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Abstract

The increasing average global temperatures are transforming the permafrost regions into
seasonally frozen areas, thereby pushing the active layer deeper into the ground and leading to
a rise in inexplicable glaciatic geohazards. Although the glaciated Himalayan regions of India
are becoming more vulnerable to such events, cold region geotechnical studies remain nearly
unattended. This research attempts to evaluate the complex consequences of hydrological
changes on the stability of slopes and water balance through numerical modeling using the
finite element (FE) technique. The real-time climate data from Tawang, Arunachal Pradesh, is
chosen which prevalently experiences sub-zero temperatures in the eastern Himalayan belt. In
accordance to various thermal regimes and hydrological conditions common to this region, this
study effect of only rainfall water infiltration (RW), water infiltration from both rain and
snowmelt (RW+SW), and the complementary influence water migration due to soil
temperature gradient [T(RW+SW)] on the slope stability, water infiltration, and runoff
dynamics of sloping terrain. Numerical assessment of the stability of both homogeneous and
multi-couplet varve slope profiles are carried out. The influence of Red soil-Black soil (RS-
BS) laminae (2, 4, 8 and 16 in numbers) as well as the slope inclination (25° - 45°) on the
hydrogeological response of the layered slopes are delineated. It is conclusively understood
that stability of slopes, water infiltration and runoff are strongly influenced by surficial soil
couplet directly interacting with the atmosphere; expectedly, the slope inclination angle and the
number of laminae also plays substantial role in the stability and temporal dynamics of pore-
water pressure within the slopes. Slopes with RS as the topmost layer are found to evidently
fail earlier than those with BS as the topmost layer; for the latter case, the area of soil involved
in slope failure is comparatively lesser. In any sequential arrangement, the area of soil involved
in slope failure increases with the increase in laminae. Slopes with RS as the topmost layer are
observed fail quicker under the freeze-thaw phenomenon. The time to the onset of slope failure
is found to be comprehensively linked with the time to attain the maximum cumulative net
infiltration.

Keywords: Glacial Slope Stability, Reconstituted Varved Clays, Freezing and Thawing, Land-
Climate Interaction, Thermo-Hydro-Mechanical Coupling

1. Introduction

The stability of slopes is a critical concern in Indian Himalayan region, particularly given the
prevalence of landslides and their potential to cause significant societal and economic damage
[1]. The Indian Himalayan region is infamous for slope instability problems due to its structure,
geology, and dynamic regional climate [2]. Severe rainfall, snow melt, tectonic activities and
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human intervention in the region are the main causes of the instability of the slopes [3, 4].
While the stability of slopes under normal temperature conditions is well-documented, studies
focusing on cold regions remain scarce. Although several studies on rainfall-induced slope
failures are frequently reported in the literature, there are only few that incorporate and consider
water from snowmelt, sub-zero temperatures, and the freezing and thawing in sloping ground.
The increased frequency and unpredictability of landslides in the Himalayan regions have
motivated researchers to investigate the complex mechanisms behind these events [5-7].

Most studies on slope stability reported in the literature focus on homogeneous soil profiles;
however, real-world scenarios often involve slopes composed of heterogeneous soils with
layer-by-layer deposition [8]. Weak soil layers within the slopes often trigger landslides under
conditions of water infiltration [9]. Previous researches have also emphasized the importance
of considering soil layering in slope stability studies [10-14]. Additionally, there are limited
studies on water balance in Indian Himalayan regions that incorporate the contributions from
both water infiltrations into slope profiles and runoff. Understanding the impact of infiltrated
water on slope stability and runoff'is crucial for designing effective slope stabilization measures
and managing water resources in mountainous regions prone to hydrological hazards and
landslide events. This study addresses these gaps by examining stability of slopes in
homogeneous and multi-couplet reconstituted varved clay slope profiles under three climatic
conditions. These climatic conditions include water consideration from rain only (RW), rain
combined with snowmelt (RW+SW), and rain with snowmelt considering temperature gradient
along the depth of the soil [T(RW+SW)]. The temperature gradient along the depth of the soil
induces water migration and facilitates freezing and thawing in sloping ground.

Several researchers have conducted stability analyses of layered slopes. Dai et al. [5] conducted
parametric stability analysis on two-layered slope profiles, and observed that the thickness of
the lower layer significantly influenced the Factor of Safety (FoS) of slopes. Chatterjee and
Murali Krishna [6] carried out numerical modelling to analyze slope stability in homogeneous
and layered soils, and found that slip surfaces remain confined in the top layer when the
foundation soil is stiffer. Sarkar and Chakraborty [7] demonstrated that presence of a stronger
soil layer over weaker ones enhanced slope stability, especially in steep slopes. Wu et al. [14]
conducted rainwater infiltration experiments, and noted significant variations in pore-water
pressure and water content along the depth of layered slopes. Tang ef al. [15] explored water
infiltration characteristics and failure modes in layered and homogenous soil slope. The authors
reported occurrence of soil piping in layered soil slopes and surface sliding in homogeneous
soil slopes. Irfan et al. [16] conducted stability analyses 625 slopes comprising layered
excavations to propose a correlation expression for assessing the FoS of slopes with similar
configurations. The slope consisted of a vertical cut clay layer resting at the top of a sandy
slope with a horizontal interface. The analysis was performed by varying the cohesion of the
clay layer, the angle of internal friction of the sand layer, the thickness ratio (the ratio of the
height of the clay layer to the sand layer) and the inclination of the sand layer. apart from the
shear strength parameters of the layered soil and inclination of the underlying soil, the thickness
ratio of the layers also plays an influencing role on the slope stability.
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Weng [17] observed a significant drop in FoS of layered soil slopes after breakthrough,
compared to homogeneous soil slopes. Few researchers have conducted stability analyses of
slopes while considering freezing and thawing effects. However, these studies, which include
freeze-thaw effects, were carried out on homogeneous soils. For example, Wang et al. [18]
found that FoS increased during freezing but decreased during thawing due to the expansion
of the yield zone. Li and Chen [19] observed a linear decrease in FoS with increasing freeze-
thaw depth. Chen et al. [20] developed a method to predict landslides by analyzing vertical
displacement and the effects of moisture content on FoS. All the layered slope stability studies
discussed above typically consider slopes formed by horizontally deposited soil; however, in
reality, the layers in slopes often exist parallel to the ground surface [21]. Moreover, none of
these studies addressed layered slopes in cold regions or the contributions of volume of water
to infiltration and runoff. While studies on the slope stability of layered soils often focus on
one or two layers, as evident from the above discussed literature, natural slopes frequently
consist of multiple layers. The present study addresses these complexities by considering
multiple layers parallel to the sloping ground and comparing how slope stability, infiltration,
and runoff are affected when freezing and thawing are incorporated into the stability analysis
of slopes.

This study uses meteorological data from Tawang, a district in the Northeastern state of
Arunachal Pradesh, India. The Himalayas in Northeast India are highly vulnerable to landslides
and experience chronic economic losses worth billions of rupees due to a wide range of
landslide issues [22]. Compared to other regions in the Indian Himalayan belt, the Northeastern
Indian Himalayas have seen a dearth of research on slope stability analysis [23]. The scarcity
of research in the region is primarily attributed to the remoteness of this region and its
challenging terrains [24, 25]. Varved clays have been reported as common soil deposits in
glacial environments [26-31] and have been observed in glaciated Indian Himalayan regions
as well [32-36].

The current study involves analyzing the FoS against slope failure, cumulative net infiltration,
and cumulative runoff in both homogenous and multi-couplet reconstituted varved clay slope
profiles. The reconstituted varved laminae structure consists of alternately and repetitively
arranged Red Soil (RS) and Black Soil (BS) to replicate the actual varved clay laminae.
Homogenous slopes constitute separately of RS and BS. The study is carried out at five
different slope inclination angles of 25°, 30°, 35°, 40°, and 45°. This study addresses a broad
range of research gaps and enhances the understanding of complex interactions among soil
composition, sequential arrangement, and the number of laminae on slope stability, infiltration,
and runoff under different climatic conditions through FE numerical modelling.

2. Materials and Methodology

RS and BS used in the present study were obtained from the vicinity of the IIT Guwahati
campus. Various geotechnical tests were carried out to determine the material characterization
of these soils and obtain input parameters for numerical modeling, which are discussed in detail
in Sections 2.1 and 2.2, respectively.



