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CHAPTER 1

INTRODUCTION

1.1 Introduction

The surge in population worldwide is driving a surge in demand for infrastructure
development yielding both favorable and adverse outcomes for inhabitants.
Infrastructure advancements in both plain areas and hilly areas have brought
significant benefits, including better transportation, enhanced public services, and
increased economic opportunities [1]. While these developments have greatly
benefited those living in plain areas, it poses significant risks to hilly regions [2]. The
construction of roads, buildings, and other infrastructure often involves extensive
alteration of the natural slope, which destabilizes the slopes and makes them more
vulnerable to landslide induced failures [3]. As a results, assessing the vulnerability of

slopes is essential before altering or modifying the natural terrain.

The vulnerability of slopes is a critical issue in geotechnical engineering, as it
involves the potential for slope failure, which can lead to significant environmental,
economic, and social impacts [4]. Several factors contribute to slope vulnerability,
including geological (i.e., soil and rock types), slope morphology (i.e., slope angle and
slope height), and human activities (i.e., excavation and loading) [5]. Different types
of soils and rocks have distinct shear strengths characteristics. For instance, clayey
soils can be prone to landslides due to their low permeability and high plasticity, while
soils containing sand fraction are typically more prone to erosion leading to change in
slope geometry and consequently may fail under certain conditions [6]. Moreover, the
slope angle and slope height can influence slope stability by elevating the driving
forces and increasing the soil mass causing the soil to move downward. As a result,
slopes with adverse geological structures are more vulnerable to failure [7]. The
human-induced factors such as excavation can remove support from the base of the
slope, while adding loads from buildings or other structures can increase the driving
forces acting on the slope, leading to instability and making the slopes more

vulnerable. Human-induced factors are crucial contributors to slope vulnerability such



as landslides, but they are also controllable with proper planning, design, and
construction practices [8]. By understanding the impacts of construction practices and
implementing appropriate mitigation measures, engineers can significantly reduce the
risk of slope failure and enhance the stability of slopes. Therefore, assessing the
vulnerability of slopes with building loads is of critical importance, mainly for hilly
areas where construction of building takes place on the face of the slope or near the

slope.

A hilly area like Aizawl city which often referred to as the “Land of Mountains”
situated in the midst of scenic beauty of Mizoram has experienced a tremendous
development in the past decades. Among these developments, the rapid increase in
building construction can pose severe challenges, particularly in relation to slope
failures or landslides. The construction activities such as excavation, altering natural
landscape and improper land management practices can disrupt the stability of slopes
and increase the risk of landslides. Figure 1.1 shows the real time images showing
slope failure due to construction activities. One of the major factors contributing to
this issue includes construction on steep slopes. Construction of Reinforcement
Cement Concrete (RCC) structures are designed to distribute the loads from the
building foundation to the underlying ground soil or rock strata. RCC buildings
constructed on hill slope transfers loads to the soil in the form of vertical loads. With
all these loads, the shear stress imposed on the slope can exceed the shear strength of
the soil or rock strata leading to instability of slopes [9-10]. Moreover, one of the
predominant cause of landslides in Mizoram also appears to be rainfall, particularly
noticeable due to a sharp rise in landslide occurrences during the monsoon season.
Mizoram, situated along the trajectory of the southeast monsoon, receives excessive
rainfall during this period. The infiltration of rainwater heightens the pore water
pressure within soil and rocks, consequently reducing their shear resistance and
triggering landslides [11]. As a result, the vulnerability assessment of the slopes under
building loads and rainfall infiltration is crucial, with significant implications for
construction safety and sustainability. Understanding the slope and analyzing the
stability of the slopes is the first and foremost steps in the assessment of vulnerability

of slopes.



Fig.1.1: Images showing slope failure due to construction activities in Aizawl city.

1.2 Types of Slopes

According to geotechnical engineering, types of slopes can be determined based
on the construction of slope and based on the extent of slope. According to the
construction of the slope we have natural and artificial slope whereas according to the

slope extent, the types of slopes can be divided into finite slope and infinite slope.

1.2.1 Types of slopes according to construction of slope.
(a) Natural slope: The slopes formed due to geological and geomorphological

processes in nature as such slopes found in hilly areas as shown in figure 1.2(a).



Fig. 1.2(a): Images showing natural slope

(b) Artificial slope: Artificial slopes are created or modified by human activities
to achieve specific goals, such as land development for construction of roads,
railways, canals, dams and buildings respectively as shown in figure 1.2(b).
Such types of slopes are also called man-made slope. Man-made slopes may

be in the form of either elevated fills or excavated depressions.

Fig. 1.2(b): Images showing man-made slope. (nativerevegetation.org)


https://www.nativerevegetation.org/learn/manual_2017/chpt2_initiation/2_6_understanding_concepts.aspx

1.2.2 Types of slopes according to its extent.
(a) Finite slope: A finite slope refers to a slope with a specific, limited length or
extent. In practical terms, it’s a slope where the length of the slope is finite and

bounded. A finite slope model is shown in figure 1.3(a).

Failure surface
Slope surface %

Water table

Fig.1.3(a): Finite slope [12]

(b) Infinite slope: An infinite slope refers to a slope that extends infinitely in one
or more directions. This type of slope extends infinitely, or up to an extent
whose boundaries are not well defined. An infinite slope model is shown in

figure 1.3(b).

Slip plane

T = Resisting shear force

N = Normal Force

A

Fig.1.3(b): Infinite slope [12]

1.3 Causes of Slope Failure

Slope failure occurs when the driving force of gravity exceeds the resisting force

of the slope material. Some of the causes of slope failure includes-

(a) Soil erosion: Erosion occurs when wind or rainwater carries away soil particles.
It changes the shape of the slope and makes it less stable, increasing the risk of
slope failure. In some cases, erosion can cause landslides, where large amounts
of soil suddenly move downhill.

(b) Rainfall: When rainwater infiltrates the soil, it increases the water content

within the slope. This can raise the pore water pressure, reducing the effective



stress that holds the soil particles together, making the slope more susceptible
to failure.

(c) Earthquakes: Earthquakes induce the dynamic forces that reduce the shear
strength and stiffness of the soil. The vibrations formed by the earthquake can
cause soil particles to lose contact with each other, leading to reduction in
friction and consequently leads to slope failure.

(d) Geological conditions: Geological conditions of the slope such as rock type,
layering, faults, and the presence of weak or fractured materials significantly
influence the stability of the slope. These conditions can create zones of
weakness or reduce the overall strength of the slope, leading to an increased
risk of slope failure.

(e) External loading: External loading on the slope such as construction activities,
traffic load, water accumulation or other activities can increase the stress on a
slope, reducing its stability and can lead to slope failure. Proper engineering
and slope management practices are essential to mitigate these risks when

working on or near the slopes.

1.4 Types of slope failure

Slope failure is broadly classified into five types:

(a) Translational failure: Translational failure occurs where the form of the failure
surface is influenced by the presence of an adjacent stratum of significantly
different strength. Translational slips tend to occur where the adjacent stratum
is at a relatively shallow depth below the surface of the slope. Moreover, the
failure surface tends to be plane and roughly parallel to the slope as given in

figure 1.4(a).

Stip plane

Fig:1.4(a) Translational failure [13]



(b) Rotational failure: This type of failure occurs when a mass of earth or rock

moves downward and outward along a curved surface. In rotational slips, the

shape of the failure surface in section may be a circular or a non-circular curve.

In general, circular slips are associated with homogeneous soil conditions and

non-circular slips with non-homogeneous conditions. Three different types of

failure

can occur under rotational failure such as face failure, toe failure and

base failure. Figure 1.4(b) shows the details of different types of rotational

failure.

(1)

(ii)

(iii)

Toe failure

Base failure ¥

Rigid base
Fig:1.4(b) Rotational failure [14]

Face failure: Face failure occurs when the slope or retaining wall fails
near the surface or face, resulting in material slumping or sliding off
the slope. This type of failure typically involves shallow surface layers
and does not necessarily affect the entire structure.

Toe Failure: Toe failure occurs when the failure plane emerges near the
toe of the slope, which is the bottom part where the slope meets the
ground. This type of failure typically involves deeper soil layers and
can be more significant, potentially affecting the stability of the entire
slope or structure.

Base failure: Base failure involves the failure plane passing through the
base of the slope or underneath the entire slope mass. This is often the
most critical and catastrophic type of failure, as it usually involves the
movement of the entire slope or structure. This failure can occur when

the underlying soil or rock cannot support the weight of the slope.

(c) Compound failure: This type of failure is a combination of translational failure

and rotational failure. In this type of failure, the slip surface is curved at two

ends like rotational slip surface and flat at central portion like in translational

failure.

The image showing compound failure is given in figure 1.4(c).



Fig:1.4(c) Compound failure [15]

(d) Wedge Failure: It occurs when two or more intersecting discontinuities within
the slope create a wedge of material that can slide out. Wedge failure can occur
in rock mass with two or more sets of discontinuities whose lines of
intersection are approximately perpendicular to the strike of the slope and dip
towards the plane of the slope. The image showing wedge failure is given in

figure 1.4(d).

Line of ____
intersection

Fig:1.4(d) Wedge failure [16]

(e) Toppling failure: It is a type of failure occurs when the rock columns, blocks,
or slabs rotate forward and fall due to gravity. This failure mechanism is
common in steep rock slope where the rock layers or joints are oriented in such
a way that they dip away from the slope face. The image showing toppling

failure is given in figure 1.4(e).

Fig: 1.4(e) Toppling failure [17]



1.5 Need for study

A hilly area like Aizawl city has experienced recently a rapid growth in
development. Growing requirement in building construction in hilly slopes also brings
along with it the challenges of slope failure or landslides. The construction activities
such as excavation, altering natural landscape and improper land management

practices can disrupt the stability of slopes and increase the risk of landslides.

The major factors contributing to this issue include construction on steep slopes.
Construction of Reinforcement Cement Concrete (RCC) structures are designed to
distribute the loads from the building foundation to the underlying ground soil or rock
strata. RCC buildings constructed on hill slope transfers loads to the soil in the form
of vertical loads. With all these loads, the shear stress imposed on the slope can exceed
the shear strength of the soil or rock strata leading to instability of slopes [1,2].
Moreover, one of the predominant causes of landslides in Mizoram also appears to be
rainfall, particularly noticeable due to a sharp rise in landslide occurrences during the
monsoon season. Mizoram, situated along the trajectory of the southeast monsoon,
receives excessive rainfall during this period. The infiltration of rainwater heightens
the pore water pressure within soil and rocks, consequently reducing their shear
resistance and triggering landslides. As a results, studying the vulnerability of slopes
in Aizawl city by considering building loads and rainfall infiltration is crucial for
ensuring construction safety and sustainability. In summary, developing a
comprehensive vulnerability map of Aizawl city, considering all these factors such as
building loads, safe bearing capacity (SBC) of the soil, factor of safety (FoS) of the
slope, lithology, rainfall, slope morphology and bed rock respectively are crucial for

ensuring the safety and sustainability of construction practices and urban development.
1.6 Study Area

Aizawl district is located in the northern part of Mizoram, in the north-east corner of
India. Aizawl city, the state capital is situated within the district. With a total area of
3576.00 sq km the district is geographically located between 92°37°03” E to 93°11°45”
E longitudes and 23°18’17” N to 24°25°16” N latitudes. The municipal areas of the

vulnerable slopes in Aizawl city have been studied and identified. Among various



vulnerable sites, 182 sites were randomly selected representing a various slope angle
of 20°,25°,30°,35°,40° and 45° respectively in the study area after investigation of its
history of slope failure in the past. Moreover, the selected sites are indeed a built-up
area where people are residing and the area of each selected site ranges from 200sqm
to 500sqm. Soil samples were collected from the selected sites and geotechnical
investigation was carried out. Laboratory tests were conducted on the collected soil
samples for determination of geotechnical properties and shear strength parameters of
soil as per American Society for Testing and Materials (ASTM). The locations and
characteristics of the 182 selected sites Aizawl city is shown in Table 1.1. The map for

the selected sites is shown in figure 1.5.
1.6.1 Lithology of the study area

The earliest geological study of Mizoram dates back to 1891[18], when it was
noted that the region was characterized by a flysch facies, comprising monotonous
sequences of shale and sandstone [18]. Lithology, which refers to the physical and
chemical characteristics of rocks, plays a critical role in assessing slope vulnerability
because different types of rocks respond differently to environmental conditions and
stress [19]. Based on the exposed rock types in the study area, four distinct lithology
units have been identified in the area such as crumbled shale, shale sandstone,
siltstone sandstone and sandstone respectively. Sandstone, being the hardest rock in
the region, predominantly forms ridgelines due to its erosion resistance. Siltstone and
shale sandstone, which are nearly inseparable, cover a large portion of the area as a
combined unit. Crumbled shale which are the weakest rocks are the most common
rock bed found in the study area. These unconsolidated material units are more prone
to slope failure, thus receiving the highest weightage in vulnerability assessments.
Siltstone and shale sandstone are particularly susceptible to landslides compared to
the more stable sandstone units. Figure 1.6 shows the lithology map of the study area
obtained by Mizoram Remote Sensing Application Centre (MIRSAC) which has

been cross verified with the site investigation.

10



MAP OF THE STUDY AREA
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Fig.1.5: Map of the study area
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Table 1.1: Locations of the selected sites.

Sites Locations/Coordinates Sites Locations/Coordinates Sites Locations/Coordinates Sites Locations/Coordinates
Latitude (N) Longitude (E) Latitude (N) Longitude (E) Latitude (N) Longitude (E) Latitude (N) Longitude (E)

Sl 23.7581 92.73 S47 23.7786 92.7281 S93 23.7389 92.7028 S139 23.7206 92.7158
S2 23.7606 92.7292 S48 23.7831 92.7269 S94 23.7342 92.6953 S140 23.7228 92.7075
S3 23.7606 92.7294 S49 23.7819 92.7292 S95 23.7278 92.6946 S141 23.7202 92.7134
S4 23.7592 92.7283 S50 23.7464 92.7206 S96 23.7342 92.7008 S142 23.7219 92.7099
S5 23.7625 92.7414 S51 23.7515 92.7353 S97 23.7383 92.7028 S143 23.7228 92.7083
S6 23.7511 92.7397 S52 23.755 92.73 S98 23.7517 92.6808 S144 23.7231 92.7014
S7 23.7525 92.7383 S53 23.7578 92.7306 S99 23.7378 92.6978 S145 23.7208 92.6972
S8 23.7428 92.6783 S54 23.7517 92.7253 S100 23.7375 92.6939 S146 23.7214 92.6975
S9 23.7436 92.6786 S55 23.7525 92.7244 S101 23.7394 92.6667 S147 23.7214 92.6972
S10 23.7433 92.6786 S56 23.7461 92.7275 S102 23.7438 92.6969 S148 23.7206 92.7047
S11 23.7444 92.7275 S57 23.7461 92.7216 S103 23.7341 92.6931 S149 23.7292 92.7261
S12 23.7447 92.7283 S58 23.7478 92.7261 S104 23.7389 92.6953 S150 23.7267 92.7277
S13 23.7447 92.7289 S59 23.7458 92.7267 S105 23.7444 92.6892 S151 23.7264 92.7294
S14 23.7714 92.7467 S60 23.7453 92.7278 S106 23.7433 92.6919 S152 23.7222 92.7225
S15 23.7719 92.7478 S61 23.7453 92.7289 S107 23.7464 92.6872 S153 23.7228 92.7225
S16 23.7722 92.7475 S62 23.7504 92.7178 S108 23.7444 92.6953 S154 23.7203 92.7217
S17 23.7336 92.7153 S63 23.7537 92.7136 S109 23.7456 92.69 S155 23.7206 92.7225
S18 23.7339 92.7153 S64 23.7529 92.7203 S110 23.7464 92.6817 S156 23.7217 92.7253
S19 23.7306 92.7197 S65 23.7487 92.718 S111 23.7444 92.6773 S157 23.72 92.7247
S20 23.7308 92.7194 S66 23.7561 92.7169 S112 23.7458 92.6739 S158 23.7144 92.7156
S21 23.7292 92.7203 S67 23.7411 92.7139 S113 23.7597 92.6733 S159 23.7152 92.7154
S22 23.7327 92.7314 S68 23.7499 92.7174 S114 23.7411 92.7 S160 23.713 92.717
S23 23.7328 92.731 S69 23.7422 92.7142 S115 23.7597 92.6733 S161 23.7158 92.7133
S24 23.7417 92.7269 S70 23.7484 92.7351 S116 23.7622 92.6714 S162 23.7158 92.7133
S25 23.7414 92.7258 S71 23.7394 92.7392 S117 23.7331 92.7125 S163 23.7158 92.7178
S26 23.7414 92.7256 S72 23.7314 92.755 S118 23.7336 92.7153 S164 23.7147 92.7303
S27 23.7119 92.7342 S73 23.7322 92.7381 S119 23.7291 92.7106 S165 23.7128 92.7339
S28 23.7122 92.7336 S74 23.7311 92.7444 S120 23.7386 92.7133 S166 23.7158 92.7278
S29 23.7092 92.7056 S75 23.7322 92.7369 S121 23.7333 92.7125 S167 23.7153 92.7292
S30 23.7086 92.7056 S76 23.7311 92.7258 S122 23.7392 92.7103 S168 23.7167 92.7181
S31 23.7686 92.7431 S77 23.7369 92.7211 S123 23.7419 92.7072 S169 23.6985 92.7156
S32 23.7669 92.7486 S78 23.7346 92.7323 S124 23.7383 92.7078 S170 23.6836 92.7197
S33 23.7694 92.7406 S79 23.7322 92.7356 S125 23.7392 92.71 S171 23.6833 92.7219
S34 23.7722 92.7403 S80 23.7339 92.7203 S126 23.7393 92.7121 S172 23.7081 92.7189
S35 23.7903 92.7267 S81 23.735 92.7192 S127 23.7458 92.6983 S173 23.7004 92.7163
S36 23.7782 92.7304 S82 23.7312 92.7183 S128 23.7389 92.7097 S174 23.7011 92.7139
S37 23.7831 92.727 S83 23.7351 92.7058 S129 23.7478 92.7261 S175 23.7042 92.7072
S38 23.7511 92.7292 S84 23.7308 92.7053 S130 23.7481 92.695 S176 23.6869 92.7186
S39 23.7504 92.7334 S85 23.7344 92.7008 S131 23.7422 92.7056 S177 23.6842 92.7178
S40 23.7461 92.691 S86 23.7351 92.6994 S132 23.74 92.7081 S178 23.6931 92.7186
S41 23.7594 92.7309 S87 23.7384 92.691 S133 23.7367 92.7111 S179 23.7044 92.7108
S42 23.7339 92.715 S88 23.7336 92.6972 S134 23.7136 92.7125 S180 23.7117 92.7181
S43 23.7322 92.7144 S89 23.7411 92.7061 S135 23.7175 92.7133 S181 23.7047 92.7153
S44 23.7119 92.7342 S90 23.7414 92.7036 S136 23.7181 92.7119 S182 23.6992 92.7239
S45 23.7092 92.7222 S91 23.7381 92.7036 S137 23.7192 92.7169

S46 23.7686 92.7431 S92 23.7421 92.701 S138 23.7211 92.7156
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Fig.1.6: Lithology map of the study area (MIRSAC)
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1.6.2 Structural features of the study area

The study area falls within the Bhuban Formation from the Miocene age and
consists of shale, siltstone, and sandstone. The region is characterized by these rock
types from the Surma Formation, also of Miocene age. Structural features, such as
the bedding of the rock, are critical in evaluating slope vulnerability. In particular,
the interaction between the slope and the bed rock is a key factor influencing slope
stability. Consequently, the relationship between the slope and the bedded rocks was
examined at each site and categorized into four types: anti-dip (opposite) slope,
homo-clinal (parallel) slope, strike (perpendicular) slope, and oblique slope. The
details of the map that illustrates the structural features by highlighting the
relationship between the slope and the bedded rock has been described in Chapter 5.

