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Abstract

Slope instability and rainfall-induced landslides are among the most persistent geotechnical hazards in India, especially
across the Himalaya, Western Ghats, Konkan belt, Nilgiris and high-rainfall urban hill slopes. This literature survey
paper critically reviews slope stability analysis methods, landslide triggering mechanisms and mitigation practices with
emphasis on Indian case studies. The review integrates limit-equilibrium methods, finite-element modelling, rainfall
infiltration analysis, GIS-based susceptibility mapping, remote sensing, field monitoring and site-specific stabilization
design. Indian case studies such as the Konkan Railway slope failure, Malin landslide in Maharashtra, Chamoli rock-ice
avalanche in Uttarakhand, rainfall-induced Western Ghats failures in Kerala and Nilgiris hill-slope hazards are compared
to identify common controlling factors. The synthesis shows that intense monsoon rainfall, high pore-water pressure,
weathered lithology, poor drainage, toe cutting, land-use change and unplanned infrastructure development repeatedly
reduce slope safety margins. Drainage improvement, soil nailing, geogrid reinforcement, gabion toe support, retaining
structures, bioengineering, hazard zonation and early-warning systems are found to be most effective when used as
integrated site-specific measures rather than isolated interventions. The paper concludes with research gaps and a
proposed integrated framework for sustainable landslide risk reduction in India.

Keywords: slope stability; landslide mitigation; GeoStudio SLOPE/W,; rainfall-induced failure; Konkan Railway; Malin
landslide; Western Ghats; GIS; factor of safety; India.

1. Introduction

Landslides are gravity-driven mass movements involving rock, debris or earth, occurring as falls, topples, slides, spreads
and flows depending on material type and failure kinematics [1]. In India, these hazards are strongly controlled by rugged
terrain, intense monsoon rainfall, tectonic instability, weathered rock masses, rapid road expansion and settlement
pressure in hill regions. The uploaded Phase-I framework for the Konkan region identifies lateritic caps, weathered
basalt, colluvium, steep road cuttings and heavy monsoon precipitation as dominant concerns for the Maharashtra coastal
belt. These conditions are consistent with the broader Indian landslide pattern reported in institutional and peer-reviewed
literature.

Slope stability analysis is therefore not only a design calculation but a risk-reduction process. A stable slope must
maintain sufficient resisting shear strength against driving forces under dry, saturated, seismic and anthropogenically
modified conditions. The factor of safety (FoS) expresses this balance. However, many Indian landslides occur when a
slope that is stable in dry conditions becomes unstable after infiltration raises pore-water pressure and reduces effective
stress. In such cases, purely static geometry-based assessment is inadequate; hydrological boundary conditions, rainfall
intensity-duration relationships, soil-water characteristic behaviour and drainage performance must be included.

Modern studies combine field investigation, laboratory testing, limit-equilibrium analysis, finite-element modelling,
satellite remote sensing, GIS-based landslide susceptibility mapping, InSAR displacement monitoring and rainfall-based
early warning. This interdisciplinary approach is particularly necessary in Indian settings because different landslide
provinces behave differently: the Himalaya contains tectonically active slopes and high-relief valleys, while the Western
Ghats and Konkan region are dominated by intense monsoon rainfall, lateritic terrain, basaltic weathering and
infrastructural cut slopes.
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Figure 1. Integrated conceptual framework for slope stability analysis and landslide mitigation.

2. Review Methodology

The survey was prepared as a thematic review suitable for a Scopus-indexed civil/geotechnical engineering paper. The
search emphasis included peer-reviewed articles and institutional reports dealing with slope stability, rainfall-induced
landslides, GeoStudio/SLOPE/W, PLAXIS, GIS-based landslide susceptibility, remote sensing, Indian case studies and
mitigation measures. Core databases and sources considered include Elsevier, Springer, ASCE, MDPI, IOP Conference
Series, ISRO/NRSC, NDMA and selected government reports. The uploaded Phase-I Konkan document was used to
retain the regional problem definition, aim, objectives and methodology orientation.

The literature was screened using five inclusion criteria: (i) slope stability or landslide mechanism relevance, (ii) use of
quantitative or evidence-based assessment, (iii) case-study applicability to India or monsoon terrain, (iv) presence of
mitigation recommendations and (v) usefulness for identifying research gaps. Studies were excluded when they were
purely descriptive, lacked methodological transparency, or did not provide transferable findings for engineering practice.
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Figure 2. Review screening and synthesis workflow followed in the present survey.

