths, with its depth depending on the number of laminae. In profiles where 726 

RS is the topmost lamina, the critical slip surface penetrates the full 4 m depth. This results 727 

in a smaller area of soil mass involved in failure when BS is the topmost lamina, compared 728 

to when RS is the topmost lamina. Additionally, as the number of laminae increases, the 729 

affected area due to slope failure increases in both sequential arrangements. 730 

 Reconstituted varved clay slope profiles with RS as the topmost lamina fail earlier and 731 

achieve maximum cumulative net infiltration before those with BS as the topmost lamina. 732 

This is due to the lesser number of BS-RS interface in profiles with RS as the topmost 733 

lamina, which results in fewer occurrences of the barrier and breakthrough effect compared 734 

to profiles with BS as the topmost lamina. Additionally, the time to reach maximum 735 

cumulative net infiltration is uniquely linked to the timing of slope failure for each profile. 736 

The longer it takes for a profile to attain maximum infiltration, the later the slope failure 737 

occurs. 738 

 Homogeneous BS slope profiles exhibit the highest cumulative runoff, while RS slope 739 

profiles show the lowest cumulative runoff among all the slope profiles at the end of the 740 

study period. Conversely, the cumulative net infiltration is highest for RS slope profiles 741 

and lowest for BS slope profiles. The reconstituted varved clay profiles exhibit 742 

intermediate magnitudes of both cumulative runoff and cumulative net infiltration, lying 743 

between the corresponding magnitudes of RS and BS. While the cumulative runoff 744 

increases with the number of laminae in reconstituted varved clay slopes, the cumulative 745 

net infiltration decreases with the increase in the number of laminae in the varved slopes. 746 

 747 

In conclusion, the present study highlights the complex interactions among soil composition, 748 

the sequential arrangement of laminae, slope stability, infiltration, and runoff under varying 749 

water flux scenarios and different climatic conditions. This research is particularly relevant to 750 

glaciated regions, where rapid snowmelt due to climate change significantly alters the 751 

hydrological dynamics of the region. These altered dynamics lead to increased water volumes 752 
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that contribute to both infiltration and runoff, which have the potential to trigger early slope 753 

instabilities. The study specifically emphasizes the effects of laminae arrangement and the 754 

number of laminae in varved deposits in glacial regions on the induced slope stability and 755 

hydrological behavior. The findings underscore the need to incorporate detailed laminae 756 

composition in slope stability assessments and water balance studies in such glacial 757 

environments. Such an understanding is crucial for effective water management and predicting 758 

the occurrence of landslides in these regions.  759 

 760 

5. Limitations of the Present Study 761 

Despite the detailed analysis of stability and water balance in different soil slope profiles, this 762 

study has certain limitations. A deterministic approach has been adopted which utilizes constant 763 

magnitude for geotechnical, hydrological and geometrical properties. However, in natural 764 

conditions, these properties exhibit spatial variability, which can significantly influence slope 765 

stability and hydrological dynamics, including infiltration and runoff. While these 766 

simplifications were necessary to ensure computational feasibility and maintain focus on the 767 

primary objectives, future research could incorporate probabilistic modeling approaches. Such 768 

approaches would account for randomness and uncertainty, enhancing the robustness and 769 

applicability of slope stability assessments and water balance studies. Further, this particular 770 

study analyses the glaciatic slope stabilities based on a limit-equilibrium framework. It is to be 771 

noted that a comprehensive finite element based stability of slopes comprising multi-layered 772 

stratification would provide more nuanced results subjected to hydrological processes. A 773 

coupled stress-deformation based multi-layered slope stability would provide more insightful 774 

results while emphasizing the influence of constitutive mechanics of the participating materials 775 

as well as their interface interactions. 776 

 777 
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