1.6.3 Slope of the study area

Shear stress in soil and other loose materials tends to increase with the slope
angle, making slope one of the key factors in assessing vulnerability. Landslides are
more likely to occur on steeper slopes compared to moderate or gentle slopes. The
slope map of the study area, produced by MIRSAC and validated through site
investigations and actual slope measurements, is shown in figure 1.7. This map
categorizes slopes into six ranges: 15°-25°, 25°-30°, 30°-35°, 35°-40°, 40°-45°, and
45°-60°. Weightage values are assigned based on these slope ranges to evaluate slope

vulnerability. Detailed slope morphology of the selected sites is provided in Table 1.2.
1.6.4 Annual rainfall of the study area

Aizawl experiences significant amounts of rainfall each year. The city sits on
steep mountains ridges that are prone to frequent landslides, especially during the
monsoon season (Government of Mizoram, 2012). Rainfall indeed is one of the most
important factors for assessing the vulnerability of slope. Rainfall infiltration,
particularly in soil slope can lead to slope failure such as landslides. As a result, to
evaluate rainfall-induced slope vulnerability, the annual rainfall map produced by
State Meteorological Centre (Sc & Tech), shown in figure 1.8, is utilized. This map

classifies the average annual rainfall into five categories: very low, low, moderate,
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high, and very high. The rainfall intensity for each category is as follows: very low
(2061mm to 2205mm), low (2205mm to 2294mm), moderate (2294mm to 2376mm),
high (2376mm to 2462mm), and very high (2462mm to 261 1mm).
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Fig.1.7: Slope map of the study area
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Table:1.2 Characteristics of the selected sites

Slope morphology Slope morphology Slope morphology Slope morphology
Sites Slope angle Slope height Sites Slope angle Slope height Sites Slope angle Slope height Sites Slope angle Slope height
(degrees) (m) (degrees) (m) (degrees) (m) (degrees) (m)
S1 30° 14 S47 20° 11 S93 30° 14 S139 35° 15
S2 30° 14 S48 40° 17 S94 36° 15 S140 40° 17
S3 30° 14 S49 40° 17 S95 35° 15 S141 35° 15
S4 30° 14 S50 35° 15 S96 35° 15 S142 25° 12
S5 30° 14 S51 40° 17 S97 35° 15 S143 35° 15
S6 40° 17 S52 30° 14 S98 350 15 S144 40° 17
S7 40° 17 S53 38° 17 S99 44° 18 S145 30° 14
S8 40° 17 S54 30° 14 S100 35° 15 S146 35° 15
S9 25° 12 S55 30° 14 S101 35° 15 S147 30° 14
S10 25° 12 S56 30° 14 S102 25° 12 S148 40° 17
S11 25° 12 S57 35° 15 S103 36° 15 S149 20° 11
S12 30° 14 S58 40° 17 S104 40° 17 S150 30° 14
S13 30° 14 S59 30° 14 S105 35° 15 S151 25° 12
S14 30° 14 S60 37° 17 S106 30° 14 S152 30° 14
S15 20° 11 S61 37° 17 S107 30° 14 S153 30° 14
S16 20° 11 S62 40° 17 S108 40° 17 S154 39° 17
S17 20° 11 S63 30° 14 S109 30° 14 S155 30° 14
S18 35° 15 S64 40° 17 S110 40° 17 S156 35° 15
S19 35° 15 S65 25° 12 S111 32° 14 S157 30° 14
S20 35° 15 S66 30° 14 S112 30° 14 S158 45° 18
S21 35° 15 S67 25° 12 S113 350 15 S159 350 15
S22 35° 15 S68 35° 15 S114 30° 14 S160 40° 17
S23 35° 15 S69 30° 14 S115 350 15 S161 25° 12
S24 40° 17 S70 35° 15 S116 30° 14 S162 35° 15
S25 40° 17 S71 40° 17 S117 30° 14 S163 35° 15
S26 40° 17 S72 25° 12 S118 30° 14 S164 38° 17
S27 40° 17 S73 25° 12 S119 32° 14 S165 25° 12
S28 40° 17 S74 25° 12 S120 25° 12 S166 35° 15
S29 40° 17 S75 30° 14 S121 36° 15 S167 30° 14
S30 35° 15 S76 25° 12 S122 40° 17 S168 35° 15
S31 35° 15 S77 40° 17 S123 40° 17 S169 30° 14
S32 35° 15 S78 30° 14 S124 35° 15 S170 33° 15
S33 25° 14 S79 30° 14 S125 40° 17 S171 30° 14
S34 30° 14 S80 40° 17 S126 40° 17 S172 30° 14
S35 30° 14 S81 45° 18 S127 30° 14 S173 40° 17
S36 35° 15 S82 30° 14 S128 38° 17 S174 30° 14
S37 30° 14 S83 30° 14 S129 30° 14 S175 38° 17
S38 40° 14 S84 30° 14 S130 40° 17 S176 25° 12
S39 25° 12 S85 30° 14 S131 40° 17 S177 30° 14
S40 30° 14 S86 40° 17 S132 35° 15 S178 35° 15
S41 20° 11 S87 45° 18 S133 30° 14 S179 40° 17
S42 20° 11 S88 35° 15 S134 35° 15 S180 30° 14
S43 45° 18 S89 35° 15 S135 35° 15 S181 38° 17
S44 25° 12 S90 30° 14 S136 35° 15 S182 25° 12
S45 30° 14 S91 30° 14 S137 40° 17
S46 20° 11 S92 45° 18 S138 35° 15
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1.7 Objectives

The primary goal of this study is to identify vulnerable sites within the study area,
assessing the wvulnerability of various factors and conduct a comprehensive
vulnerability assessment. Moreover, constructing a slope vulnerability map of the
study area by incorporating the relevant causative factors. To accomplish this, the

following objectives have been drafted:

1. To study land-use topology in the selected area.
To carry out Geotechnical investigations of the slopes.

To analyze Slope Stability and Vulnerability Assessment.

Ll

To generate a slope vulnerability map.

Firstly, examining the land-use topology within the selected area to identify how land

uses may influence slope stability.

Secondly, conduct thorough geotechnical investigations to gather data on soil
properties by laboratory testing such as Atterberg’s Limit Test, Specific gravity Test,

Compaction Test, Triaxial Test and other relevant factors that affect slope stability.

Thirdly, analyse the stability of slopes using established methodologies to evaluate
potential risks and identify vulnerable areas based on geotechnical and environmental
data. Lastly, generate a comprehensive slope vulnerability map of the study area,

integrating all causative factors to visualize and highlight zones at risk.

1.8 Methodology

The vulnerability assessment of slopes can be carried out by evaluating various
factors relevant to the objectives of the study. Additionally, a vulnerability map of the
slopes can be produced by taking into account different parameters specific to the
location of the study area. These parameters may include land use, geological
conditions, surcharge load, soil types, lithology, slope morphology, and rainfall etc. A
systematic approach should be employed to achieve the objectives of the study, which

are outlined in the following steps:
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. To select endangered areas of landslides at different places in Aizawl and

investigate the potential failure mechanisms.

. Detailed in-situ investigations which include mapping topography and

collection of soil samples from selected sites to determine the slope sensitivity

to different triggering mechanisms.

. Laboratory investigation of the soil samples collected from the sites to evaluate

physical and engineering parameters of the soil.

. Determination of shear strength parameters of the soil i.e., cohesion ‘¢’ and

angle of internal friction ‘¢’ for all the selected sites.

. Using the laboratory results, determination of safe bearing capacity (SBC) of

the soil by Indian Standard (IS) code IS 6403:1981 for all the selected sites.

. Developing regression model equation of soil bearing capacity (SBC) based on

varied soil properties using MATLAB software.

. Performing free slope stability analysis without any external loads using

Slope/W software.

. Performing slope stability analysis with building loads subjected to static and

seismic conditions using Slope/W software in all the selected sites.

. Vulnerability assessment depending on the probability of occurrence of a slope
failure. Developing a vulnerability map for slopes in the study area,

considering building loads and various other factors using ArcGIS software.
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1.9 Organization of the thesis
Chapter 1: Introduction.

This chapter outlines the necessity and importance of assessing slope
vulnerability, particularly in hill regions such as Aizawl city. It examines the various
factors that contribute to slope instability and potential failure, which further leads to
landslides. The chapter also describes different types of slopes, potential causes of
slope failure, and various types of slope failures, supported by schematic diagrams. It
highlights the necessity of the study, details the locations and coordinates of the
selected sites within the study area. Moreover, the chapter provides information on the
existing data and maps collected and generated for the research. The chapter concludes
with the aims and objectives of the research and outlines the methodology to be used

in the study.

Chapter 2: Literature Review.

This chapter provides a comprehensive review of existing literature related to
the prediction of soil bearing capacity, slope stability analysis, and vulnerability
mapping of slopes. The objective is to contextualize the study within the current body
of knowledge and identify key research trends, methodologies, and findings in these
areas. The chapter contains different methods of soil bearing capacity prediction, Slope
stability analysis using Limit Equilibrium Method (LEM) and Finite Element Method
(FEM) and generation of vulnerability mapping by considering various factors such as

rainfall data, lithology, soil types, geological conditions of the sites etc.

Chapter 3: Application of regression techniques for bearing capacity prediction

in Aizawl city.

This chapter focuses on the various methods for calculating the bearing
capacity of soil for different shape of footings including strip, square, rectangular, and
circular footings respectively. It emphasizes the importance of accurately predicting
the bearing capacity of soil, particularly in hilly regions where soil properties can vary
significantly over short distances. This chapter presents a regression model developed

using the IS 6403:1981 code, which incorporates regression techniques such as
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stepwise and Lasso regression to predict soil bearing capacity. Additionally, it includes

a comparison of the performance of the two regression methods.

Chapter 4: Impact of building topologies on hill slope stability in Aizawl city

This chapter examines how different building topologies affect slope stability
in the study area, focusing on two types: step-back and step-back setback buildings
respectively. It details the analysis of building loads and includes a slope stability
analysis for both free (unmodified) slopes and slopes affected by building loads. The
analysis considers both static and seismic conditions. This chapter provides a
comparison of the two building types in terms of their impact on slope stability.
Additionally, this chapter explained the study on how different building types affect

the critical slip failure of the slopes.

Chapter 5: Zonation mapping of slope vulnerability with building loads in
Aizaw] city.

This chapter outlines the various factors affecting slope vulnerability, including
the Safe Bearing Capacity (SBC) of Soil, the Factor of Safety (FoS) in Slope Analysis
with step-back building (G+6), Structural features such as bedrock, Slope
morphometry, Lithology, and Rainfall Intensity respectively. A study map was
created, incorporating each causative factor with appropriate classification and
weightage values. By using these thematic layers, a final vulnerability map for slopes,
considering building loads in Aizawl city, was generated. The map categorizes the area
into four hazard zones: Very High, High, Moderate, and Low. The extent of each zone
is provided in square kilometres, with proper weightage assigned to each causative

factor.

Chapter 6: Conclusions.

This chapter provides a summary of the work conducted across each chapter
of the thesis, along with the conclusions drawn from the investigations. It consolidates
the findings and offers an overview of the key results obtained. Additionally, this
chapter includes recommendations for future research directions in this field,

suggesting areas where further exploration could be beneficial.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

The study of slope vulnerability has been conducted by numerous researchers,
with results varying based on the factors each author or researcher considers. In
geotechnical engineering, slope vulnerability is often assessed based on land use, soil
properties, rock characteristics, and geological conditions of the site. When assessing
the vulnerability of slopes for building construction, the focus is on predicting the
bearing capacity of soil and conducting slope stability analyses with building loads
under both static and seismic conditions. The safe bearing capacity (SBC) of soil is
crucial for designing appropriate building loads, while slope stability analysis
determines the safety factor (SF) of the slope. A vulnerability map for the study area
has been generated by incorporating various factors such as SBC, factor of safety
(FoS), slope morphology, annual rainfall data, lithology, and structural features of

the slope.

2.2 Bearing capacity of soil.

An analytical solution for calculation of bearing capacity of soil under strip
load was first developed by Prandtl’s in 1920 [20] as shown in Eq. (1). The
assumption was made that kinematic failure of the weightless soil was caused by the
strip load. The strength of the soil was determined by using the angle of internal
friction, ¢, and the cohesion, c. The figure 1 shows the original failure mechanism

drawn by Prandtl.

Quie = s |{tan? (45 + 5) emten0} — 1 (1)
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Fig: 2.1 The Prandtl wedge failure mechanism [18]

Later in 1943, Terzaghi's developed the bearing capacity calculation of soil
for various footing shapes such as strip, square, circular and rectangular footings as
illustrated in Eq. (1,2,3, and 4) respectively. Terzaghi's (1943) was the first to
develop equations for calculating soil bearing capacity for various footing shapes.
The equations developed was based on plastic theory and the superposition principle,

including the weight of the soil [21].

For strip footing, quit = 1.3¢cN¢ + qNg + 0.4yBN, (2)
For square footing, quit = 1.3cN¢ + qNg + 0.4yBN, 3)
For circular footing, quit = 1.3¢cN¢ + qNg + 0.3yBN, 4)
For rectangular footing, Quit = (1+0.3 %)CNC +qNg+(1-0.2 E)yBNy (5)

in which qu.. is the ultimate bearing capacity of soil, ¢ is the cohesion
of soil, y is the unit weight of soil, ¢ is the overburden pressure, B is the
foundation width, N. is the bearing capacity factors concerning the cohesion of
soil ¢, N; is the bearing capacity factors concerning the depth of foundation, N, is

the bearing capacity factors concerning the internal friction angle of soil, ¢.

Skempton (1951) interpreting the bearing capacity calculation of saturated
clayey soil assuming undrained conditions based on Terzaghi’s bearing capacity
factor given in Eq. (6) [22]

Guit = cN. + ny (6)
where ¢ is cohesion, Dy is the depth of footing, y is the unit weight of soil

and N. is the bearing capacity factors. Meyerhof (1951) proposed a bearing
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capacity equation similar to that of Terzaghi wherein shape factor s., depth factors

d. and inclination factors i, were taking into account [23]. Hansen (1970) provided

an extension to Meyerhof (1963) by considering both the shape and depth factors

which helps in capturing the influence of foundation size and embedment depth on

the bearing capacity [24]. Vesic (1973) also developed an equation same as Hansen

in which the bearing capacity factors for depth of foundation, N, was slightly

changed [25]. With these methods of bearing capacity calculation along with other

relevant factors and considerations, the IS 6403:1981 provides an equation of

bearing capacity considerations which later on modified by so many researchers as

shown in Table 2.1.

Table 2.1: Formulae for bearing capacity calculation

Authors &Codes

Formula

Remarks

Skempton, 1948
[35]

Qu(unsat) B
Quitt(unsat) = [%] [1 + 0.2 <Z>] Nynsat

Using Terzaghi’s bearing capacity factor, the
bearing capacity of saturated fine-grained soils
undrained

are determined by considering

conditions.

Skempton, 1951

Guie = cN: + ny

Design for clayey soil.

[22]

Meyerhof,1963 Using the shear strength of the soil, the
[27] expression for bearing capacity was derived for
(i) Guit = cNe.sc.d. +vy.D.Nyd, both shallow and deep foundations.

+ 0.5yB'N,s,d,

(ii) Quit = ¢N¢.Se.ic +v.D.Nyig + 0.5yB'Ny s, i,

Meyerhof, 1957 Quit = cNeAcg + qNgAgqp + 0.5yBN, 4,6 This equation was developed for a shallow
[36] foundation near the slope edge.

For Shallow

foundation

Hansen, 1970 Quit = CN¢. S ic-de. ge-be Hasen equation is further the extension of

[24] +y.D.Ny.ig.dg.gq- by Meyerhof's equation. This equation can be used
(i) + 0.5yB'N,.s,.i,.d,.b, for any types of foundations for calculating
(ii) Guie = 514.c,(1+ s, +d — i; — g. — b) | bearing capacity.

+y.D

Meyerhof, 1974
[37]

Quit = CuoNc + 90 + Z(sz’ + 2Hq0)

Based on the punching shear method for sand

overlaying clay
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Vesic, 1975 [38]

quie = (5.14 = 2B)c + yDs (1 — tan B)?
—yBsinB (1 —tanp)? — 28

Vesic concluded that the bearing capacity factor
N, has a below zero value for frictionless soil
when the weight of the soil is not considered.

Considering,N. = 5.14 and N, = 1

IS 6403:1981
[39]

1)General shear

Guit = cNe.se.de.ic +q. (Nq - 1)Sqdqiq
+ By'Nys,d, i, W'

Based on shear and allowable settlement criteria
by taking into consideration the footing's shape,

the loading's inclination, the embedment's depth,

failure and the water table's impact.
2)Local shear Quie = cN'c.sc.deic +q.(N'g — 1)s,dgi,
failure + By'N',s,d, i, W'
Rankine’s, 1885 1 + sin 07° Design based on loose earth, dry granular sandy
=yD —]
[40] Gue =V2 |1 "sing soil

Eurocode 7, 1996
[41]

14
Quit = (Nq X q)Ag + (L X Eks tany) As

The Eurocode 7 bearing capacity method follows

the Vesic method with a few minor alterations. It

For pile uses Chen's equation for Ny, which assumes a
foundation rough base.

Huang & Meng, GQuie =Ny + (B + AB)N, + ydN, An analysis of maximum bearing capacity of a

1997 [42] ground improvement foundation by employing

the deep-footing and wide-slab failure technique.

Oloo et .al, 1997

Guie = [¢" + (ug —uy) tan Q)b]Ncgc + qugc

The equations developed according to the

[43] + 0.5Bye, N, supposition that the bi-linearity of unsaturated
soil ultimate bearing capacity failure envelope.
Wayne et al., q =g+ 4c,s,d Based on the failure modes of reinforcement an
u(R) — UYp
1998 [44] B analytical approach for assessing the ultimate
Square footing + 2y,d? (1 bearing capacity of reinforced soil foundations.
2Df) kSSS tan Qt
d B
4y T;S;tan§
+ Zl—l -t _ )/td
B
Yang et al., 2005 yB? Using upper bound solution with modified Hoek-
Gue = 2CBo(fo + f5 + fo) — (i + 1f2)

[45]

2
- qoBof3

Brown failure.

Cerato et al.,
2006 [46]
For square and
circular  footing
on cohesionless

soil

Quie = 0.5yBNy

Modified SBC factors of Terzaghi's. The bearing
capacity factors depend on relative density, shape

factors and width of footings.
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Vanapalli & Guie = {¢’ + (ug —u,,)b[1 — S¥B¢ tan @] The equations were developed by employing the

Mohammed, + (u, effective shear-strength parameters and the soil
2007 [47] — W) avr S@BO tan Qy} N.e, and water relationships curve.
+ 0.5By¢, N,
Sherif et al., 2007 Quit = cN; + Dy, N4 + 0.5B tan 8, y, N, Based on Terzaghi’s equation (&« — method)
(48]
Chen, 2008 [49] Guit = ¢N; + qNg + 0.5yBN, + A, Bearing factors are the same as Taraghi’s (1943),

whereas Ag,is greater bearing capacity as a result

of tensile force

Kalindi et al., Guit = X1¥D*2. Ng. Faqs. Fqq + x3¥B** N, E,sF,q | Modified Meyerhof's (1963) equation.
2010 [50]

In the context of India, current practice for estimation of bearing capacity of
shallow foundation is based on the provisions laid by Indian Standard (IS) code IS
6403:1981. The IS code includes the shape factors, depth factors, inclination factors
and water table following the equation given by Vesic (1973). For footing located
near or on the slope, due to the constrained zone of passive resistance that develops
towards the slope face, it is assume that the foundation will have less bearing
capacity [26]. Meyerhof (1963) proposed an equation which includes the slope
height and the slope angle for shallow continuous foundation located on the slope or
near the slope for purely cohesive and cohesionless soil [27]. Several
researchers have conducted studies on an extension of Meyerhof equation for

calculating bearing capacity on or near slope ground mainly for strip footing [28-34].
2.3 Slope Stability Analysis

The purpose of slope stability analysis is to assess the stability of natural or
man-made slopes such as hillsides, embankments or excavations. The analysis aims
to determine whether the slope is prone to failure or can safely withstand the forces
acting upon on it. Slope stability is normally assessed using the safety factor (SF)
which is defined as the ratio of average shear strength of soil to the average shear
stress acting along the potential failure surface. The average shear strength of the soil
greater than the average shear stress acting on slope implies stability of a slope.

Conversely, a slope is considered unstable if the average shear stress exceeds the
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shear strength of the soil, suggesting potential instability and an increased risk of
slope failure [51-55]. Table 2.2 shows the value of factor of safety for slope stability
analysis. According to IS 14243 (part 2):1995 shown in Table 2.2, for analyzing the
stability of soil slope, the minimum factor of safety in hilly area should be 1.5 and

1.2 under static and seismic conditions [56].

Table 2.2: Minimum factor of safety in hilly area [as per IS 14243 (part 1):1995]

Type of soil Static factor of Dynamic factor
safety of safety
Soil
slope/Talus/debris 1.5 1.2
slope
Rock slope 1.2 1.0

Several researchers have conducted the slope stability analysis involving
multiple problems with variant soil properties using different methods of slope
stability analysis [57-62]. Of all the methods, the Limit Equilibrium Method (LEM)
and the Finite Element Method (FEM) are the two most commonly used methods for
slope stability analysis. The LEM is a traditional method and is widely used due to
its simplicity and quick calculation. It is based on the assumption of a predefined
failure surface and evaluates the equilibrium conditions along the surface. LEM for
slope stability analysis require evaluating the driving forces (shear stress) and the
resisting forces (shear strength) to assess the safety factor. The LEM is a typical
approach used in slope stability analysis to analyze the slopes and embankments.
The concept implies that a slope will fail when the driving force (gravity, applied
loads or external pressures) exceeds the resisting force (soil shear strength). When
the driving forces equal the resisting forces, the equilibrium condition is attained, and
any further rise in driving forces results in slope failure [63-66]. Various LEM
approaches presented by Duncan [67] include Fellenius method, 1927 [68], Modified
Bishop Method, 1955 [69], Janbu Simplified Method, 1968 [70], Morgenstern- Price
method, 1965 [71] and Spencer method, 1967 [72]. Fellenius [68] developed the first

method for a circular slip surface, known as the Ordinary or Swedish method. Bishop

28



[69] proposed the first technique, which introduced an entirely novel equation for the
base normal force. As a result, the FoS equation became non-linear. Simultaneously,
Janbu [70] developed a simplified approach for non-circular failure surfaces that
involved separating a possible sliding mass into numerous vertical slices. The
generalized procedure of slices (GPS) was created concurrently with the
advancement of the simpler approach. Morgenstern-Price [71], Spencer [72], Sarma
[73], and others later contributed with alternative assumptions for the interslice
forces. All these methods of LEM are based on the assumption that the slope is
divided into slices and each slice is analyzing separately. This assumption allows the
analysis to simplify the complex problem of slope stability into smaller and
manageable parts. Each method of LEM has its own set of assumptions and
limitations, and the choice of method depend on the specific characteristics of the
slope and the level of accuracy required for the analysis as shown in Table 2.3 [74-

75].

Table 2.3: Duncan (1996) review of LEM with their assumptions, limitations, FoS and forces

considered.