122

123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156

2.1 Material Characterization of RS and BS used as Constituent Laminae

RS and BS used in this study represent two soils that constitute the two laminae of actual varved
clay. The selection of RS and BS for this representation was based on a preliminary
geotechnical investigation conducted in the laboratory. These geotechnical investigations
included determining of Atterberg Limits [37] and obtaining Particle Size Distribution [38].
The geotechnical analysis revealed that RS can effectively represent the light-coloured, silt-
dominant laminae found in actual varved clays, while BS can serve as a representative of the
darker, clay-dominant laminae. The laboratory test based basic geotechnical parameters is
listed in Table 1, and are consistent with the characteristics of actual varved clays documented
in the literature [39-46]. Table 1 also lists other parameters obtained from laboratory tests, such
as the magnitudes of specific gravity [47], compaction characteristics [48] and shear strength
parameters of the soils. The shear strength parameters were obtained from Direct Shear Tests
(DST) conducted following ASTM D3080/D3080M [49], and are utilized as input parameters
during slope stability analysis. As the multi-laminae slopes are analysed for their stability,
which would be primarily triggered through translational slides through the interface of the
laminar, DST is adjudged a suitable and relevant technique to assess the shear strength
parameters of the soil specimens. As per the USGS classification system and based on the
Atterberg’s limit confirmatively assessed for RS and BS, they have been classified as ML (low
plasticity silts) and CH (high plasticity clays), respectively. The classification also conforms to
the particle size distribution assessed for the soils. However, conventionally, based on the
classification, BS is expected to exhibit higher cohesion compared to RS. However, for the
present study, the observation has been found to be otherwise, and the same has been confirmed
through repetition of the direct shear test experiments on the samples with optimum moisture
content-maximum dry density (OMC-MDD) condition. Being direct shear test, it might be
noted that the cohesion in this case can be more aptly termed as ‘apparent cohesion’ (as
mentioned in Table 1). As explicable, the angle of internal friction for the BS has turned out to
be lower than that of RS. However, the apparent cohesion of BS being lower than that of RS
can only be possibly explained through its microstructure. Figure 1 exhibits the Field Emission
Scanning Electron Microscopy (FE-SEM) images of RS and BS at 1000X magnification. It
may be noted that RS larger and more subangular particles, while the particles of BS are flakier.
At the same time, it can be comprehended as well that RS offers more surficial contacts, while
BS exhibits a dominance of edge contacts. Consequently, based on the contact interactions, RS
is exhibiting a slightly higher magnitude of apparent cohesion. However, as can be noted from
the magnitude of the shear strength parameters in Table 1, the two soils are not that vividly
different from each other in the strength index.



157 Table 1. Geotechnical properties of RS and BS

Geotechnical Parameters Red Soil (RS) Black Soil (BS)
Specific Gravity 2.7 2.6
Atterberg Limit (%)
Liquid Limit 45 95
Plastic Limit 19 30
Plasticity Index 26 65
Compaction Characteristics
Maximum Dry Density (g/cc) 1.77 1.59
Optimum Moisture Content (%) 19.5 21.5
Grain Size Distribution (%)
Sand 23.2 8.4
Silt 54.4 6.7
Clay 22.4 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
159
160 | (b)
161 Figure 1. FE-SEM images at 1000X magnification (a) RS (b) BS

162  Several other laboratory tests were conducted to obtain input parameters required for reliable
163  numerical modelling in the present study. These tests included the estimation of hydraulic
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conductivity at saturated and unsaturated states of the soils and several thermal properties of
soil. Saturated hydraulic conductivity of the soils was determined using pre-fabricated
cylindrical moulds whose dimensions were in accordance with the standards outlined in
ASTM-D5856-15 [50]. The height and diameter of these moulds were 10 cm and 4.5 cm,
respectively. For the permeability test, both RS and BS soil samples were compacted at their
respective MDD and OMC. To ensure uniform distribution and flow of water through the soil
samples, porous stones were placed at both the top and bottom of the sample in the mould.
Furthermore, to prevent clogging of the porous stones with soil particles during testing, filter
paper was placed along with the porous stones, with the filter paper being in direct contact with
the soil. Prior to the use of porous stones in tests, they were examined for clogs and cleaned by
boiling in water for 3-4 hours. The soil samples were fully saturated before starting the
hydraulic conductivity tests using the falling head method. This method involved recording
discharge readings over specific time intervals to accurately determine the hydraulic
conductivity of both soil types. There are various techniques to identify the soil water
characteristic curve, including both conventional and non-conventional methods [51]. For the
present study, to determine the unsaturated hydraulic conductivity of both RS and BS soil
specimens, the Hydraulic Conductivity Function (HCF) curve was derived from the Soil Water
Characteristic Curve (SWCC). The data points for establishing the SWCC were obtained using
a WP4-T Dew Point Potentiometer (Figure 2).

Stainless
steel cups

LED indicator
light

—

Operating switches

Sample holder

Dewpoint PotentiaMeter

\ e | WP4-T®

LCD screen for

display of suction
readings

Figure 2. WP4-T Dewpoint Potentiometer with its operating parts, and the prepared soil
sample in stainless steel cups

Sample drawer «——

These data points consist of suction measurements at varying levels of water content in the
soils. The working principle of WP4-T can be found in detail in ASTM-D 6836-02 Method D
[52]. The obtained data points were fitted to the van Genuchten model [53] to obtain a smooth
SWCC, and is represented in Figure 3(a). Equation 1 represents the van Genuchten formulation
used for obtaining the SWCC. The curve fitting was performed by varying the parameters a,
m, and n, which are known as the van Genuchten model parameters, and is expressed as

0=0+—_ agnd m=(@1-1/ (1)

T [1+lahmm™
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where 8 represents the volumetric water content in soil (m*/m?), 8, and 6 represents the
residual and saturated volumetric water content (m>*/m?) of the soil, respectively.

The van Genuchten parameters were further utilized to derive HCF curves for RS and BS.
Equation 2 represents the equation used for deriving the HCF curve. The HCF curves for both
soils are depicted in Figure 3(b).

Ks{1=(aeh)™"[1+(an)"]"™)?
[1+(ah)]™ 2)

[K(W)] =

where K, and K (h) is the saturated and unsaturated hydraulic conductivity (m/s). Table 2 lists
the hydraulic parameters of the RS and BS. It can be noted that the saturated permeability of
the RS soil chosen for this study has a close agreement with the DL clay (ML soil classified as
per USGS) reported by Rasool and Aziz [54].

—RS van Genuchten
fitted curve
= RS Experimental
data (Trial 1)
RS Experimental
data (Trial 2)
+ RS Experimental
data (Tral 3)
—BS van Genuchten
fitted curve
+ BS Experimental
data (Trial 1)
= BS Experimental

\,\.._h' Tl data(Trial 2)
4 Tm | BS Experimental

Volumetric Water Content, 8 (m3/m?)

0.00 data (Trial 3)
1 10 100 1000 10000 100000
Suction, ¢ (kPa) (a)
5 1.0E+00
E
= 1LOE-01 —\
&
M, 1.0E-02 A
2
I
S 1.0E-03 A
<
g 1.0E-04 -
@)
2
= LOE-05 A
5
E‘ 1.0E-06 T T T
1 10 100 1000 10000
Suction, ¢ (kPa)
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Figure 3. (a) Soil Water Characteristic Curve for RS and BS (b) Hydraulic Conductivity
Function curve for RS and BS
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Table 2. van Genuchten parameter, water content, permeability and shear strength parameters
of RS and BS

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, 85 (m3/m?3) 0.42 0.37

Residual Volumetric Water Content, 6r (m®/m?) 0.035 0.045

Saturated Permeability, Ks (m/s) 1.10x10° 5.18x10°°

This study considers three different climatic conditions of RW, RW+SW and T(RW+SW). For
T(RW+SW) case, temperature gradient along the depth of the soil is considered, which allows
migration of water due to convection, as well as the freezing and thawing within the soil. An
analysis that accounts for these mechanisms requires the use of the Soil Freezing Characteristic
Curve (SFCC). The SFCC represents the relationship between unfrozen water content and
negative temperatures. It is commonly assumed that at 0°C, liquid water freezes to ice.
However, in reality, depending on the soil type, a depression in the freezing point of soil water
occurs at negative temperatures due to adsorptive and capillary forces [55]. This results in a
unique soil-water interaction for each soil, which is responsible for the existence of liquid water
at temperatures below 0°C [56]. In the present study, the SFCC is obtained through an
analytical expression proposed by Zhang et al. [57]. This approach combines the Clapeyron
relationship (Equation 3) with the van Genuchten equation (Equation 1) to establish an equation
for defining the SFCC (Equation 4). Thus, Equation 4 is used to calculate the variation in pore-
water pressure of the unfrozen liquid water at sub-zero temperatures. Figure 4 displays the
SFCC plotted for RS and BS using the aforementioned method.

Oty _ sy ®
orT  v,T,

where, du,, represents the variation in water pressure within the unfrozen water in partially
frozen soil, T denotes the temperature change below the phase change temperature, hgris the
latent heat of vapourization (334000 kJ/m?), v, represents the specific volume of water (1.0
L/kg), and T, corresponds to the standard freezing point of water at atmospheric pressure,
which is considered as 0°C in this analysis.

The generated pore-water pressure from Equation 3 at the freezing point is then used to obtain
the corresponding unfrozen volumetric water content as:

273.15\*1 "
T + 27 >l @

Huwc = 9r + (95 - 97-) [1 + (ahsf lnm

where 6,,,,. is the unfrozen water content in the soil.
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Figure 4. Soil Freezing Characteristic Curve for RS and BS

The thermal characteristics of both soils, RS and BS, in frozen and unfrozen states were
determined using the KD2 Pro Thermal Properties Analyzer [58], developed by Decagon
Devices (Pullman, Washington). The specifications followed by the KD2 Pro sensors adhere
to ASTM D5334-14 [59]. The thermal properties of the RS and BS samples were determined
on prepared soil samples in pre-fabricated cylindrical acrylic moulds by compacting the soil to
maximum dry density and optimum moisture content. The height and diameter of this mould
was 60 mm and 80 mm, respectively. These dimensions ensured that the recommended
minimum distance between the sensor needle probe and the outer boundary of the acrylic
cylindrical mould was not exceeded, thereby avoiding errors due to boundary effects from the
heating of the sensor needle probe [60, 61]. In this study, the diameter of the mould was 5.86
times the needle diameter, which was sufficient to avoid any boundary effects. For measuring
the thermal properties of the soil in frozen state, the prepared sample along with the mould was
kept in deep freezer for 24 hours before taking the measurement with the help of these sensors.
Figure 5 shows the ongoing measurement of thermal properties on the prepared sample using
the KD2 Pro immediately after removing the sample from the deep freezer. For this study, the
thermal conductivity and volumetric heat capacity were recorded at room temperature
(unfrozen state) and at -10°C (frozen state), with the values listed in Table 3.

