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Abstract 6 

The increasing average global temperatures are transforming the permafrost regions into 7 

seasonally frozen areas, thereby pushing the active layer deeper into the ground and leading to 8 

a rise in inexplicable glaciatic geohazards. Although the glaciated Himalayan regions of India 9 

are becoming more vulnerable to such events, cold region geotechnical studies remain nearly 10 

unattended. This research attempts to evaluate the complex consequences of hydrological 11 

changes on the stability of slopes and water balance through numerical modeling using the 12 

finite element (FE) technique. The real-time climate data from Tawang, Arunachal Pradesh, is 13 

chosen which prevalently experiences sub-zero temperatures in the eastern Himalayan belt. In 14 

accordance to various thermal regimes and hydrological conditions common to this region, this 15 

study effect of only rainfall water infiltration (RW), water infiltration from both rain and 16 

snowmelt (RW+SW), and the complementary influence water migration due to soil 17 

temperature gradient [T(RW+SW)] on the slope stability, water infiltration, and runoff 18 

dynamics of sloping terrain. Numerical assessment of the stability of both homogeneous and 19 

multi-couplet varve slope profiles are carried out. The influence of Red soil-Black soil (RS-20 

BS) laminae (2, 4, 8 and 16 in numbers) as well as the slope inclination (25° - 45°) on the 21 

hydrogeological response of the layered slopes are delineated. It is conclusively understood 22 

that stability of slopes, water infiltration and runoff are strongly influenced by surficial soil 23 

couplet directly interacting with the atmosphere; expectedly, the slope inclination angle and the 24 

number of laminae also plays substantial role in the stability and temporal dynamics of pore-25 

water pressure within the slopes. Slopes with RS as the topmost layer are found to evidently 26 

fail earlier than those with BS as the topmost layer; for the latter case, the area of soil involved 27 

in slope failure is comparatively lesser. In any sequential arrangement, the area of soil involved 28 

in slope failure increases with the increase in laminae. Slopes with RS as the topmost layer are 29 

observed fail quicker under the freeze-thaw phenomenon. The time to the onset of slope failure 30 

is found to be comprehensively linked with the time to attain the maximum cumulative net 31 

infiltration. 32 

Keywords: Glacial Slope Stability, Reconstituted Varved Clays, Freezing and Thawing, Land-33 

Climate Interaction, Thermo-Hydro-Mechanical Coupling  34 

1. Introduction 35 

The stability of slopes is a critical concern in Indian Himalayan region, particularly given the 36 

prevalence of landslides and their potential to cause significant societal and economic damage 37 

[1]. The Indian Himalayan region is infamous for slope instability problems due to its structure, 38 

geology, and dynamic regional climate [2]. Severe rainfall, snow melt, tectonic activities and 39 
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human intervention in the region are the main causes of the instability of the slopes [3, 4]. 40 

While the stability of slopes under normal temperature conditions is well-documented, studies 41 

focusing on cold regions remain scarce. Although several studies on rainfall-induced slope 42 

failures are frequently reported in the literature, there are only few that incorporate and consider 43 

water from snowmelt, sub-zero temperatures, and the freezing and thawing in sloping ground. 44 

The increased frequency and unpredictability of landslides in the Himalayan regions have 45 

motivated researchers to investigate the complex mechanisms behind these events [5-7].  46 

Most studies on slope stability reported in the literature focus on homogeneous soil profiles; 47 

however, real-world scenarios often involve slopes composed of heterogeneous soils with 48 

layer-by-layer deposition [8]. Weak soil layers within the slopes often trigger landslides under 49 

conditions of water infiltration [9]. Previous researches have also emphasized the importance 50 

of considering soil layering in slope stability studies [10-14]. Additionally, there are limited 51 

studies on water balance in Indian Himalayan regions that incorporate the contributions from 52 

both water infiltrations into slope profiles and runoff. Understanding the impact of infiltrated 53 

water on slope stability and runoff is crucial for designing effective slope stabilization measures 54 

and managing water resources in mountainous regions prone to hydrological hazards and 55 

landslide events. This study addresses these gaps by examining stability of slopes in 56 

homogeneous and multi-couplet reconstituted varved clay slope profiles under three climatic 57 

conditions. These climatic conditions include water consideration from rain only (RW), rain 58 

combined with snowmelt (RW+SW), and rain with snowmelt considering temperature gradient 59 

along the depth of the soil [T(RW+SW)]. The temperature gradient along the depth of the soil 60 

induces water migration and facilitates freezing and thawing in sloping ground.   61 

Several researchers have conducted stability analyses of layered slopes. Dai et al. [5] conducted 62 

parametric stability analysis on two-layered slope profiles, and observed that the thickness of 63 

the lower layer significantly influenced the Factor of Safety (FoS) of slopes. Chatterjee and 64 

Murali Krishna [6] carried out numerical modelling to analyze slope stability in homogeneous 65 

and layered soils, and found that slip surfaces remain confined in the top layer when the 66 

foundation soil is stiffer. Sarkar and Chakraborty [7] demonstrated that presence of a stronger 67 

soil layer over weaker ones enhanced slope stability, especially in steep slopes. Wu et al. [14] 68 

conducted rainwater infiltration experiments, and noted significant variations in pore-water 69 

pressure and water content along the depth of layered slopes. Tang et al. [15] explored water 70 

infiltration characteristics and failure modes in layered and homogenous soil slope. The authors 71 

reported occurrence of soil piping in layered soil slopes and surface sliding in homogeneous 72 

soil slopes. Irfan et al. [16] conducted stability analyses 625 slopes comprising layered 73 

excavations to propose a correlation expression for assessing the FoS of slopes with similar 74 

configurations. The slope consisted of a vertical cut clay layer resting at the top of a sandy 75 

slope with a horizontal interface. The analysis was performed by varying the cohesion of the 76 

clay layer, the angle of internal friction of the sand layer, the thickness ratio (the ratio of the 77 

height of the clay layer to the sand layer) and the inclination of the sand layer. apart from the 78 

shear strength parameters of the layered soil and inclination of the underlying soil, the thickness 79 

ratio of the layers also plays an influencing role on the slope stability.  80 
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Weng [17] observed a significant drop in FoS of layered soil slopes after breakthrough, 81 

compared to homogeneous soil slopes. Few researchers have conducted stability analyses of 82 

slopes while considering freezing and thawing effects. However, these studies, which include 83 

freeze-thaw effects, were carried out on homogeneous soils. For example, Wang et al. [18] 84 

found that FoS increased during freezing but decreased during thawing due to the expansion 85 

of the yield zone. Li and Chen [19] observed a linear decrease in FoS with increasing freeze-86 

thaw depth. Chen et al. [20] developed a method to predict landslides by analyzing vertical 87 

displacement and the effects of moisture content on FoS. All the layered slope stability studies 88 

discussed above typically consider slopes formed by horizontally deposited soil; however, in 89 

reality, the layers in slopes often exist parallel to the ground surface [21]. Moreover, none of 90 

these studies addressed layered slopes in cold regions or the contributions of volume of water 91 

to infiltration and runoff. While studies on the slope stability of layered soils often focus on 92 

one or two layers, as evident from the above discussed literature, natural slopes frequently 93 

consist of multiple layers. The present study addresses these complexities by considering 94 

multiple layers parallel to the sloping ground and comparing how slope stability, infiltration, 95 

and runoff are affected when freezing and thawing are incorporated into the stability analysis 96 

of slopes.    97 

This study uses meteorological data from Tawang, a district in the Northeastern state of 98 

Arunachal Pradesh, India. The Himalayas in Northeast India are highly vulnerable to landslides 99 

and experience chronic economic losses worth billions of rupees due to a wide range of 100 

landslide issues [22]. Compared to other regions in the Indian Himalayan belt, the Northeastern 101 

Indian Himalayas have seen a dearth of research on slope stability analysis [23]. The scarcity 102 

of research in the region is primarily attributed to the remoteness of this region and its 103 

challenging terrains [24, 25]. Varved clays have been reported as common soil deposits in 104 

glacial environments [26-31] and have been observed in glaciated Indian Himalayan regions 105 

as well [32-36].  106 

The current study involves analyzing the FoS against slope failure, cumulative net infiltration, 107 

and cumulative runoff in both homogenous and multi-couplet reconstituted varved clay slope 108 

profiles. The reconstituted varved laminae structure consists of alternately and repetitively 109 

arranged Red Soil (RS) and Black Soil (BS) to replicate the actual varved clay laminae. 110 

Homogenous slopes constitute separately of RS and BS. The study is carried out at five 111 

different slope inclination angles of 25°, 30°, 35°, 40°, and 45°. This study addresses a broad 112 

range of research gaps and enhances the understanding of complex interactions among soil 113 

composition, sequential arrangement, and the number of laminae on slope stability, infiltration, 114 

and runoff under different climatic conditions through FE numerical modelling. 115 

 116 

2. Materials and Methodology 117 

RS and BS used in the present study were obtained from the vicinity of the IIT Guwahati 118 

campus. Various geotechnical tests were carried out to determine the material characterization 119 

of these soils and obtain input parameters for numerical modeling, which are discussed in detail 120 

in Sections 2.1 and 2.2, respectively.  121 
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2.1 Material Characterization of RS and BS used as Constituent Laminae 122 

RS and BS used in this study represent two soils that constitute the two laminae of actual varved 123 

clay. The selection of RS and BS for this representation was based on a preliminary 124 

geotechnical investigation conducted in the laboratory. These geotechnical investigations 125 

included determining of Atterberg Limits [37] and obtaining Particle Size Distribution [38]. 126 

The geotechnical analysis revealed that RS can effectively represent the light-coloured, silt-127 

dominant laminae found in actual varved clays, while BS can serve as a representative of the 128 

darker, clay-dominant laminae. The laboratory test based basic geotechnical parameters is 129 

listed in Table 1, and are consistent with the characteristics of actual varved clays documented 130 

in the literature [39-46]. Table 1 also lists other parameters obtained from laboratory tests, such 131 

as the magnitudes of specific gravity [47], compaction characteristics [48] and shear strength 132 

parameters of the soils. The shear strength parameters were obtained from Direct Shear Tests 133 

(DST) conducted following ASTM D3080/D3080M [49], and are utilized as input parameters 134 

during slope stability analysis. As the multi-laminae slopes are analysed for their stability, 135 

which would be primarily triggered through translational slides through the interface of the 136 

laminar, DST is adjudged a suitable and relevant technique to assess the shear strength 137 

parameters of the soil specimens. As per the USGS classification system and based on the 138 

Atterberg’s limit confirmatively assessed for RS and BS, they have been classified as ML (low 139 

plasticity silts) and CH (high plasticity clays), respectively. The classification also conforms to 140 

the particle size distribution assessed for the soils. However, conventionally, based on the 141 

classification, BS is expected to exhibit higher cohesion compared to RS. However, for the 142 

present study, the observation has been found to be otherwise, and the same has been confirmed 143 

through repetition of the direct shear test experiments on the samples with optimum moisture 144 

content-maximum dry density (OMC-MDD) condition. Being direct shear test, it might be 145 

noted that the cohesion in this case can be more aptly termed as ‘apparent cohesion’ (as 146 

mentioned in Table 1). As explicable, the angle of internal friction for the BS has turned out to 147 

be lower than that of RS. However, the apparent cohesion of BS being lower than that of RS 148 

can only be possibly explained through its microstructure. Figure 1 exhibits the Field Emission 149 