Methods Equilibrium conditions, Assumptions | Forces considered Factor of safety (FoS) equations
and Limitations
Ordinary Based on static equilibrium, satisfies B o= Y(c'l +tan @'W cos @)
method of only vertical force equilibrium, neglect mo YWsina
slices, 1927 interslice forces, applies only in
[68] circular slip surfaces, low FoS.
Modified Based on static equilibrium, satisfies _ Y(cll+ N'tan@")
Bishop vertical force equilibrium and overall me YWsina
method,1955 | moment equilibrium, consider normal
[69] interslice forces but neglect interslice
shear force, applies only in circular
slip surfaces, accurate FoS.
Janbu Based on static equilibrium, satisfies _X(cl+ (N—ul)tan@") seca
Simplified all  conditions of  equilibrium, mo YWtana + Y AE
method, 1968 | considers both the normal interslice e
[70] forces and interslice shear force, L
applies for any shape of slip surfaces, s 7\
accurate FoS. N
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Morgenstern- Based on static equilibrium, satisfies o= Y (cll+ (N —ul)tan@")
Price method, | all  conditions of  equilibrium, m YW sina
1965 [71] considers  both interslice forces

including interslice shear force and
normal force, applies for any shape of
slip surfaces, accurate FoS.

method, 1967 all equilibrium criteria, takes into

Based on static equilibrium, it satisfies _ X(c¢l+o'tan@")

m

" YWsina + Psina
account both interslice  forces,
including interslice shear force and
normal force, and can be applied to
any shape of slip surface, accurate
FoS.

The main issue of the slope instability experienced in Aizawl city can be
attributed to the interplay between soil conditions and construction practices where
inadequate slope management has been followed with the non-engineered building
construction. A study of Soil-structure interactions (SSI) in hilly area defines that
building topology play a substantial effect in the stability of the slope. Furthermore,
the location of the foundation has an impact on the slope stability analysis due to the
intensity of the load [9,10]. There is, however, a scarcity of research on how different
building topologies affect the slope instability at various slope angles, particularly in
Aizawl, where buildings of 15m to 2Im height are situated on a 20° to 45° slope
angle. The majority of structures in Aizawl City have been constructed without
having the knowledge on how the building configuration affects slope instability,
resulting in numerous slope failures. As a result, the overall safety of the building on
hill slope also depends on the stability of slope [76,77]. Buildings constructed on
sloping ground can be designed with various structural configurations to ensure
safety, provided that appropriate structural design principles are followed and high-
quality materials are used. However, with the unstable slope, the proper structural
design with good quality of materials can collapse [78]. Therefore, analyzing the

impact of different building topologies on hill slope stability is crucial.

2.4 Vulnerability zonation of slopes with building loads and other factors
A landslide vulnerability of slopes zonation map has been developed by several

researchers depending on various factors such as land use, slope geometry, rainfall,
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drainage density, lithology, fault density and soil properties [79-83]. The study of
zonation of landslide susceptibility and risk assessment are mainly carried out by
direct and indirect method [84]. Certainly, direct approaches encompass methods like
distribution analysis (or inventory analysis), geomorphic analysis, and heuristic
evaluation techniques, which rely on the expertise and judgment of evaluators which
is also referred to as qualitative approaches. On the other hand, indirect method
involves statistical, deterministic, probabilistic, and distribution-free techniques
which is also referred to as quantitative approaches [85-91]. Qualitative methods are
inherently subjective, influenced by the perspectives and interpretations of those
conducting the analysis, while quantitative methods are objective, relying on
numerical data, measurements and statistical analysis to derive insights and draw
conclusions. The landslide zonation map of various districts of Mizoram has been
developed by a very few researchers using Remote sensing and Geographical
Information System (GIS). These zonation maps of landslide were developed mainly
based on geoenvironmental factors such as socio-economics, slope morphometry,
geomorphology, lithology, geological structure, physical footprint, land use, relative
relief [79, 92]. Moreover, the landslide hazard zonation map was also developed for
Siaha, Champhai, Saitual, Aizawl, Hnahthial and Lunglei district based on
qualitative approach with the detailed geological survey of the study area from the

satellite imaginary, aerial photographs, topographic map and ground reality [93- 96].
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CHAPTER 3

APPLICATION OF REGRESSION TECHNIQUES FOR BEARING
CAPACITY PREDICTION IN AIZAWL CITY

3.1 Introduction

The bearing capacity of the soil is an important criterion in foundation design.
Terzaghi's method is a commonly used method for determining the bearing capacity
of soil. However, the need for a bearing capacity model in terms of index properties
of soil remains critical. In this regard, the present study aims to develop a data driven
regression techniques-based bearing capacity prediction model using index
properties of soil as its input parameters. To this end, two different methods namely
stepwise linear regression and Lasso regression were adopted for developing the
bearing capacity prediction model. From 50 different locations in Aizawl City, soil
samples were collected and tested in the laboratory. Thus, obtained geotechnical
properties from laboratory test were used for determining the bearing capacity of
each location for various types of footing such as strip, square, rectangular and
circular footing respectively. These 50 data points contain bearing capacity as output
and geotechnical index properties such as plasticity index (PI), dry unit weight of soil
(), cohesion (c) and angle of internal friction (¢), the width of foundation (B) and
depth of the foundation (D) constitute the dataset and were fed into regression
models for training and testing. Performance comparison of stepwise regression with
Lasso regression suggested that stepwise regression performed marginally better than
Lasso regression in terms of R? value. RMSE and MAPE values of both the models
were comparable. Also, stepwise performed better than Lasso regression from model
complexity point of view with eight (8) predictor terms in comparison to the nine (9)
terms in Lasso regression equation. However, based on the input parameters included
in the model equation, it may be concluded that Lasso regression has an edge over
stepwise regression in simulating the physical process in bearing capacity prediction
for our data set. In each site, the square footing has the maximum bearing capacity

when compared to the other types of footings. The combination of low PI, higher
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unit weight of soil and high shear strength parameters can influence high bearing

capacity.

The main purpose of this study was to develop a model equation for assessing
soil bearing capacity using regression techniques such as stepwise regression and
Lasso regression. In geotechnical engineering, Machine Learning (ML) were
employed to estimate the bearing capacity of foundations by establishing empirical
relationships between bearing capacity and various soil parameters [97]. Few
researchers have also used Machine learning to forecast the pile load capacity (both
axial load capacity and lateral load capacity) [98-99]. Some studies also focused on
bearing capacity prediction using machine learning techniques for soil subjected to
some treatment by ground improvement methods [100-102].

The existing publications as stated in the literature review mainly focused for
prediction of bearing capacity for pile foundation in a plane region using ML.
According to a compilation of the catalogue of the building typologies in India, the
majority of the building structures in hilly north-eastern regions are supported by
shallow isolated footings [103]. As a result, model prediction of bearing capacity of
shallow foundation in hilly areas using ML is crucial as most buildings in Aizawl
City are constructed without considering the bearing capacity of the soil, resulting in
numerous slope failures. To these consequences, for hilly areas where the soil
properties vary significantly over short distances due to topography, erosion and the
influence of water drainage, there should be a specific equation for calculation of
bearing capacity for various shapes of footing based on the soil properties. There are,
however, limited papers on developing regression model based on varied soil

properties, particularly in hilly areas.

Keeping the research gap from existing studies in mind, a regression model
based on IS 6403:1981 [39] was developed by implementing a stepwise regression
and Lasso regression for computation of bearing capacity of shallow foundation for
various shapes of footing such as strip, square, rectangular and circular footing
respectively. Furthermore, the developed models were tested and validated.
Sensitivity analysis was also performed to see how changes the input parameters

affect the model predictions.
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3.2 Study area

The municipal areas of the vulnerable slopes in Aizawl city have been studied
and identified. Among various vulnerable sites, 50 sites (S1 to S50) were selected as
the study area after investigation of its history of slope failure in the past. Moreover,
the selected sites are indeed a built-up area where people are residing and the area of
each selected site ranges from 200sqm to 500sqm. Soil samples were collected from
the selected sites and geotechnical investigation was carried out. Laboratory tests
were conducted on the collected soil samples for determination of geotechnical
properties and shear strength parameters of soil as per American Society for Testing
and Materials (ASTM). The locations and characteristics of the 50 selected sites in
Aizawl city are shown in Table 1.1. The map for the selected sites is shown in Figure

1.3.
3.3 Materials and methods

3.3.1 Data collection and preparation of databases

The undisturbed soil samples were collected using a thin-walled sampler (IS
2132-1972, ASTM D1587) [121,122] from various sites in Aizawl Municipal area
for this study. The samples were collected within a depth of 2m from ground surface
or occurrence of rocky strata, whichever happened earlier depends on the thickness
of overburden of soil. The soil samples were transported in an airtight container to
the laboratory for testing. The soil samples were first tested using the triaxial test
directly from airtight containers. After oven-drying at 105-110°C for 24 hours, the
samples were used for other tests such as specific gravity, liquid limit, plastic limit,

and the Standard Proctor test.

The triaxial compression test was carried out on cylindrical soil specimens
prepared from field samples. Each specimen was subjected to a combination of axial
stress (applied vertically through the loading ram) and confining stress (applied
laterally through a cell fluid). The test was conducted under consolidated undrained
(CU) conditions with pore water pressure measurement, in accordance with the

provisions of ASTM D4767-11 (2020) [123].
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The samples were tested at their natural field moisture content without prior
oven-drying. For each soil specimen, the confining pressures applied ranged between
50 kPa and 200 kPa, representing the anticipated in-situ stress conditions of the sites.
The strain rate was maintained at approximately 0.5-1.0 mm/min, ensuring uniform
loading and adherence to the standard recommendations. Drainage was not permitted

during shearing, consistent with undrained test requirements.

Three specimens were tested for each site, and the average values of
cohesion (c) and angle of internal friction (¢) were reported as the representative
shear strength parameters. The stress—strain data obtained were used to construct
Mohr’s circles for selected critical sites (S24, S34, and S55) shown in figures 3.1(a),
3.1(b) and 3.1(c) respectively. From these, the failure envelope was plotted, and the

shear strength parameters were estimated.

Triaxial- CU type Test — 5-24
€=0.30 kg/cm?, $=18.0°
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Fig.3.1(a): Morh’s circle for CU type triaxial test for S24.
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Fig.3.1(b): Morh’s circle for CU type triaxial test for S34.
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Fig.3.1(c): Morh’s circle for CU type triaxial test for S55.

The Standard Proctor test was performed to determine the optimum moisture
content and density of the compacted soil sample by using proctor compaction
apparatus. This was conducted based on following the guidelines of ASTM D698-12
(2021) [124]. The specific gravity test was conducted using Pycnometer method as
per ASTM D854-23 (2023) [125], the Atterberg’s limit test includes Liquid Limit
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test and Plastic Limit test which was conducted using Casagrande’s liquid device and
rolling thread method as per ASTM D4318-17el (2018) [126]. The plasticity index
was calculated as the difference between the liquid limit and plastic limit. Based on
the laboratory results, the soil types were categorized according to USCS soil
classification referring IS 1498(1970) [127]. Using the obtained geotechnical
properties, the bearing capacity of soil for different types of footing such as strip,
square, rectangular and circular footings respectively were calculated based on IS
6403:1981 [128]. For each site, the type of shear failure mechanism (General or
Local) was determined based on soil consistency, classification, and strength
parameters, as recommended in IS 6403:1981. Specifically, soils exhibiting low
cohesion and high friction angles (such as ML, MI, and soft clays) were treated as
undergoing local shear failure, while soils with moderate to high cohesion and lower
friction angles (such as CL, CI) were assumed to fail by general shear. The selected
failure mode for each site was then used to guide the bearing capacity calculations,

with strength parameter reductions applied for local shear cases as per IS 6403.

In order to check for any inconsistency in the soil sample data collected from
both site and laboratory which essentially forms the major component of the database

for regression technique-based models, following figure 3.1 is provided.
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Fig.3.2: Plot showing correlation of plasticity index with cohesion of soil samples

collected at different sites.
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The figure 3.2 shows the variation of cohesion with plasticity index, PI and it
may be observed that both are strongly and positively correlated. In general,
plasticity index among other factors depends on surface area of soil [104]. Plasticity
index increases with increase in surface area which is also an indicator of increase in
cohesive bonding resulting in an increase in cohesion of the soil [105]. Thus, formed
database was subsequently used for developing regression method-based bearing

capacity models, details of which are discussed below.

3.3.2 Linear Regression methods

(i) Stepwise linear regression:

Stepwise regression is a method used in statistical modelling and machine
learning to select a subset of features or predictors that have the most significant
impact on the dependent variable. It is an iterative process that starts with an empty
model and adds or remove features based on their statistically significant [106]. The
stepwise regression typically follows one of the two approaches i.e.; forward
selection or backward elimination. Both the forward selection and backward
elimination can utilize the AIC (Akaike Information criterion) or the BIC (Bayesian

Information Criterion) as criteria for selecting features [107].

The forward selection starts with an empty model and evaluate each feature’s
individual relationship with the dependent variable using a predetermined criterion,
such as p-values or a measure like the AIC or BIC. The forward selection adds the
feature that has the strongest relationship with the dependent variable, based on the
chosen criterion. It continues adding the features one by one, evaluating their
significance at each step, until no more features meet the predetermined criterion.
Similarly, the backward elimination starts with a model that includes all available
features and then evaluating the significance of each feature using the chosen
criterion, such as p-values, AIC or BIC. It removes the feature with the weakest
relationship with the dependent variable, based on the chosen criterion (i.e., AIC or
BIC), This process is repeated by evaluating the significance of the remaining
features and removing the least significant one until no more features meet the

predetermined criterion [108].
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The two methods of stepwise regression can be further refined with variations
like bidirectional elimination, which combines both forward selection and backward
elimination. Stepwise regression aims to strike a balance between model complexity
and predictive accuracy. Additionally, the stepwise regression procedures
incorporate validation such as coefficient of determination (R?), root mean square
error (RMSE) and mean absolute percentage error (MAPE) to help preventing
overfitting the model [109]. Both the AIC and BIC takes into account of the
likelihood of the data given the model and the numbers of the parameters in the

model as shown in Eq. (7) and Eq. (8).

AIC = —21ogL(8) + 2k (7)
BIC = —21logL(8) + klog(T) (8)
where, log L(é) is the log-likelihood algorithm of the data given the model; k is the

number of parameters in the model to fit a sample size of 7 data points.

(i) Regularized Polynomial regression: LASSO Regression

Lasso regression also known as L! regularization is a regularized version of
polynomial regression. It introduces a penalty term based on the sum of the absolute
values of the regression coefficients, which helps to promote sparsity in the model by
encouraging some coefficients to become exactly zero. This promotes feature
selection and can improve the model generalization ability. [110]

In Polynomial regression, the relationship between the input variables (X) and
the target variables (Y) is modelled using polynomial functions of the input
variables. The standard polynomial regression model can be expressed as:[111]

Y =Bo+ BiX + BoX? + -+ BpXP + £ )
where, Y is the target variable, X is the input variable By, 1, B2, ...Bp are the
coefficients to be estimated, XP represents the higher order terns in the polynomial
equation with p representing the maximum degree of the polynomial and ¢ is the
error term. The coefficient in regularized Lasso regression is estimated by a loss

function with an additional regularization term. The loss function used in the
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regularized polynomial regression is a combination of the mean squared error (MSE)
term and a penalty term based on the L! norm of the coefficients as given in Eq. (10)
Loss function = MSE + 2 ¥7L,|B| (10)

In the above equation, A is the regularization parameter that controls the amount
of regularization applied. A higher value of A leads to more coefficients being
pushed towards zero, promoting sparsity and feature selection. A lower value of 4
allows more coefficients to remain non-zero, potentially capturing more complex
relationships. By minimizing the loss function, regularized polynomial regression
finds the optimal values for the coefficients that balance the fit to the training data
and the regularization term. The regularization in the Lasso regression encourages a
sparse model by shrinkage less important features towards zero, effectively
performing feature selection and producing a simpler and more interpretable
model.[112]

3.4 Regression model development

In the present study, it is proposed to develop regression technique-based
models for bearing capacity prediction of different sites in Aizawl city. To this effect,
a data base containing soil data from 50 different sites (S1 to S50) as given in Table
3.2 were used. Different statistical parameters i.e., mean, standard deviation,
maximum and minimum of the parameters considered in the database are presented

in the Table 3.1.

Table 3.1: Statistical analysis of parameters in the database of the study

Model variable Mean Standard Maximum | Minimum
Deviation

Plasticity index (PI) 10.18 4.98 18.59 0.43
Cohesion, kN/m? 27.05 14.52 55.03 0.76
Angle of internal friction (¢°) 23.78 8.38 43.77 8.00
Unit weight, (kN/m?) 16.50 0.87 17.97 15.18
Depth of foundation, D (m) 1.51 0.41 2.00 1.00
Width of foundation, B (m) 1.51 0.41 2.00 1.00
SBC in kN/m? (Square footing) | 364.92 363.46 2087.41 93.63
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Two different regression techniques namely stepwise linear regression and
Lasso regression method were adopted to simulate the bearing capacity of soil. Depth
of the foundation, D (m), width of the foundation, B(m), bulk unit weight of
soil, y(kN/m?), plasticity index of the soil, PI (%) and shear strength parameters such
as angle of internal friction of soil (¢°) and cohesion, ¢ (kN/m?) were served as input
variables for the regression models. For development of any data driven regression, it
is imperative to divide the data into training and testing sets. While training set is
used for calibrating and developing a regression model, on the other hand, efficacy of
the developed regression model is evaluated by feeding an independent unseen data
i.e., testing data set into the model. In general, 70-80% of data is used for training
while remaining data points are used for testing. In addition to this, for some cases
wherein applicable, cross validation technique is also used for optimizing some of
the regression model parameters which will be discussed in subsequent sections. In
cross-validation technique, a data set is divided into certain number (say, k) of
subsets or folds. In each run of the model, k-1 folds are used for training while
remaining 1-fold for testing. In this way till k-th run is achieved, all the folds are
iteratively used both for training and testing. In general model performance during
training and testing is assessed via using some statistical criterions. Thereafter,
criterions used in the present study are R, RMSE and MAPE as defined in Eq. (11-
13). Each of these criterions evaluates a different measure of the prediction

performance thus, enabling a comprehensive evaluation of model efficiency.

m (t._1:)2
R2 =1-— lel(tl ¥i) . (11)
1
?=l1(ti_ﬁzy=11 ti)

m )2
RMSE = |2i=izt)® (12)
m
100 yi—ti
MAPE =237, |t—| (13)

Where, t; is the target bearing capacity; y; is the predicted bearing capacity; m is the

number of observations.
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3.5 Results and discussion

3.5.1 Geotechnical properties and bearing capacity of soil

Table 3.2 presents the laboratory test results in which the geotechnical properties
such as plasticity index, cohesion, angle of internal friction and unit weight of the
soil samples from the selected sites were obtained as per American Society for
Testing and Materials (ASTM). From the obtained results, the soil samples were
classified based on ASTM D2487-17el (2020) as shown in Table 3.2. According to
the classification of soil using USCS classification, the most dominating soil
observed in the selected sites are clay of low plasticity (CL). The bearing capacities
for various types of footings were determined using IS 6402:1981 and are shown in
Table 3.2 along with the foundation dimension (i.e., B and D). The square footing
has the maximum bearing capacity in each of the selected sites when compared to the
other types of footings. The combination of a low PI value, higher unit weight of soil
and a high shear strength value (i.e., ¢ and ¢) influences the high bearing capacity.
Soils with low PI values are generally recommended for foundations and load
bearing structures in geotechnical engineering, particularly for foundation design,
considering they are less susceptible to rapid settlement or volume changes. The
higher unit weight of soil indicates the greater density which means there are more
solid particles per unit volume resulting in better load bearing capacity. As a results,
higher shear strength parameters in combination with a low PI value and higher unit
weight of soil provide greater stability and load bearing capacity. The geotechnical
properties and the calculated bearing capacity are the input parameters for model

development using regression techniques such as stepwise and Lasso regression.