Table 3. Thermal parameters of RS and BS

Unfrozen Frozen
.. Unfrozen thermal Frozen thermal . :
Soil . . volumetric heat volumetric heat
type conductivity conductivity capacity capacity
(kJ/s/m/°C) (kJ/s/m/°C) (KJIm3/°C) (KJIm3/°C)
RS 0.001328 0.001873 3050 4633
BS 0.000989 0.001416 2862 3241
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Figure 5. Measurement of thermal propertis usi KD2 Pro on prepared samples
immediately after removal from the deep freezer

2.2 Methodology and Numerical Modelling

The present study is carried out on the terrain profile shown in Figure 6. The slope inclination
angles () is varied are varied to 25°, 30°, 35°, 40°, and 45°. The maximum height of the
considered terrain geometry is fixed at 20 m, with a 10 m fixed horizontal ground surface at
the crest and a 5 m fixed vertical height at the toe sides of the sloping terrain. The dimensions
of the terrain profile, particularly the height of the slope, are chosen based on the commonly
adopted for stability analysis of hillslope as reported in earlier literature [62-66]. These studies
typically consider slope heights ranging from 5-20 m, as it is commonly related to the prevalent
height extents of the slope instability found in the regions. The vertical soil height to which
water can infiltrate is considered as 4 m. This depth has been identified by several researchers
as optimal for maximum infiltration, water storage, and moisture fluctuation [67-71]. This also
means that the maximum depth of the critical slip surface for the failed soil mass cannot extend
beyond this active depth.

The study considers two cases of homogeneous soil profiles and eight multi-couplets
reconstituted varved clay profiles at each of the considered slope inclination angles. For all the
slope profiles at all the different inclination angles, the analysis is carried out under three
different climatic conditions — RW, RW+SW, and T (RW+SW). The climate variables used in
the study include precipitation, air temperature, relative humidity, wind speed, solar radiation,
and albedo. Table 4 provides the mean monthly magnitudes of the meteorological parameters
as has been used in the present study.

For homogeneous soil terrain profiles, two slope profiles are created individually with RS and
BS. In the analysis involving reconstituted varved clay in the same sloping terrain, RS and BS
are arranged in alternate layers of the same total thickness (4 m) as considered for homogeneous
soils. The reconstituted varved clay slope profile is considered in two types of sequential
arrangements. In one set of laminae arrangements, BS occupies the topmost lamina, while in
the other set, RS is the topmost lamina. The characteristics of slope failure, water infiltration,

10



278  and runoff have been found to be different in both the cases of sequential arrangements. This
279 indicates that the characteristics of the topmost lamina is important, as the land-climate
280 interaction of the sloping terrain primarily occurs through that very lamina. The sloping terrain
281  comprising reconstituted varved clay with BS as the topmost layer is designated as 2L._BS,
282 4L BS, 8L BS, and 16L_BS, where 'L' represents 'Lamina’, and the numeric digits indicate
283  the number of laminae. Similarly, for RS lying at the top, the reconstituted varved clays are
284  represented as 2. RS, 4L RS, 8L RS, and 16L_RS.

10m |
|
4m
15m
Sm
Figure 6. Schematic representation of a typical terrain profile
285
Table 4. Mean monthly meteorological data used in the study
Month Average Average Average Average Wind
Precipitation Temperature Humidity Speed (m/sec)
(mm) O
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
soil depth, as in the cases of RW and RW+SW, the SEEP/W and SLOPE/W modules of
GeoStudio are integrated. Whereas, when the temperature gradient is considered, which also
leads to freezing and thawing, as in the case of T(RW+SW), the SEEP/W and TEMP/W
modules of GeoStudio are coupled and then integrated with the SLOPE/W module. The
coupling of the TEMP/W and SEEP/W modules accounts for the free convection of water
induced by temperature changes. Free convection refers to the movement of water caused by
temperature gradients [72]. Negative temperatures lead to the freezing of water in soil pores,
while thawing occurs as the temperature turns positive. This phase change of water in soil pores
is considered in the analysis by varying the density of water with temperature according to
Thiesen’s formula [73], as shown in Figure 7.

1000

999.95
999.9
999.85 |
999.8

999.75

Water Density (kg/m?)

999.7

999.65

999.6

-10 8 6 -4 -2 0 2 4 6 g 10
Temperature ("C)

Figure 7. Water density function as defined by Thiesen formulation

2.2.1 Land-Climate-Interaction (LCI) Boundary Conditions

In cold region geotechnical engineering studies that address the impact of climate change, for
Himalayan and sub-Himalayan regions as well, it is crucial to consider the interactions between
various climatic components with the ground [74,75]. Understanding these interactions is
essential for assessing how geo-structures behave in cold regions. This study, therefore,
incorporates LCI boundary conditions, which account for the interaction of different climatic
variables such as air temperature, precipitation, relative humidity, wind speed, solar radiation,
and albedo with the ground profile [76]. These climatic variables also influence water dynamics
along the depth of the soil during freezing and thawing as discussed above.

The present study utilizes ten years of average real-time meteorological data obtained from an
online climate data collector [77]. Each set meteorological data is averaged over a month.
Months with an average temperature of 0°C or below are considered winter months (November
to March), while those with a positive average air temperature are considered summer months
(April to October). The analysis begins in November, marking the onset of the winter season
during which precipitation occurs as snow (days 0 to 151). Consequently, whenever there is

12
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snowfall, snow accumulates on the ground surface. Day 152 marks the start of April and the
beginning of the summer season during which precipitation occurs as rainfall. During this
summer season, the infiltration of water from precipitation and snowmelt occurs and influences
slope stability, with part of the water contributing to runoff. Additionally, it is assumed that the
soil has an initial suction of -1500 kPa for all ten slope profiles.

In areas with snow, albedo is a crucial consideration as it governs the rate of snow melting.
Albedo (a) varies from 0.9 for freshly fallen snow to about 0.2 for dirty snow, and during
melting, the albedo is around 0.4 [78]. In this study, an albedo 0f 0.9 is considered for the winter
season and an albedo of 0.4 is used for the summer months when snow is melting.

In this study, the net solar radiation is estimated based on the specific day of the year and the
latitude of the study area. The latitude of the study area is 27.85°. The net solar radiation, gy,
is estimated as follows:

dns = (1 — a)qs (5

where, g is the shortwave radiation and is calculated as:
qs = (a5 + bs %)Qext (6)

Here, ag and b, are regression constants and are assumed to be 0.25 and 0.5, respectively, based
on recommendations by Allen et al. [79], n is the actual duration of sunlight, N is the maximum

possible duration of sunlight, and q,,; is the extraterrestrial radiation. In this study, % is

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

The extraterrestrial radiation q,,; is calculated as follows:
Qext = %Gscdr [wg sin @ sin § + cos ¢ cos § sin wg] (7

where, G, is the solar constant with a value of 118 MJ/m?*day, d,. represents the inverse of the
relative distance between the Earth and the Sun (in m), w, is the sunset hour angle, @ denotes
the latitude of the study area, which is 27.85° in this study. Finally, & is the solar declination,
which is given by equation:

§ = 0.409 sin(—/ — 1.39) (8)

where J is the day of the year (e.g., January 1 is day 1). Furthermore, the sunset hour angle w
is given by:

ws = cos”(—tan ¢’ tan §) 9)

After the winter season, when the temperatures rise above 0°C during summers, the
accumulated winter snow begins to melt. The converted water from snow is referred to as Snow
Water Equivalent (SWE) and represents the water stored in a snowpack. SWE not only affects
the infiltration and runoff characteristics over the slopes but also affects their stability, as the
additional water from snowmelt influences the pore water pressure distribution in soil slopes.
SWE at the current numerical time step (SWE}) (mm/day) is calculated using Equation 10.
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SWE, = SWE,_, + SF — SM (10)

where SWE,_; is the snow water equivalent at the previous numerical time step (mm/day), SF
is the snowfall precipitation rate and SM is the snowmelt rate (mm/day).

The snowmelt rate in the present study is calculated using Equation 11, as proposed by the U.S.
Army Corps of Engineers [80]. This equation utilizes an energy balance approach to determine
the rate of snow melting. It is important to note that there are two separate equations available
to calculate the rate of snow melting, one for rainy days and one for non-rainy days. In the
present study, the equation for rainy days is used since the analysis considers the average
precipitation throughout the given month. Therefore, Equation 11 is applied to calculate the
rate of snowmelt in this study.

SM = C[0.09 + (0.029 + 0.00504v + 0.007P)(T, — Tr)] (11)

where v is the wind speed (miles/hour), T, is the air temperature (°F), Ty is the freezing
temperature (°F) which is considered as 32°F in the present study, and C is the coefficient to
account for variations which is arbitrarily assumed as 2.5 in the present study. This choice of
C is based on several factors, including the non-linear and diverse nature of snowmelt-related
variables. This value of 2.5 is supported by findings from various studies [81-84], which
collectively demonstrate the substantial variability in snowmelt processes and their significant
impact on hydrological responses.