Scanning Electron Microscopy (FE-SEM) images of RS and BS at 1000X magnification. It 150 

may be noted that RS larger and more subangular particles, while the particles of BS are flakier. 151 

At the same time, it can be comprehended as well that RS offers more surficial contacts, while 152 

BS exhibits a dominance of edge contacts. Consequently, based on the contact interactions, RS 153 

is exhibiting a slightly higher magnitude of apparent cohesion. However, as can be noted from 154 

the magnitude of the shear strength parameters in Table 1, the two soils are not that vividly 155 

different from each other in the strength index. 156 
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Table 1. Geotechnical properties of RS and BS 157 

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   

Angle of internal friction (°) 17.53 13.0 

Apparent cohesion (kPa) 12.4 6.1 

 158 

 (a) 159 

 (b) 160 

Figure 1. FE-SEM images at 1000X magnification (a) RS (b) BS 161 

Several other laboratory tests were conducted to obtain input parameters required for reliable 162 

numerical modelling in the present study. These tests included the estimation of hydraulic 163 
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conductivity at saturated and unsaturated states of the soils and several thermal properties of 164 

soil. Saturated hydraulic conductivity of the soils was determined using pre-fabricated 165 

cylindrical moulds whose dimensions were in accordance with the standards outlined in 166 

ASTM-D5856-15 [50]. The height and diameter of these moulds were 10 cm and 4.5 cm, 167 

respectively. For the permeability test, both RS and BS soil samples were compacted at their 168 

respective MDD and OMC. To ensure uniform distribution and flow of water through the soil 169 

samples, porous stones were placed at both the top and bottom of the sample in the mould. 170 

Furthermore, to prevent clogging of the porous stones with soil particles during testing, filter 171 

paper was placed along with the porous stones, with the filter paper being in direct contact with 172 

the soil. Prior to the use of porous stones in tests, they were examined for clogs and cleaned by 173 

boiling in water for 3-4 hours. The soil samples were fully saturated before starting the 174 

hydraulic conductivity tests using the falling head method. This method involved recording 175 

discharge readings over specific time intervals to accurately determine the hydraulic 176 

conductivity of both soil types. There are various techniques to identify the soil water 177 

characteristic curve, including both conventional and non-conventional methods [51]. For the 178 

present study, to determine the unsaturated hydraulic conductivity of both RS and BS soil 179 

specimens, the Hydraulic Conductivity Function (HCF) curve was derived from the Soil Water 180 

Characteristic Curve (SWCC). The data points for establishing the SWCC were obtained using 181 

a WP4-T Dew Point Potentiometer (Figure 2).  182 

 183 

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

sample in stainless steel cups  

 184 

These data points consist of suction measurements at varying levels of water content in the 185 

soils.  The working principle of WP4-T can be found in detail in ASTM-D 6836-02 Method D 186 

[52]. The obtained data points were fitted to the van Genuchten model [53] to obtain a smooth 187 

SWCC, and is represented in Figure 3(a). Equation 1 represents the van Genuchten formulation 188 

used for obtaining the SWCC. The curve fitting was performed by varying the parameters 𝛼, 189 

𝑚, and 𝑛, which are known as the van Genuchten model parameters, and is expressed as  190 

        𝜃 = 𝜃𝑟 +
𝜃𝑠−𝜃𝑟

[1+|𝛼ℎ|𝑛]𝑚       𝑎𝑛𝑑      𝑚 = (1 − 1
𝑛⁄ )                                              (1) 191 
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where 𝜃 represents the volumetric water content in soil (m3/m3), 𝜃𝑟 and 𝜃𝑠 represents the 192 

residual and saturated volumetric water content (m3/m3) of the soil, respectively. 193 

The van Genuchten parameters were further utilized to derive HCF curves for RS and BS. 194 

Equation 2 represents the equation used for deriving the HCF curve. The HCF curves for both 195 

soils are depicted in Figure 3(b). 196 

[𝐾(ℎ)] =
𝐾𝑠{1−(𝛼ℎ)𝑚𝑛[1+(𝛼ℎ)𝑛]−𝑚}2

[1+(𝛼ℎ)𝑛]𝑚𝑙                                                          (2) 197 

where 𝐾𝑠 and 𝐾(ℎ) is the saturated and unsaturated hydraulic conductivity (m/s).  Table 2 lists 198 

the hydraulic parameters of the RS and BS. It can be noted that the saturated permeability of 199 

the RS soil chosen for this study has a close agreement with the DL clay (ML soil classified as 200 

per USGS) reported by Rasool and Aziz [54]. 201 

(a)  

(b) 

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

Function curve for RS and BS 

 202 
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Table 2. van Genuchten parameter, water content, permeability and shear strength parameters 203 

of RS and BS 204 

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 

 205 

This study considers three different climatic conditions of RW, RW+SW and T(RW+SW). For 206 

T(RW+SW) case, temperature gradient along the depth of the soil is considered, which allows 207 

migration of water due to convection, as well as the freezing and thawing within the soil.  An 208 

analysis that accounts for these mechanisms requires the use of the Soil Freezing Characteristic 209 

Curve (SFCC). The SFCC represents the relationship between unfrozen water content and 210 

negative temperatures. It is commonly assumed that at 0°C, liquid water freezes to ice. 211 

However, in reality, depending on the soil type, a depression in the freezing point of soil water 212 

occurs at negative temperatures due to adsorptive and capillary forces [55]. This results in a 213 

unique soil-water interaction for each soil, which is responsible for the existence of liquid water 214 

at temperatures below 0°C [56]. In the present study, the SFCC is obtained through an 215 

analytical expression proposed by Zhang et al. [57]. This approach combines the Clapeyron 216 

relationship (Equation 3) with the van Genuchten equation (Equation 1) to establish an equation 217 

for defining the SFCC (Equation 4). Thus, Equation 4 is used to calculate the variation in pore-218 

water pressure of the unfrozen liquid water at sub-zero temperatures. Figure 4 displays the 219 

SFCC plotted for RS and BS using the aforementioned method. 220 

𝜕𝑢𝑤

𝜕𝑇
=

ℎ𝑠𝑓

𝑣𝑤𝑇0
 

(3) 

where, 𝜕𝑢𝑤 represents the variation in water pressure within the unfrozen water in partially 221 

frozen soil, 𝜕𝑇 denotes the temperature change below the phase change temperature, ℎ𝑠𝑓is the 222 

latent heat of vapourization (334000 kJ/m3), 𝑣𝑤 represents the specific volume of water (1.0 223 

L/kg), and 𝑇0 corresponds to the standard freezing point of water at atmospheric pressure, 224 

which is considered as 0°C in this analysis. 225 

The generated pore-water pressure from Equation 3 at the freezing point is then used to obtain 226 

the corresponding unfrozen volumetric water content as: 227 

𝜃𝑢𝑤𝑐 = 𝜃𝑟 + (𝜃𝑠 − 𝜃𝑟) [1 + (𝛼ℎ𝑠𝑓 ln
𝑇 + 273.15

𝑇0 + 273.15
)

𝑛

]

−𝑚

 (4) 

where 𝜃𝑢𝑤𝑐 is the unfrozen water content in the soil. 228 
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Figure 4. Soil Freezing Characteristic Curve for RS and BS 

 229 

The thermal characteristics of both soils, RS and BS, in frozen and unfrozen states were 230 

determined using the KD2 Pro Thermal Properties Analyzer [58], developed by Decagon 231 

Devices (Pullman, Washington). The specifications followed by the KD2 Pro sensors adhere 232 

to ASTM D5334-14 [59]. The thermal properties of the RS and BS samples were determined 233 

on prepared soil samples in pre-fabricated cylindrical acrylic moulds by compacting the soil to 234 

maximum dry density and optimum moisture content. The height and diameter of this mould 235 

was 60 mm and 80 mm, respectively. These dimensions ensured that the recommended 236 

minimum distance between the sensor needle probe and the outer boundary of the acrylic 237 

cylindrical mould was not exceeded, thereby avoiding errors due to boundary effects from the 238 

heating of the sensor needle probe [60, 61]. In this study, the diameter of the mould was 5.86 239 

times the needle diameter, which was sufficient to avoid any boundary effects. For measuring 240 

the thermal properties of the soil in frozen state, the prepared sample along with the mould was 241 

kept in deep freezer for 24 hours before taking the measurement with the help of these sensors. 242 

Figure 5 shows the ongoing measurement of thermal properties on the prepared sample using 243 

the KD2 Pro immediately after removing the sample from the deep freezer. For this study, the 244 

thermal conductivity and volumetric heat capacity were recorded at room temperature 245 

(unfrozen state) and at -10°C (frozen state), with the values listed in Table 3. 246 

 247 

Table 3. Thermal parameters of RS and BS 248 

Soil 

type 

Unfrozen thermal 

conductivity 

(kJ/s/m/°C) 

Frozen thermal 

conductivity 

(kJ/s/m/°C) 

Unfrozen 

volumetric heat 

capacity 

(kJ/m3/°C) 

Frozen 

volumetric heat 

capacity 

(kJ/m3/°C) 

RS 0.001328 0.001873 3050 4633 

BS 0.000989 0.001416 2862 3241 

 249 

 250 
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Figure 5. Measurement of thermal properties using KD2 Pro on prepared samples 

immediately after removal from the deep freezer 

 251 

2.2 Methodology and Numerical Modelling 252 

The present study is carried out on the terrain profile shown in Figure 6. The slope inclination 253 

angles (β) is varied are varied to 25°, 30°, 35°, 40°, and 45°. The maximum height of the 254 

considered terrain geometry is fixed at 20 m, with a 10 m fixed horizontal ground surface at 255 

the crest and a 5 m fixed vertical height at the toe sides of the sloping terrain. The dimensions 256 

of the terrain profile, particularly the height of the slope, are chosen based on the commonly 257 

adopted for stability analysis of hillslope as reported in earlier literature [62-66]. These studies 258 

typically consider slope heights ranging from 5-20 m, as it is commonly related to the prevalent 259 

height extents of the slope instability found in the regions. The vertical soil height to which 260 

water can infiltrate is considered as 4 m. This depth has been identified by several researchers 261 

as optimal for maximum infiltration, water storage, and moisture fluctuation [67-71]. This also 262 

means that the maximum depth of the critical slip surface for the failed soil mass cannot extend 263 

beyond this active depth. 264 

The study considers two cases of homogeneous soil profiles and eight multi-couplets 265 

reconstituted varved clay profiles at each of the considered slope inclination angles. For all the 266 

slope profiles at all the different inclination angles, the analysis is carried out under three 267 

different climatic conditions – RW, RW+SW, and T (RW+SW). The climate variables used in 268 

the study include precipitation, air temperature, relative humidity, wind speed, solar radiation, 269 

and albedo. Table 4 provides the mean monthly magnitudes of the meteorological parameters 270 

as has been used in the present study. 271 

For homogeneous soil terrain profiles, two slope profiles are created individually with RS and 272 