3.5.2 Stepwise regression

This section presents the results of stepwise regression model for bearing capacity
simulation. Scheme of stepwise regression adopted in the study starts with no input
variable but a constant term to an upper bound of including maximum quadratic
terms of input variables in the regression equation. By this process, stepwise
regression is designed to select only those terms with highest significance in
influencing the model output (i.e., bearing capacity) by making use of a certain

statistical criterion which is p-value in the present case.
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Table 3.2: Geotechnical properties and bearing capacity of soil

Angle of Safe Bearing capacity of soil (kN/m?) Sl}ear
. . . . . . UCS Failure
Sites Plasticity Cohesion internal Unit weight Classi- D B . . Tvpe
index (PT) KN/m? friction (kN/m?) 4 (m) (m) Strip Square Rectangular Circular Yp
©®°) fication footing footing footing footing
S1 5.89 13.5 32 17.46 ML 1 1 533.21 592.89 538.74 560.96 General
S2 1.25 0.8 35 15.4 ML or OL 1 1 426.46 426.78 394.26 385.07 General
S3 16.053 33.84 20 15.59 CL 1 1 131.81 160.39 144.89 158.45 Local
S4 11.832 31.68 15 15.69 ML 1 1 443.73 513.20 463.98 493.66 Local
S5 12.76 32.43 12 17.51 CL 1 1 98.34 98.34 98.34 98.34 Local
S6 18.5 55.034 11 17.97 CL 1 1 93.63 93.63 93.63 93.63 Local
S7 15.306 47.87 7 15.18 CL 1 1 133.65 133.65 133.65 133.65 Local
S8 1.51 0.76 35 17.02 ML or OL 1 1 148.62 148.62 148.62 148.62 General
S9 14.66 40.64 7 15.89 CL 1 1 461.42 461.42 461.42 461.42 Local
S10 13.63 34.5 18 15.45 CL 1 1 139.07 139.07 139.07 139.07 Local
S11 6.23 10.39 29 16.52 ML 1.5 1.5 121.95 148.75 134.37 147.17 Local
S12 13.796 31.88 18 16.18 ML 1.5 1.5 410.73 410.73 410.73 410.73 Local
S13 10.25 25.67 26 15.79 ML 1.5 1.5 136.18 162.90 150.96 160.92 Local
S14 10.15 20.45 24 15.49 ML 1.5 1.5 183.56 215.86 199.74 211.19 Local
S15 10.45 20.1 25 15.79 ML 1.5 1.5 145.31 169.13 157.06 165.34 Local
S16 10.25 21.2 29 16.87 ML 1.5 1.5 154.75 179.54 166.69 175.22 Local
S17 11.895 31.65 22 16.97 CL 1.5 1.5 549.79 633.87 581.55 610.67 Local
S18 2.15 3.98 34 16.77 ML or OL 1.5 1.5 168.05 199.92 185.10 196.72 General
S19 12.95 33.57 23 16.97 CL 1.5 1.5 648.44 678.01 622.16 626.72 Local
S20 1.15 2.95 35 17.65 ML or OL 1.5 1.5 105.65 128.00 118.74 127.44 General
S21 1.45 3.92 34 17.26 ML or OL 1.5 1.5 185.45 221.00 204.36 217.34 General
S22 16.91 46.49 19 17.95 CL 2 2 729.26 754.55 692.07 693.92 Local
S23 8.253 19.81 28 17.95 ML 2 2 664.08 693.51 636.43 640.73 Local
S24 10.59 30.8 18 16.97 CL 2 2 208.63 250.99 232.93 248.47 Local
S25 14.15 43.38 24 16.48 CL 2 2 258.26 310.18 287.48 306.17 Local
S26 13.95 41.69 23 16.48 CL 2 2 591.57 676.25 628.23 651.43 Local




Angle of Safe Bearing capacity of soil (kN/m?) Sl}ear
.. . . . . USCS Failure
Sites Plasticity Cohesion internal Unit weight Classi- D B . . Tvpe
index (PI) KN/m? friction (KN/m®) > (m) (m) Strip Square Rectangular Circular yp
(°) fication footing footing footing footing
S27 16.8 44.99 11 16.18 CL 2 2 156.77 184.85 174.12 182.44 Local
528 10.12 23.93 29 16.38 ML 2 2 256.74 307.94 288.06 303.47 Local
S29 9.45 20.69 35 16.87 MH 2 2 235.85 282.57 264.56 278.62 General
S30 10.34 31.88 22 17.85 ML 2 2 192.96 228.29 214.43 224.80 Local
S31 4.52 18.84 26.65 15.4 CL 1 1 141.25 170.21 160.04 169.22 Local
S32 0.43 17.76 34 15.59 ML or OL 1 1 656.75 761.68 706.5 736.66 Local
S33 18.59 28.203 20 15.64 CL 1 1 1228.92 1383.19 1274.78 1318.8 Local
S34 10.55 53.07 12 15.69 ML 1 1 197.39 232.45 218.53 228.72 Local
S35 12.71 33.35 21 17.51 ML 1.5 1.5 173.87 204.87 192.8 201.89 Local
S36 13.8 28.45 10.96 15.18 CL 1.5 1.5 550.36 577.5 517.24 530.94 Local
S37 15.05 33.35 19.25 15.45 CL 2 2 315.7 344.95 312.33 324.08 Local
S38 12.76 44.15 9.51 16.18 ML 2 2 651.24 690.33 613.1 636.4 Local
S39 2.93 5.88 43.77 15.79 ML or OL 2 2 117.84 1394 130.5 136.51 General
540 11.06 10.69 36.61 15.49 ML 2 2 127.09 157.13 147.94 156.02 General
S41 8.816 18.54 30 15.64 ML 1 1 159.77 189.88 178.91 186.65 General
542 16.56 41.27 8 16.38 CL 1.5 1.5 697.72 701.7 625.15 634.89 Local
543 16.15 43.38 13 17.95 CL 2 2 96.06 113.1 107.57 111.95 Local
S44 12.65 32.47 22 16.67 ML 2 2 154.47 186.53 176.52 184.83 Local
545 11.23 30.97 20 17.26 CL 2 2 131.29 147.6 138.92 142.56 Local
546 3.31 13.35 32.78 17.46 ML or OL 1 1 179.89 210.51 201.4 206.98 General
S47 2.67 245 34.89 17.97 ML 1.5 1.5 525.85 599.06 559.97 575.74 General
S48 8.05 49.34 13.7 17.02 CL 1.5 1.5 128.46 155.31 149.32 154.52 Local
549 7.01 15 24.23 15.89 ML 1.5 1.5 987.41 1121.18 877.56 926.21 Local
S50 7.43 31.39 26.84 16.52 CL 2 2 1210.66 1267.1 1139.14 1168.6 Local
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It is to be emphasized that higher order effect of input features is preserved provided
they capture the key pattern in data. Since stepwise regression selects terms based on
their significance level, therefore, entry order of terms in a stepwise regression
equation also may be related to the sensitivity of the input parameters. In this way,
stepwise regression method also performs sensitivity analysis alongside regression.
Stepwise regression used in the present study was implemented in MATLAB R2022a
environment. The predicted soil bearing capacity model developed using stepwise
regression methods for strip, square, rectangular and circular footing are shown in

Eq. (14,15,16 and 17) respectively.

q = —491.85 — 60.560 + 29.41y + 36.467¢ — 291.42D — 11.6¢D — 0.26¢2 + 2.132 +
244.27D? (14)

q = —433.67 — 66.430 + 17.49y + 43.683c — 267.57D — 10.41cD — 0.35¢2 + 2.41¢p% +
232.99D? (15)

q = —356.08 — 56.460 + 22.26y + 38.543c — 402.88D — 12.66¢D — 0.26¢2 + 2.0 p2 +
308.69D2 (16)

q = —518.78 — 53.500 + 20.79y + 36.401c — 154.34D — 12.18¢cD — 0.22¢* + 1.96 2 +
219.82D2 (17)

Mathematically, a square footing could be substituted into Eq.16 by setting length by
breadth ratio (L/B) as 1. However, many correlations derived from experimental or
theoretical studies offer slightly different shape factors or correction factors for the
square case, which can lead to minor differences in the computed safe bearing
capacity. Therefore, for clarity and consistency with IS 6403:1981 and Terzaghi's
bearing capacity theory, Eq.15 was used for square footings to apply the standard

shape factors specifically developed for square foundations.

Comparison of the calculated bearing capacity of soil by IS 6403:1981 and the model
developed for bearing capacity of soil by stepwise regression for strip, square,

rectangular and circular footing are shown in figure 3.3. The performance of
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stepwise regression based on the statistical parameters i.e., R, RMSE and MAPE
respectively are shown in figure 3.4. Figure 3.3 compares the estimated bearing
capacity of IS 6403:1981 to the predicted stepwise regression bearing capacity for
strip, square, rectangular, and circular footings. The R? of training data for strip,
square, rectangle, and circular footings are 0.981,0.971,0.977, and 0.973
respectively, indicating a significant correlation between the calculated and predicted
model for each form of footing. Similarly, the R? for strip, square, rectangular, and
circular footings testing data are 0.971, 0.955, 0.957, and 0.955, respectively. The
proposed model performance was also validated using the RMSE (root mean square
error) and MAPE (mean absolute percentage error), as shown in figure 3.4. The
MAPE for all types of footing was less than 20%, which matches the standard
criteria, suggesting that the developed stepwise model is reasonably good and

dependable.
Further validation using P value

P-value is a widely used parameter in the field statistics for evaluating
parameters significance in regression equations. P-value is a measure of probability
that how strongly input variables are corelated with output variable in a regression
equation. Lower the P-value stronger is the evidence for rejecting the null hypothesis
which is that no correlation exists between input and output variables. The P-values
for all the input parameter are shown in Table 3.3, and they all met the required
standards (P < 0.05 with 95% significance level) for D, ¢ and y for all types of
footing. This suggests that the values of ¢, D and y are the most important bearing
capacity factors which have higher impact in the calculation of bearing capacity with
P-value of ¢ being the least. Other parameters ¢, PI, and B have less impact on the
proposed model of bearing capacity as the P value are found to be on higher side.
This result also agrees with entry order of predictor terms in stepwise regression
wherein ¢ term was first added in all the regression equations followed by terms of

D, C, y and PL.
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3.5.3 Lasso regression

This section presents the results of Lasso regression for bearing capacity
prediction. Lasso regression is a feature selection method wherein important features
from a polynomial expansion (up to a certain order) can be identified using L’
regularization norm as already discussed under subsection 3.3.2 (ii). One of the main
tasks in implementation of Lasso regression is proper selection of regularization
coefficient (A) which in effect controls both model complexity and model
performance. In this regard, optimum value of A is found using geometric sequence
technique. In this sequence the model starts with a very high A value which renders
all the model features insignificant in prediction process. Followed by this A value is
subsequently decreased in a geometric sequence till it reaches a lowest value which
is in generally defined by the user. Usually, lowest value of A is decided by
maintaining a constant ratio between the largest and smallest A value. In the process
of varying A value, Lasso regression model performance is evaluated using MSE
performance criterion for each value of A. A 5-fold cross validation technique is
adopted to validate the A value and consequently model performance. In a cross-
validation technique dataset is divided in to “k” number of equal folds (k=5 in the
present case). The idea is to train the data on k-1 folds wherein remaining 1-fold is
used for testing the model. This process is iteratively followed till all the folds are in
turn used for both training and testing. In this way 5-fold cross validated model
performance is evaluated for each value of A based on which optimum value of
regularization parameter A can be selected. The soil bearing capacity model
developed using Lasso regression methods for strip, square, rectangular and circular

footings are shown in Eq. (18,19,20 and 21) respectively.

q = —198.38 + 13.36PI + 27.07c — 78.89¢ — 0.51P1? — 0.37¢? + 2.62 % + 0.80y% + 27.2 D? +
5.47 B2 (18)

q = —489.38 + 47.67PI + 19.15¢ — 76.44Q — 1.57PI2 — 0.24c2 + 2.69 2 + 1.09y% +
14.32 D? + 22.8B2 (19)
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q = —492.04 + 53.91PI + 19.12¢c — 74.650 — 2.05PI2 — 0.21c? + 2.6 2 + 1.07y2 +
17.26 D% + 11.93B2 (20)

q = —235.87 + 46.49PI + 14.41c — 72.14¢% — 1.88PI2 — 0.12¢% + 2.53 $2 + 10.44y2 +
22.93 D? + 8.8B2 (21)

The equations are obtained after L’ regularization norm applied to a second
order polynomial expansion of the original input space. 35 predictor terms were
generated as a result of quadratic expansion of original feature space containing 7
feature variables. It may be observed that optimum number of Lasso predictor terms
in all the equations were same for all footing types and is equal to 9. It is also
observed that order of Lasso predictor variables was also identical in all the
equations. Form and shape of Eq. (18- 21) were identical, however, varied only in
terms of intercept and coefficient of the Lasso predictor variables. The comparison of
the Lasso predicted bearing capacity and the IS 6403:1981 computed bearing
capacity for strip, square, circular, and rectangular footings are shown in figure 3.4.
Figure 3.5 shows that there is a significant correlation between the computed and
predicted model for each type of footing, with the R? of training data for strip,
square, rectangular, and circular footing being 0.918,0.959,0.935, and 0.939,
respectively. Similarly, the R? for strip, square, rectangular, and circular footing
of testing data are 0.968,0.942,0.965, and 0.962 respectively. The projected model
performance was also validated using MAPE, as shown in figure 3.6. RMSE is not
used here as MSE (Mean Squared Error) is already used for selection and validation

of regularization parameter as discussed below.
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Selection process of optimum value of Lasso regularization parameter (1) using
MSE performance criterion and 5-fold cross validation technique is illustrated in
figure.3.7. Figure 3.7(a) shows the variation of MSE with error bar for different
values of A for strip footing. A value was varied in the range 10 to 10 in a geometric
sequence as discussed earlier. Constant ratio of 10* is maintained between highest
and lowest A values. A= 10 corresponds to the case of highest and starting A value
wherein all features become null variable. Optimum value of A corresponding to
minimum MSE in figure 3.7(a) is found to be 0.48 and this value is in turn used for
constructing the regression equation in Eq. (18). Similarly, selection process of
optimum value of A for other footing shapes i.e., square, rectangular, and circular can

be explained from figure 3.6(b), 3.6(c) and 3.6(d) respectively.
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3.5.4 Comparison between stepwise and lasso regression

In the present study, two different regression techniques, namely stepwise
regression and Lasso regression, have been applied for predicting the bearing
capacity of soil. It may be observed that both the models have performed reasonably
good in terms of all the performance indicator. Nevertheless, both training and
testing performance of stepwise regression was found to be marginally better than
Lasso regression in terms of R? value. RMSE and MAPE values of both the models
were comparable. Further, from model complexity point of view stepwise regression
offers a relatively less complex model with eight (8) predictor terms compared to the
nine (9) predictor terms in Lasso regression. However, stepwise regression does not
include width of the foundation, B as a predictor term in regression equation. This
reflects the inadequacy of the stepwise regression in appropriating the physical
process involved in bearing capacity estimation process. In contrast to this, Lasso
regression includes width of the foundation, B as a predictor term in regression
equation for all the shapes of the footing. Therefore, it may be concluded that Lasso
regression has an edge over stepwise regression in simulating the physical process in
bearing capacity prediction for our data set.

Further, as mentioned earlier stepwise regression selects terms based on their
significance level. Thus, entry order of a terms in stepwise regression equation may
be treated as sensitivity of that parameter in the model. This feature of stepwise
regression can also be used as a sensitivity analysis technique of input parameters in
bearing capacity prediction process. Results of sensitivity analysis using stepwise

regression method is shown in Table 3.4.

Table 3.4: Results of sensitivity analysis using stepwise regression method

Entry order in

odel Predictor variables entry order in model
Ist Angle of internal friction (¢°)

2nd Cohesion, kN/m?

3rd Depth of foundation, D (m)

4th Unit weight, v (kN/m?)

Sth Width of foundation, B (m)

6th Plasticity Index, PI (%)
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Based on the entry order of the input parameters, shear strength parameters i.e.,
angle of internal friction (¢°) and cohesion (c), kN/m? were found to be most
sensitive parameters. Similar conclusions were also found in previous literatures
aimed at bearing capacity modeling using machine learning based regression
techniques [26-27]. It is important to note that both the Lasso and stepwise
regression techniques depend on training data sets for calibration of the regression
equations. Since both training and testing in the present case is done using 5-fold
cross-validation technique, this renders the regression methods are essentially an
interpolation technique. This implies that for data points outside the range of input
parameters as shown in Table 3.1, the developed models may not perform well. In
such cases, it is always advisable to update the existing equations corresponding to

the database with additional new data points.

3.6 Summary

In the present study, prediction of soil bearing capacity model was developed for
strip, square, rectangular, and circular footing respectively by using stepwise and
Lasso regression. A dataset consisting of bearing capacity related data from 50
different sites in and around Aizawl city was used for this purpose. The soil
parameters such as depth of foundation (D), width of foundation (B), plasticity index
of soil (PI), unit weight of soil (¥) and shear parameters (¢ & ¢) were used as the
input variables. Following general conclusion were made from the present study:

1) From the regression model developed of bearing capacity in each selected
site, the strip and square footing obtained the greater bearing capacity
compared to other footings. The high bearing capacity is influenced by the
combination of low PI, high unit weight of soil and higher shear strength
parameter (i.e., ¢ and ¢).

2) Both the regression methods i.e., stepwise regression and Lasso regression
has performed well in predicting bearing capacity of soil in terms of all the
performance indicators adopted in the present study. This suggests the
flexibility and robustness of regression techniques in appropriating the
bearing capacity prediction process. Similar performance of machine learning

models was also reported in other literatures [18-21].
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3)

4)

S)

6)

7)

8)

A comparison of predicted stepwise and calculated IS 6403:1981 shows that
the regression is good, with coefficients of correlation (R?) of training data
for strip, square, rectangular, and circular footings of 0.981, 0.971, 0.977, and
0.973, respectively. Whereas, R? for testing data on a strip, square,
rectangular, and circular footing are found to be 0.971, 0.955, 0.957, and
0.955, respectively.

Similarly, a comparison of predicted Lasso regression and calculated IS
6403:1981 shows that the regression is good, with R? of training data for
strip, square, rectangular, and circular footing of 0.918, 0.959, 0.965, and
0.962, respectively. On the other hand, R? for testing data on a strip, square,
rectangular, and circular footing are 0.968, 0.942, 0.965, and 0.962,
respectively.

Based on the statistical performance of the models, such as R?, RMSE,
MAPE a satisfactory result was obtained for both the regression methods.
From the sensitivity analysis results performed in Stepwise regression using
entry order and P-value, angle of internal friction of soil (¢) was found to be
most dominating parameter in bearing capacity estimation followed by
cohesion (c), depth of foundation (D), unit weight (y )and plasticity index of
soil (PI). Shear strength parameters i.e., c- ¢ were found to be the most
dominant input parameters. Previous studies on bearing capacity modeling
using ML techniques also reported to have similar findings in relation to the
importance of strength parameters [102,103]. This also justifies the
framework of the present study and overall acceptability of the equations
presented in the paper.

Performance comparison of stepwise regression with Lasso regression
suggested that stepwise regression performed marginally better than Lasso
regression in terms of R? value. RMSE and MAPE values of both the models
were comparable. Also, stepwise regression performed better than Lasso
regression from model complexity point of view with eight (8) predictor
terms in comparison to the nine (9) terms in Lasso regression equation.

A major inadequacy of stepwise regression found in this study is that it does

not include width of the foundation, (B) as a predictor term in regression
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9)

equation wherein Lasso regression considered B as an important input
parameter. Based on this it may be concluded that Lasso regression offers a
more realistic bearing capacity model which can better simulate the physical
process involved in bearing capacity estimation.

An important limitation of the present study is that developed regression
models are reliable to predict with consistent accuracy only within the range
of input parameters such as plasticity index (PI), dry unit weight of soil (y),
cohesion (c) and angle of internal friction (¢), the width of foundation (B) and
depth of the foundation (D) used in the study. However, for data points
outside the range considered in the study such as significantly different soil
properties these regression equations may not predict well. Under such
scenarios, the proposed regression equation has to be updated in light of new

data points through additional training of the existing model.
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CHAPTER 4

SLOPE STABILITY ANALYSIS WITH IMPACT OF BUILDING
TOPOLOGIES ON HILL SLOPE

4.1 Introduction

In hilly regions like Aizawl city, wherein houses are mostly built on slopes,
the layout of building plays a crucial role in slope stability. Building failures in
Aizawl often results from a) non-engineered alterations of slopes b) faulty foundation
construction without soil investigation or design. Many residents build and reside on
slopes without considering the soil characteristics. To address this, a study was
conducted to examine the impact of two common building types - step-back
buildings and step-back setback buildings on slope stability in Aizawl. Fifty different
sites with varying slope geometries were analyzed using Limit Equilibrium Method
(LEM), considering soil parameters like cohesion, internal friction angle, unit
weight, and slope geometry. The study evaluated slope stability under conditions
such as free slope, slope with building loads under static and seismic conditions. The
study found that sites with lower slope angles generally demonstrated greater
stability, but there were cases where steeper slopes showed better stability due to
superior shear strength values. Sites with higher cohesion values exhibited better
stability in free slope analysis, while those with higher internal friction angles
showed better stability under building loads of both static and seismic condition. To
validate the above findings, a sensitivity analysis along with a comparative analysis
between step-back and step-back setback building types were conducted. The results
indicated that step-back setback buildings offered better stability compared to step-
back buildings alone. This suggests that implementing step-back setback buildings

could significantly improve slope stability in cities like Aizawl.

With the research gap mentioned in the literature review, the analysis was
carried out to investigate the effects of building topologies on slope. The stability of
free slope analysis as well as the analysis of slope with building loads under static

and seismic conditions has been carried out for both the building topologies.
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Furthermore, a comparative analysis of both the building topologies has been carried
out for different slope angle. With extensive data sets, a sensitivity analysis has also
been performed on how the soil properties enhance the factor of safety, resulting in

better stability of the slope.

4.2 Study area

The source of the study area was similar to the previous chapter “Application of
Regression Techniques for Bearing Capacity Prediction in Aizawl” where the
municipal areas of the vulnerable slopes in Aizawl city have been identified and
studied. Among the various vulnerable sites, 50 sites (S1 to S50) were selected as the
study area after investigation of its history of slope failure. Moreover, the selected
sites are indeed a built-up area where people are residing and the area of each
selected site ranges from 200sqm to 500sqm. The map for the selected sites is shown

in figure 1.3 of chapter-1.

4.3 Materials and methods

4.3.1 Preparation of databases

In this study, the properties of the soil such as unit weight (y) and shear strength
(c and ¢) of the soil in all the selected sites (i.e., SI-S50) which is given in Table 3.2
of chapter -3 had taken into account. Using these data as the input parameters, the
analysis of the stability of slope has been carried out to determine the factor of safety
(FoS) in each site. The undisturbed soil samples collected using a thin-walled
sampler (according to IS 2132-1972) from various sites in Aizawl Municipal Area
were used for this study. The samples were collected within a depth of 2m from
ground surface or occurrence of rocky strata, whichever happened earlier depending
on the thickness of overburden of soil. The geotechnical properties of the soil in this
study such as cohesion, angle of internal friction and unit weight of the soil were
obtained as per American Society for Testing and Materials (ASTM). According to
the classification of soil, the most dominating soil observed in the selected sites are

silty clay soil.
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4.3.2 Methods of slope stability assessment

The analysis of slope stability can be performed by various methods and
approaches depending on the complexity of the slope and the specific requirements
of the analysis. The common method used for slope stability analysis include Limit
Equilibrium Method (FEM) and Finite Element Method (FEM). In this study, LEM
approach was carried out for the analysis using Slope/W software, as it is best suited
for the requirements and complexity of the study area. Among various approaches
within LEM, the Morgenstern-Price method is often considered one of the most
accurate and versatile, particularly for complex slope geometries such as hilly
terrains. As per Duncan (1996) review of various LEM, Morgenstern- Price method
(1965) obtained accurate FoS and considered both the interslice forces including
interslice shear force and normal force. Moreover, this method can be applied for any
slip surfaces of the slope [67]. Due to the stated reasons, Morgenstern- Price method
was adopted among the various methods under LEM for performing the slope
stability analysis in each site. The analysis of the free slope as well as the analysis of
slope with two building topologies under static and seismic conditions has been

carried out to study the impact of building loads on the hill slope stability.