As stated above, the Snowfall (SF) precipitation is calculated based on given temperature
during the particular time which is represented numerically as given in Equation 12.

SF=Q,XP (12)
where P is the precipitation (mm/day), and @, is the thermal factor given in Equation 13.

Qp=0(fTa >Tf); Qp =1 (if To <Ty) (13)

2.2.2 Slope Stability and Shear Strength of Soil under Unsaturated Conditions

The LCI boundary condition is applied at the ground level (top surface) for all three considered
climate scenarios, which simulates the dynamic interactions between the land surface and
atmospheric conditions (as discussed in detail in Section 2.2.1). This boundary condition
ensures that the stress states induced by environmental factors, particularly changes in stresses
due to water infiltration into the soil slope, are accurately reflected in the SEEP/W module at
each time step. These stresses are then utilized by the SLOPE/W module to compute the Factor
of Safety (FoS), integrating both hydraulic and mechanical behaviors to provide a
comprehensive view of slope stability.

In the present study, the slope stability analysis employs the Mohr-Coulomb material model in
an unsaturated state. This particular model, which was proposed by Vanapalli et al. [85], is
based on Bishop's effective stress principle, and is described using Equation 14.

T ="+ (0, —uy)tand' + (u, — u,,)[xtang’] (14)
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where 7 is shear strength of soil (kPa), g, is net total stress (kPa), u,is pore air pressure (kPa),
c¢' is effective cohesion (kPa), ¢’ is effective angle of internal friction (°) and y is parameter
related to the degree of saturation, which is defined by Vanapalli et al. [85] as:

0, — 0
=9, (15)

The slope stability analysis is performed using the limit equilibrium technique proposed by
Morgenstern and Price [86]. This method employs FoS equations with respect to the moment
equilibrium (FoS,,) and with respect to force equilibrium (FoSy), as provided in Equation 16
and Equation 17, respectively.

_ Y[c"IR+{N—uy,lx—uqsl(1-x)}Rtang]

FoSm = YWx-YNf+Y Dd+Y Aa (16)
' - - - 14

FOSf — Y[c'lcosa+{N—uy,ly—ugsl(1-y)}tandrcosal a7

Y. Nsina-), Dcosw+Y, A

where W is total weight of a slice of width b and height /4, N is total normal force on the base
of the slice, D is external point load, R is radius of a circular slip surface or moment associated
with the mobilized shear force, x is horizontal distance from the centreline of each slice to the
centre of rotation or to the centre of moments, d is perpendicular distance from a point load to
the centre of rotation or to the centre of moments, a is perpendicular distance from the resultant
external water force to the centre of rotation or to the centre of moments, A is resultant external
water forces, w is angle of the point load from the horizontal, « is angle between the tangent
to the centre of the base of each slice and the horizontal, and [ is base length of each slice.

In this study, the mobilized shear and normal stresses in unsaturated states are determined using
Equation 18 and Equation 19, as proposed by Fredlund and Krahn [87].

Ty = %(c’ + (0, — uy)tang’ + (u, — u,,)tang? (18)

! +lsina+uabsina(tanqb’ —tan¢b)+uwlsinatan¢b
F
sinatandg! (19)
F

_ W+Xp—Xp)-[

cosa+

where t,, is shear force mobilized on the base of each slice and F is horizontal interslice normal
forces. The subscripts L and R designate the left and right sides of the slice, respectively.

In this study, the inclination angle of slopes and the change in pore-water pressure due to water
infiltration are the driving forces, whereas the shear force generated along the slip surface acts
as the resisting force. In slope stability analysis, when the FoS drops below 1, the slope
becomes unstable and eventually fails. An FoS equal to 1 signifies that the resisting forces are
just insufficient to counteract the driving forces which marks the onset of slope instability. This
condition indicates imminent stability under ideal circumstances without considering
uncertainties. However, in reality, significant uncertainties are associated with shear strengths
around the failure plane due to several external factors. Consequently, under static conditions,
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an FoS of 1.5 [88] is commonly adopted during stability analysis to ensure a safety margin for
slopes.

In the present study, the slip surface assessment for homogeneous sloping terrain profiles is
determined by the entry-exit method, while the block specified method is used for reconstituted
varved clay slope profiles. The block specified method of search technique is best suited when
there is a low-strength layer in the slope profile, and the sloping segment of the terrain is
significantly longer than the ground projection at both ends. In the case of slopes consisting of
varved clays, RS and BS are arranged alternately in different numbers of layers, as mentioned
above. However, in these layered structures, BS has lower shear strength parameters compared
to RS (Table 1). Therefore, the block specified method is used for the stability assessment of
layered soil slope profiles. For the reconstituted varved clay slope profiles, the vertical lines in
both the upper and lower grids are maintained at 5, while the number of inclined lines parallel
to the slope is determined by the number of laminae constituting the slope profile. If N is the
number of layers, then the number of grid lines in the horizontal direction is taken as N+1. This
ensures that the horizontal grid line lies at the top most (ground surface) and bottom most of
the sloping profiles and at each interface of RS and BS. Therefore, the number of horizontal
lines in both left and right grids is 3, 5, 9, and 17 for 2-layered, 4-layered, 8-layered, and 16-
layered reconstituted varved clay slope profiles, respectively. For homogeneous soil slope cases
where the entry-exit method is used, 12 entry and exit points are employed. Figure 8(a) shows
a typical example of the entry-exit method applied to a homogeneous BS slope profile (a similar
one would be used for RS profile as well), while Figure 8(b) illustrates the use of the block
specified method in a reconstituted varved clay slope with multiple laminae.

"

Wi i

Figure 8(a). Typical representation of entry- Figure 8(b). Typical representation of block
exit method of slip surface assignment for -specified method of slip surface assignment
slopes with homogeneous material profiles  for slopes profile with multi-couplet laminae

3. Results and Discussions

This section discusses the results obtained from the study at different combinations of three
climatic conditions [RW, RW+SW, and T(RW+SW)], five slope inclination angles (25°, 30°,
35°, 40°, and 45°), and ten slope profiles (RS, BS, 2L BS, 4L BS, 8L BS, 16L_BS, 2L RS,
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4L RS, 8L RS, 16L RS). The section is further subdivided to discuss how these variables
affect the FoS (Section 3.1) and water dynamics (Section 3.2) in various considered slope
profiles.

Two important points should be noted for this study. Firstly, although the study period spans
365 days, many graphical plots represent the data for a restricted time period because the
magnitudes remain constant outside these time periods. Secondly, it is not feasible to present
all the graphs and figures from every analysis conducted in this study; therefore, only selected
graphs and figures are used to convey the findings. The complete details of the results are
communicated with the help of tables (Table 5 to Table 8).

3.1 Analysis of Slope Instability in Different Soil Profiles for RW, RW+SW, and
T(RW+SW) Scenarios

This section discusses the transient FoS trends for all ten considered soil profiles under three
different climate conditions of RW, RW+SW and T(RW+SW) at different slope inclination
angles. Additionally, the day at which slope fails (FoS < 1.5) is examined and the area of the
failed soil slope mass is analyzed for different soil slope profiles at different inclination angles.

Figure 9 shows the variation of the FoS over the period of 0 to 220 days for various climatic
conditions and selected slope profiles for slope inclination angle of 30°. Figures 9(b), 9(d), 9(%),
and 9(h) illustrate the FoS vs. time plots for the slope profiles of RS, BS, 2L BS, and 2L. RS
under the T(RW+SW) climatic condition, while Figures 9(a), 9(c), 9(e), and 9(g) show the FoS
vs. time plots for these slope profiles under the RW and RW+SW climatic conditions, plotted
together. The FoS vs. time graph for the T(RW+SW) condition is represented separately to
clearly show the increased magnitude of FoS during the winter season (0 to 151 days). During
this period, precipitation occurs as snowfall, which does not influence water dynamics in and
around the soil in case of RW and RW+SW climatic conditions. However, in case of
T(RW+SW), the atmospheric temperature affects the ground surface temperature of the terrain,
which influences the temperature gradient across the soil depth. When the atmospheric
temperature drops below 0°C during the winter months, water from various depths in the soil
is drawn towards the ground surface due to free convection (as discussed in detail in Section
2.2). Water migrates to the ground freezing front and simultaneously freezes, which leads to an
increase in FoS during the winter season, as evident from Figures 9(b), 9(d), 9(f), and 9(h).
This increase in FoS of slopes during winter due to the freezing of water in the soil influences
its failure during the thawing period. In the succeeding paragraph, it is discussed how the
increased FoS during winter due to soil freezing affects the timing of slope failure as the water
thaws in summer, and under what conditions this occurs. Under normal conditions, when the
ground temperature is not considered, such as in the cases of RW and RW+SW, the FoS remains
unchanged and constant throughout the winter season, as demonstrated by Figures 9(a), 9(c),
9(e), and 9(g).