BS. In the analysis involving reconstituted varved clay in the same sloping terrain, RS and BS 273 

are arranged in alternate layers of the same total thickness (4 m) as considered for homogeneous 274 

soils. The reconstituted varved clay slope profile is considered in two types of sequential 275 

arrangements. In one set of laminae arrangements, BS occupies the topmost lamina, while in 276 

the other set, RS is the topmost lamina. The characteristics of slope failure, water infiltration, 277 
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and runoff have been found to be different in both the cases of sequential arrangements. This 278 

indicates that the characteristics of the topmost lamina is important, as the land-climate 279 

interaction of the sloping terrain primarily occurs through that very lamina. The sloping terrain 280 

comprising reconstituted varved clay with BS as the topmost layer is designated as 2L_BS, 281 

4L_BS, 8L_BS, and 16L_BS, where 'L' represents 'Lamina', and the numeric digits indicate 282 

the number of laminae. Similarly, for RS lying at the top, the reconstituted varved clays are 283 

represented as 2L_RS, 4L_RS, 8L_RS, and 16L_RS. 284 

  
Figure 6. Schematic representation of a typical terrain profile  

 285 

Table 4. Mean monthly meteorological data used in the study 

 

Month Average 

Precipitation 

(mm) 

Average 

Temperature 

(°C) 

Average 

Humidity 

Average Wind 

Speed (m/sec) 

January 29.5 -6.0 0.49 1.39 

February 37.8 -4.0 0.52 1.39 

March 71.3 -1.5 0.53 1.61 

April 113.8 2.5 0.55 1.86 

May 171.5 6.5 0.67 1.58 

June 273.3 10.0 0.64 1.67 

July 356.6 10.5 0.72 2.06 

August 291.1 10.0 0.72 2.03 

September 224.2 9.0 0.70 1.94 

October 142.8 4.0 0.62 2.14 

November 32.4 -0.5 0.55 1.83 

December 24.2 -3.0 0.45 1.69 

 286 

 287 
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When numerical modeling is carried out without considering the thermal gradient across the 288 

soil depth, as in the cases of RW and RW+SW, the SEEP/W and SLOPE/W modules of 289 

GeoStudio are integrated. Whereas, when the temperature gradient is considered, which also 290 

leads to freezing and thawing, as in the case of T(RW+SW), the SEEP/W and TEMP/W 291 

modules of GeoStudio are coupled and then integrated with the SLOPE/W module. The 292 

coupling of the TEMP/W and SEEP/W modules accounts for the free convection of water 293 

induced by temperature changes. Free convection refers to the movement of water caused by 294 

temperature gradients [72]. Negative temperatures lead to the freezing of water in soil pores, 295 

while thawing occurs as the temperature turns positive. This phase change of water in soil pores 296 

is considered in the analysis by varying the density of water with temperature according to 297 

Thiesen’s formula [73], as shown in Figure 7.  298 

 299 

 
Figure 7. Water density function  as defined by Thiesen formulation 

 300 

2.2.1 Land-Climate-Interaction (LCI) Boundary Conditions 301 

In cold region geotechnical engineering studies that address the impact of climate change, for 302 

Himalayan and sub-Himalayan regions as well, it is crucial to consider the interactions between 303 

various climatic components with the ground [74,75]. Understanding these interactions is 304 

essential for assessing how geo-structures behave in cold regions. This study, therefore, 305 

incorporates LCI boundary conditions, which account for the interaction of different climatic 306 

variables such as air temperature, precipitation, relative humidity, wind speed, solar radiation, 307 

and albedo with the ground profile [76]. These climatic variables also influence water dynamics 308 

along the depth of the soil during freezing and thawing as discussed above. 309 

The present study utilizes ten years of average real-time meteorological data obtained from an 310 

online climate data collector [77]. Each set meteorological data is averaged over a month. 311 

Months with an average temperature of 0°C or below are considered winter months (November 312 

to March), while those with a positive average air temperature are considered summer months 313 

(April to October). The analysis begins in November, marking the onset of the winter season 314 

during which precipitation occurs as snow (days 0 to 151). Consequently, whenever there is 315 
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snowfall, snow accumulates on the ground surface. Day 152 marks the start of April and the 316 

beginning of the summer season during which precipitation occurs as rainfall. During this 317 

summer season, the infiltration of water from precipitation and snowmelt occurs and influences 318 

slope stability, with part of the water contributing to runoff. Additionally, it is assumed that the 319 

soil has an initial suction of -1500 kPa for all ten slope profiles. 320 

In areas with snow, albedo is a crucial consideration as it governs the rate of snow melting. 321 

Albedo (𝛼) varies from 0.9 for freshly fallen snow to about 0.2 for dirty snow, and during 322 

melting, the albedo is around 0.4 [78]. In this study, an albedo of 0.9 is considered for the winter 323 

season and an albedo of 0.4 is used for the summer months when snow is melting.  324 

In this study, the net solar radiation is estimated based on the specific day of the year and the 325 

latitude of the study area. The latitude of the study area is 27.85°. The net solar radiation, 𝑞𝑛𝑠,  326 

is estimated as follows: 327 

𝑞𝑛𝑠 = (1 − 𝛼)𝑞𝑠                                                                                               (5) 328 

where,  𝑞𝑠 is the shortwave radiation and is calculated as: 329 

𝑞𝑠 = (𝑎𝑠 + 𝑏𝑠
𝑛

𝑁
)𝑞𝑒𝑥𝑡                                                                                         (6) 330 

Here, 𝑎𝑠 and 𝑏𝑠 are regression constants and are assumed to be 0.25 and 0.5, respectively, based 331 

on recommendations by Allen et al. [79], 𝑛 is the actual duration of sunlight, 𝑁 is the maximum 332 

possible duration of sunlight, and 𝑞𝑒𝑥𝑡 is the extraterrestrial radiation. In this study, 
𝑛

𝑁
 is 333 

considered equal to 1 for simplification, implying a clear sky (i.e. no clouds). 334 

The extraterrestrial radiation 𝑞𝑒𝑥𝑡 is calculated as follows: 335 

𝑞𝑒𝑥𝑡 =
1

𝜋
𝐺𝑠𝑐𝑑𝑟[𝑤𝑠 sin 𝜑 sin 𝛿 + cos 𝜑 cos 𝛿 sin 𝑤𝑠]                                        (7) 336 

where, 𝐺𝑠𝑐 is the solar constant with a value of 118 MJ/m2/day, 𝑑𝑟 represents the inverse of the 337 

relative distance between the Earth and the Sun (in m), 𝑤𝑠 is the sunset hour angle, 𝜑𝐿 denotes 338 

the latitude of the study area, which is 27.85° in this study. Finally, 𝛿 is the solar declination, 339 

which is given by equation: 340 

𝛿 = 0.409 sin(
2𝜋

365
𝐽 − 1.39)                                                                             (8) 341 

where 𝐽 is the day of the year (e.g., January 1 is day 1). Furthermore, the sunset hour angle 𝜔𝑠 342 

is given by: 343 

𝜔𝑠 =  cos−1(− tan 𝜑𝐿 tan 𝛿)                                                                              (9) 344 

 345 

After the winter season, when the temperatures rise above 0°C during summers, the 346 

accumulated winter snow begins to melt. The converted water from snow is referred to as Snow 347 

Water Equivalent (SWE) and represents the water stored in a snowpack. SWE not only affects 348 

the infiltration and runoff characteristics over the slopes but also affects their stability, as the 349 

additional water from snowmelt influences the pore water pressure distribution in soil slopes. 350 

SWE at the current numerical time step (𝑆𝑊𝐸𝑡) (mm/day) is calculated using Equation 10. 351 
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𝑆𝑊𝐸𝑡 = 𝑆𝑊𝐸𝑡−1 + 𝑆𝐹 − 𝑆𝑀                                                             (10) 352 

where  𝑆𝑊𝐸𝑡−1 is the snow water equivalent at the previous numerical time step (mm/day), 𝑆𝐹 353 

is the snowfall precipitation rate and 𝑆𝑀 is the snowmelt rate (mm/day). 354 

The snowmelt rate in the present study is calculated using Equation 11, as proposed by the U.S. 355 

Army Corps of Engineers [80]. This equation utilizes an energy balance approach to determine 356 

the rate of snow melting. It is important to note that there are two separate equations available 357 

to calculate the rate of snow melting, one for rainy days and one for non-rainy days. In the 358 

present study, the equation for rainy days is used since the analysis considers the average 359 

precipitation throughout the given month. Therefore, Equation 11 is applied to calculate the 360 

rate of snowmelt in this study. 361 

𝑆𝑀 = 𝐶[0.09 + (0.029 + 0.00504𝑣 + 0.007𝑃)(𝑇𝑎 − 𝑇𝐹)]             (11) 362 

where 𝑣 is the wind speed (miles/hour), 𝑇𝑎 is the air temperature (°F), 𝑇𝐹 is the freezing 363 

temperature (°F) which is considered as 32°F in the present study, and 𝐶 is the coefficient to 364 

account for variations which is arbitrarily assumed as 2.5 in the present study. This choice of 365 

𝐶 is based on several factors, including the non-linear and diverse nature of snowmelt-related 366 

variables. This value of 2.5 is supported by findings from various studies [81-84], which 367 

collectively demonstrate the substantial variability in snowmelt processes and their significant 368 

impact on hydrological responses. 369 

As stated above, the Snowfall (𝑆𝐹) precipitation is calculated based on given temperature 370 

during the particular time which is represented numerically as given in Equation 12. 371 

𝑆𝐹 = 𝑄𝑝 × 𝑃                                                                                   (12) 372 

where P is the precipitation (mm/day), and 𝑄𝑝 is the thermal factor given in Equation 13. 373 

𝑄𝑝 = 0 (𝑖𝑓 𝑇𝑎 > 𝑇𝑓); 𝑄𝑝 = 1 (𝑖𝑓 𝑇𝑎 < 𝑇𝑓)                                     (13) 374 

 375 

2.2.2 Slope Stability and Shear Strength of Soil under Unsaturated Conditions 376 

The LCI boundary condition is applied at the ground level (top surface) for all three considered 377 

climate scenarios, which simulates the dynamic interactions between the land surface and 378 

atmospheric conditions (as discussed in detail in Section 2.2.1). This boundary condition 379 

ensures that the stress states induced by environmental factors, particularly changes in stresses 380 

due to water infiltration into the soil slope, are accurately reflected in the SEEP/W module at 381 

each time step. These stresses are then utilized by the SLOPE/W module to compute the Factor 382 

of Safety (FoS), integrating both hydraulic and mechanical behaviors to provide a 383 

comprehensive view of slope stability. 384 

In the present study, the slope stability analysis employs the Mohr-Coulomb material model in 385 

an unsaturated state. This particular model, which was proposed by Vanapalli et al. [85], is 386 

based on Bishop's effective stress principle, and is described using Equation 14. 387 

𝜏 = 𝑐′ + (𝜎𝑛 − 𝑢𝑎)𝑡𝑎𝑛𝜙′ + (𝑢𝑎 − 𝑢𝑤)[𝜒𝑡𝑎𝑛𝜙′]                                        (14) 388 
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where 𝜏 is shear strength of soil (kPa), 𝜎𝑛 is net total stress (kPa), 𝑢𝑎is pore air pressure (kPa), 389 

𝑐′ is effective cohesion (kPa), 𝜙′ is effective angle of internal friction (°) and 𝜒 is parameter 390 

related to the degree of saturation, which is defined by Vanapalli et al. [85] as: 391 