In free slope analysis, the slope was analyzed in each site (S1 to S50) without
any external loads such as building load. It entails evaluating the factor of safety
(FoS) to assess the probability for landslides or collapses on natural or man-made
slopes without any supports. The analysis employs an analytical method based on
static equilibrium principles to model the behavior of the slope and predict its
stability by evaluating the factor of safety (FoS). The geometry of the model slope in
each site was defined by its dimensions (i.e., slope height and slope angle), in which
the boundary conditions of the model was assigned as the actual site. A homogenous
slope with c-¢ soil was subjected to the analysis to assess the factors affecting the
stability of the slope. The Mohr-Coulomb criterion has been employed as the failure
criterion to simulate the shear strength of the soil. This criterion relies on two
essential parameters, cohesion 'c' and the angle of internal friction '¢p', to characterize
the behavior of the soil under shear stress. The potential failure surface, also referred

to as the slip surface, was assumed based on site conditions and soil properties prior
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to analysis, allowing the factor of safety to be evaluated along this predefined
surface. This evaluation has been influenced by various factors such as soil
properties, slope geometry, and external load. To simulate the slope condition during
rainwater infiltration (the most critical case), the analysis at each site was performed
by considering the pore water pressure with the assumption of the piezometric line
along the slope surface. In absence of actual piezometric head data available at site,
conservative assumption of piezometric line along the slope surface is made and
applied in the present study. Therefore, the stress governs the shear strength of the
soil and the factor of safety (FoS) is expressed in terms of effective stress analysis. In
this study, the strength parameters (¢ and ¢), unit weight of the soil (y), slope angle
(B) and slope height (H) are the input parameters taken into account during the

analysis of the slope stability.

In the analysis of slope with building loads, the free slope analysis has been
taken as the parent analysis. Under the parent analysis, the analysis of the slope w.r.t
building loads was performed by implementing the column loads as point loads on
the slope. The column loads input for each selected sites were differed according to
their slope angle as shown in Table 4.1. In addition to accounting for building loads,
the slope stability analysis also includes earthquake loads, as the study area falls
under seismic zone V according to IS:1893-Part 1 of 2016 [113]. To incorporate
dynamic forces in slope stability analysis, it follows the Pseudo-static Limit
Equilibrium Method, which is a simplified seismic analysis technique widely
accepted for preliminary and regional slope assessments. The input seismic
coefficients are considered as static equivalent forces acting on the sliding mass. The
horizontal (Ki) and vertical (K,) seismic coefficients are taken as 0.36 and 0.24
where these coefficients are calculated as per IS 1893- 2016, considering seismic
zone V. Slope/W uses Pseudo-static analysis to calculate the horizontal (Fn) and

vertical (Fy) forces generated by seismic motion which is as follows:

Fn=Kh*W
Fv = Kv*W

Where W is the weight of the slice.
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To incorporate dynamic forces, the slope stability software Slope/W provides
an option to input earthquake loads in the form of seismic coefficients. Using the
response spectrum method specified in 1S:1893 of 2016, the horizontal and vertical
seismic coefficients for seismic zone V were calculated to be 0.36 and 0.24,
respectively. Subsequently, these seismic loads were added to the slope analysis,
which also included building loads, to determine the Factor of Safety (FoS) of the

slope.
4.3.3 Model development

The selected sites within the study area exhibit varying soil properties and
slope angles, ranging from 20° to 45°. According to the building regulations of the
Aizawl Municipal Corporation (AMC), published in 2012 [114], the maximum
permissible height for residential buildings 1s 22 meters. In compliance with this
regulation, an RCC building model of G+6 story, having dimensions of 16 m in
length, 12 m in width, and 21 m in height, was adopted for analysis across different
slope angles (p=20°, 25°, 30°, 35°, 40°, and 45°), as illustrated in figures 4.1 and
4.2. Each story height was taken as 3 m, and the column center-to-center spacing was

maintained at 4 m for both building topologies considered in the study.

The step back and step back setback building model developed for various
slope angle has been analyzed using Staad.pro v8i taking beam and column size as
300mmx400mm and 450mmx450mm respectively, which was considered to be
structurally safe and stable. The structural analysis was also performed to determine
the building loads in which the building loads were presented in the form of column
loads. The column loads obtained for various slope angle for both the building
topologies are shown in Table 4.1. The analysis of the slope stability with these
obtained column loads under static and seismic conditions has been carried out to
determine the factor of safety (FoS) of the slope. Moreover, by assuming the
foundation depth as 2.5 meters, the point load from the building has been considered
at 2.5 meters depth from the surface slope in the analysis. This assumption is critical

for analyzing the stability and behavior of the slope under the building load.
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Table 4.1: Column loads obtained for various slope angle

Slope angle | Column | Loads with step Loads with step
no. back building back setback
(kN) building (kN)

20° 1 2449.62 1833.98

2 986.16 886.46

3 874.56 857.69

4 2364.77 2092.16
25° 1 2256.21 1655.43

2 927.028 840.46

3 900.56 895.43

4 2037.63 1765.56
30° 1 2115.92 1522.18

2 825.74 735.60

3 861.80 859.34

4 2001.45 1731.78
35° 1 1760.98 1272.68

2 760.84 735.60

3 688.99 735.60

4 1488.83 1382.52
40° 1 1828.68 1256.25

2 77591 736.49

3 707.17 723.601

4 1622.23 1360.089
45° 1 1756.66 1164.405

2 762.10 702.181

3 684 691.011

4 1493.45 1193.706

4.4 Results and discussions

4.4.1 Free slope stability analysis

This section presents the results of slope stability analysis without external
loads including building, seismic, and wind load. The slope geometry, boundary
conditions, and soil properties were defined for each site. Using cohesion, angle of
internal friction, and unit weight as input parameters, the analysis was performed
under static conditions. FoS was evaluated for slope angles B = 20°, 25°, 30°, 35°,
40°, and 45°, as shown in Table 4.2.

Figure 4.3 shows the free slope analysis results under static condition along
with its FoS for various slope angle. Among the 50 selected sites, the most critical
conditions were identified and selected as representative sites for each slope angle,

based on the comprehensive dataset. Site S47 represents a slope angle of 20°, while
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Table 4.2: FoS obtained in free slope analysis

Angle of . Angle of .
. Cohesion,c intgrnal U.mt Slf)pe Slope . Cohesion,c intgrnal U.mt Slf)pe Slope
Sites (KN/m?) friction welghg height angle FoS Sites (KN/m?) friction welghst height angle FoS
4°) (kN/m”) (m) ®) ©°) (kN/m”) (m) ®
S1 13.5 32 17.46 14 30° 1.894 S26 33.38 24 16.48 17 40° 1.983
S2 0.8 35 15.4 14 30° 1.242 S27 41.69 23 16.48 17 40° 2.162
S3 33.84 20 15.59 14 30° 2.545 S28 44.99 11 16.18 17 40° 2.034
S4 31.68 15 15.69 14 30° 2.228 S29 23.93 29 16.38 17 40° 1.749
S5 32.43 12 17.51 14 30° 2.01 S30 20.69 35 16.87 15 35° 2.149
S6 55.034 11 17.97 17 40° 2.22 S31 31.88 22 17.85 15 35° 2.047
S7 47.87 7 17.02 17 40° 2.007 S32 18.84 26.65 15.4 15 35° 1.76
S8 0.76 35 15.18 17 40° 1.046 S33 17.76 34 15.59 14 30° 2.241
S9 40.64 7 15.89 12 25° 3.397 S34 28.203 20 15.64 14 30° 2.241
S10 34.5 18 15.45 12 25° 3.206 S35 33.35 21 17.51 14 30° 2.416
S11 10.39 29 16.52 12 25° 2.203 S36 28.45 10.96 15.18 15 350 1.682
S12 31.88 18 16.18 14 30° 2.317 S37 33.35 19.25 15.45 14 30° 2.5
S13 25.67 26 15.79 14 30° 2.327 S38 44.15 9.51 16.18 14 30° 2.707
S14 20.45 24 15.49 14 30° 1.972 S39 5.88 43.77 15.79 12 25° 2.593
S15 20.1 25 15.79 11 20° 2.893 S40 10.69 36.61 15.49 14 30° 1.962
S16 21.2 29 16.87 11 20° 3.181 S41 18.54 30 15.64 11 20° 3.046
S17 31.65 22 16.97 11 20° 3.594 S42 41.27 8 16.38 11 20° 3.774
S18 3.98 34 16.77 15 35° 1.305 S43 43.38 13 17.95 18 45° 1.336
S19 33.57 23 16.97 15 35° 2.211 S44 32.47 22 16.67 12 25° 3.13
S20 2.95 35 17.65 15 35° 1.293 S45 30.97 20 17.26 14 30° 2.275
S21 3.92 34 17.26 15 35° 1.303 S46 13.35 32.78 17.46 11 20° 2.749
S22 46.49 19 17.95 15 35° 2.529 S47 2.45 34.89 17.97 11 20° 1.889
S23 19.81 28 17.95 15 35° 1.782 S48 49.34 13.7 17.02 17 40° 2.156
S24 30.8 18 16.97 17 40° 1.593 S49 15 24.23 15.89 17 40° 1.268
S25 43.38 24 16.48 17 40° 2.256 S50 31.39 26.84 16.52 15 35° 2.291
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sites S11, S2, S20, S8, and S43 represent slope angles of 25°, 30°, 35°, 40°, and 45°,
respectively, as illustrated in figures 4.3(a) through 4.3(f). The resulting Factor of
Safety across the various slopes ranged from 1.046 to 3.594, with the highest FoS
observed at site S17 and the lowest at site S8. According to IS 14243:1995, sites with
a FoS greater than 1.5 were considered stable, while those with a FoS less than 1.5
were deemed to be in a critical condition. The high FoS at site S17 can be primarily
attributed to its lower slope angle and slope height, whereas the low FoS at site S8 is
largely due to its higher slope angle and greater slope height.

In addition to slope geometry, soil properties significantly play a critical role
in determining the Factor of Safety (FoS). This is evident in sites S47 and S11, with
slope angles of 20° and 25°, respectively (Figures 4.3a and 4.3b). Although S47 has a
gentler slope, S11 shows a higher FoS, primarily due to its greater soil cohesion and
slightly higher unit weight (Table 4.2). Cohesion enhances stability by increasing
shear strength, while unit weight contributes to normal stress but may act as a
destabilizing factor in clayey soils with low friction angles. This comparison
underscores the point that while slope angle is a critical factor, soil properties such as
cohesion and internal friction angle often play a more decisive role in slope stability
under static (free slope) conditions. It also highlights the need to consider multiple
geotechnical parameters rather than relying solely on geometry. However, factors
like seismic occurrences, or long-term changes in soil parameters may not

be accounted in free slope stability analysis.

4.4.2 Stability of slope with step back building

The findings of the slope stability study with step back building loads under
static and seismic conditions are presented in this section. To consider the building
loads under static analysis, the RCC building model designed for various slope
angles are shown in figure 4.2. The column loads obtained from those RCC model
for various slope angle shown in Table 4.1 were taken into account as a concentrated
load at 2.5m depth from the surface of the slope in each site depending on their slope

angle. Moreover, to perform the analysis under seismic conditions, the seismic
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coefficient for Zone-V (as per IS 1893 part 1:2016) such as 0.36 (horizontal
coefficient) and 0.24 (vertical coefficient) was employed in the analysis.The derived
FoS for all sites under static and seismic conditions with various slope angles such as
B =20°, 25°, 30°, 35° 40° and 45° respectively are presented in Table 4.3. The
obtained Factor of Safety spans from 0.511 to 1.524 across different slopes when
only column loads are considered, with the maximum FoS observed at site S39, and
the minimum at site S43. When both column and seismic loads are considered, the
FoS values vary between 0.471 and 1.388 respectively. This indicates a decrease in
FoS upon incorporating seismic loads, resulting in more susceptibility of the slope
failure compared to scenarios where only column loads are considered. Furthermore,
consistent with the analysis performed on free slopes, the results demonstrate that the
higher FoS observed at site S39 can primarily be attributed to its lower slope angle
and slope height. Conversely, the lower FoS observed at site S43 can be attributed to
its steeper slope angle and slope height.

In slope stability analysis with building loads, the sites with the highest and
lowest FoS changed from S17 to S39 and from S8 to S43, respectively, compared to
the free slope analysis. This shift is mainly due to differences in the angle of internal
friction of the soils, as shown in Table 4.3. Sites S39 and S43 have higher internal
friction angles than S17 and S8, which improves shear resistance and slope stability
under identical building loads. Thus, a higher angle of internal friction results in a
higher FoS. Figures 4.4 and 4.5 show the analytical results of slopes with building
loads under static and seismic conditions, respectively. Seismic effects were
incorporated using a seismic coefficient. The most critical sites were selected to
represent various slope angles: S42 (20°), S9 (25°), S40 (30°), S36 (35°), S7 (40°),
and S43 (45°). As shown in Table 4.3, some steeper slopes exhibited higher FoS due
to higher angles of internal friction. This highlights that while slope angle is
important, soil properties particularly the angle of internal friction also play a critical

role in slope stability under building and seismic loads.
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Table 4.3: FoS obtained with step back building

Slope Factor of safety (FoS) Slope Slope Factor of safety (FoS)
. Slope . .
Sites height (m) angle _ Sites height angle
B column column loads with (m) ®) column column loads
loads seismic loads loads with seismic loads
S1 14 30° 1.01 0.914 S26 17 40° 0.9 0.822
S2 14 30° 0.958 0.874 S27 17 40° 0.886 0.808
S3 14 30° 0.836 0.762 S28 17 40° 0.616 0.562
S4 14 30° 0.679 0.619 S29 17 40° 0.909 0.832
S5 14 30° 0.603 0.546 S30 15 35° 1.118 0.994
S6 17 40° 0.692 0.626 S31 15 35° 0.87 0.769
S7 17 40° 0.545 0.495 S32 15 35° 0.847 0.759
S8 17 40° 0.894 0.821 S33 14 30° 1.117 1.021
S9 12 25° 0.562 0.518 S34 14 30° 0.782 0.714
S10 12 25° 0.835 0.765 S35 14 30° 0.869 0.776
S11 12 25° 0.953 0.871 S36 15 35° 0.545 0.497
S12 14 30° 0.762 0.693 S37 14 30° 0.811 0.74
S13 14 30° 0.933 0.851 S38 14 30° 0.619 0.57
S14 14 30° 0.822 0.751 S39 12 25° 1.524 1.388
S15 11 20° 1.000 0.918 S40 14 30° 0.597 0.552
S16 11 20° 1.166 1.065 S41 11 20° 1.17 1.076
S17 11 20° 1.018 0.927 S42 11 20° 0.629 0.574
S18 15 35° 0.888 0.796 S43 18 45° 0.918 0.837
S19 15 35° 0.917 0.814 S44 12 25° 0.94 0.858
S20 15 35° 0.911 0.811 S45 14 30° 0.809 0.732
S21 15 35° 0.889 0.795 S46 11 20° 1.237 1.129
S22 15 35° 0.927 0.834 S47 11 20° 1.211 1.04
S23 15 35° 0.897 0.793 S48 17 40° 0.716 0.648
S24 17 40° 0.668 0.608 349 17 40° 0.702 0.643
S25 17 40° 0.926 0.845 S50 15 35° 0.995 0.902
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4.4.3 Stability of slope with step back setback building

This section presents the slope stability analysis for step back setback buildings
under static and seismic conditions, with the corresponding FoS values summarized
in Table 4.4. The Factor of Safety (FoS) obtained varies from 0.488 to 2.480 under
static conditions, with the lowest FoS observed in S36 and the highest in S47.
Similarly, under seismic conditions, the FoS ranges from 0.46 to 2.183, with S36
having the lowest FoS and S47 the highest. The column loads taken as concentrated
load in each selected site was given in Table 4.1. The FoS obtained were higher in
each selected sites for step back setback building when compared with step back
building alone, leading to more stability of the slopes. The main factors of the
stability improvement of slope for this type of building can be due to the reduction of
the column loads as the reduced in building loads minimize the risk of overloading
the slope and mitigate the potential for slope failure. As the building with the step
back topology results in uneven column heights leading to unequal distribution of
load which impacts the structural integrity of the building and may leads to the
failure of slope. Therefore, the step back setback mechanism was performed to
compensate for the uneven column heights to maintain equal distribution of load.
The results from Table 4.4 shows that the analysis of slope with step back setback
building under static conditions (include column loads only) . higher FoS when
compared with the analysis performed under seismic conditions (include both
column and seismic loads).

Figure 4.6 and 4.7 represents the analytical results of slope with step back
setback building under static and seismic conditions. To represent the various slopes
angle for each site, critical sites were selected. For instance, S42 represents 20° slope
angle. Likewise, S9, S40, S36, S7 and S43 represents 25°, 30°, 35°, 40° and 45°
slope angle respectively as illustrated in figure 4.6 and figure 4.7. The analytical
findings indicate that with this building configuration, the column located at the
highest point on the slope bears more weight compared to the column situated at the
lowest point on the slope. Consequently, a greater portion of the building weight is
concentrated on the upper side of the slope, thereby enhancing its stability and
mitigating the risk of sliding. Additionally, step-back setback building topology

reduces the vulnerability of slopes to failure when subjected to seismic loads with

73



Table 4.4: FoS obtained with step back setback building

. Slope height Slope Factor of Safety (FoS) ) Slf)pe Slope Factor of Safety (FoS)
Sites (m) angle column column loads with Sites height angle column column loads with
® loads sesimic loads (m) ® loads sesimic loads

S1 14 30° 1.041 0.934 S26 17 40° 0.977 0.884

S2 14 30° 0.978 0.885 S27 17 40° 0.934 0.845

S3 14 30° 0.878 0.793 S28 17 40° 0.66 0.596

S4 14 30° 0.716 0.647 S29 17 40° 0.948 0.86

S5 14 30° 0.633 0.572 S30 15 35° 1.138 1.009

S6 17 40° 0.743 0.665 S31 15 35° 0.888 0.782

S7 17 40° 0.555 0.501 S32 15 35° 0.863 0.772

S8 17 40° 0.917 0.838 S33 14 30° 1.153 1.045

S9 12 25° 0.602 0.555 S34 14 30° 0.819 0.74

S10 12 25¢ 0.88 0.8 S35 14 30° 0.9 0.806

S11 12 25° 0.984 0.892 S36 15 350 0.589 0.53

S12 14 30° 0.801 0.721 S37 14 300 0.852 0.77

S13 14 30° 0.971 0.878 S38 14 30° 0.658 0.601

S14 14 30° 0.854 0.774 S39 12 25° 1.55 1.41

S15 11 20° 1.035 0.942 S40 14 30° 0.631 0.578

S16 11 20° 1.204 1.09 S41 11 20° 1.206 1.1

S17 11 20° 1.061 0.958 S42 11 20° 0.667 0.605

S18 15 35° 0.903 0.807 S43 18 45° 0.556 0.504

S19 15 35° 0.936 0.828 S44 12 25¢ 0.987 0.893

S20 15 35° 0.926 0.822 S45 14 30° 0.847 0.759

S21 15 35° 0.904 0.806 S46 11 20° 1.271 1.15

S22 15 35° 0.947 0.849 S47 11 20° 1.236 1.04

S23 15 35° 0914 0.805 S48 17 40° 0.761 0.685

S24 17 40° 0.704 0.636 S49 17 40° 0.73 0.665

S25 17 40° 0.977 0.884 S50 15 350 1.016 0.917
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building loads, as opposed to employing a step-back building design alone.
Consequently, implementing the step-back setback building topology enhance slope

stability in both static and seismic conditions.

4.4.4 Sensitivity analysis of soil properties (cohesion and angle of internal
friction)

As soil properties play an important role in analysis of slope stability.
Therefore, due to the extensive data set, the parametric analysis of shear strength
parameters of soil i.e., ‘¢’ and ‘¢’ has been conducted to understand their influence
on factor of safety (FoS). A sensitivity analysis of the shear strength parameters was
performed under two scenarios: free slope and slope with step-back building under
static and seismic condition. To assess the effect of cohesion, the original soil
cohesion value was systematically increased to 2c and 3c while keeping the angle of
internal friction constant. Similarly, to examine the influence of frictional resistance,
the angle of internal friction was increased to 2 tan ¢ and 3 tan ¢ while maintaining
constant cohesion. Two representative sites S47 and S42 of similar slope geometry
were selected for the analysis due to their contrasting soil properties. Site S47 is
characterized by low cohesion and higher friction angle, while site S42 exhibits high
cohesion and low friction angle. This contrast allows for a comprehensive
understanding of how different soil types respond to changes in shear strength
parameters under various loading conditions with similar slope geometry. The FoS
variations with changes in ‘c’ and ‘¢’ for site S42 are shown in figures 4.8(a) and
4.8(b), and for site S47 in figures 4.9(a) and 4.9(b).

Figure 4.8 (a) & (b) indicate that for Site S42 (a soil with high cohesion and
low internal friction angle), the sensitivity analysis revealed that increasing cohesion
(c) significantly improves the factor of safety (FoS) across all loading conditions—
free slope, building loads under static and seismic conditions. Although increasing
the angle of internal friction (¢, represented as tan ¢) also improves FoS, its influence
1s comparatively less than that of cohesion. This demonstrates that in cohesive soils
like S42, cohesion is the dominant parameter influencing slope stability under all

loading scenarios.
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Figure 4.9 (a) & (b) show that for Site S47 (a soil with low cohesion and high
friction angle), the sensitivity analysis revealed that increasing cohesion (c) does
improve FoS, particularly under free slope conditions. However, under building and
seismic loading conditions, the angle of internal friction (¢) exerts a more significant
influence on FoS. This suggests that in granular soils, ¢ becomes more critical under

applied loads, while cohesion has a relatively limited effect.