It is observed that in the RS and 2L_RS slope profiles, the rise in FoS is quite sharp before
attaining a constant FoS magnitude (Figures 9b and 9h) compared to BS and 2L._BS (Figures
9d and 9f). In BS and 2L._BS, the increase in FoS due to freezing soil is gradual before it attains
a constant value during the winter season. In the case of slopes constituted by BS and 2L._BS,

17



490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519

520

the interaction of the ground surface with the regional climate occurs through BS, which acts
as the freezing front. Similarly, for slopes constituted by RS and 2L._RS, the interaction occurs
through RS, where RS serves as the freezing front. These trends in FoS over time for slopes
with different ground surface soil under negative temperatures can be attributed to differences
in the thermal properties and soil freezing characteristics of RS and BS (Table 3 and Figure 4).
Due to the higher thermal conductivity and heat capacity of RS, it has higher efficiency to
transfer and store thermal energy (Table 3). When exposed to negative temperatures, RS loses
heat rapidly, which results in a quick reduction in temperature and rapid formation of ice from
water within its pores. Moreover, the SFCC (Figure 4) indicates that RS can retain a lesser
volume of unfrozen water compared to BS at the same freezing temperature, which further
accelerates the freezing of water in RS. Therefore, when water in RS changes from liquid to
solid, there is a sharper rise in FoS in homogeneous RS and 2L. RS slopes compared to
homogeneous BS and 2L._BS slopes. The same trend of a sharp increase in FoS observed for
RS and 2L_RS is noted for other slope profiles with RS as the topmost lamina, such as 4. RS,
8L RS, and 16L_ RS, compared to slopes with BS as the topmost lamina, like 4L.BS, 8. BS,
and 16L_BS. When the summer season begins and atmospheric temperatures become positive,
the frozen water in the soil starts to melt. The positive temperature will gradually migrate from
the surface to the entire depth of the soil slope, causing melting to begin at the ground surface
and progress downward. Among soil profiles with RS and BS as the topmost lamina, due to the
higher thermal conductivity and heat capacity of RS, the frozen water in RS will melt more
rapidly than in BS during thawing. Rapid melting of frozen water in soil, combined with water
already infiltrating from melting of snow and rainfall, leads to earlier slope failure in slopes
with RS as the ground surface under T(RW-+SW) climatic conditions compared to the RW+SW
case (Figure 9 and Table 5). However, for slope profiles with BS as the ground surface (or
topmost lamina), melting is slower due to the thermal properties of BS. As a result, slope failure
occurs later under T(RW+SW) conditions than under RW+SW conditions (Figure 9 and Table
5). These observations hold true for all other slope profiles with different inclination angles
considered in this study. The above findings indicate that although freezing of water inside soil
slopes increases the FoS magnitude, its failure during the thawing period is influenced by the
thermal properties of the soil constituting the ground surface.
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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) (¢) 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)

The increase in the pore water pressure in the soil receives contribution from rain, melting snow
on the ground and melting ice within the frozen soil. This increased pore water pressure reduces
the shear strength of the soil and, consequently, the FoS, as shown in Figure 10. The figure
presents the FoS versus time plots for all 10 slope profiles considered at a slope inclination
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angle of 30° during the summer season. Figures 10(a) and 10(b) illustrate the FoS variation
with time for homogeneous slopes of RS and BS, respectively. Figures 10(c), 10(e), 10(g), and
10(1) depict the FoS trends over time for 2L BS, 4L BS, 8L BS, and 16L._BS respectively,
while Figures 10(d), 10(f), 10(h), and 10(j) present these trends for 2L RS, 4L RS, 8L RS,
and 16L_RS respectively. It can be observed from Figure 10 that different soil profiles exhibit
unique responses in the variation of FoS due to infiltrating water under different climatic
conditions. Additionally, these figures indicate that the consideration of additional water from
snowmelt in the RW+SW and T(RW-+SW) cases has a more significant impact on the
homogeneous RS slope profile and reconstituted varved slope profiles with RS as the topmost
layer compared to slopes consisting of homogeneous BS and reconstituted varved slopes with
BS as the topmost lamina. This is evident from the greater difference in FoS magnitudes
between the RW+SW and T(RW-+SW) conditions compared to RW for the same corresponding
times. This indicates that slope profiles with topmost layer as RS are more sensitive to
additional water from snowmelt. These observations are linked to the time taken to reach
maximum cumulative net infiltration in the reconstituted varved clays with two arrangements
and are discussed in detail in the succeeding section, Section 3.2.
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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 (¢) 2L BS (d) 2L _RS (e) 4L _BS ()
4L RS (g) 8L_BS (h) 8L_RS (i) 16L__BS (j) 16L_RS

Further, from Figures 10(a) and 10(b), it is observed that among homogenous RS and
homogenous BS slopes, the rate of decrease in FoS during the summer season is much more
rapid in the case of homogeneous BS slope profiles as compared to homogenous RS slope
profiles for all the considered climatic conditions of RW, RW+SW, and T(RW+SW). Due to
this, slope failure occurs earlier in slopes consisting of BS than in those with RS. It is interesting
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to note that this behavior is observed even though the FoS before the beginning of the summer
season for the homogeneous BS slope profile is significantly higher than for the homogeneous
RS slope profile. The initially high FoS of the BS slope profile can be attributed to its higher y
parameter, which results from a greater difference in saturated volumetric water content (6s)
and residual volumetric water content (6,), which significantly influences the shear strength of
the soil (Equation 18). The values of 8, and 6, for both RS and BS are listed in Table 2. The
initial applied suction of -1500 kPa in all soil slopes is higher than the air entry value (a) of
both RS and BS (Figure 3a and Table 2). The rapid decrease in FoS for the homogenous BS
slope profile is attributed to the high rate of water infiltration due to the higher hydraulic
conductivity of BS compared to RS at the high applied suction magnitude. From the HCF curve
in Figure 3(b), it is evident that although the saturated hydraulic conductivity of RS is greater
than that of BS when the soils are fully saturated, BS exhibits higher hydraulic conductivity
than RS beyond the intersection of their HCF curves. This intersection point is referred to as
the 'breakthrough suction point' [89, 90]. Therefore, as the hydraulic conductivity of BS is
higher for the considered initial suction in the slope profile, water infiltrates more rapidly in
homogenous BS slopes compared to homogenous RS slopes. This leads to earlier attainment

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

Figures 10(c) to 10(j) indicate that all reconstituted varved clay slopes fail earlier when the
topmost lamina is RS, under all considered climatic conditions, compared to when the topmost
lamina is BS. This can be linked to the phenomenon known as 'breakthrough.' Breakthrough
occurs when the 'breakthrough suction point' is reached in the layered soils and happens when
water infiltrates from a finer soil layer into a coarser soil layer. [91]. In the present study,
laboratory tests show that BS is finer than RS (Table 1 and Table 2). When such soil layering
exists, the finer-grained layer retains water at the interface, restricting water flow into the
coarser-grained layer. For instance, in two-layered reconstituted varved slopes, when BS forms
the uppermost layer of the reconstituted varved slopes (2L BS), water infiltrating from BS to
RS is hindered at the interface due to the contrasting hydraulic characteristics between the two
soils at the BS-RS interface. This results in delayed water infiltration into the lower RS layer,
which leads to delayed attainment of maximum cumulative net infiltration and, consequently,
slope failure when BS overlies RS. While in the case of two-layered reconstituted varved clays
with RS forming the uppermost lamina, water infiltrates from RS to BS, and no such hindrance
is observed. The restriction of infiltration of water in reconstituted varved clay slopes with BS
as the topmost lamina results in a delayed failure compared to reconstituted varved clay slopes
with RS as the topmost lamina for the same number of laminae. This observation is valid for
all climatic conditions of RW, RW+SW, and T(RW+SW), and for different slope inclination
angles. However, for different slope inclination angles, the time of slope failure and the extent
of the failed soil area vary with each slope inclination angle, as discussed in subsequent section.
The durations required for the initiation of failure in the reconstituted varved clay slope profiles
(with different sequential arrangements) are listed in Table 5. Further, the variation in the time
of failure for slopes comprising reconstituted varved clays in the two sequential arrangements
is linked to the time taken to reach maximum cumulative net infiltration in these arrangements,
as discussed in detail in Section 3.2 of the paper.
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It is further observed from Figure 10 that for homogeneous RS slopes (Figure 10a) and
reconstituted varved slopes with RS as the topmost lamina (Figures 10d, 10f, 10h and 10j), the
curves for RW and RW+SW appear to overlap. In contrast, for homogeneous BS slopes (Figure
10b) and reconstituted varved slopes with BS as the topmost lamina (Figures 10c, 10e, 10g and
101), the curves are close but do not overlap. Therefore, accurately determining the time of
slope failure from visual identification from these graphs alone is challenging. Alternatively,
the failure times for various slope combinations have been listed in Table 5. It is observed that
as the slope inclination angle increases, the slope fails early for a given profile under all climatic
conditions. For example, in the RW case, the RS slope profile fails at days 196.2, 194.4, 193 4,
192.6, and 191.6 for inclination angles of 25°, 30°, 35°, 40°, and 45°, respectively. Similar
trends of early slope failure with increased slope inclination angle is observed for all other
slope profiles under different climatic conditions.