𝜒 =
𝜃𝑤−𝜃𝑟

𝜃𝑠−𝜃𝑟
                                                                                                       (15) 392 

The slope stability analysis is performed using the limit equilibrium technique proposed by 393 

Morgenstern and Price [86]. This method employs FoS equations with respect to the moment 394 

equilibrium (𝐹𝑜𝑆𝑚) and with respect to force equilibrium (𝐹𝑜𝑆𝑓), as provided in Equation 16 395 

and Equation 17, respectively. 396 

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

∑ 𝑊𝑥−∑ 𝑁𝑓±∑ 𝐷𝑑±∑ 𝐴𝑎
                                             (16) 397 

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

∑ 𝑁𝑠𝑖𝑛𝛼−∑ 𝐷𝑐𝑜𝑠𝜔±∑ 𝐴
                                     (17) 398 

where 𝑊 is total weight of a slice of width b and height h, 𝑁 is total normal force on the base 399 

of the slice, 𝐷 is external point load, 𝑅 is radius of a circular slip surface or moment associated 400 

with the mobilized shear force, 𝑥 is horizontal distance from the centreline of each slice to the 401 

centre of rotation or to the centre of moments, 𝑑 is perpendicular distance from a point load to 402 

the centre of rotation or to the centre of moments, 𝑎 is perpendicular distance from the resultant 403 

external water force to the centre of rotation or to the centre of moments, 𝐴 is resultant external 404 

water forces, 𝜔 is angle of the point load from the horizontal, 𝛼 is angle between the tangent 405 

to the centre of the base of each slice and the horizontal, and 𝑙 is base length of each slice. 406 

In this study, the mobilized shear and normal stresses in unsaturated states are determined using 407 

Equation 18 and Equation 19, as proposed by Fredlund and Krahn [87]. 408 

𝜏𝑚 =
𝑙

𝐹
(𝑐′ + (𝜎𝑛 − 𝑢𝑎)𝑡𝑎𝑛𝜙′ + (𝑢𝑎 − 𝑢𝑤)𝑡𝑎𝑛𝜙𝑏                           (18) 409 

𝑁 =
𝑊+(𝑋𝑅−𝑋𝐿)−[

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

𝐹

𝑐𝑜𝑠𝛼+
𝑠𝑖𝑛𝛼𝑡𝑎𝑛𝜙′

𝐹

     (19) 410 

where 𝜏𝑚 is shear force mobilized on the base of each slice and 𝐹 is horizontal interslice normal 411 

forces. The subscripts L and R designate the left and right sides of the slice, respectively.  412 

In this study, the inclination angle of slopes and the change in pore-water pressure due to water 413 

infiltration are the driving forces, whereas the shear force generated along the slip surface acts 414 

as the resisting force. In slope stability analysis, when the FoS drops below 1, the slope 415 

becomes unstable and eventually fails. An FoS equal to 1 signifies that the resisting forces are 416 

just insufficient to counteract the driving forces which marks the onset of slope instability. This 417 

condition indicates imminent stability under ideal circumstances without considering 418 

uncertainties. However, in reality, significant uncertainties are associated with shear strengths 419 

around the failure plane due to several external factors. Consequently, under static conditions, 420 
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an FoS of 1.5 [88] is commonly adopted during stability analysis to ensure a safety margin for 421 

slopes. 422 

In the present study, the slip surface assessment for homogeneous sloping terrain profiles is 423 

determined by the entry-exit method, while the block specified method is used for reconstituted 424 

varved clay slope profiles. The block specified method of search technique is best suited when 425 

there is a low-strength layer in the slope profile, and the sloping segment of the terrain is 426 

significantly longer than the ground projection at both ends. In the case of slopes consisting of 427 

varved clays, RS and BS are arranged alternately in different numbers of layers, as mentioned 428 

above. However, in these layered structures, BS has lower shear strength parameters compared 429 

to RS (Table 1). Therefore, the block specified method is used for the stability assessment of 430 

layered soil slope profiles. For the reconstituted varved clay slope profiles, the vertical lines in 431 

both the upper and lower grids are maintained at 5, while the number of inclined lines parallel 432 

to the slope is determined by the number of laminae constituting the slope profile. If N is the 433 

number of layers, then the number of grid lines in the horizontal direction is taken as N+1. This 434 

ensures that the horizontal grid line lies at the top most (ground surface) and bottom most of 435 

the sloping profiles and at each interface of RS and BS. Therefore, the number of horizontal 436 

lines in both left and right grids is 3, 5, 9, and 17 for 2-layered, 4-layered, 8-layered, and 16-437 

layered reconstituted varved clay slope profiles, respectively. For homogeneous soil slope cases 438 

where the entry-exit method is used, 12 entry and exit points are employed. Figure 8(a) shows 439 

a typical example of the entry-exit method applied to a homogeneous BS slope profile (a similar 440 

one would be used for RS profile as well), while Figure 8(b) illustrates the use of the block 441 

specified method in a reconstituted varved clay slope with multiple laminae. 442 

  
Figure 8(a). Typical representation of entry-

exit method of slip surface assignment for 

slopes with homogeneous material profiles 

Figure 8(b). Typical representation of block 

-specified method of slip surface assignment 

for slopes profile with multi-couplet laminae 

  443 

 444 

3. Results and Discussions 445 

This section discusses the results obtained from the study at different combinations of three 446 

climatic conditions [RW, RW+SW, and T(RW+SW)], five slope inclination angles (25°, 30°, 447 

35°, 40°, and 45°), and ten slope profiles (RS, BS, 2L_BS, 4L_BS, 8L_BS, 16L_BS, 2L_RS, 448 
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4L_RS, 8L_RS, 16L_RS). The section is further subdivided to discuss how these variables 449 

affect the FoS (Section 3.1) and water dynamics (Section 3.2) in various considered slope 450 

profiles. 451 

Two important points should be noted for this study. Firstly, although the study period spans 452 

365 days, many graphical plots represent the data for a restricted time period because the 453 

magnitudes remain constant outside these time periods. Secondly, it is not feasible to present 454 

all the graphs and figures from every analysis conducted in this study; therefore, only selected 455 

graphs and figures are used to convey the findings. The complete details of the results are 456 

communicated with the help of tables (Table 5 to Table 8). 457 

3.1 Analysis of Slope Instability in Different Soil Profiles for RW, RW+SW, and 458 

T(RW+SW) Scenarios 459 

This section discusses the transient FoS trends for all ten considered soil profiles under three 460 

different climate conditions of RW, RW+SW and T(RW+SW) at different slope inclination 461 

angles.  Additionally, the day at which slope fails (FoS < 1.5) is examined and the area of the 462 

failed soil slope mass is analyzed for different soil slope profiles at different inclination angles. 463 

Figure 9 shows the variation of the FoS over the period of 0 to 220 days for various climatic 464 

conditions and selected slope profiles for slope inclination angle of 30°. Figures 9(b), 9(d), 9(f), 465 

and 9(h) illustrate the FoS vs. time plots for the slope profiles of RS, BS, 2L_BS, and 2L_RS 466 

under the T(RW+SW) climatic condition, while Figures 9(a), 9(c), 9(e), and 9(g) show the FoS 467 

vs. time plots for these slope profiles under the RW and RW+SW climatic conditions, plotted 468 

together. The FoS vs. time graph for the T(RW+SW) condition is represented separately to 469 

clearly show the increased magnitude of FoS during the winter season (0 to 151 days). During 470 

this period, precipitation occurs as snowfall, which does not influence water dynamics in and 471 

around the soil in case of RW and RW+SW climatic conditions. However, in case of 472 

T(RW+SW), the atmospheric temperature affects the ground surface temperature of the terrain, 473 

which influences the temperature gradient across the soil depth. When the atmospheric 474 

temperature drops below 0°C during the winter months, water from various depths in the soil 475 

is drawn towards the ground surface due to free convection (as discussed in detail in Section 476 

2.2). Water migrates to the ground freezing front and simultaneously freezes, which leads to an 477 

increase in FoS during the winter season, as evident from Figures 9(b), 9(d), 9(f), and 9(h). 478 

This increase in FoS of slopes during winter due to the freezing of water in the soil influences 479 

its failure during the thawing period. In the succeeding paragraph, it is discussed how the 480 

increased FoS during winter due to soil freezing affects the timing of slope failure as the water 481 

thaws in summer, and under what conditions this occurs. Under normal conditions, when the 482 

ground temperature is not considered, such as in the cases of RW and RW+SW, the FoS remains 483 

unchanged and constant throughout the winter season, as demonstrated by Figures 9(a), 9(c), 484 

9(e), and 9(g).  485 

It is observed that in the RS and 2L_RS slope profiles, the rise in FoS is quite sharp before 486 

attaining a constant FoS magnitude (Figures 9b and 9h) compared to BS and 2L_BS (Figures 487 

9d and 9f). In BS and 2L_BS, the increase in FoS due to freezing soil is gradual before it attains 488 

a constant value during the winter season. In the case of slopes constituted by BS and 2L_BS, 489 



18 
 

the interaction of the ground surface with the regional climate occurs through BS, which acts 490 

as the freezing front. Similarly, for slopes constituted by RS and 2L_RS, the interaction occurs 491 

through RS, where RS serves as the freezing front. These trends in FoS over time for slopes 492 

with different ground surface soil under negative temperatures can be attributed to differences 493 

in the thermal properties and soil freezing characteristics of RS and BS (Table 3 and Figure 4). 494 

Due to the higher thermal conductivity and heat capacity of RS, it has higher efficiency to 495 

transfer and store thermal energy (Table 3). When exposed to negative temperatures, RS loses 496 

heat rapidly, which results in a quick reduction in temperature and rapid formation of ice from 497 

water within its pores. Moreover, the SFCC (Figure 4) indicates that RS can retain a lesser 498 

volume of unfrozen water compared to BS at the same freezing temperature, which further 499 

accelerates the freezing of water in RS. Therefore, when water in RS changes from liquid to 500 

solid, there is a sharper rise in FoS in homogeneous RS and 2L_RS slopes compared to 501 

homogeneous BS and 2L_BS slopes. The same trend of a sharp increase in FoS observed for 502 

RS and 2L_RS is noted for other slope profiles with RS as the topmost lamina, such as 4L_RS, 503 

8L_RS, and 16L_RS, compared to slopes with BS as the topmost lamina, like 4L_BS, 8L_BS, 504 

and 16L_BS.  When the summer season begins and atmospheric temperatures become positive, 505 

the frozen water in the soil starts to melt. The positive temperature will gradually migrate from 506 

the surface to the entire depth of the soil slope, causing melting to begin at the ground surface 507 

and progress downward. Among soil profiles with RS and BS as the topmost lamina, due to the 508 

higher thermal conductivity and heat capacity of RS, the frozen water in RS will melt more 509 

rapidly than in BS during thawing. Rapid melting of frozen water in soil, combined with water 510 

already infiltrating from melting of snow and rainfall, leads to earlier slope failure in slopes 511 

with RS as the ground surface under T(RW+SW) climatic conditions compared to the RW+SW 512 

case (Figure 9 and Table 5). However, for slope profiles with BS as the ground surface (or 513 

topmost lamina), melting is slower due to the thermal properties of BS. As a result, slope failure 514 

occurs later under T(RW+SW) conditions than under RW+SW conditions (Figure 9 and Table 515 