4.4.5 Comparison of step back and step back setback building in the analysis of
slope stability.

A study was conducted to determine the best building topology for hilly
terrain, which results in better slope stability. Two building topologies, step back and
step back setback, which are common existing building practices in Aizawl city,
were used for this study. This section compares the analysis of slope with step back
and step back setback building to determine which building topology will provide
better stability to the slope. For assessing the impact of two building topologies, the
most critical sites with varied slope angles of 20°, 25°, 30°, 35°, 40°, and 45°
respectively were assumed to have similar soil properties such as ¢= 41.27 kN/m?,
$=8° and y=16.38 kN/m>. With the two building topologies i.c., Step back building
and Step back setback building considered, the obtained FoS for various slopes with

similar soil properties are presented in Table 4.5.

Table 4.5: Comparison of FoS obtained with two building topologies

FoS obtained in Step back building FoS obtained n St.ep back
. Slope setback building
SL/No. Sites

angle (B) . . .

Static . .. Static Seismic
.. Seismic condition .. ..

condition condition condition
1 S42 20° 0.629 0.576 0.667 0.605
2 S9 25° 0.602 0.549 0.643 0.584
3 S40 30° 0.551 0.507 0.588 0.536
4 S36 35° 0.574 0.519 0.589 0.53
5 S7 40° 0.517 0.47 0.56 0.521
6 S43 45° 0.511 0.471 0.526 0.488
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Based on the results presented in Table 4.5, it is evident that the factor of
safety (FoS) obtained for both step back and step back setback building topologies is
higher under static conditions compared to seismic conditions. Furthermore, figures
5.1(a) and 5.1(b) provide graphical representation of the analysis conducted on both
building topologies considering static and seismic conditions across various slope
angles. These figures illustrate that the step back setback building consistently
achieved a higher factor of safety compared to the step back building at each site
analyzed. Overall, the results indicate that the step back setback building topology
generally exhibits better performance in terms of factor of safety under both static
and seismic conditions for different slope angles when compared to the step back
building topology.

As aresult, it is clear that in hilly areas such as Aizawl city, employing a step
back setback building design offers significant advantages over a step back building
design alone in terms of slope stability and minimizing the risk of slope failure. The
setback feature, resembling terraced or stepped structures, plays a crucial role in
enhancing slope stability by redistributing the building load more uniformly. This
redistribution helps in reducing concentrated pressure points on specific areas of the
slope, thereby minimizing the overall load acting on the slope as indicated in Table
4.1. Additionally, the setback design reduces shear stress on the slope by mitigating
the forces acting parallel to it. By stepping back the building, the forces exerted on
the slope are dispersed more evenly, thus reducing the risk of slope failure. In
conclusion, for areas with sloping terrain like Aizawl city, building designs
incorporating both step back and setback features are highly recommended for

improving slope stability and mitigating the potential for slope failure.

4.4.6 Influence of building types on the shape of the critical slip surface of the
slope.

The majority of sites in the selected area are dominated by a slope angle of
30°. Consequently, site S40, with a slope angle of 30° and a height of 14 meters, was
used to demonstrate how different building types influence the shape of the critical
slip surface. The analytical models for both building types under static conditions are

depicted in figures 4.4(e) and 4.6(e). Despite variations in factor of safety (FoS) due
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Fig.5.1: Comparison of the Factor of Safety obtained with step back building and step back setback building (a) FoS obtained with building loads under static

conditions (b) FoS obtained with building loads under seismic conditions.
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to changes in building loads, the shape of the critical slip surface remains consistent
and rotational for both building types. Similarly, under seismic analysis, the shape of
the slip failure remains same under two types of building load, as shown in figures
4.5(e) and 4.7(e).

The above statement clarifies that the variations of step back and step back
setback building loads within the same slope geometry and soil properties has no
influence on the shape of the critical slip surface. However, the FoS obtained on the
critical slip surface depending on the building load may vary due to the variation of
base normal stress and frictional strength. The graphical representation on how the
FoS vary on the lowest five critical slip surface depending on the building loads

under static and dynamic conditions has been illustrated in figure 5.2.
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17.23 X=14.843 center
17.18 ymg y 0.624
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14 141 142 143 144 145 146 147 148 149 building under
dynamic
X center(m) confition

Fig.5.2: Impact of varying factor of safety on the lowest five critical slip surface due to step

back and step back setback building loads under static conditions and seismic conditions.

4.4.7 Influence of slope geometry on the shape of the critical slip failure.

The study investigates how different slope angles affect the shape of the
circular critical slip failure surface. The slopes such as S42, S9, S40, S36, S7, and
S43 respectively represents varied slope angle of 20°, 25°, 30°, 35°, 40°, and 45°
respectively which were assumed to have similar soil properties (c= 41.27 kN/m?,

¢=8°, and y=16.38 kN/m?).
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Fig.5.3: Comparison of shape of the critical slip surface for varied slope angle with similar soil
properties.

Analysis of the slope stability at each site produced critical slip surface.
Figure 5.3 illustrates the varying effects of slope geometry on the critical slip
surfaces.

Figure 5.3 indicates that slope geometry, including slope angle and height,
significantly affects the shape of the critical slip failure surface. When soil properties
are kept consistent across slopes, higher slope angles and height increases the depth
but decreases the range of the slip surfaces. This deeper and narrower configuration

reduces the factor of safety (FoS), thus resulting in instability of the slope.
4.5 Summary:

The present study analyzed the effects of two building configurations, namely
step back and step back setback buildings, on the stability of hill slopes. A
comprehensive analysis was conducted on 50 slopes with varying slope angles from
different locations within Aizawl city. The input variables for determining the factor
of safety (FoS) in each selected site included slope geometry (slope height and slope
angle) and soil parameters such as unit weight of soil (y) and shear parameters (¢ &

¢). Following general conclusions were made from the present study:

1) Results of the sensitivity analysis suggest that in cohesive soils, cohesion

(c) has a greater influence on the factor of safety (FoS) than the angle of
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iii)

internal friction (¢) under all loading conditions. In contrast, for non-
cohesive soils, although an increase in cohesion also improves the FoS,
the angle of internal friction (¢) has a more significant effect on slope
stability, particularly under building loads of static and seismic
conditions. Similar findings have been reported in previous studies
[115,116].

A comparison of two building topologies proves that with the
consideration of both static and seismic conditions, step back setback
building obtained higher factor of safety than step back building alone in
each site. Therefore, in hilly places like Aizawl city, RCC structures with
a step back setback building is preferable owing to its superior FoS value
(less susceptibility to slope failure) over step back building.

The study concludes that varying building types under similar slope
geometry and soil properties do not affect the shape of the critical slip
surface as only circular failure alone is considered. However, changing
the slope height and slope angle influence the shape of the critical slip
failure surface in terms of its range and depth. This conclusion aligns with
findings from other literature sources. [117,118]

From the analytical results, the majority of selected sites in Aizawl city
are less susceptible to slope failure without external loads. This suggests
that under natural conditions, the slopes exhibit a certain level of stability.
However, when subjected to external loads, specifically 21m building
height with seismic loads, many of these sites become prone to slope
failure.

All the conclusions are based on a limited range of soil parameters (c = 7—
45kN/m?, ¢ = 6°-25°) and slope angles (20°-45°). These reflect site-
specific conditions and may not apply to broader scenarios. These
parameters were selected based on critical site conditions observed in the
study area. Therefore, the findings should be interpreted within these
bounds and may not be directly applicable to slopes with significantly

different geotechnical or geometric conditions
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CHAPTER 5

ZONATION MAPPING OF SLOPE VULNERABILITY WITH BUILDING
LOADS IN AIZAWL CITY

5.1 Introduction

Landslide hazard zonation is a method used to evaluate risk in areas
susceptible to landslides. This technique involves classifying an area into various
zones, where each zone represents a different level of risk. The classification is based
on several causative factors, which are weighted according to their potential impact
on slope failure. In case of Aizawl city, a hilly region prone to frequent landslides,
this study is particularly crucial due to the significant problems caused by landslides,
including loss of life and property, road blockages, communication disruptions, and
economic impacts. The objective of this study was to generate a slope vulnerability
map, also called a landslide hazard zonation (LHZ) map subjected to building loads
in Aizawl city. In this regard, the study has been carried out by following the
procedures outlined in IS 14496 (Part 2): 1998, which provides guidelines for

preparing landslide hazard zonation maps in mountainous areas.

Previous research, as outlined in the literature review, has largely
concentrated on creating landslide zonation maps using geo-environmental factors
including land use, land cover, natural drainage, bedrock etc. However, these maps
often neglect the impact of building loads, which is critical in areas like Aizawl city
where construction literally took place on slopes or near slope with the slope ranging
from 15° to 45°. In Aizawl city, most slope failures have been attributed to
inadequate slope management and improper building construction, often carried out
without proper site investigation or assessment of critical soil properties, including

bearing capacity and shear strength.

To address this gap, the current study aims to develop a vulnerability map
that incorporates the loads from G+6 story buildings. Slope stability analysis was
performed considering soil properties and slope morphology, with the findings

expressed in terms of the factor of safety (FoS). The development of the vulnerability
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map takes into account various causative factors affecting slope stability, including
soil bearing capacity (SBC), factor of safety (FoS), lithology, rainfall, bedrock and
topographic features. Both the qualitative and quantitative methods were
implemented for the assessment of vulnerability which includes heuristic (expert
evaluation) techniques, statistical (data-driven) method and deterministic method.
These methods integrate the various factors to produce a detailed vulnerability map

for Aizawl city.
5.2 Study area

The random selected sites in the municipal areas of Aizawl city have been
identified and studied. A total of 182 sites (S1 to S182) were selected as the study
area to represent the Aizawl city after investigating and assessing the history of each
site. These selected sites are built-up area where people are residing and the area of
each selected site ranges from 200sqm to 500sqm. Laboratory tests were conducted
on the collected soil samples for determination of geotechnical properties and shear
strength parameters of soil as per American Society for Testing and Materials
(ASTM). This soil parameters obtained from the laboratory tests were adopted for
determining the safe bearing capacity (SBC) of the soil and factor of safety (FoS) of
the slope in each selected site. A map showing the selected sites is provided in Figure
1.3, and detailed information about the location and characteristics of these sites are

described in Table 1.1 in chapter-1.

5.3 Materials and methods
5.3.1 Data used

In the present study, a vulnerability map for Aizawl city has been generated using
an outlined map of the Aizawl Municipal Area, prepared by the Aizawl Municipal
Corporation (AMC) as the based map. The vulnerability assessment incorporates

various factors, including:

o Safe Bearing Capacity (SBC) of Soil
o Factor of Safety (FoS) of Slope Analysis with step back building (G+6).
e Structural features (bedrock).
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e Slope morphology.
e Lithology.
o Rainfall.

Some of the causative factors—SBC map, FoS map, and bedrock map—were
developed through statistical methods based on field investigations and subsequent
analyses. Other factors, like lithology map and slope map of the study area was
generated using the base map generated from MIRSAC (Mizoram Remote Sensing
Application Centre). Rainfall map of the study area was collected from State

Meteorological Centre (Sc & Tech).

To generate the final vulnerability map, these individual maps were integrated
through weighted overlay analysis using ArcGIS 10.4.1 software. This process
involved combining all the causative factors to produce a comprehensive

vulnerability map of the study area.
Thematic layers

Slope vulnerability is influenced by multiple factors. In a hilly region like
Aizawl city, where land use is predominantly for construction, six critical causative
factors were identified and organized into thematic layers using satellite data and
field studies. These layers were then employed to map slope vulnerability. The

different layers are:
(i) Bearing capacity of soil:

In this study, the safe bearing capacity (SBC) for square footings was
evaluated across all selected sites. The methodology for calculating SBC is detailed
in Chapter 3. The study area was categorized into three classes based on the SBC
values obtained: High, Moderate, and Low. Table 5.1 depicted the area covered by

each class measured in square kilometers.
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Fig.5.4: SBC map of the study area.
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e High Class: SBC values less than 200 kN/m?.
e Moderate Class: SBC values between 200 kN/m? and 300 kN/m?.
e Low Class: SBC values above 300 kN/m?.

Each class was assigned a weightage value. The High class, which has the
lowest SBC values, was given the highest weightage of vulnerability, followed by
the Moderate and Low classes. Using these classifications and corresponding
weightages, a map was generated to depict slope vulnerability based on the SBC

values obtained as given in Figure 5.4.

Table 5.1: Statistics of SBC values obtained in the study area

SBC class Area (sq.km) Percentage (%)
High 6.89 5.31
Moderate 88.55 68.16
Low 34.47 26.53
Total 129.91 100

(i) Factor of Safety (FoS) with step back building:

Despite the fact that the slope stability analysis may not account for every
possible vulnerability factor, it addresses many critical elements, including surcharge
loads, pore water pressure, seismic activity, soil types, slope height, and slope angle.
This comprehensive approach helps to assess and ensure the stability of slopes by
considering the most significant factors influencing their vulnerability. In this study,
the FoS obtained from the analysis of slope with step back building (G+6) under
seismic conditions in all the selected sites of the study area were implemented. The
analysis performed has been detailed in chapter-4. The study area was classified into
three categories based on the factor of safety (FoS) values such as High, Moderate,
and Low. Table 5.2 illustrates the area covered by each classification, measured in

square kilometers.

e High Class: FoS values less than 1.
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e Moderate Class: FoS values between 1 to 1.5.
e Low Class: FoS above 1.5.

A weightage value based on its level of vulnerability was assigned for each class.
The High Class, with a factor of safety (FoS) value less than 1, was assigned the
highest weightage for vulnerability. This was followed by the Moderate Class, which
includes FoS values ranging from 1 to 1.5, and the Low Class with FoS values
greater than 1.5. A map was then created to represent slope vulnerability according to

these FoS classifications and their associated weightages, as depicted in Figure 5.5.
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Table 5.2: Statistics of FoS value obtained in the study area

FoS class Area (sq.km) Percentage (%)
High 63.05 48.54
Moderate 34.50 26.56
Low 32.36 24.90
Total 129.91 100

(iii)  Structural features (bedrock outcrop):

The stability of slopes is significantly influenced by the structural features of
the underlying rock, particularly its bedding. To understand these influences,
measurements are often taken using a clinometer to determine the orientation of the
rock bedding. Based on the relationship between the slope and the bedrock

orientation, the study area has been divided into four primary types of slopes such as:

e Anti-dip Slope: This occurs when the slope is oriented in the opposite
direction to the dip of the rock beds. In other words, the slope faces away
from the direction in which the rock layers are inclined. Anti-dip slopes can
be relatively stable if the rock layers are well-cemented and the slope does
not exceed critical angles.

e Homo-clinal Slope (Dip Slope): In this case, the slope is oriented parallel to
the bedding plane of the rock. Here, the slope runs in the same direction as
the inclination of the rock layers. Dip slopes can be prone to sliding if the
bedding planes are steep or if there are weaknesses within the rock layers.

o Strike Slope: A strike slope is oriented perpendicular to the bedding planes.
This means the slope runs across the direction of the rock layers. The stability
of strike slopes depends on the dip of the rock layers and the presence of any
discontinuities that could affect slope stability.

e Oblique Slope: This type of slope is oriented at an angle that is neither
parallel nor perpendicular to the bedding planes but instead intersects them at
an oblique angle. The stability of oblique slopes can be complex to assess as
it involves a combination of factors from both the dip and strike orientations,

along with additional geological features.
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Each slope type interacts with the underlying rock structure in distinct ways,
impacting stability and the likelihood of slope failures. Based on these interactions,
the homo-clinal slope was assigned the highest weightage in terms of its potential to
influence slope instability. This was followed in descending order by oblique slopes,
strike slopes, and anti-dip slopes. A map was subsequently created to represent the
relationship between the slope and the rock bedding, as illustrated in Figure 5.6. The
statistical details of the rock bedding measured in the study area are provided in

Table 5.3.
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Table 5.3: Statistics of bedrock orientation with slopes in the study area

Bedrock orientation with Area (sq.km) Percentage (%)
slopes
Homo-clinal slope 25.05 19.28
Oblique slope 73.46 56.55
Strike slope 23.88 18.38
Anti-dip slope 7.52 5.79
Total 129.91 100

(iv)  Slope:

Shear stress in soil or other unconsolidated materials generally increases with
the angle of the slope, making slope angle a critical factor in stability assessment and
slope design. In this study, the slope map produced by MIRSAC was utilized and
cross-verified with field investigations at all selected sites. The slope angles
measured in the field closely matched those generated by MIRSAC, as illustrated in
Figure 1.6 of Chapter 1. The slopes in the study area are categorized by degrees into
five facets: 15° to 25°, 25° to 30°, 35° to 40°, 40° to 45°, and above 45° respectively.

Weightage values were assigned based on the steepness of these slopes. The detailed

slope statistics for the study area are presented in Table 5.4.

Table 5.4: Statistics of slope of the study area

Degrees of slope Area (sq.km) Percentage (%)
15° to 25° 0.353 0.27
25°to 30° 0.184 0.14
30°to 35° 7.958 6.13
35° to 40° 11.275 8.68
40° to 45° 47.06 36.23

>45° 63.08 48.56
Total 129.91 100
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v) Lithology:

Lithology, which refers to the physical and chemical characteristics of rock
formations, plays a critical role in the vulnerability assessment of slopes due to its
significant influence on slope stability and erosion processes. The study area, which
is situated over the Bhuban and Bokabil formations of the Surma Group from the
Tertiary period, the predominant rock types are arenaceous (sandy) and argillaceous
(clayey) rocks. Based on the exposed rock formations observed at the site, five
distinct lithology units have been identified and categorized according to their
hardness. These units are listed as follows: sandstone, siltstone-sandstone, shale-
sandstone and crumpled shale. The weightage value was assigned depending on the
hardness of the rock. Therefore, the highest weightage value was assigned to the
weakest rock such as crumpled shale which was followed by shale-sandstone,
siltstone-sandstone and sandstone respectively. Using a lithology map of Aizawl
generated by MIRSAC as a base map, a lithology map of the study area has been
modified according to the classification of litho-unit shown in Figure 1.4. The

statistics of the lithology observed at the study area are shown in Table 5.5

Table 5.5: Statistics of lithology of the study area

Types of rocks Area (sq.km) Percentage (%)
Crumpled shale 31.25 24.06
Shale-sandstone 33.25 27.13
Siltstone-sandstone 22.73 17.50
Sandstone 42.68 31.31
Total 129.91 100

(vi)  Rainfall:

In hilly areas such as Aizawl city, where the majority of sites are
characterized by clayey soil, rainfall becomes a critical factor in assessing slope
vulnerability. Clayey soils, due to their low permeability, can become highly
saturated during heavy rainfall. This saturation increases the pore water pressure

within the soil, reducing its shear strength and making the slope more prone to
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failure. Additionally, prolonged or intense rainfall can lead to increased soil erosion
and destabilization of the slope. Therefore, understanding and monitoring the annual
rainfall is essential for accurately evaluating and managing the risk of landslides and
slope instability in such regions. As a result, a map generated by State
Meteorological Centre shown in Figure 1.7 of chapter 1 has been implemented for
this study. The annual rainfall in the study area has been classified into five
categories such as very low, low, moderate, high, and very high. The amount of
rainfall for each category are as follows: very low (206lmm to 2205mm), low
(2205mm to 2294mm), moderate (2294mm to 2376mm), high (2376mm to
2462mm), and very high (2462mm to 2611mm). The weightage value has been
assigned according to the amount of annual rainfall. The highest weightage has been
assigned to the category of very heavy rainfall followed by high, moderate, low and
very low rainfall respectively. The statistics of the annual rainfall of the study area is

illustrated in Table 5.6.

Table 5.6: Statistics of annual rainfall of the study area

Rainfall class Area (sq.km) Percentage (%)
Very High 3.72 2.86
High 19.9 15.32
Moderate 49.74 38.29
Low 43.75 33.68
Very Low 12.8 9.85
Total 129.91 100
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5.4 Data Analysis

In the study area, the geology, morphology and human activity were found to be
the most influential factors on slope failure. The six fundamental parameters such as
bearing capacity (SBC), factor of safety (FoS), structural features (bedrock), slope
morphology, lithology and rainfall significantly influence the occurrence of slope
failure. These six factors are the fundamental parameters for assessment of
vulnerability of slope and are categorized into specific classes for detailed analysis.
Each class within these parameters was carefully examined to determine its
relationship to slope vulnerability. A weightage value was assigned to each class,
reflecting its potential impact on the occurrence of slope failure, with higher
weightage indicating a greater influence on slope instability. The weightage values
were assigned based on expert knowledge and their relative importance of each
factor in triggering slope failure, referring to the weightage value given by National
Remote Sensing Agency [119] and stability ratings devised by Joyce and Evans
[120]

The thematic layers, along with their assigned weightages, are integrated and
analysed using ArcGIS software (version 10.4.1), to create a slope vulnerability map
with building loads (G+6) of the study area. A map of the study area was then
generated by weighted overlay analysis providing a comprehensive assessment of
slope vulnerability in the study area which is shown in Table 5.7. The evaluation
scale used for generating the map is 1 to 9 by 1. The ratings of the influence of the

parameters are also given in terms percentage (%) as shown in Table 5.7.
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Table 5.7: Parameters and their ranking in terms of their influence to slope vulnerability.