Table 5 also indicates that slope failure occurs earliest in homogeneous BS slopes among all
considered profiles, for all the of slope inclination angles. For instance, under RW climatic
conditions, homogeneous BS slopes fail at 174.8, 173.4, 172.2, 171, and 169.8 days for
inclination angles of 25°, 30°, 35°, 40°, and 45°, respectively, while all other slope profiles fail
later. This trend is consistent under RW+SW and T(RW+SW) climate conditions as well. The
early slope failure in BS can be attributed to its lower shear strength properties compared to
RS. As shown in Table 1, both cohesion and internal angle of friction for BS are lower than
those for RS, resulting in lower shear strength and making BS more susceptible to slope failure
during water infiltration. The maximum time to slope failure is observed in homogeneous RS
slopes under RW climatic conditions. However, under RW+SW and T(RW+SW) conditions,
the maximum time to slope failure occurs in 2L_BS slopes for all slope inclination angles.
Additionally, the number of laminae and the lamina constituting the ground surface influence
the time to slope failure. Although homogeneous BS slopes fail earliest at all slope inclination
angle and all climatic conditions, reconstituted varved slopes with BS as the topmost lamina
fail later compared to the slope profiles with RS as the topmost lamina for the same number of
laminae. For example, under RW climatic conditions and a slope inclination angle of 25°, the
failure times for 2L BS, 4L BS, 8L BS, and 16L._BS slopes are 195.2, 189.4, 187.6, and 186.6
days, respectively, while for 2L RS, 4L RS, 8L RS, and 16L._RS slopes, the failure times are
180.8, 183.4, 184.4, and 184.8 days, respectively. This delay in slope failure when BS is the
topmost lamina is consistent across all slope inclination angles and climatic conditions. The
delayed failure in reconstituted varved clays with BS as the topmost lamina can be attributed
to the water retention mechanism of BS when it overlies RS as discussed above. In a 2-layered
varved slope, a water-retaining interface forms once in the 2L._BS slope, while in the 2L RS
slope, no such interface is formed and water simply infiltrates from RS to BS. For slopes with
4, 8, and 16 layers, the water-retaining interface occurs in 2, 4, and 8 numbers, respectively,
when BS occupies the topmost lamina; while it occurs for 1, 3, and 7 numbers, respectively,
when RS is the topmost lamina. The number of water-retaining interface formed in the multi-
couplet depends on the number of BS-RS interfaces hindering the free diffusion of water from
a higher permeable medium to a lower one. Since the BS-RS interface is more prevalent in
slopes with BS as the topmost lamina compared to those with RS, the time to failure is earlier
in reconstituted varved slopes with RS as the topmost lamina compared to those with BS as the
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635  topmost lamina, for the same number of laminae. This observation holds true for all climatic
636  conditions and slope inclination angles.

Table 5. Duration (in days) until FoS drops below 1.5 under different climatic conditions
Water from Rain only [RW]
Slope Inclination Angle

Soil Slope 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

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

Reconstituted | 16L_BS 186.6 184.4 182.4 180.0 178.4
Varved Clay | 2L RS 180.8 180.0 179.4 179.2 179.0
AL 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]
Slope Inclination Angle

Soil Slope 25° 30° 35° 40° 45°
Homogenous RS 187.6 185.8 183.6 181.6 179.6
BS 173.2 1718 170.2 168.6 167.0

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 1736

Reconstituted | 16L_BS 183.8 181.4 178.8 176.2 173.4
Varved Clay | 2L_RS 174.8 173.6 172.6 171.4 170.8
4L_RS 179.4 1776 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 1748 172.8

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

Soil Slope 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

2L BS 196.0 192.4 188.4 184.0 180.0

4L BS 189.0 1858 1814 178.2 175.2

8L _BS 186.0 183.4 180.4 1774 174.8

Reconstituted | 16L_BS 184.6 182.2 179.6 177.0 174.2
Varved Clay | 2L RS 174.2 173.2 172.4 170.8 169.8
AL RS 178.6 1774 175.4 172.8 171.6

8L RS 180.2 178.6 176.4 173.8 1724

16L_RS 181.4 179.2 177.0 1746 172.6

637
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Furthermore, it can be observed from Table 5 that in the case of reconstituted varved slopes,
the slope fails earlier as the number of laminae increases when BS is the topmost lamina.
Conversely, when RS is the topmost lamina, the failure of the slope is delayed as the number
of laminae increases. The above stated observations indicate the significant impact of the
layering sequence on the stability and failure timing of the slopes.

Figure 11 illustrates the area of failed soil mass enclosed by the critical slip surface for all the
considered slope profiles with a slope inclination angle of 30°. Notably, although the analysis
is conducted under three different climatic conditions of RW, RW+SW, and T(RW+SW), the
critical slip surface formed at failure remains similar across these conditions for a given slope
inclination angle and soil profile. This is because different climatic conditions primarily affect
the timing of slope failure, not the area of the soil mass affected by failure. However, the area
of the failed soil mass does change with different slope inclination angles and soil profiles,
which is discussed in the subsequent paragraph. Even for T(RW+SW), as discussed in Section
2.2, the representation of freezing as a change in water density does not influence the area of
the failed slope mass. The area of the soil mass undergoing slope failure has been calculated as
an average across all three climatic conditions, with the results listed in Table 6.

Among the homogeneous slope profiles (Figures 11a and 11b), the failed soil mass area is
greater in the RS slope compared to the BS slope. For the reconstituted varved slopes (Figures
11c to 11j), the failed soil mass area for a 30° slope inclination angle is noticeably larger when
RS occupies the topmost lamina compared to slopes where BS is the topmost lamina. For
example, among 2L, BS and 2L_RS, it can be clearly seen that the area enclosed by the critical
slip surface is more for 2L_RS than 2L._BS. Similarly, for other varved slopes, the failed area
enclosed within the critical slip is more for 4L RS, 8L RS, and 16L_RS than for 4L BS,
8L _BS, and 16L_BS, respectively. Similar observations of a smaller failed soil mass area in
homogeneous BS slopes compared to homogeneous RS slopes, and a larger failed soil mass
area in reconstituted varved clays with RS as the topmost layer, are consistent for all other
slopes with inclination angles of 25°, 35°, 40°, and 45°, as listed in Table 6. For example, at a
slope inclination angle of 30°, the area enclosed by the critical slip surface of the failed sliding
mass is 28.60 m?, 54.82 m?, 64.77 m?, and 69.15 m? for 2L_BS, 4L._BS, 8L_BS, and 16L_BS,
respectively. In contrast, for 2L RS, 4L_RS, 8L RS, and 16L._RS, the corresponding areas are
74.19 m?, 81.82 m?, 80.01 m?, and 76.67 m?, which are substantially higher than the previous
magnitudes.

() (b)
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(© (d)

() 1)]
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
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Table 6. Area enclosed by critical slip surface of the failed sliding mass (in m?) 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
(e) ®
Figure 12. Failed soil mass within the critical slip surface formed in homogeneous and
layered slopes of various inclinations (a) 25° inclined 2. BS (b) 25° inclined 2L._RS (¢) 35°
inclined 2L BS (d) 35° inclined 2L._RS (e) 45° inclined 2L_BS (f) 45° inclined 2L RS
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It is also observed from Table 6 that, for all the soil profiles considered in the analysis, the area
of the failed soil mass decreases as the slope inclination angle increases. This is illustrated with
the help of Figures 12 and 13, which shows the failed slopes in the case of 2-layered and 8-
layered reconstituted varved slopes at inclination angles of 25°, 35°, and 45°. These figures
demonstrate that as the slope inclination angle increases, the area involved in the slope failure
decreases for the same slope profile.

/

(e)
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

3.2 Cumulative Net Infiltration and Cumulative Runoff into Different Soil Profiles
for RW, RW+SW, and T(RW+SW) Scenarios

Figure 14 shows the magnitude of cumulative water infiltration into the slope over time for all
the considered slope profiles at a slope inclination angle of 30°. Initially, before the
commencement of the summer season, there is no infiltration. Infiltration begins in all soil
profiles with the onset of summer season at 151 days, under all climatic conditions. Once water
infiltration into the soil slope begins, its cumulative magnitude continues to increase with time.
Eventually, the infiltration rates in all soil profiles reach their maximum values and remain
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constant for the remainder of the study period, up to 365 days. Although the rate of cumulative
net infiltration in RW, RW+SW, and T(RW+SW) is different initially, the cumulative net
infiltration approaches the same values over time for all slope profiles. This is because the

porosity of given soil forming slope is same irrespective of the climatic condition. However,
the time at which this maximum cumulative net infiltration is achieved varies for each slope
profile under different climatic conditions, as shown in Table 7.
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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 (¢) 2L BS (d) 2L RS
(e)4L _BS (f) 4L _RS (g) 8L _BS (h) 8L_RS (i) 16L_BS (j) 16L_RS

From Figure 14, it is evident that the rate of cumulative net infiltration is higher for RW+SW
and T(RW+SW) cases compared to RW climatic case. This is attributed to the additional water
from snowmelt, along with rainwater, available for infiltration into the slope profiles.
Furthermore, it is evident from the figure that the rate of cumulative net infiltration depends on
the constituents of the slope and the sequential arrangement of the laminae in case of
reconstituted varved clay slopes. Among homogeneous soil profiles of RS and BS, it can be
observed that cumulative net infiltration in the RS slope profile is affected more than in the BS
slope profile when additional water from snowmelt is considered in the analysis (Figures 14a
and 14b). For reconstituted varved clay profiles, this additional snowmelt water appears to
affect slope profiles with RS as the topmost lamina more significantly compared to the
reconstituted varved profiles with BS as the topmost lamina (Figures 14c to 14;j). This is evident
from the difference in magnitudes of cumulative net infiltration at the same corresponding time
period before the curves for RW+SW or T(RW+SW) and RW converge to the same magnitude
of cumulative net infiltration. This observation of higher sensitivity in homogeneous RS slope
profiles and reconstituted slope profiles with RS as the topmost laminae to infiltration, due to
additional water from snowmelt, aligns with the observed higher sensitivity to FoS variation in
these profiles, as discussed in Section 3.1.
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Table 7. Duration (in days) until maximum cumulative net infiltration under different
climatic conditions