5). These observations hold true for all other slope profiles with different inclination angles 516 

considered in this study. The above findings indicate that although freezing of water inside soil 517 

slopes increases the FoS magnitude, its failure during the thawing period is influenced by the 518 

thermal properties of the soil constituting the ground surface. 519 

 520 

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

  
(e)  (f) 

  
(g) (h) 

Figure 9. Temporal variation of FoS in various slope profiles with 30° inclination and 

subjected to varied climatic conditions: (a) RS under RW and RW+SW (b) RS under 

T(RW+SW) (c) BS under RW and RW+SW (d) BS under T(RW+SW) (e) 2L_BS under RW 

and RW+SW (f) 2L_BS under T(RW+SW) (g) 2L_RS under RW and RW+SW (h) 2L_RS 

under T(RW+SW) 

 521 

The increase in the pore water pressure in the soil receives contribution from rain, melting snow 522 

on the ground and melting ice within the frozen soil. This increased pore water pressure reduces 523 

the shear strength of the soil and, consequently, the FoS, as shown in Figure 10. The figure 524 

presents the FoS versus time plots for all 10 slope profiles considered at a slope inclination 525 
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angle of 30° during the summer season. Figures 10(a) and 10(b) illustrate the FoS variation 526 

with time for homogeneous slopes of RS and BS, respectively. Figures 10(c), 10(e), 10(g), and 527 

10(i) depict the FoS trends over time for 2L_BS, 4L_BS, 8L_BS, and 16L_BS respectively, 528 

while Figures 10(d), 10(f), 10(h), and 10(j) present these trends for 2L_RS, 4L_RS, 8L_RS, 529 

and 16L_RS respectively. It can be observed from Figure 10 that different soil profiles exhibit 530 

unique responses in the variation of FoS due to infiltrating water under different climatic 531 

conditions. Additionally, these figures indicate that the consideration of additional water from 532 

snowmelt in the RW+SW and T(RW+SW) cases has a more significant impact on the 533 

homogeneous RS slope profile and reconstituted varved slope profiles with RS as the topmost 534 

layer compared to slopes consisting of homogeneous BS and reconstituted varved slopes with 535 

BS as the topmost lamina. This is evident from the greater difference in FoS magnitudes 536 

between the RW+SW and T(RW+SW) conditions compared to RW for the same corresponding 537 

times. This indicates that slope profiles with topmost layer as RS are more sensitive to 538 

additional water from snowmelt. These observations are linked to the time taken to reach 539 

maximum cumulative net infiltration in the reconstituted varved clays with two arrangements 540 

and are discussed in detail in the succeeding section, Section 3.2. 541 

 542 

  
(a) (b) 

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

  
(g) (h) 

  
(i) (j) 

Figure 10. Temporal variation in FoS in slope profiles with 30° slope inclination for RW, 

RW+SW and T(RW+SW) scenarios (a) RS (b) BS (c) 2L_BS (d) 2L_RS (e) 4L_BS (f) 

4L_RS (g) 8L_BS (h) 8L_RS (i) 16L_BS (j) 16L_RS 

 

 543 

Further, from Figures 10(a) and 10(b), it is observed that among homogenous RS and 544 

homogenous BS slopes, the rate of decrease in FoS during the summer season is much more 545 

rapid in the case of homogeneous BS slope profiles as compared to homogenous RS slope 546 

profiles for all the considered climatic conditions of RW, RW+SW, and T(RW+SW). Due to 547 

this, slope failure occurs earlier in slopes consisting of BS than in those with RS. It is interesting 548 
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to note that this behavior is observed even though the FoS before the beginning of the summer 549 

season for the homogeneous BS slope profile is significantly higher than for the homogeneous 550 

RS slope profile. The initially high FoS of the BS slope profile can be attributed to its higher χ 551 

parameter, which results from a greater difference in saturated volumetric water content (𝜃𝑠) 552 

and residual volumetric water content (𝜃𝑟), which significantly influences the shear strength of 553 

the soil (Equation 18). The values of 𝜃𝑟  and 𝜃𝑠  for both RS and BS are listed in Table 2. The 554 

initial applied suction of -1500 kPa in all soil slopes is higher than the air entry value (a) of 555 

both RS and BS (Figure 3a and Table 2). The rapid decrease in FoS for the homogenous BS 556 

slope profile is attributed to the high rate of water infiltration due to the higher hydraulic 557 

conductivity of BS compared to RS at the high applied suction magnitude. From the HCF curve 558 

in Figure 3(b), it is evident that although the saturated hydraulic conductivity of RS is greater 559 

than that of BS when the soils are fully saturated, BS exhibits higher hydraulic conductivity 560 

than RS beyond the intersection of their HCF curves. This intersection point is referred to as 561 

the 'breakthrough suction point' [89, 90]. Therefore, as the hydraulic conductivity of BS is 562 

higher for the considered initial suction in the slope profile, water infiltrates more rapidly in 563 

homogenous BS slopes compared to homogenous RS slopes. This leads to earlier attainment 564 

of saturation in slopes constituting of BS, which cause them to fail earlier than slopes consisting 565 

of RS. 566 

Figures 10(c) to 10(j) indicate that all reconstituted varved clay slopes fail earlier when the 567 

topmost lamina is RS, under all considered climatic conditions, compared to when the topmost 568 

lamina is BS. This can be linked to the phenomenon known as 'breakthrough.' Breakthrough 569 

occurs when the 'breakthrough suction point' is reached in the layered soils and happens when 570 

water infiltrates from a finer soil layer into a coarser soil layer. [91]. In the present study, 571 

laboratory tests show that BS is finer than RS (Table 1 and Table 2). When such soil layering 572 

exists, the finer-grained layer retains water at the interface, restricting water flow into the 573 

coarser-grained layer. For instance, in two-layered reconstituted varved slopes, when BS forms 574 

the uppermost layer of the reconstituted varved slopes (2L_BS), water infiltrating from BS to 575 

RS is hindered at the interface due to the contrasting hydraulic characteristics between the two 576 

soils at the BS-RS interface. This results in delayed water infiltration into the lower RS layer, 577 

which leads to delayed attainment of maximum cumulative net infiltration and, consequently, 578 

slope failure when BS overlies RS. While in the case of two-layered reconstituted varved clays 579 

with RS forming the uppermost lamina, water infiltrates from RS to BS, and no such hindrance 580 

is observed. The restriction of infiltration of water in reconstituted varved clay slopes with BS 581 

as the topmost lamina results in a delayed failure compared to reconstituted varved clay slopes 582 

with RS as the topmost lamina for the same number of laminae. This observation is valid for 583 

all climatic conditions of RW, RW+SW, and T(RW+SW), and for different slope inclination 584 

angles. However, for different slope inclination angles, the time of slope failure and the extent 585 

of the failed soil area vary with each slope inclination angle, as discussed in subsequent section. 586 

The durations required for the initiation of failure in the reconstituted varved clay slope profiles 587 

(with different sequential arrangements) are listed in Table 5. Further, the variation in the time 588 

of failure for slopes comprising reconstituted varved clays in the two sequential arrangements 589 

is linked to the time taken to reach maximum cumulative net infiltration in these arrangements, 590 

as discussed in detail in Section 3.2 of the paper. 591 
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It is further observed from Figure 10 that for homogeneous RS slopes (Figure 10a) and 592 

reconstituted varved slopes with RS as the topmost lamina (Figures 10d, 10f, 10h and 10j), the 593 

curves for RW and RW+SW appear to overlap. In contrast, for homogeneous BS slopes (Figure 594 

10b) and reconstituted varved slopes with BS as the topmost lamina (Figures 10c, 10e, 10g and 595 

10i), the curves are close but do not overlap. Therefore, accurately determining the time of 596 

slope failure from visual identification from these graphs alone is challenging. Alternatively, 597 

the failure times for various slope combinations have been listed in Table 5. It is observed that 598 

as the slope inclination angle increases, the slope fails early for a given profile under all climatic 599 

conditions. For example, in the RW case, the RS slope profile fails at days 196.2, 194.4, 193.4, 600 

192.6, and 191.6 for inclination angles of 25°, 30°, 35°, 40°, and 45°, respectively. Similar 601 

trends of early slope failure with increased slope inclination angle is observed for all other 602 

slope profiles under different climatic conditions. 603 

Table 5 also indicates that slope failure occurs earliest in homogeneous BS slopes among all 604 

considered profiles, for all the of slope inclination angles. For instance, under RW climatic 605 

conditions, homogeneous BS slopes fail at 174.8, 173.4, 172.2, 171, and 169.8 days for 606 

inclination angles of 25°, 30°, 35°, 40°, and 45°, respectively, while all other slope profiles fail 607 

later. This trend is consistent under RW+SW and T(RW+SW) climate conditions as well. The 608 

early slope failure in BS can be attributed to its lower shear strength properties compared to 609 

RS. As shown in Table 1, both cohesion and internal angle of friction for BS are lower than 610 

those for RS, resulting in lower shear strength and making BS more susceptible to slope failure 611 

during water infiltration. The maximum time to slope failure is observed in homogeneous RS 612 

slopes under RW climatic conditions. However, under RW+SW and T(RW+SW) conditions, 613 

the maximum time to slope failure occurs in 2L_BS slopes for all slope inclination angles. 614 

Additionally, the number of laminae and the lamina constituting the ground surface influence 615 

the time to slope failure. Although homogeneous BS slopes fail earliest at all slope inclination 616 

angle and all climatic conditions, reconstituted varved slopes with BS as the topmost lamina 617 

fail later compared to the slope profiles with RS as the topmost lamina for the same number of 618 

laminae. For example, under RW climatic conditions and a slope inclination angle of 25°, the 619 

failure times for 2L_BS, 4L_BS, 8L_BS, and 16L_BS slopes are 195.2, 189.4, 187.6, and 186.6 620 

days, respectively, while for 2L_RS, 4L_RS, 8L_RS, and 16L_RS slopes, the failure times are 621 

180.8, 183.4, 184.4, and 184.8 days, respectively. This delay in slope failure when BS is the 622 

topmost lamina is consistent across all slope inclination angles and climatic conditions. The 623 

delayed failure in reconstituted varved clays with BS as the topmost lamina can be attributed 624 

to the water retention mechanism of BS when it overlies RS as discussed above. In a 2-layered 625 

varved slope, a water-retaining interface forms once in the 2L_BS slope, while in the 2L_RS 626 

slope, no such interface is formed and water simply infiltrates from RS to BS. For slopes with 627 

4, 8, and 16 layers, the water-retaining interface occurs in 2, 4, and 8 numbers, respectively, 628 

when BS occupies the topmost lamina; while it occurs for 1, 3, and 7 numbers, respectively, 629 

when RS is the topmost lamina. The number of water-retaining interface formed in the multi-630 

couplet depends on the number of BS-RS interfaces hindering the free diffusion of water from 631 

a higher permeable medium to a lower one. Since the BS-RS interface is more prevalent in 632 

slopes with BS as the topmost lamina compared to those with RS, the time to failure is earlier 633 

in reconstituted varved slopes with RS as the topmost lamina compared to those with BS as the 634 
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topmost lamina, for the same number of laminae. This observation holds true for all climatic 635 

conditions and slope inclination angles.  636 

Table 5. Duration (in days) until FoS drops below 1.5 under different climatic conditions 