Parameters Inf(l(l;: )n ce Category Weightage
Safe Bearing High
Capacity (SBC) of 20 Moderate
soil Low
High
35 Moderate
Low
Homo-clinal slope
Structural features Oblique slope
(bedrock) 10 Strike slope
Anti-dip slope
>45°
40° to 45°
20 35° to 40°
30° to 35°
25°to 30°
15° to 25°
Crumpled shale
Shale-sandstone
Siltstone-sandstone
Sandstone
Very High
High
Rainfall 10 Moderate
Low
Very Low

[o)}

Factor of Safety
(FoS)

Slope

Lithology 5

I IN(WIRAR NI |WIRAR|IRAONA|Q[(R|O|N (RN N QO[N]

5.5 Results and discussion

Integrating all the controlling parameters and assigning different weightings to
each theme, the final map of vulnerability of slopes subjected to building loads in
Aizawl city was developed and classified into the categories of ‘Very High’, ‘High’,
‘Moderate’ and ‘Low’ zones respectively. The output of this map was generated at a
scale of 1:10,000 as shown in Figure 5.7. The vulnerability classes are defined as

follows:
5.5.1 Very High Vulnerability Zone

Based on slope morphology, this zone is characterized by steep slopes of

approximately 35° or greater. However, slope stability is influenced not only by the
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slope morphology, but also by soil properties, particularly its shear strength.
Geologically, the area is highly unstable due to the type of soil and rock formations,
which disrupt the relationship between the slope and the bedrock. This instability is
compounded by the combination of building loads of G+6 and seismic activity.
Rainfall intensity further contributes to slope instability in those areas. Human
activities such as road cutting also contribute to the instability. The area typically
features steep slopes with loose and unconsolidated materials and includes sites with
evidence of recent or past landslides. This zone covers approximately 24.78 sq.km,
representing 19.07% of the total study area. Soil bearing capacity in these regions is
relatively low. Therefore, existing buildings should be maintained with appropriate

measures to ensure slope stability and structural integrity.

5.5.2 High Vulnerability Zone

The study area within this zone features steep slopes typically ranging from
30° to 35°. The vulnerability of slope is influenced by various factors, including
slope morphology, the factor of safety (FoS) from slope stability analysis, lithology,
rainfall intensity, and the relationship between the slope and bedrock. Although most
FoS values in this zone fall within the moderate range, they alone do not fully
represent the vulnerability of slope. Field investigations revealed that the
predominant rock formations are crumpled shale, shale-sandstone, and silt-sandstone,
with crumpled shale being the dominate rocks. This rock composition places much of

the area in a high vulnerability zone.

The slopes in this region are characterized by dip slopes and oblique slopes,
and the rainfall intensity is classified as high to moderate. The soil bearing capacity
(SBC) in these areas typically ranges from 100 to 250 kN/m?. Consequently,
constructing a G+6 building in this zone requires implementing effective slope
stability measures and should be carried out under the supervision of experienced
Engineer. This zone covers about 68.01 square kilometres, which constitutes 52.35%
of the total study area, indicating that it encompasses the majority of the area.
Engineers are advised to design buildings according to the specific geological and

SBC conditions of the site.
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5.5.3 Moderate Vulnerability Zone

The study area in this zone features steep slopes generally ranging from 25° to
30°. This slope morphology tends to reduce the vulnerability of slope, although it is
not the sole factor determining classification of the area. The higher factor of safety
(FoS) values in this zone contribute to a lower risk of slope failure. Despite the high
intensity of rainfall in these areas, the relatively thin soil layer allows for noticeable
bedrock exposure. The predominant rock formation is sandstone, and the slopes are
characterized by an oblique relationship with the bedrock, resulting in a moderate
vulnerability classification for the zone. The soil bearing capacity (SBC) in these
areas ranges from 200 to 300 kN/m?. Therefore, constructing a G+6 building in this
zone is deemed feasible. However, engineers should design buildings based on the
specific geological conditions and SBC of the site to ensure the stability of both the
slope and the structure. The Moderate Vulnerability zone covers approximately
30.89 square kilometers, representing 23.78% of the total study area, as highlighted
in Table 5.8.

5.5.4 Low vulnerability zone

This zone encompasses areas where a combination of factors typically does
not negatively affect slope stability. Situated in a hilly region with residential and
construction activities on or near slopes, this zone represents a very small portion of
the study area with low vulnerability. The gentler slope angles here, generally below
25°, contribute to its low vulnerability status. A significant part of this zone is
characterized by hard, compact rock types like sandstone. It includes flatlands and
regions with gentle slopes and is primarily located where human activities are
minimal or non-existent. There is no observed evidence of instability or expected
mass movement within this zone, barring significant changes to the site. As such, this
zone is considered suitable for development projects. It covers approximately 6.23

square kilometers, which is 4.8% of the total study area as shown in Table 5.8.
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Fig.5.7: A map showing vulnerability of slopes with building loads (G+6) of the study area.
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Table 5.8: Statistics of vulnerability class of the study area

Vulnerability class Area (sq.km) Percentage (%)
Very High 24.78 19.07
High 68.01 52.35
Moderate 30.89 23.78
Low 6.23 4.80
Total 129.91 100

5.6 Summary

The present study aims to create a map depicting slope vulnerability in relation

to building loads. To develop this map, several critical factors were considered,

including soil bearing capacity (SBC), factor of safety (FoS), slope, structural

features (bedrock), lithology, and rainfall data. These factors were incorporated as

thematic layers to produce a map categorizing vulnerability of the study area into

four hazard zones: Very High, High, Moderate, and Low. The following general

conclusions were drawn from the study:

1)

2)

3)

The final map highlights that the majority of the municipal area falls within
High and Very High vulnerability classes, driven by steep slope angles
(>30°), weak lithologies (notably crumpled shale), low SBC in many
locations, and elevated rainfall.

Slope stability is strongly affected by anthropogenic activities particularly
construction without prior geotechnical investigation and slope modification
(bench cutting) which are spatially correlated with the mapped high-risk
zones. Moreover, incorporating building loads (G+6) and seismic effects into
factor of safety (FoS) calculations substantially alters the vulnerability
assessment, revealing high-risk locations that conventional geo-
environmental zonation alone would underestimate.

The vulnerability map was qualitatively validated through field observations
and historical landslide records wherever available. A substantial proportion

of documented failures were found to occur within the High and Very High
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4)

vulnerability zones, thereby confirming the reliability of the map and
supporting its utility for planning and mitigation purposes.

The vulnerability map, which includes considerations for G+6 building loads,
generated by this study will serve as a critical resource for selecting
appropriate sites for development. It will assist the decision makers,
administrator like Aizawl Municipal Corporation (AMC) and developmental
planner in identifying unstable areas for constructing G+6 buildings and in

implementing suitable mitigation measures in landslide-prone zones.
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CHAPTER 6

CONCLUSIONS

6.1 Conclusions

The study carried out in this thesis has successfully addressed the complex problem
of slope vulnerability in Aizawl city under the influence of building loads, integrating
geotechnical, geological, structural, and geospatial aspects into a unified framework. A
total of 182 sites were systematically investigated through field surveys, laboratory
testing, and advanced analytical methods. The research adopted a holistic approach by
combining soil mechanics, slope stability analysis, machine learning—based regression
modeling, and GIS-based spatial analysis, thereby ensuring a comprehensive
understanding of slope vulnerability in an urban hilly terrain.

One of the significant achievements of this work is the development of a modified
bearing capacity model equation using machine learning regression techniques,
calibrated against IS 6403:1981. This represents a novel contribution, bridging
conventional geotechnical design with modern data-driven approaches, and enhancing
the reliability of safe bearing capacity estimation for complex soil conditions of Aizawl
city.

The study also provides an in-depth evaluation of building typologies and their effect
on slope stability. By analysing Step Back and Step Back—Set Back configurations under
both static and seismic loading conditions, the research has generated valuable insights
into structural-slope interaction, highlighting the safer performance of Step Back—Set
Back configurations. This is of particular importance for urban planning and design in
Aizawl, where unplanned construction continues to exert pressure on fragile slopes.

Another commendable outcome is the preparation of a Slope Vulnerability Hazard
Zonation (SVHZ) map, which integrates multiple thematic layers such as lithology,
slope morphology, structural features, rainfall, soil properties, and building loads. The
resulting map classifies the study area into four vulnerability zones, providing a clear

and practical tool for administrators, planners, and engineers. The successful use of
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remote sensing and GIS techniques, validated with field investigations, has
demonstrated the power of combining modern spatial technologies with traditional
geotechnical analysis.

This research further emphasizes the role of human-induced modifications, such as
slope cutting, unplanned development, and road construction, as aggravating factors of
slope failure. The findings serve as a strong technical foundation for policy-makers and
regulatory bodies such as the Aizawl Municipal Corporation (AMC) to incorporate
vulnerability considerations into building regulations and urban development strategies.
In summary, this work makes a substantial contribution to geotechnical and geo-
environmental research in hilly urban areas. It not only advances the scientific
understanding of slope vulnerability under building loads but also provides a practical
framework for hazard assessment and sustainable urban planning in Aizawl. The
meticulous fieldwork, rigorous laboratory testing, innovative application of machine
learning, and the integration of GIS-based mapping reflect the depth and originality of
this research.

The thesis demonstrates that a multidisciplinary approach, combining soil mechanics,
structural engineering, geology, and spatial technology, can generate highly reliable and
actionable outcomes. The work stands as a valuable reference for future research and a
guiding framework for engineers, planners, and decision-makers working in landslide-

prone urban hill environments.

Following important conclusions were derived from the present study:

1) The regression model for estimating soil bearing capacity indicates that square
footings have the highest capacity, influenced by low Plasticity Index (PI), high
unit weight of soil and shear strength parameters (cohesion ‘c’ and internal
friction angle ‘¢’). Both stepwise and Lasso regression effectively predicted
bearing capacity, ¢ showing high correlation with IS 6403:1981 guidelines.

2) Stepwise regression identified ‘¢’ as the most significant factor, followed by ‘c’,

foundation depth (D), unit weight of soil (y), and plasticity index (PI). While
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3)

4)

5)

6)

7)

8)

stepwise regression had slightly better R? values and used fewer predictor terms
(eight versus nine in Lasso), it neglected foundation width (B), which Lasso
included. This suggests Lasso may offer a more realistic model for bearing
capacity estimation. Overall, both of the methods yielded satisfactory results in
predicting bearing capacity.

The sites with higher cohesion (c¢) value have more impact for determination of
factor of safety (FoS) under free slope stability analysis. Meanwhile, the sites
having higher angle of internal friction (¢) has more impact under the analysis
carried out with consideration of building loads. This finding was also validated
by the performing the sensitivity analysis of shear strength parameters of soil.
The study concludes that varying building types under similar slope geometry
and soil properties do not affect the shape of the critical slip surface as only
circular failure alone is considered. However, changing the slope height and
slope angle influence the shape of the critical slip failure surface in terms of its
range and depth.

The comparative analysis of two building typologies demonstrates that the
implementation of a step-back setback configuration enhances slope stability to a

greater extent than the conventional setback building configuration.

The slope vulnerability map generated highlights that the majority of the study
area falls within High and Very High vulnerability classes, driven by steep slope
angles (>30°), weak lithologies (notably crumpled shale), low SBC in many
locations, and elevated rainfall.

Slope stability is strongly affected by anthropogenic activities particularly
construction without prior geotechnical investigation and slope modification
(bench cutting) which are spatially correlated with the high-risk zones in the
slope vulnerability map.

Moreover, incorporating building loads, SBC and FOS for analyzing slope

stability substantially alters the vulnerability assessment, revealing high-risk
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vulnerable sites that conventional geo-environmental zonation alone may
underestimate the risks.

9) This resource generated from the present study will aid the decision makers,
administrator like Aizawl Municipal Corporation (AMC) and developmental
planner in identifying unstable areas for constructing buildings storey and in

implementing suitable mitigation measures in landslide-prone zones.

6.2 Scope for Further Studies

1) Future studies may extend the present work by expanding the geotechnical
database through additional field investigations and geophysical surveys

which will improve spatial resolution of the slope vulnerability maps.

2) By incorporating additional factors influencing slope vulnerability, the
prediction of slope vulnerability maps can be improved, thereby providing

a more realistic representation of site conditions.
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APPENDICES:

Table 6.1 Soil properties and other related parameters of slope vulnerability assessment

Plasticity | Liquid Unit Cohesion | Ansgleof (kSN]?ISZ) FoS under
Sites Sp eci.fi € | Index (Pi’) L;lmit weight omC (o) infer.n al Soil types Rock types for stat.ic a.nd B_edroc.k
Gravity (%) (%) (kKN/m3) (%) KN/m2 frlctolon (USCS) square seismic orientation
9°) footing conditions
S1 24 5.89 35.35 17.46 18 13.5 32 ML Sandstone 592.89 1.329 Antidip
S2 2.47 1.25 30.52 15.4 20 0.8 35 ML or OL Sandstone 426.78 1.018 Antidip
S3 2.56 16.053 30.42 15.59 22 33.84 20 CL Sandstone 160.39 1.137 Antidip
S4 2.49 11.832 36.25 15.69 20 31.68 15 ML Sandstone 513.2 0.893 Antidip
S5 2.51 12.76 30.79 17.51 16 3243 12 CL Crumpled Shale 98.34 0.757 Homoclinal
S6 2.55 18.5 37.96 17.97 14 55.034 11 CL Crumpled Shale 93.63 0.577 Homoclinal
S7 2.56 15.306 27.65 15.18 20 47.87 7 CL Crumpled Shale 133.65 0.48 Homoclinal
S8 2.57 1.51 33.55 17.02 18 0.76 35 ML or OL | Crumpled Shale 148.62 0.627 Oblique
S9 24 14.66 34.29 15.89 18 40.64 7 CL Crumpled Shale 461.42 0.463 Oblique
S10 2.47 13.63 37.906 15.45 20 345 18 CL Crumpled Shale 139.07 0.725 Oblique
S11 2.49 6.23 38.9 16.52 18 10.39 29 ML Sandstone 148.75 0.839 Homoclinal
S12 2.72 13.796 45.01 16.18 22 31.88 18 ML Sandstone 410.73 0.87 Homoclinal
S13 2.4 10.25 46.84 15.79 22 25.67 26 ML Sandstone 162.9 1.154 Homoclinal
S14 2.47 10.15 47.34 15.49 18 20.45 24 ML Sandstone 215.86 1.031 Homoclinal
S15 2.5 10.45 49.35 15.79 18 20.1 25 ML Sandstone 169.13 1.658 Homoclinal
S16 2.54 10.25 42.46 16.87 20 21.2 29 ML Sandstone 179.54 1.938 Homoclinal
S17 2.53 11.895 35.93 16.97 20 31.65 22 CL Crumpled Shale 633.87 1.554 Antidip
S18 2.56 2.15 34.12 16.77 19 3.98 34 ML or OL | Crumpled Shale 199.92 0.846 Antidip
S19 2.6 12.95 33.63 16.97 19 33.57 23 CL Crumpled Shale 678.01 0.766 Oblique
S20 2.51 1.15 29.19 17.65 16 2.95 35 ML or OL | Crumpled Shale 128 0.867 Oblique
S21 2.6 1.45 32.72 17.26 18 3.92 34 ML or OL | Crumpled Shale 221 0.844 Oblique
S22 2.63 16.91 34.24 17.95 16 46.49 19 CL Crumpled Shale 754.55 0.761 Antidip
S23 2.63 8.253 34.34 17.95 16 19.81 28 ML Crumpled Shale 693.51 0.791 Antidip
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. Plasticity - Unit Cohesion I.Angle of . SBC FoS.under
Sites Zpem'ﬁ ¢ | Index PI) .L1('1u1‘()1 weight OOMC (o) m?er.n al Soil types Rock types (kN/m2) stat.lc a'nd Bedrock
ravity (%) Limit (%) (KN/m3) (%) KN/m2 frlctéon (USCS) for square seismic
(9°) footing conditions
S24 2.6 10.59 30.62 16.97 18 30.8 18 CL Crumpled Shale 250.99 0.55 Homoclinal
25 2.5 14.15 36.36 16.48 18 43.38 24 CL Crumpled Shale | 310.18 0.764 Homoclinal
S26 2.54 13.95 33.51 16.48 18 33.38 24 CL Crumpled Shale |  676.25 0.731 Homoclinal
S27 2.8 16.8 40 16.18 22 41.69 23 CL Crumpled Shale | 184.85 0.515 Oblique
S28 278 10.12 43.82 16.38 18 44.99 11 ML Crumpled Shale |  307.94 0.741 Oblique
S29 2.6 9.45 50.27 16.87 18 23.93 29 MH Crumpled Shale | 282.57 0.867 Oblique
S30 2.8 10.34 34.76 17.85 16 20.69 35 ML Crumpled Shale | 228.29 0.726 Oblique
31 2.51 4.52 18.84 15.4 12 31.88 22 CL Crumpled Shale |  170.21 0.754 Oblique
32 2.57 0.43 30.42 15.59 18 18.84 26.65 ML or OL s;lrfzts‘zgﬁe 761.68 0.955 Antidip
33 2.61 18.59 40.2 15.64 16 17.76 34 CL Crumpled Shale | 1383.19 1.083 Antidip
S34 2.49 10.55 36.25 15.69 18 28.203 20 ML ssiif?;iﬁﬁe 232.45 0.937 Oblique
S35 2.49 12.71 47.93 17.51 20 33.35 21 ML Ssggztsotgﬁe 204.87 1.129 Homoclinal
S36 2.57 13.8 38.53 15.18 16 28.45 10.96 CL Crumpled Shale 577.5 0.451 Homoclinal
S37 2.61 15.05 30.05 15.45 18 33.35 19.25 CL Crumpled Shale |  344.95 1.067 Antidip
S38 2.51 12.76 39.207 16.18 21.17 44.15 9.51 ML Crumpled Shale |  690.33 0.746 Oblique
$39 2.4 2.93 24.23 15.79 12 5.88 43.77 MLorOL | Crumpled Shale 139.4 1.346 Oblique
S40 2.41 11.06 38.09 15.49 20 10.69 36.61 ML Crumpled Shale |  157.13 0.743 Oblique
S41 2.45 8.816 40.2 15.64 22 18.54 30 ML Crumpled Shale |  189.88 1.92 Oblique
S42 2.5 16.56 34.89 16.38 20 41.27 8 CL Crumpled Shale 701.7 0.846 Oblique
S43 2.634 16.15 32.54 17.95 16 43.38 13 CL Crumpled Shale 113.1 0.49 Oblique
S44 2.61 12.65 41.34 16.67 18 32.47 22 ML Crumpled Shale |  186.53 0.816 Oblique
S45 2.7 11.23 34.65 17.26 16 30.97 20 CL Crumpled Shale 147.6 1.066 Oblique
S46 2.91 3.31 32.78 17.46 14 13.35 32.78 MLorOL | Crumpled Shale | 210.51 2.046 Oblique
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SBC

Sites Sp eci.fi ¢ IIl’ll(;l:;iE;:%,) If::ll:nl::l wliingiltlt oMcC COlEi)Sion ﬁll:g:i:lf Soil types Rock types (kl\fl(iTZ) l;:);ilcu::l: Bedrock
Gravity (%) (%) (KN/m3) (%) KN/m2 frlct:()n (USCS) square seismic
©°) footing conditions
S47 2.47 2.67 42.13 17.97 18 2.45 34.89 ML Siltstone-Sandstone 599.06 2.083 Homoclinal
S48 2.46 8.05 30.6 17.02 20 49.34 13.7 CL Siltstone-Sandstone 155.31 0.593 Homoclinal
S49 247 7.01 353 15.89 20 15 24.23 ML Shale-Sandstone 1121.18 0.572 Oblique
S50 2.44 7.43 26.6 16.52 16 31.39 26.84 CL Shale-Sandstone 1267.1 0.851 Oblique
S51 2.62 12.41 31 18.25 16 44.8 11.68 CL Siltstone-Sandstone 544.882 0.52 Oblique
S52 2.63 18.08 36.77 16.38 20 44.15 15.96 CL Crumpled Shale 236.83 0.93 Oblique
S53 2.642 9.14 30.6 16.68 16 28.73 27.72 CL Crumpled Shale 233.29 0.744 Antidip
S54 2.52 7.62 322 16.16 18 27.95 25.64 ML Crumpled Shale 236.072 1.348 Antidip
S55 2.52 8.96 36.35 16.68 22 28.74 22 ML Crumpled Shale 208.952 1.174 Antidip
S56 2.51 1.36 32.85 16.97 10 18.84 26.65 ML Siltstone-Sandstone 230.508 1.318 Homoclinal
S57 2.59 4.99 24.87 17.26 16 53.93 8 CL-ML Sandstone 427.99 0.561 Homoclinal
S58 2.52 12.91 342 15.91 18 31.39 24 CL Shale-Sandstone 254.545 0.682 Homoclinal
S59 2.52 12.82 36.2 15.58 18 36.05 17.021 CL Crumpled Shale 248.34 1.014 Oblique
S60 2.55 12.02 354 15.66 18 36.06 18 CL Crumpled Shale 249.652 0.668 Oblique
S61 2.55 12.02 354 15.66 18 36.06 15.5 CL Crumpled Shale 249.652 0.61 Oblique
S62 2.54 4.23 30.407 17.46 12.17 2 44.71 CL-ML Siltstone-Sandstone 400 0.649 Strike
S63 2.48 6.2 36.35 17.16 16 32.37 26.86 CL-ML Siltstone-Sandstone 425.56 1.439 Strike
S64 2.56 5.44 26.065 18.64 14 25.5 26.65 CL-ML Shale-Sandstone 251.69 0.69 Strike
S65 242 9.38 34.709 18.25 14 51.9 8.26 ML Siltstone-Sandstone 249.82 0.664 Oblique
S66 2.38 7.73 28.445 17.15 18 39.534 20.556 CL Crumpled Shale 279.84 1.193 Oblique
S67 2.39 5.98 26.17 18.44 14 18.15 35.48 CL-ML Shale-Sandstone 349.019 1.161 Oblique
S68 241 14.48 31.89 17.75 14 28.45 29.72 CL Sandstone 395.86 0.903 Oblique
S69 2.5 7.77 24.88 18.15 14 20.6 37.680 CL Sandstone 502.56 1.949 Oblique
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Plasticity | Liquid Unit Cohesion Angle of (kSN]?IﬁZ) ul:l(()lir
Sites ZI;ZC‘:::; Index Limit weight ?‘1’\//: )C (c) l;:g:::: Sf(ijlstggss Rock types for static and Bedrock
(PD (%) (%) (kN/m3) kN/m2 ©°) square seis.n}ic
footing | conditions