Water from Rain only [RW]
Slope Inclination Angle

Soil Slope

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

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

Reconstituted | 16L_BS 193.2 193.2 193.6 194.4 195.4
Varved Clay 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]
Slope Inclination Angle

Soil Slope 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

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

Reconstituted | 16L_BS 189.6 189.0 188.6 188.2 188.2
Varved Clay 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)]
Slope Inclination Angle

Soil Slope 25° 30° 35° 40° 45°
Homogenous RS 193.0 1038 194.0 103.2 104.0
BS 1788 178.6 178.4 178.2 178.0

2L _BS 202.4 201.4 201.2 201.0 200.8

AL BS 105.2 104.6 1044 104.4 1038

8L_BS 102.2 191.4 191.0 1904 100.4

Reconstituted | 16L_BS | 190.6 190.2 189.6 189.2 189.0
Varved Clay | 2L RS 179.2 1798 180.2 1788 181.2
AL RS 184.0 184.4 183.6 184.2 182.6

8L_RS 1858 186.0 185.0 184.8 185.0

16L RS | 1864 186.4 186.4 186.2 186.0

716

717  Table 7 provides valuable insights into the time when the maximum cumulative net infiltration
718  is achieved. This information is crucial for understanding the dynamics of water infiltration in
719  soil slopes and its impact on slope stability, particularly in the context of additional water from
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snowmelt. It is observed that Table 5 and Table 7 shows relationship between the time of slope
failure and the time when maximum cumulative net infiltration is achieved in a given soil slope
profile. For instance, under the RW climate scenario and at a slope inclination angle of 25°, the
maximum and minimum durations to achieve cumulative net infiltration among all ten slope
profiles are observed for the homogeneous RS (204.0 days) and BS slope profile (179.6 days),
respectively. Now, from Table 5, for the same slope inclination of 25° under the RW climate
condition, it can be observed that the maximum and minimum times for soil failure among all
the slope profiles are taken by the homogeneous RS (196.2 days) and the BS slope profile
(174.8 days), respectively. In the RW+SW scenario, Table 7 shows that 2. BS and
homogeneous BS take the maximum (201.2 days) and minimum (177.4 days) times to achieve
maximum cumulative net infiltration, respectively, when the slope inclination angle is 25°.
Correspondingly, Table 5 indicates that 2L._BS and homogeneous BS take the maximum (194.8
days) and minimum (173.2 days) times to fail. These observations suggest that water
infiltration influences the timing of slope failure, with slopes failing before reaching maximum
cumulative net infiltration. These observations are true for all slopes with different inclination
angles.

From Table 7, it can further be observed that the time to attain maximum infiltration in 2L._BS,
4L, BS, 8L BS, and 16L_BS is higher compared to 2L. RS, 4L RS, 8L RS, and 16L_RS
under all climatic conditions. This trend matches the duration at which the slope failure occurs,
with 2L, BS, 4L BS, 8L _BS, and 16L_BS slopes failing later than 2L._RS, 4L RS, 8L RS,
and 16L_ RS for the respective climatic cases. Therefore, similar to how the soil constituting
the ground surface or the topmost lamina governs slope failure as discussed in Section 3.1, a
similar observation can be made regarding the sloping soil reaching its maximum infiltration
capacity. From Table 7, it is further observed that when BS is the topmost lamina in the
reconstituted slope, the time to reach maximum infiltration decreases as the number of laminae
in the slope increases. Conversely, when the topmost layer is RS, the time to reach maximum
infiltration is delayed with an increasing number of laminae. This trend is consistent across all
climatic conditions and slope inclination angles. For example, under RW climatic conditions,
for slopes inclined at 25°, the times to reach maximum infiltration are 203.2 days, 196.4 days,
194.2 days, and 193.2 days for 2L BS, 4L_BS, 8L _BS, and 16L_BS, respectively. In contrast,
for the sequential arrangement with RS as the top layer, these times are 186.6 days, 189.2 days,
190.6 days, and 191.2 days for 2L_RS, 4L RS, 8L RS, and 16L._RS, respectively. This trend
in slope failure timing depending on the sequential arrangement in reconstituted slopes is also
observed for other combinations of slope inclination angles and climatic conditions, as can be
observed from Table 5.

Another observation drawn from Table 7 is regarding the effect of temperature across the soil
slope profiles on cumulative net infiltration in the soil. The consideration of a temperature
gradient across the soil profile induces freezing and thawing in slopes. It is observed that slope
profiles with homogeneous RS and reconstituted varved slopes with RS as the topmost layer
attain maximum cumulative infiltration earlier under T(RW+SW) climatic conditions
compared to RW+SW conditions. In contrast, for other soil profiles with homogeneous BS and
reconstituted slopes with BS as the topmost lamina, the maximum cumulative net infiltration
is attained earlier under RW+SW conditions than under T(RW+SW). For instance, in the
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RW-+SW climatic case for homogeneous RS slope profiles, the maximum cumulative net
infiltration is achieved at 193.8 days, 194 days, 194 days, 194.2 days, and 195 days for slope
inclination angles of 25°, 30°, 35°, 40°, and 45°, respectively. Under T(RW+SW) conditions,
the corresponding times are 193 days, 193.8 days, 194 days, 193.2 days, and 194 days,
respectively. This earlier attainment of maximum cumulative infiltration under T(RW+SW) at
all considered slope inclination angles is also observed for 2L RS, 4L RS, 8L RS, and
16L RS. As discussed previously in Section 3.1, slopes composed of homogeneous RS and
reconstituted slopes with RS as the topmost lamina fail earlier under T(RW+SW) conditions
compared to RW+SW conditions. Conversely, the reverse is true for homogeneous BS and
reconstituted slopes with BS as the topmost lamina. These observations about slope failure and
infiltration further reinforce the relationship between the time of slope failure and the
infiltration characteristics of the respective soil slope profiles. The early attainment of
maximum cumulative infiltration in homogeneous RS slope profiles and reconstituted varved
clay profiles under T(RW+SW) compared to RW+SW can be attributed to the high thermal
conductivity and heat capacity of RS, as discussed in detail in Section 3.2. These characteristics
of RS results in the rapid melting of water in RS. This rapid melted water, along with incoming
water from rain and snowmelt, results in the early attainment of maximum cumulative net
infiltration in slopes with RS as the ground surface. Conversely, in the case of homogeneous
BS and reconstituted slope profiles with BS as the topmost layer, the maximum cumulative net
infiltration is achieved later under T(RW+SW) conditions compared to RW+SW. This delay is
due to lower thermal conductivity and heat capacity, which results in slower melting of ice in
the soil pores.

Figure 15 presents graphical plots of cumulative runoff over time for all soil profiles at a slope
inclination angle of 30° at all three considered climatic conditions. It is observed that runoff
begins at different times for different slope profiles under varying climatic conditions and
continues throughout the study period. The graphs clearly show a notable rate of increase in
cumulative runoft in the RW+SW and T(RW+SW) cases compared to RW, due to the additional
water from snowmelt in the RW+SW and T(RW+SW) conditions. These observations are also
valid for other slope inclination angles considered in this study. There is a small difference in
the time at which runoff begins among the different slope profiles for RW and T(RW+SW),
which can be observed from Table 8.
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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 (¢) 2L BS (d) 2L RS
(e)4L BS (f) 4L RS (g) 8L BS (h) 8L RS (i) 16L_BS (j) 16L_RS

Table 8 shows the time at which runoff begins for the different slope profiles considered in this
study. It can be seen from the table that in the RW+SW and T(RW-+SW) cases, runoff begins
earlier compared to the RW climate case. Among the RW+SW and T(RW-+SW) cases, the time
of runoff initiation depends on the soil constituting the ground surface, as observed in the
infiltration and slope failure cases. Table 8 indicates that when the ground surface consists of
RS, as in homogeneous RS slopes and reconstituted slopes with RS as the topmost lamina,
runoff begins earlier in the T(RW+SW) climate compared to the RW+SW case. It is also noted
that some of the runoff initiation times are identical due to the short data recording time interval
of 0.2. The actual time difference between runoff initiation for these profiles might be less than
0.2 days, which may not be captured, resulting in the same recorded time values. For example,
in the RW+SW case, the homogeneous RS slope profile shows runoff starting at 160.8 days for
a 25° slope inclination and 160.6 days for the other inclinations (30°, 35°, 40°, and 45°). In the
T(RW+SW) case, runoff starts at 152.4 days for slope inclinations of 25°, 30°, 35°, and 40°,
and at 152.6 days for a 45° slope inclination. Similar early runoff initiation is observed for
other profiles with RS as the topmost lamina. Conversely, for slopes with homogeneous BS
and reconstituted slopes with BS as the topmost lamina, earlier runoff initiation is observed in
the RW+SW case for all slope inclinations.