Water from Rain only [RW] 

Soil Slope 
Slope Inclination Angle 

25˚ 30˚ 35˚ 40˚ 45˚ 

Homogenous 
RS 196.2 194.4 193.4 192.6 191.6 

BS 174.8 173.4 172.2 171.0 169.8 

Reconstituted 

Varved Clay 

2L_BS 195.2 193.0 189.0 185.0 181.4 

4L_BS 189.4 186.6 183.4 180.6 178.4 

8L_BS 187.6 185.2 182.2 180.4 178.4 

16L_BS 186.6 184.4 182.4 180.0 178.4 

2L_RS 180.8 180.0 179.4 179.2 179.0 

4L_RS 183.4 181.8 180.4 179.2 178.6 

8L_RS 184.4 182.8 181.0 179.6 178.4 

16L_RS 184.8 183.2 181.4 179.6 178.2 

Water from both Rain and Snowmelt [RW+SW] 

Soil Slope 
Slope Inclination Angle 

25˚ 30˚ 35˚ 40˚ 45˚ 

Homogenous 
RS 187.6 185.8 183.6 181.6 179.6 

BS 173.2 171.8 170.2 168.6 167.0 

Reconstituted 

Varved Clay 

2L_BS 194.8 191.2 187.2 182.8 178.8 

4L_BS 188.0 184.6 180.8 177.2 174.6 

8L_BS 185.0 182.4 179.4 176.2 173.6 

16L_BS 183.8 181.4 178.8 176.2 173.4 

2L_RS 174.8 173.6 172.6 171.4 170.8 

4L_RS 179.4 177.6 175.8 174.2 172.4 

8L_RS 181.0 178.8 176.8 174.6 172.8 

16L_RS 181.6 179.6 177.2 174.8 172.8 

RW+SW with additional consideration of Soil Temperature [T(RW+SW)] 

Soil Slope 
Slope Inclination Angle 

25˚ 30˚ 35˚ 40˚ 45˚ 

Homogenous 
RS 187.0 185.2 182.8 181.0 178.6 

BS 174.4 173.0 171.4 169.8 168.2 

Reconstituted 

Varved Clay 

2L_BS 196.0 192.4 188.4 184.0 180.0 

4L_BS 189.0 185.8 181.4 178.2 175.2 

8L_BS 186.0 183.4 180.4 177.4 174.8 

16L_BS 184.6 182.2 179.6 177.0 174.2 

2L_RS 174.2 173.2 172.4 170.8 169.8 

4L_RS 178.6 177.4 175.4 172.8 171.6 

8L_RS 180.2 178.6 176.4 173.8 172.4 

16L_RS 181.4 179.2 177.0 174.6 172.6 

 637 
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Furthermore, it can be observed from Table 5 that in the case of reconstituted varved slopes, 638 

the slope fails earlier as the number of laminae increases when BS is the topmost lamina. 639 

Conversely, when RS is the topmost lamina, the failure of the slope is delayed as the number 640 

of laminae increases. The above stated observations indicate the significant impact of the 641 

layering sequence on the stability and failure timing of the slopes. 642 

Figure 11 illustrates the area of failed soil mass enclosed by the critical slip surface for all the 643 

considered slope profiles with a slope inclination angle of 30°. Notably, although the analysis 644 

is conducted under three different climatic conditions of RW, RW+SW, and T(RW+SW), the 645 

critical slip surface formed at failure remains similar across these conditions for a given slope 646 

inclination angle and soil profile. This is because different climatic conditions primarily affect 647 

the timing of slope failure, not the area of the soil mass affected by failure. However, the area 648 

of the failed soil mass does change with different slope inclination angles and soil profiles, 649 

which is discussed in the subsequent paragraph. Even for T(RW+SW), as discussed in Section 650 

2.2, the representation of freezing as a change in water density does not influence the area of 651 

the failed slope mass. The area of the soil mass undergoing slope failure has been calculated as 652 

an average across all three climatic conditions, with the results listed in Table 6.  653 

Among the homogeneous slope profiles (Figures 11a and 11b), the failed soil mass area is 654 

greater in the RS slope compared to the BS slope. For the reconstituted varved slopes (Figures 655 

11c to 11j), the failed soil mass area for a 30° slope inclination angle is noticeably larger when 656 

RS occupies the topmost lamina compared to slopes where BS is the topmost lamina. For 657 

example, among 2L_BS and 2L_RS, it can be clearly seen that the area enclosed by the critical 658 

slip surface is more for 2L_RS than 2L_BS. Similarly, for other varved slopes, the failed area 659 

enclosed within the critical slip is more for 4L_RS, 8L_RS, and 16L_RS than for 4L_BS, 660 

8L_BS, and 16L_BS, respectively. Similar observations of a smaller failed soil mass area in 661 

homogeneous BS slopes compared to homogeneous RS slopes, and a larger failed soil mass 662 

area in reconstituted varved clays with RS as the topmost layer, are consistent for all other 663 

slopes with inclination angles of 25°, 35°, 40°, and 45°, as listed in Table 6. For example, at a 664 

slope inclination angle of 30°, the area enclosed by the critical slip surface of the failed sliding 665 

mass is 28.60 m², 54.82 m², 64.77 m², and 69.15 m² for 2L_BS, 4L_BS, 8L_BS, and 16L_BS, 666 

respectively. In contrast, for 2L_RS, 4L_RS, 8L_RS, and 16L_RS, the corresponding areas are 667 

74.19 m², 81.82 m², 80.01 m², and 76.67 m², which are substantially higher than the previous 668 

magnitudes.  669 

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

  
(e) (f) 

  
(g) (h) 

  
(i) (j) 

Figure 11. Failed soil mass enclosed in critical slip surface for 30° inclined slopes of (a) RS 

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

16L_RS 

 
670 
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Table 6. Area enclosed by critical slip surface of the failed sliding mass (in m2) for different 

combination of slope profiles and slope inclination angle 

Slope Profiles 
Slope Inclination Angles 

25˚ 30˚ 35˚ 40˚ 45˚ 

RS 114.26 74.19 61.50 55.71 43.90 

BS 85.76 55.58 55.58 47.56 39.65 

2L_BS 36.79 28.60 22.74 19.80 18.30 

4L_BS 64.38 54.82 42.93 41.05 34.00 

8L_BS 80.24 64.77 54.17 41.67 40.76 

16L_BS 83.85 69.15 59.84 53.23 44.74 

2L_RS 93.63 74.19 57.59 53.77 44.37 

4L_RS 101.65 81.82 62.46 55.74 48.56 

8L_RS 98.98 80.01 66.32 49.71 46.90 

16L_RS 100.13 76.67 66.75 54.40 47.83 

 671 

 672 

  
(a) (b) 

  
(c) (d) 

  
(e)  (f) 

Figure 12. Failed soil mass within the critical slip surface formed in homogeneous and 

layered slopes of various inclinations (a) 25° inclined 2L_BS (b) 25° inclined 2L_RS (c) 35° 

inclined 2L_BS (d) 35° inclined 2L_RS (e) 45° inclined 2L_BS (f) 45° inclined 2L_RS 

 673 
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It is also observed from Table 6 that, for all the soil profiles considered in the analysis, the area 674 

of the failed soil mass decreases as the slope inclination angle increases. This is illustrated with 675 

the help of Figures 12 and 13, which shows the failed slopes in the case of 2-layered and 8-676 

layered reconstituted varved slopes at inclination angles of 25°, 35°, and 45°. These figures 677 

demonstrate that as the slope inclination angle increases, the area involved in the slope failure 678 

decreases for the same slope profile. 679 

 680 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 13. Failed soil mass within the critical slip surface formed in homogeneous and 

layered slopes of various inclinations (a) 25° inclined 8L_BS (b) 25° inclined 8L_RS (c) 35° 

inclined 8L_BS (d) 35° inclined 8L_RS (e) 45° inclined 8L_BS (f) 45° inclined 8L_RS 

 681 

3.2 Cumulative Net Infiltration and Cumulative Runoff into Different Soil Profiles 682 

for RW, RW+SW, and T(RW+SW) Scenarios 683 

Figure 14 shows the magnitude of cumulative water infiltration into the slope over time for all 684 

the considered slope profiles at a slope inclination angle of 30°. Initially, before the 685 

commencement of the summer season, there is no infiltration. Infiltration begins in all soil 686 

profiles with the onset of summer season at 151 days, under all climatic conditions.  Once water 687 

infiltration into the soil slope begins, its cumulative magnitude continues to increase with time. 688 

Eventually, the infiltration rates in all soil profiles reach their maximum values and remain 689 
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constant for the remainder of the study period, up to 365 days. Although the rate of cumulative 690 

net infiltration in RW, RW+SW, and T(RW+SW) is different initially, the cumulative net 691 

infiltration approaches the same values over time for all slope profiles. This is because the 692 

porosity of given soil forming slope is same irrespective of the climatic condition. However, 693 

the time at which this maximum cumulative net infiltration is achieved varies for each slope 694 

profile under different climatic conditions, as shown in Table 7. 695 

 696 

  
(a) (b) 

  

(c) (d) 

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

  
(i) (j) 

Figure 14. Variation in cumulative net infiltration with time in slope profiles with 30° slope 

inclination for RW, RW+SW and T(RW+SW) scenarios (a) RS (b) BS (c) 2L_BS (d) 2L_RS 

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

 697 

From Figure 14, it is evident that the rate of cumulative net infiltration is higher for RW+SW 698 

and T(RW+SW) cases compared to RW climatic case. This is attributed to the additional water 699 

from snowmelt, along with rainwater, available for infiltration into the slope profiles. 700 

Furthermore, it is evident from the figure that the rate of cumulative net infiltration depends on 701 

the constituents of the slope and the sequential arrangement of the laminae in case of 702 

reconstituted varved clay slopes. Among homogeneous soil profiles of RS and BS, it can be 703 

observed that cumulative net infiltration in the RS slope profile is affected more than in the BS 704 

slope profile when additional water from snowmelt is considered in the analysis (Figures 14a 705 

and 14b). For reconstituted varved clay profiles, this additional snowmelt water appears to 706 

affect slope profiles with RS as the topmost lamina more significantly compared to the 707 

reconstituted varved profiles with BS as the topmost lamina (Figures 14c to 14j). This is evident 708 

from the difference in magnitudes of cumulative net infiltration at the same corresponding time 709 

period before the curves for RW+SW or T(RW+SW) and RW converge to the same magnitude 710 

of cumulative net infiltration. This observation of higher sensitivity in homogeneous RS slope 711 

profiles and reconstituted slope profiles with RS as the topmost laminae to infiltration, due to 712 

additional water from snowmelt, aligns with the observed higher sensitivity to FoS variation in 713 

these profiles, as discussed in Section 3.1.  714 

 715 
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Table 7. Duration (in days) until maximum cumulative net infiltration under different 

climatic conditions 

Water from Rain only [RW] 