S70 2.4 11.25 30.94 17.26 16 43.16 7.68 CL Sandstone 161.43 0.482 Oblique
S71 2.48 21.77 46.23 16.48 18 35.193 18.352 CL Siltstone-Sandstone | 221.96 0.589 Antidip
S72 2.33 8.26 40.2 17.44 14 22.396 20.76 ML Sandstone 378.855 0.801 Oblique
S73 2.65 9.94 314 16.38 18 29.82 27.72 CL Crumpled Shale 238.73 1.073 Antidip
S74 2.65 9.94 31.4 16.38 18 29.82 27.72 CL Crumpled Shale 253.55 1.073 Homoclinal
S75 2.52 5.16 26.4 16.99 12 19.37 37.361 CL-ML Crumpled Shale 251.961 1.929 Strike
S76 2.6 23.49 51.46 15.6 24 32.37 29.03 CH Crumpled Shale 280.545 1.107 Antidip
S77 2.49 12.71 36.85 16.18 20 33.35 21 CL Sandstone 197.91 0.631 Antidip
S78 2.65 17.59 40.85 16.38 20 34.335 11.98 CL Crumpled Shale 160 0.777 Oblique
S79 2.63 7.75 29.75 16.68 18 13.94 32.13 CL Siltstone-Sandstone | 360.14 1.572 Antidip
S80 2.49 22.44 45 15.59 20 41.2 6.84 CL Siltstone-Sandstone 156 0.412 Oblique
S81 2.31 7.69 36.105 15.107 19 18.64 24.23 ML Crumpled Shale 235.64 0.937 Oblique
S82 2.67 10.58 35.75 16.58 16 22.56 30.96 ML Crumpled Shale 425.86 1.579 Oblique
S83 2.59 9.4 31.87 15.59 16 20.601 27.68 CL Siltstone-Sandstone | 265.49 1.394 Strike
S84 3 8.74 37 15.49 18 7.35 44.03 ML Shale-Sandstone 409.58 2315 Antidip
S85 2.49 1.69 32.89 15.4 14 16.18 23.84 ML Shale-Sandstone 190.315 1.166 Oblique
S86 2.52 11.68 29.44 17.15 18 42.15 17.9 CL Shale-Sandstone 218 0.626 Antidip
S87 2.59 7.79 323 16.48 16 25.5 29.19 ML Crumpled Shale 310.56 1.17 Antidip
S88 2.66 9.76 22.83 18.14 14 29.43 24.17 CL Crumpled Shale 276.046 0.762 Homoclinal
S89 2.7 15.93 51.05 15.2 24 44.64 24.85 MH Crumpled Shale 276.63 0.903 Strike
S90 2.5 11.42 38.63 15.7 20 20.64 25.45 ML Siltstone-Sandstone 256 1.28 Strike
S91 2.52 12.35 30.165 16.58 18 26.24 28.025° CL Shale-Sandstone 257.805 1.452 Antidip
S92 2.62 4.28 30.58 16.97 17 28.15 19.815° CL-ML Siltstone-Sandstone | 157.47 0.842 Strike
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Plasticity | Liquid Unit Cohesion Angle of (kSN]?IﬁZ) ul:l(()lir
Sites ZI;ZC‘:::; Index Limit weight ?E//: )C (©) l;:i::::: Sz)lijlstggss Rock types for static and Bedrock

(PD (%) (%) (kN/m3) kN/m2 ©°) square seis.n}ic

footing | conditions

S93 2.44 10.43 28.72 17.44 16 10.49 35° CL Crumpled Shale 379.44 1.706 Oblique
S94 2.62 4.62 30.185 16.68 18 20.6 28.230 CL-ML Crumpled Shale 324.96 0.806 Antidip
S95 2.47 25.61 53.43 15.4 24 54.54 10.54° CH Crumpled Shale 170.95 0.637 Antidip
S96 2.49 1.69 32.89 15.4 14 16.18 23.84° ML Crumpled Shale 190.315 0.661 Strike
S97 2.62 14.76 31.9 16.18 18 47.09 14.26° CL Sandstone 275.52 0.676 Strike
S98 2.52 10.67 342 17.16 16 39.48 22.42° CL Crumpled Shale 207.57 0.796 Strike
S99 2.56 4.61 27.97 15.79 17.23 3.04 41.630 CL-ML Crumpled Shale 350 1.236 Oblique
S100 2.4 19.94 41.79 16.18 18 37.76 16.310 CL Siltstone-Sandstone 183.42 0.64 Homoclinal
S101 2.53 3.6 29.62 15 18 13.73 27.90 ML Siltstone-Sandstone | 177.313 0.749 Oblique
S102 2.68 3.8 20.2 17.26 14 30.41 24° ML Crumpled Shale 405.085 0.93 Strike
S103 2.5 10.23 25.96 17.27 16 50 13.33° CL Siltstone-Sandstone | 455.552 0.658 Strike
S104 2.54 7.12 34.2 15.83 18 28.69 9.35° ML Shale-Sandstone 269.324 0.372 Strike
S105 2.52 14.3 48.115 16.78 16 18.64 32.210 ML Siltstone-Sandstone 345.16 0.904 Homoclinal
S106 2.49 16.99 42.87 15.3 22 51.49 150 CL Crumpled Shale 238.26 1.056 Homoclinal
S107 2.54 2.73 27.915 16.58 14 53.93 15.9° ML Siltstone-Sandstone 189.2 1.113 Oblique
S108 2.42 5.25 23.85 16.97 16 24.48 15.1° CL-ML Crumpled Shale 119.59 0.449 Antidip
S109 2.65 4.91 30.2 17.06 16 23.94 29.48° CL-ML Crumpled Shale 202.14 1.507 Oblique
S110 2.61 10.68 27.085 17.658 17 51.79 5.64° CL Sandstone 330 0.475 Antidip
S111 2.54 9.97 38.46 16.28 16 32.53 10.92° ML Sandstone 298.056 0.718 Homoclinal
S112 2.51 5.96 30.2 13.04 16 33.108 28.37° CL-ML Shale-Sandstone 259.516 1.554 Oblique
S113 2.68 11.07 35.1 15.79 18 34.53 27.24° CL Crumpled Shale 258.18 0.887 Oblique
S114 2.642 5.95 28.3 17.85 14 22.66 32.68° CL-ML Crumpled Shale 273.7 1.667 Antidip
S115 2.678 11.07 35.1 15.79 18 26.32 27.24° CL Crumpled Shale 258.18 0.825 Oblique
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Plasticity | Liquid Unit Cohesion Angle of (kSN]?IﬁZ) ul:l(()lir
Sites ZI;ZC‘:::; Index Limit weight ?E//: )C (©) l;:i::::: Sz)lijlstggss Rock types for static and Bedrock
(PD (%) (%) (kN/m3) kN/m2 ©°) square seis.n}ic
footing | conditions

S116 2.52 15.04 40.16 16.2 22 30.79 19.03° CL Crumpled Shale 206.595 1.057 Homoclinal
S117 2.42 8.42 26.67 17.76 12 32.99 29° CL Siltstone-Sandstone | 579.411 1.55 Antidip
S118 2.44 6.78 27.27 16.58 25 34.43 11.47° CL-ML Shale-Sandstone 230.508 0.755 Oblique
S119 2.43 7.29 28.42 18.64 16 43.098 0.92° CL Sandstone 174.425 0.344 Oblique
S120 2.54 222 24.205 16.48 17.24 18.64 18.80° ML Siltstone-Sandstone 153.5 0.664 Antidip
S121 2.52 6.81 322 17.04 16 28.99 37.36° CL-ML Crumpled Shale 367.905 1.143 Oblique
S122 2.56 3.34 34.95 16.75 16 1.962 40.53° ML Siltstone-Sandstone | 454.871 0.894 Oblique
S123 2.52 3.49 30.185 16.57 16 37.67 21.39° ML Shale-Sandstone 183.45 0.668 Oblique
S124 2.37 9.62 26.67 16.58 16 29.92 18.62° CL Siltstone-Sandstone | 206.93 0.634 Homoclinal
S125 2.56 18.29 36.6 19.13 12 32.37 21.65° CL Shale-Sandstone 297.664 0.63 Homoclinal
S126 2.46 7.89 29.34 17.65 16 13.3 32.37° CL Siltstone-Sandstone | 445.36 0.745 Antidip
S127 2.52 2.17 30.05 13.73 14 41.202 18.035° ML Sandstone 256.76 1.114 Homoclinal
S128 2.52 14.79 342 17.25 18 48.06 20.93° CL Shale-Sandstone 194.26 0.728 Antidip
S129 2.52 4.81 26.2 17.29 16 32.61 28.70° CL-ML Shale-Sandstone 264.028 1.535 Oblique
S130 2.52 0.96 22.45 13.43 14 33.84 28.025° ML Shale-Sandstone 356.352 0.798 Oblique
S131 2.53 7.61 28.6 12.65 16 35.316 7.36° CL Crumpled Shale 250.312 0.408 Oblique
S132 2.52 12.35 30.165 16.58 18 26.24 28.025° CL Shale-Sandstone 257.805 0.844 Oblique
S133 2.52 6.84 32.165 16.7 16 44.39 26.68° CL-ML Crumpled Shale 358.781 1.532 Oblique
S134 2.4 14.55 33.033 15.89 20 14.7 19.39° CL Crumpled Shale 201.59 0.539 Oblique
S135 2.53 8.4 28.05 17.9 14 28.45 19.79° CL Siltstone-Sandstone | 216.508 0.647 Homoclinal
S136 2.15 8.54 28.59 17.75 14 9.9 35.29° CL Crumpled Shale 389.148 0.929 Oblique
S137 2.52 5.48 30.44 14.54 16 42.91 27.36° CL-ML Crumpled Shale 250.997 0.843 Oblique
S138 2.52 9.59 342 15.13 18 31.39 20.7° ML Crumpled Shale 254.257 0.699 Oblique
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Sites Speci.fi ¢ Pl;lrf:ii:ity Iil?r:ll:f wliingiltlt oMC ((:);)lh(ec;i ﬁ::gll;:lf Soil types Rock types (k)l\z::’lz l;fast.ilcll:l;? Bedrock

Gravity (PT) (%) (%) (KN/m3) (%) KN/m2 frlctson (USCS) square seismic

©°) footing conditions

S139 | 2.654 3.44 30.2 17.66 14 23.94 32.87° ML Crumpled Shale 285.71 0.961 Antidip
S140 2.53 12.71 32.37 17.55 16 44.39 24° CL Shale-Sandstone 305.11 0.767 Antidip
S141 2.45 4.23 22.99 17.46 14 12.94 35.45° CL-ML Crumpled Shale 307.85 0.958 Antidip
S142 3 8.27 35.99 17.15 18 42.18 17.69° ML Crumpled Shale 283 0.876 Strike
S143 2.52 7.12 342 15.83 18 28.69 29.35° ML Crumpled Shale 269.324 0.901 Strike
S144 2.43 10.91 43.36 15.3 22 29.9 17.06° ML Siltstone-Sandstone 192.65 0.53 Oblique
S145 2.64 4.53 35.2 15.99 18 6 49.9° CL-ML Siltstone-Sandstone 678.36 2.603 Oblique
S146 2.46 15.62 39.05 15.49 18 12.95 22.04° CL Siltstone-Sandstone 119.32 0.591 Antidip
S147 2.45 18.83 36.19 16.38 14 38.26 26.08° CL Sandstone 168.95 1.453 Strike
S148 2.55 2.88 32.88 17.85 17 1.95 49.48° ML Siltstone-Sandstone 489.56 0.976 Homoclinal
S149 2.66 16.05 42.71 152 18 53.76 3.49° ML Siltstone-Sandstone 229.802 0.921 Homoclinal
S150 2.43 15.13 30.44 16.57 20 32.94 13.6° CL Shale-Sandstone 259.86 0.834 Homoclinal
S151 2.65 17.1 443 14.72 22 42 24.52° ML Shale-Sandstone 254.26 1.074 Homoclinal
S152 2.45 14.8 39.31 15.18 20 55.92 7.7° CL Crumpled Shale 352.23 0.758 Oblique
S153 2.44 4.59 22.73 18.25 14 46.1 12.82° CL-ML Crumpled Shale 221.73 0.9 Oblique
S154 2.53 9.35 36.51 15.3 16 36.1 13.65° ML Crumpled Shale 183.44 0.506 Oblique
S155 2.8 10.73 33.21 17.75 14 23.67 37.56° CL Crumpled Shale 499.78 1.97 Oblique
S156 2.52 15.86 36.2 15.86 18 39.24 12.41° CL Crumpled Shale 207.48 0.557 Homoclinal
S157 2.53 8.37 36.28 16.08 20 30.9 28.035° ML Crumpled Shale 257.625 1.495 Strike
S158 2.52 4.76 30.52 15.4 20 34.34 20.7° CL-ML Crumpled Shale 254.7 0.931 Oblique
S159 2.55 7.13 29.476 17.85 16 20.6 22.78° CL Siltstone-Sandstone | 414.802 0.662 Strike
S160 2.44 13.21 35.58 16.87 12 39.27 10.96° CL Crumpled Shale 245.18 0.472 Oblique
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Sites ZI;?‘::;‘; PlIaIf(tll:;ty IE:];:? wli;lglltlt ?‘1’\//: )C Co?ﬁ;wn in?::'nal S(olijlstggis Rock types (kl}I(/)TZ) st::tfiléi Z;d Bedrock
(PD) (%) (%) (kN/m3) kN/m2 friction square seismic
((0}9) footing | conditions
S161 2.54 10.46 33.25 15.59 20 35.32 19.2° CL Siltstone-Sandstone 210 0.852 Oblique
S162 2.49 14.55 33.033 15.89 20 24.7 19.39° CL Crumpled Shale 201.59 0.539 Oblique
S163 2.52 5.62 25 17.85 14 19.67 21.27° CL-ML Crumpled Shale 419.46 0.692 Homoclinal
S164 2.55 1.33 29.232 16.48 16 29.43 26.61° ML Siltstone-Sandstone | 304.61 0.724 Oblique
S165 2.26 16.89 40.28 17.15 20 51.93 6.86° CL Crumpled Shale 390.93 0.626 Homoclinal
S166 2.05 9.88 45.59 16.48 18 9.71 48.56° ML Shale-Sandstone 663.034 1.445 Oblique
S167 241 6.57 30.51 16.85 18 30.83 28.56° CL-ML Crumpled Shale 173.99 1.516 Antidip
S168 2.6 7.55 30.2 17.06 16 21.18 31.44° CL Crumpled Shale 236.49 0.9 Oblique
S169 2.51 10.18 38.51 16.68 20 27.76 19.59° ML Sandstone 216.83 1.055 Homoclinal
S170 2.59 7.63 34316 16.08 20 40.74 11.99° ML Sandstone 146.715 0.564 Homoclinal
S171 2.59 8.69 30.745 17.17 16 24.52 31.59° CL Shale-Sandstone 402.5 1.626 Oblique
S172 2.54 17.29 50.75 16.97 22 42.67 15.64° MH Shale-Sandstone 205.45 1.001 Oblique
S173 2.47 9.92 27.05 17.95 16 24.27 27.36° CL Siltstone-Sandstone 244 .31 0.702 Homoclinal
S174 2.52 12.35 30.165 16.58 18 26.24 28.025° CL Siltstone-Sandstone | 257.805 1.456 Strike
S175 2.605 8.83 314 16.08 18 27.86 26.96° CL Crumpled Shale 216.32 0.722 Oblique
S176 2.52 11.01 32.16 1591 18 37.76 27.7° CL Crumpled Shale 254.55 1.121 Oblique
S177 2.52 11.98 40.4 15.7 18 29.43 27.02° ML Crumpled Shale 248.37 1.433 Oblique
S178 2.52 11.02 36.165 16.58 18 31.63 26.67° ML Crumpled Shale 245.59 0.848 Oblique
S179 2.683 14.65 40.1 16.68 20 39.04 17.48° ML Crumpled Shale 285.94 0.598 Oblique
S180 2.628 4.16 25.4 17.26 16 20.01 32.74° CL-ML Crumpled Shale 291.19 1.653 Strike
S181 2.628 4.7 26.3 16.58 16 23.94 28.93° CL-ML Shale-Sandstone 215.76 0.739 Strike
S182 2.645 1.65 232 17.66 14 19.13 35.54° ML Crumpled Shale 349.09 1.176 Oblique
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Aizawl, the capital and most populus city of Mizoram state has regularly witnessed
failure of slopes characterized by its steep slope and erosive nature of slope forming
material. In most of the cases these failures can be attributed to inadequate slope
management and improper construction practices, often undertaken without
comprehensive site investigations or assessments of soil properties, including bearing
capacity and shear strength. Several works have been carried out in previous studies where
zonation maps for slope vulnerability in hilly areas was generated by considering geo-
environmental factors such as land use, land cover, natural drainage, bedrock etc.
However, the existing studies often neglect the critical triggering factors such as building
loads, earthquake loads, bearing capacity of soil and soil characteristics of the site. This
omission is particularly crucial for areas like Aizawl, which lies in seismic zone V and
has slopes ranging from 15° to 45° where building construction occurs on or near the
slopes. In order to address the above identified research gap, the primary objective of this
study was to develop a zonation map of slope vulnerability for the study area. This map
takes into account various factors, including safe bearing capacity (SBC) of soil, factor of
safety (FoS), slope morphology, annual rainfall data, lithology, and structural features
such as bedrock.

A comprehensive study has been conducted to assess the vulnerability of slopes
subjected to building loads in Aizawl city, spanning in an area of 129.91 sq.km and is
under the jurisdiction of the Aizawl Municipal Corporation (AMC). Situated in a hilly
region, Aizawl has experienced significant construction activity on or near the slopes with
inclination ranging from 15° to 45°. This topographical and geological setting has led to
numerous slope failures, primarily exacerbated by construction practices. Therefore,
evaluating the vulnerability of slopes subjected to building load under both static and
seismic conditions is of key importance. To this end, 182 different sites were identified in
Aizawl city for detailed analysis of slope stability and subsequent evaluation of
vulnerability of the slopes subjected to building load. Various factors influencing slope
vulnerability such as topography, building loads, soil bearing capacity and characteristics,
lithology, structural features, and rainfall were examined through a combination of field
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investigations, laboratory testing, and by collection of existing data. Soil samples from all
182 selected sites were collected and subjected to laboratory tests to determine essential
engineering parameters related to slope stability. The data from laboratory tests, along
with field observations of slope morphology, were used for prediction of the bearing
capacity of soil based on a data driven regression technique. To this end, two different
methods namely stepwise linear regression and Lasso regression were adopted for
developing the bearing capacity prediction model using MATLAB software. Performance
comparison of stepwise regression with Lasso regression suggested that stepwise
regression performed marginally better than Lasso regression in terms model complexity.
However, based on the input parameters included in the model equation, it may be
concluded that Lasso regression has an edge over stepwise regression in simulating the

physical process in bearing capacity prediction for the data set.

In hilly regions like Aizawl city, wherein houses are mostly built on slopes, the layout
of building plays a crucial role in slope stability. Building failures in Aizawl often results
from a) non-engineered alterations of slopes b) faulty foundation construction without soil
investigation or design. Many residents build and reside on slopes without considering the
soil characteristics. To address this, a study was conducted to examine the impact of two
common building types - step-back buildings and step-back setback buildings on slope
stability in Aizawl. The study evaluated slope stability under the conditions of free slope
and slope stability with building loads under static and seismic conditions using Slope/W
software. To account for building loads, a reinforced cement concrete (RCC) model with
a G+6 story configuration was developed for both building types. The building loads were
determined through analysis using structural software “STAAD Pro.vi8”. The study found
that sites with lower slope angles generally demonstrated better stability, but there were
cases where steeper slopes showed better stability due to superior shear strength values
for identical slope geometry parameters. Sites with higher cohesion values exhibited better
stability in free slope analysis, while those with higher internal friction angles showed
better stability under building loads of both static and seismic condition. To validate the

above findings, a sensitivity analysis of shear strength parameters of soil was performed.
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Moreover, a sensitivity analysis along with a comparative analysis between step-back and
step-back setback building types were also conducted. The results indicated that step-back
setback buildings offered better stability compared to step-back buildings alone. This
suggests that implementing step-back setback buildings could significantly improve slope
stability in a hilly area like Aizawl.

To investigate the rock characteristics of the selected sites, a geological structural
assessment survey was conducted, wherein the dip of the bedrock was measured to
understand its relative orientation w.r.t that of the slope. The lithology of the sites was
determined based on the rock exposure pattern observed in the study area, corroborated
by existing lithological data of the study area prepared by Mizoram Remote Sensing
Application Centre (MIRSAC). To study the impact of rainfall infiltration on slope
vulnerability, annual average rainfall data of the study area collected from the Mizoram
State Meteorological Centre (Sc. & Tech.) was incorporated in the study. The slope
vulnerability assessment includes both the qualitative and quantitative methods,
incorporating heuristic techniques (expert evaluations), statistical methods (data-driven
approaches), and deterministic methods. In addition to field and laboratory investigations,
numerical validation was performed using statistical analyses and appropriate numerical
tools. Considering the various factors having significant impact on slope vulnerability, a
final zonation map illustrating slope vulnerability subjected to building loads was
generated for the study area by using ArcGIS software. Integrating all the controlling
parameters and assigning different weightage to each class, the final zonation map of slope
vulnerability with building loads in Aizawl city was developed and classified into the
vulnerability categories such as ‘Very High’, ‘High’, ‘Moderate’ and ‘Low’ vulnerability
zones. Furthermore, the statistics of each area occupied by different vulnerability zone
were given in the form of sq.km and percentage (%). The zonation map of slope
vulnerability indicates that 24.78 sg.km of the study area with “Very High vulnerability”.
On the other hand, areas categorized as High, Moderate, and Low vulnerability cover

68.01 sq.km, 30.89 sq.km, and 6.23 sq.km, respectively.
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