Tables 9(a) and 9(b) present the final magnitudes of cumulative net infiltration and cumulative
runoff for different slope profiles at various inclination angles. These are the final magnitudes
obtained at the end of the study period, which is the 365" day. The cumulative net infiltration
and cumulative runoff magnitudes for all the reconstituted varved soil profiles have been found
to be nearly similar, which is why the average of these magnitudes is taken and reported for
different slope inclination angles. Additionally, the final cumulative net infiltration under all
three climatic conditions of RW, RW+SW, and T(RW+SW) are same because the porosity
remains same irrespective of the climatic conditions for a given slope profile and slope
inclination angle. Therefore, only one magnitude of cumulative net infiltration exists for a
given slope profile and slope inclination angle, and these magnitudes are mentioned in Table
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822  9(a). However, the magnitude of the cumulative runoft at the end of the study period would
823  differ between the climatic condition with only rainwater (RW) and those with additional water
824  from snowmelt [RW+SW and T(RW+SW)]. The cumulative runoff magnitudes for both
825  scenarios of water conditions are shown in Table 9(b).

Table 8. Duration (in days) until runoff initiation under different climatic conditions
Water from Rain only [RW]
Slope Inclination Angle

Soil Slope 25° 30° 35° 40° 45°
Homogenous RS 1718 1714 171.2 171.2 171.2
BS 158.6 158.4 158.4 158.4 158.4

2L _BS 158.6 158.4 158.4 158.4 158.4

AL BS 158.2 158.2 158.2 158.2 158.2

8L_BS 161.6 161.4 161.4 161.2 161.2

Reconstituted | 16L_BS | 162.0 162.0 161.8 161.8 161.8
Varved Clay | 2L RS 172.2 172.0 1718 1716 1716
AL RS 166.0 165.8 165.8 1658 165.8

8L_RS 164.8 164.6 164.6 164.6 164.6

16L_ RS | 1634 163.2 163.2 163.2 163.2

Water from both Rain and Snowmelt [RW+SW]
Slope Inclination Angle

Soil Slope 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

2L BS 155.4 155.4 155.4 155.4 155.4

AL _BS 155.2 155.2 155.2 155.2 155.2

8L_BS 155.8 155.6 155.6 155.6 155.6

Reconstituted | 16L_BS | 156.4 156.4 156.4 156.4 156.4
Varved Clay | 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)]
Slope Inclination Angle

Soil Slope 25° 30° 35° 40° 45°
Homogenous RS 152.4 152.4 1524 152.4 152.6
BS 156.4 156.4 156.4 1564 156.4

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

Reconstituted | 16L_BS | 157.2 157.2 157.2 157.2 157.2
Varved Clay | 2L RS 152.4 152.4 152.4 152.4 152.4
AL 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 (m?) at the end of study period in different slope profiles

Slope Inclination Angle
Slope Profiles 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

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

Water from Rain only [RW]

Slope Inclination Angle

Slope Profiles

25° 30° 35° 40° 45°
Homogenous RS 99.46 107.18 113.00 117.43 121.11
Homogenous BS 129.08  132.77 13549  137.6 139.32
Reconstituted Varved Clays 11470 12030 124.50 127.83  130.40

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

Slope Inclination Angle

Slope Profiles 55 30° 35° 40° 45
Homogenous RS 24476 25248 2583  262.73  266.41
Homogenous BS 27240  276.09 278.81 280.92  282.64

Reconstituted Varved Clays 259.06 264.66 268.86 272.19 274.76

From Table 9(a), it is evident that as the slope inclination angle increases, the cumulative net
infiltration decreases for all slope profiles. This decrease is attributed to the reduced length of
the sloping ground with the increase in slope angle, resulting in a smaller area available for
water to infiltrate into the soil and, consequently, fewer pores to retain water. As a result, the
excess water that is not retained within the soil contributes to runoff. Thus, as the slope
inclination angle increases, the magnitude of cumulative runoff also increases, as observed
from Table 9(b). Furthermore, Table 9(a) shows that the maximum and minimum infiltration
occurs in homogeneous RS and homogeneous BS slope profiles, respectively, across various
slope inclination angles. For example, at a slope inclination angle of 25°, the cumulative net
infiltration at the end of the study period is 53.33 m? for homogeneous RS, 25.12 m? for
homogeneous BS, and 38.72 m?® for reconstituted varved slopes. The higher cumulative net
infiltration in homogeneous RS slopes compared to homogeneous BS slopes is due to RS
having a higher porosity of 0.42 compared to 0.37 for BS, as shown in Table 2, which allows
RS to retain more water. From Table 9(b), it can be seen that cumulative runoff is higher when
additional water from snowmelt is considered along with rainwater, compared to when only
rainwater is considered. It can be further observed that the cumulative runoff is maximum for
homogeneous BS and minimum for homogeneous RS for all slope inclination angles under
both water conditions. For instance, at a slope inclination angle of 25° and when only rainwater
is considered, the cumulative runoff is 224.62 m?® for homogeneous BS, 196.33 m?* for
homogeneous RS, and 210.94 m?® for reconstituted varved slopes. The cumulative net
infiltration and cumulative runoff for reconstituted varved slopes fall between the values
observed for homogeneous RS and homogeneous BS slope profiles. These observations
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regarding net cumulative infiltration and cumulative runoff also hold true for slopes with
different inclination angles, given the same soil profile.

4. Conclusions

The present study employs a FE numerical modeling transient analysis approach to investigate
the complex consequences of hydrological changes on slope stability and water balance for
different slope profiles under three climatic conditions of RW, RW+SW, and T(RW+SW). The
study considers ten slope profiles, which includes homogeneous slopes composed of RS and
BS, as well as reconstituted varved clay profiles with alternating layers, which includes 2L._BS,
4L, BS, 8L BS, 16L BS,2L RS, 4L RS, 8L RS, and 16L._RS. These profiles are analyzed at
five slope inclination angles of 25°, 30°, 35°, 40°, and 45°. Key observations from the study
include:

e When additional water from snowmelt is considered alongside rainwater, slopes tend to
fail earlier (approximately 5-15 days quicker than slopes subjected to only rainwater), with
earlier attainment of maximum cumulative net infiltration and initiate runoff earlier.
Furthermore, as the slope inclination angle increases from 25° to 45°, the slope fails sooner
(nearly 6-10 days earlier for the steeper inclinations), and the area of soil mass involved in
the failure decreases (in the tune of 50% for the steepest slope as compared to the flatter
ones considered in the study). This trend is consistent for all slope profiles, although the
magnitudes of each variable differ.

¢ Among homogeneous slopes of RS and BS, the latter fail earlier (nearly 15-20 days earlier)
under all the considered climatic conditions and slope inclinations. This is attributed to the
relatively lower shear strength parameters of BS.

e The time to slope failure in reconstituted varved clay slopes with alternating RS and BS
layers is governed by the composition of topmost lamina. Reconstituted varved clay slopes
with RS as the topmost lamina fail earlier by nearly 15 days than those with BS as the
topmost lamina.

e The time to slope failure is well correlated with the time to reach maximum cumulative
net infiltration. The more time it takes to reach maximum cumulative net infiltration, the
longer it takes for the slope to fail, although slope failure always occurs before maximum
cumulative infiltration is reached. This correlation between slope failure and maximum
cumulative net infiltration holds true for all slope profiles at all slope inclination angles.

e For any inclination angle, layered slopes with RS as the topmost layer generate deeper slip
surfaces and involve a larger area of failed soil mass, which is nearly double as compared
to slopes with BS as the topmost lamina.

e Temperature gradient within the slope profile influences its stability and water dynamics.
Homogeneous RS slopes and reconstituted varved slopes with RS as the topmost layer fail
earlier (by nearly 15 to 20 days) under T(RW+SW) conditions as compared to RW+SW,
while BS slopes and those with BS as the topmost layer fail earlier under RW+SW
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conditions. This is attributed to the higher thermal conductivity and specific heat capacity
of RS.

As can be understood from the conclusions, the depth and extent of the failure will largely be
governed by the topmost laminae. In case RS forms the topmost laminae, the severity of the
landslide would be much higher than when BS forms the topmost laminae. As the glacial
depositions occur over the cycles of freezing and thawing, there would be alternate periods of
red soil and black soil forming the topmost lamina. Hence, in such situation, the periods in
which RS forms the topmost layer, the possibility of the slope failure would be highest and that
too occurring with a higher hazard quotient. Comparatively, the periods that would have BS as
the topmost lamina, the extent and severity of the landslides would be comparatively lesser.

Finally, it can be inferred from the study that the ground surface of the slope, through which
land-climate interactions primarily occur, plays a major role in governing slope stability, water
infiltration into the slope, and the volume of water contributing to runoff. The present study
highlights the complex interactions among soil composition, the sequential arrangement of
laminae, and their influence on slope stability, infiltration, and runoff under varying water flux
scenarios and different climatic conditions. This research is particularly relevant to glaciated
regions, where freezing and thawing of soils and rapid snowmelt due to climate change
significantly alter the hydrological dynamics of the area. These altered dynamics lead to
increased water volumes that contribute to both infiltration and runoff, potentially triggering
early slope instabilities. The study specifically emphasizes the effects of laminae arrangement
and the number of laminae in varved deposits on slope stability and hydrological behavior in
glacial regions. The findings underscore the need to incorporate detailed climatic conditions
and laminae composition in case of layered soil slope during slope stability assessments and
water balance studies in such environments. This understanding is crucial for effective water
management and predicting the occurrence of landslides in these regions.
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