Soil Slope 
Slope Inclination Angle 

25˚ 30˚ 35˚ 40˚ 45˚ 

Homogenous 
RS 204.0 206.0 207.8 209.8 211.6 

BS 179.6 179.6 180.4 180.6 181.0 

Reconstituted 

Varved Clay 

2L_BS 203.2 202.4 201.8 201.2 201.0 

4L_BS 196.4 196.4 196.6 197.2 198.2 

8L_BS 194.2 194.4 195.0 195.6 196.2 

16L_BS 193.2 193.2 193.6 194.4 195.4 

2L_RS 186.6 187.8 188.8 190.4 191.4 

4L_RS 189.2 189.8 190.6 191.4 192.8 

8L_RS 190.6 191.0 191.6 192.8 194.0 

16L_RS 191.2 191.6 192.0 193.0 194.2 

Water from both Rain and Snowmelt [RW+SW] 

Soil Slope 
Slope Inclination Angle 

25˚ 30˚ 35˚ 40˚ 45˚ 

Homogenous 
RS 193.8 194.0 194.0 194.2 195.0 

BS 177.4 177.4 177.0 177.0 176.6 

Reconstituted 

Varved Clay 

2L_BS 201.2 200.4 200.2 200.0 199.8 

4L_BS 194.2 193.6 193.2 193.2 193.0 

8L_BS 191.2 190.8 190.0 189.6 189.4 

16L_BS 189.6 189.0 188.6 188.2 188.2 

2L_RS 179.4 180.0 180.2 180.8 181.6 

4L_RS 184.4 184.4 184.4 184.4 184.2 

8L_RS 186.2 186.0 185.8 185.8 185.4 

16L_RS 187.2 186.8 186.4 186.2 186.2 

RW+SW with additional consideration of Soil Temperature [T(RW+SW)] 

Soil Slope 
Slope Inclination Angle 

25˚ 30˚ 35˚ 40˚ 45˚ 

Homogenous 
RS 193.0 193.8 194.0 193.2 194.0 

BS 178.8 178.6 178.4 178.2 178.0 

Reconstituted 

Varved Clay 

2L_BS 202.4 201.4 201.2 201.0 200.8 

4L_BS 195.2 194.6 194.4 194.4 193.8 

8L_BS 192.2 191.4 191.0 190.4 190.4 

16L_BS 190.6 190.2 189.6 189.2 189.0 

2L_RS 179.2 179.8 180.2 178.8 181.2 

4L_RS 184.0 184.4 183.6 184.2 182.6 

8L_RS 185.8 186.0 185.0 184.8 185.0 

16L_RS 186.4 186.4 186.4 186.2 186.0 

 716 

Table 7 provides valuable insights into the time when the maximum cumulative net infiltration 717 

is achieved. This information is crucial for understanding the dynamics of water infiltration in 718 

soil slopes and its impact on slope stability, particularly in the context of additional water from 719 
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snowmelt.  It is observed that Table 5 and Table 7 shows relationship between the time of slope 720 

failure and the time when maximum cumulative net infiltration is achieved in a given soil slope 721 

profile. For instance, under the RW climate scenario and at a slope inclination angle of 25°, the 722 

maximum and minimum durations to achieve cumulative net infiltration among all ten slope 723 

profiles are observed for the homogeneous RS (204.0 days) and BS slope profile (179.6 days), 724 

respectively. Now, from Table 5, for the same slope inclination of 25° under the RW climate 725 

condition, it can be observed that the maximum and minimum times for soil failure among all 726 

the slope profiles are taken by the homogeneous RS (196.2 days) and the BS slope profile 727 

(174.8 days), respectively. In the RW+SW scenario, Table 7 shows that 2L_BS and 728 

homogeneous BS take the maximum (201.2 days) and minimum (177.4 days) times to achieve 729 

maximum cumulative net infiltration, respectively, when the slope inclination angle is 25°. 730 

Correspondingly, Table 5 indicates that 2L_BS and homogeneous BS take the maximum (194.8 731 

days) and minimum (173.2 days) times to fail. These observations suggest that water 732 

infiltration influences the timing of slope failure, with slopes failing before reaching maximum 733 

cumulative net infiltration. These observations are true for all slopes with different inclination 734 

angles. 735 

From Table 7, it can further be observed that the time to attain maximum infiltration in 2L_BS, 736 

4L_BS, 8L_BS, and 16L_BS is higher compared to 2L_RS, 4L_RS, 8L_RS, and 16L_RS 737 

under all climatic conditions. This trend matches the duration at which the slope failure occurs, 738 

with 2L_BS, 4L_BS, 8L_BS, and 16L_BS slopes failing later than 2L_RS, 4L_RS, 8L_RS, 739 

and 16L_RS for the respective climatic cases. Therefore, similar to how the soil constituting 740 

the ground surface or the topmost lamina governs slope failure as discussed in Section 3.1, a 741 

similar observation can be made regarding the sloping soil reaching its maximum infiltration 742 

capacity. From Table 7, it is further observed that when BS is the topmost lamina in the 743 

reconstituted slope, the time to reach maximum infiltration decreases as the number of laminae 744 

in the slope increases. Conversely, when the topmost layer is RS, the time to reach maximum 745 

infiltration is delayed with an increasing number of laminae. This trend is consistent across all 746 

climatic conditions and slope inclination angles. For example, under RW climatic conditions, 747 

for slopes inclined at 25°, the times to reach maximum infiltration are 203.2 days, 196.4 days, 748 

194.2 days, and 193.2 days for 2L_BS, 4L_BS, 8L_BS, and 16L_BS, respectively. In contrast, 749 

for the sequential arrangement with RS as the top layer, these times are 186.6 days, 189.2 days, 750 

190.6 days, and 191.2 days for 2L_RS, 4L_RS, 8L_RS, and 16L_RS, respectively. This trend 751 

in slope failure timing depending on the sequential arrangement in reconstituted slopes is also 752 

observed for other combinations of slope inclination angles and climatic conditions, as can be 753 

observed from Table 5.  754 

Another observation drawn from Table 7 is regarding the effect of temperature across the soil 755 

slope profiles on cumulative net infiltration in the soil. The consideration of a temperature 756 

gradient across the soil profile induces freezing and thawing in slopes. It is observed that slope 757 

profiles with homogeneous RS and reconstituted varved slopes with RS as the topmost layer 758 

attain maximum cumulative infiltration earlier under T(RW+SW) climatic conditions 759 

compared to RW+SW conditions. In contrast, for other soil profiles with homogeneous BS and 760 

reconstituted slopes with BS as the topmost lamina, the maximum cumulative net infiltration 761 

is attained earlier under RW+SW conditions than under T(RW+SW). For instance, in the 762 
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RW+SW climatic case for homogeneous RS slope profiles, the maximum cumulative net 763 

infiltration is achieved at 193.8 days, 194 days, 194 days, 194.2 days, and 195 days for slope 764 

inclination angles of 25°, 30°, 35°, 40°, and 45°, respectively. Under T(RW+SW) conditions, 765 

the corresponding times are 193 days, 193.8 days, 194 days, 193.2 days, and 194 days, 766 

respectively. This earlier attainment of maximum cumulative infiltration under T(RW+SW) at 767 

all considered slope inclination angles is also observed for 2L_RS, 4L_RS, 8L_RS, and 768 

16L_RS. As discussed previously in Section 3.1, slopes composed of homogeneous RS and 769 

reconstituted slopes with RS as the topmost lamina fail earlier under T(RW+SW) conditions 770 

compared to RW+SW conditions. Conversely, the reverse is true for homogeneous BS and 771 

reconstituted slopes with BS as the topmost lamina. These observations about slope failure and 772 

infiltration further reinforce the relationship between the time of slope failure and the 773 

infiltration characteristics of the respective soil slope profiles. The early attainment of 774 

maximum cumulative infiltration in homogeneous RS slope profiles and reconstituted varved 775 

clay profiles under T(RW+SW) compared to RW+SW can be attributed to the high thermal 776 

conductivity and heat capacity of RS, as discussed in detail in Section 3.2. These characteristics 777 

of RS results in the rapid melting of water in RS. This rapid melted water, along with incoming 778 

water from rain and snowmelt, results in the early attainment of maximum cumulative net 779 

infiltration in slopes with RS as the ground surface. Conversely, in the case of homogeneous 780 

BS and reconstituted slope profiles with BS as the topmost layer, the maximum cumulative net 781 

infiltration is achieved later under T(RW+SW) conditions compared to RW+SW. This delay is 782 

due to lower thermal conductivity and heat capacity, which results in slower melting of ice in 783 

the soil pores. 784 

Figure 15 presents graphical plots of cumulative runoff over time for all soil profiles at a slope 785 

inclination angle of 30° at all three considered climatic conditions. It is observed that runoff 786 

begins at different times for different slope profiles under varying climatic conditions and 787 

continues throughout the study period. The graphs clearly show a notable rate of increase in 788 

cumulative runoff in the RW+SW and T(RW+SW) cases compared to RW, due to the additional 789 

water from snowmelt in the RW+SW and T(RW+SW) conditions. These observations are also 790 

valid for other slope inclination angles considered in this study. There is a small difference in 791 

the time at which runoff begins among the different slope profiles for RW and T(RW+SW), 792 

which can be observed from Table 8.  793 

  
(a) (b) 
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(e) (f) 
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(i) (j) 

Figure 15. Variation in cumulative runoff with time in slope profiles with 30° slope 

inclination for RW, RW+SW and T(RW+SW) scenarios (a) RS (b) BS (c) 2L_BS (d) 2L_RS 

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

 794 

Table 8 shows the time at which runoff begins for the different slope profiles considered in this 795 

study. It can be seen from the table that in the RW+SW and T(RW+SW) cases, runoff begins 796 

earlier compared to the RW climate case. Among the RW+SW and T(RW+SW) cases, the time 797 

of runoff initiation depends on the soil constituting the ground surface, as observed in the 798 

infiltration and slope failure cases. Table 8 indicates that when the ground surface consists of 799 

RS, as in homogeneous RS slopes and reconstituted slopes with RS as the topmost lamina, 800 

runoff begins earlier in the T(RW+SW) climate compared to the RW+SW case. It is also noted 801 

that some of the runoff initiation times are identical due to the short data recording time interval 802 

of 0.2. The actual time difference between runoff initiation for these profiles might be less than 803 

0.2 days, which may not be captured, resulting in the same recorded time values. For example, 804 

in the RW+SW case, the homogeneous RS slope profile shows runoff starting at 160.8 days for 805 

a 25° slope inclination and 160.6 days for the other inclinations (30°, 35°, 40°, and 45°). In the 806 

T(RW+SW) case, runoff starts at 152.4 days for slope inclinations of 25°, 30°, 35°, and 40°, 807 

and at 152.6 days for a 45° slope inclination. Similar early runoff initiation is observed for 808 

other profiles with RS as the topmost lamina. Conversely, for slopes with homogeneous BS 809 

and reconstituted slopes with BS as the topmost lamina, earlier runoff initiation is observed in 810 

the RW+SW case for all slope inclinations. 811 

Tables 9(a) and 9(b) present the final magnitudes of cumulative net infiltration and cumulative 812 

runoff for different slope profiles at various inclination angles. These are the final magnitudes 813 

obtained at the end of the study period, which is the 365th day. The cumulative net infiltration 814 

and cumulative runoff magnitudes for all the reconstituted varved soil profiles have been found 815 

to be nearly similar, which is why the average of these magnitudes is taken and reported for 816 

different slope inclination angles. Additionally, the final cumulative net infiltration under all 817 

three climatic conditions of RW, RW+SW, and T(RW+SW) are same because the porosity 818 

remains same irrespective of the climatic conditions for a given slope profile and slope 819 

inclination angle. Therefore, only one magnitude of cumulative net infiltration exists for a 820 

given slope profile and slope inclination angle, and these magnitudes are mentioned in Table 821 
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9(a). However, the magnitude of the cumulative runoff at the end of the study period would 822 

differ between the climatic condition with only rainwater (RW) and those with additional water 823 

from snowmelt [RW+SW and T(RW+SW)]. The cumulative runoff magnitudes for both 824 

scenarios of water conditions are shown in Table 9(b).  825 

Table 8. Duration (in days) until runoff initiation under different climatic conditions 

Water from Rain only [RW] 

Soil Slope 
Slope Inclination Angle 

25˚ 30˚ 35˚ 40˚ 45˚ 

Homogenous 
RS 171.8 171.4 171.2 171.2 171.2 

BS 158.6 158.4 158.4 158.4 158.4 

Reconstituted 

Varved Clay 

2L_BS 158.6 158.4 158.4 158.4 158.4 

4L_BS 158.2 158.2 158.2 158.2 158.2 

8L_BS 161.6 161.4 161.4 161.2 161.2 

16L_BS 162.0 162.0 161.8 161.8 161.8 

2L_RS 172.2 172.0 171.8 171.6 171.6 

4L_RS 166.0 165.8 165.8 165.8 165.8 

8L_RS 164.8 164.6 164.6 164.6 164.6 

16L_RS 163.4 163.2 163.2 163.2 163.2 

Water from both Rain and Snowmelt [RW+SW] 

Soil Slope 
Slope Inclination Angle 

25˚ 30˚ 35˚ 40˚ 45˚ 

Homogenous 
RS 160.8 160.6 160.6 160.6 160.6 

BS 155.4 155.4 155.4 155.4 155.4 

Reconstituted 

Varved Clay 

2L_BS 155.4 155.4 155.4 155.4 155.4 

4L_BS 155.2 155.2 155.2 155.2 155.2 

8L_BS 155.8 155.6 155.6 155.6 155.6 

16L_BS 156.4 156.4 156.4 156.4 156.4 

2L_RS 160.8 160.6 160.6 160.6 160.6 

4L_RS 160.4 160.2 160.2 160.2 160.2 

8L_RS 157.6 157.6 157.0 157.6 157.6 

16L_RS 157.2 157.2 157.2 157.2 157.2 

RW+SW with additional consideration of Soil Temperature [T(RW+SW)] 

Soil Slope 
Slope Inclination Angle 

25˚ 30˚ 35˚ 40˚ 45˚ 

Homogenous 
RS 152.4 152.4 152.4 152.4 152.6 

BS 156.4 156.4 156.4 156.4 156.4 

Reconstituted 

Varved Clay 

2L_BS 156.4 156.4 156.4 156.4 156.4 

4L_BS 156.2 156.2 156.2 156.2 156.2 

8L_BS 156.6 156.6 156.6 156.6 156.6 

16L_BS 157.2 157.2 157.2 157.2 157.2 

2L_RS 152.4 152.4 152.4 152.4 152.4 

4L_RS 152.6 152.6 152.4 152.6 152.6 

8L_RS 152.4 152.4 152.4 152.4 152.4 

16L_RS 156.8 155.2 155.2 155.2 155.6 

 826 
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Table 9(a). Cumulative net infiltration (m3) at the end of study period in different slope profiles 

Slope Profiles 
Slope Inclination Angle 

25˚ 30˚ 35˚ 40˚ 45˚ 

Homogenous RS 53.33 45.61 39.79 35.36 31.68 

Homogenous BS 25.12 21.43 18.71 16.60 14.88 

Reconstituted Varved Clays 38.72 33.12 28.92 25.59 23.02 

 827 

Table 9(b). Cumulative runoff (m3) at the end of study period in different slope profiles 

Water from Rain only [RW] 

Slope Profiles 
Slope Inclination Angle 

25˚ 30˚ 35˚ 40˚ 45˚ 

Homogenous RS 99.46 107.18 113.00 117.43 121.11 

Homogenous BS 129.08 132.77 135.49 137.6 139.32 

Reconstituted Varved Clays 114.70 120.30 124.50 127.83 130.40 

Additional Water from Snowmelt alongside Rainwater [RW+SW and T(RW+SW)] 

Slope Profiles 
Slope Inclination Angle 

25˚ 30˚ 35˚ 40˚ 45˚ 

Homogenous RS 244.76 252.48 258.3 262.73 266.41 

Homogenous BS 272.40 276.09 278.81 280.92 282.64 

Reconstituted Varved Clays 259.06 264.66 268.86 272.19 274.76 

 828 

From Table 9(a), it is evident that as the slope inclination angle increases, the cumulative net 829 

infiltration decreases for all slope profiles. This decrease is attributed to the reduced length of 830 

the sloping ground with the increase in slope angle, resulting in a smaller area available for 831 

water to infiltrate into the soil and, consequently, fewer pores to retain water. As a result, the 832 

excess water that is not retained within the soil contributes to runoff. Thus, as the slope 833 

inclination angle increases, the magnitude of cumulative runoff also increases, as observed 834 

from Table 9(b). Furthermore, Table 9(a) shows that the maximum and minimum infiltration 835 

occurs in homogeneous RS and homogeneous BS slope profiles, respectively, across various 836 

slope inclination angles. For example, at a slope inclination angle of 25°, the cumulative net 837 

infiltration at the end of the study period is 53.33 m³ for homogeneous RS, 25.12 m³ for 838 

homogeneous BS, and 38.72 m³ for reconstituted varved slopes. The higher cumulative net 839 

infiltration in homogeneous RS slopes compared to homogeneous BS slopes is due to RS 840 

having a higher porosity of 0.42 compared to 0.37 for BS, as shown in Table 2, which allows 841 

RS to retain more water. From Table 9(b), it can be seen that cumulative runoff is higher when 842 

additional water from snowmelt is considered along with rainwater, compared to when only 843 

rainwater is considered. It can be further observed that the cumulative runoff is maximum for 844 

homogeneous BS and minimum for homogeneous RS for all slope inclination angles under 845 

both water conditions. For instance, at a slope inclination angle of 25° and when only rainwater 846 

is considered, the cumulative runoff is 224.62 m³ for homogeneous BS, 196.33 m³ for 847 

homogeneous RS, and 210.94 m³ for reconstituted varved slopes. The cumulative net 848 

infiltration and cumulative runoff for reconstituted varved slopes fall between the values 849 

observed for homogeneous RS and homogeneous BS slope profiles. These observations 850 
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regarding net cumulative infiltration and cumulative runoff also hold true for slopes with 851 

different inclination angles, given the same soil profile. 852 

4. Conclusions 853 

The present study employs a FE numerical modeling transient analysis approach to investigate 854 

the complex consequences of hydrological changes on slope stability and water balance for 855 

different slope profiles under three climatic conditions of RW, RW+SW, and T(RW+SW). The 856 

study considers ten slope profiles, which includes homogeneous slopes composed of RS and 857 

BS, as well as reconstituted varved clay profiles with alternating layers, which includes 2L_BS, 858 

4L_BS, 8L_BS, 16L_BS, 2L_RS, 4L_RS, 8L_RS, and 16L_RS. These profiles are analyzed at 859 

five slope inclination angles of 25°, 30°, 35°, 40°, and 45°. Key observations from the study 860 

include: 861 

 When additional water from snowmelt is considered alongside rainwater, slopes tend to 862 

fail earlier (approximately 5-15 days quicker than slopes subjected to only rainwater), with 863 

earlier attainment of maximum cumulative net infiltration and initiate runoff earlier. 864 

Furthermore, as the slope inclination angle increases from 25º to 45º, the slope fails sooner 865 

(nearly 6-10 days earlier for the steeper inclinations), and the area of soil mass involved in 866 

the failure decreases (in the tune of 50% for the steepest slope as compared to the flatter 867 

ones considered in the study). This trend is consistent for all slope profiles, although the 868 

magnitudes of each variable differ. 869 

 Among homogeneous slopes of RS and BS, the latter fail earlier (nearly 15-20 days earlier) 870 

under all the considered climatic conditions and slope inclinations. This is attributed to the 871 

relatively lower shear strength parameters of BS.  872 

 The time to slope failure in reconstituted varved clay slopes with alternating RS and BS 873 

layers is governed by the composition of topmost lamina. Reconstituted varved clay slopes 874 

with RS as the topmost lamina fail earlier by nearly 15 days than those with BS as the 875 

topmost lamina. 876 

 The time to slope failure is well correlated with the time to reach maximum cumulative 877 

net infiltration. The more time it takes to reach maximum cumulative net infiltration, the 878 

longer it takes for the slope to fail, although slope failure always occurs before maximum 879 

cumulative infiltration is reached. This correlation between slope failure and maximum 880 

cumulative net infiltration holds true for all slope profiles at all slope inclination angles. 881 

 For any inclination angle, layered slopes with RS as the topmost layer generate deeper slip 882 

surfaces and involve a larger area of failed soil mass, which is nearly double as compared 883 

to slopes with BS as the topmost lamina.  884 

 Temperature gradient within the slope profile influences its stability and water dynamics. 885 

Homogeneous RS slopes and reconstituted varved slopes with RS as the topmost layer fail 886 

earlier (by nearly 15 to 20 days) under T(RW+SW) conditions as compared to RW+SW, 887 

while BS slopes and those with BS as the topmost layer fail earlier under RW+SW 888 
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conditions. This is attributed to the higher thermal conductivity and specific heat capacity 889 

of RS. 890 

As can be understood from the conclusions, the depth and extent of the failure will largely be 891 

governed by the topmost laminae. In case RS forms the topmost laminae, the severity of the 892 

landslide would be much higher than when BS forms the topmost laminae. As the glacial 893 

depositions occur over the cycles of freezing and thawing, there would be alternate periods of 894 

red soil and black soil forming the topmost lamina. Hence, in such situation, the periods in 895 

which RS forms the topmost layer, the possibility of the slope failure would be highest and that 896 

too occurring with a higher hazard quotient. Comparatively, the periods that would have BS as 897 

the topmost lamina, the extent and severity of the landslides would be comparatively lesser. 898 

Finally, it can be inferred from the study that the ground surface of the slope, through which 899 

land-climate interactions primarily occur, plays a major role in governing slope stability, water 900 

infiltration into the slope, and the volume of water contributing to runoff. The present study 901 

highlights the complex interactions among soil composition, the sequential arrangement of 902 

laminae, and their influence on slope stability, infiltration, and runoff under varying water flux 903 

scenarios and different climatic conditions. This research is particularly relevant to glaciated 904 

regions, where freezing and thawing of soils and rapid snowmelt due to climate change 905 

significantly alter the hydrological dynamics of the area. These altered dynamics lead to 906 

increased water volumes that contribute to both infiltration and runoff, potentially triggering 907 

early slope instabilities. The study specifically emphasizes the effects of laminae arrangement 908 

and the number of laminae in varved deposits on slope stability and hydrological behavior in 909 

glacial regions. The findings underscore the need to incorporate detailed climatic conditions 910 

and laminae composition in case of layered soil slope during slope stability assessments and 911 

water balance studies in such environments. This understanding is crucial for effective water 912 

management and predicting the occurrence of landslides in these regions. 913 
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