3. Theoretical Background of Slope Stability Analysis

3.1 Factor of Safety and Limit-Equilibrium Concept

The most widely used engineering indicator of slope stability is the factor of safety, defined as the ratio of available
resisting shear strength to mobilized shear stress along a potential failure surface. Limit-equilibrium methods divide a
potentially sliding soil mass into slices and satisfy force and/or moment equilibrium. Ordinary/Fellenius, Bishop
simplified, Janbu, Spencer and Morgenstern-Price methods remain common because they are transparent and compatible
with practical design software. Morgenstern-Price is preferred for complex slip surfaces because it satisfies both force
and moment equilibrium and allows a flexible interslice force function.
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Figure 3. Typical limit-equilibrium representation of a rainfall-affected slope with critical slip surface.

3.2 Rainfall Infiltration and Pore-Water Pressure

Rainfall-induced landslides occur when infiltration reduces matric suction in unsaturated soils and raises pore-water
pressure. This reduces effective normal stress and therefore reduces shear strength under the Mohr-Coulomb framework.
In lateritic and weathered basaltic soils of the Western Ghats, seasonal wetting and drying can produce fissures,
desiccation cracks and preferential seepage paths, allowing rapid water entry during monsoon. Therefore, slope
assessment in Konkan and similar regions must evaluate the combined role of rainfall intensity, antecedent rainfall,
permeability, water table rise and surface drainage condition.

3.3 Numerical Modelling and Software-Based Analysis

GeoStudio SLOPE/W is commonly used for limit-equilibrium slope stability and can be coupled with SEEP/W for
seepage and pore-pressure analysis. PLAXIS and other finite-element tools are useful when stress-deformation response,
staged excavation, reinforcement and soil-structure interaction are significant. Remote sensing and GIS tools
complement these numerical models by identifying slope geometry, land-use changes, drainage networks, lineaments
and past landslide inventories. The best practice is to use numerical modelling for critical site design and GIS/remote
sensing for regional prioritization.

4. Landslide Susceptibility in India

India has several landslide-prone provinces, including the North-western Himalaya, North-eastern Himalaya and
Western Ghats. The NRSC/ISRO Landslide Atlas reports an inventory of approximately 80,000 mapped landslides
across vulnerable regions in 17 states and 2 Union Territories for the period 1998-2022 [2]. Secondary summaries of the
atlas report that about 66.5% of landslides are from the North-western Himalaya, 18.8% from the North-eastern
Himalaya and 14.7% from the Western Ghats [3]. Although the Western Ghats record fewer landslide events than
Himalayan provinces, exposure and rainfall intensity make many events fatal, especially in dense settlements and road
corridors.
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Figure 4. Indian landslide distribution by landslide province based on published atlas summaries.

The Indian landslide problem is not limited to natural terrain. Road widening, hill cutting, unplanned construction,
quarrying, drainage obstruction and vegetation loss frequently transform marginally stable slopes into active failure
zones. The NDMA guidelines emphasize hazard, vulnerability and risk assessment; remediation; monitoring and early

warning; capacity building; public awareness; emergency response; and regulation as integrated requirements for
landslide risk reduction [4].
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Figure 5. Schematic location map of selected Indian landslide case studies

5.1 Konkan Railway Slope Failure, Maharashtra

The Konkan Railway corridor crosses rugged terrain with steep cut slopes, lateritic soils, weathered basalt and very high
monsoon rainfall. Raghuram and Basha analysed rainfall-induced probability of failure for spatially variable soil slopes
and included a Konkan Railway slope failure case in Maharashtra [5]. The study showed that rainfall intensity and spatial
variability of soil parameters strongly influence reliability index and critical slip surface development. The key lesson
is that a deterministic FoS alone may underrepresent field uncertainty when hydraulic conductivity, cohesion and internal
friction angle vary vertically and horizontally.

For Konkan slopes, mitigation should combine surface drainage, lined catch-water drains, sub-horizontal drains,
vegetation restoration, local soil nailing and toe protection where roads or rail lines undercut the slope. Monitoring of
rainfall threshold, seepage emergence and tension cracks is critical before and during the southwest monsoon.

5.2 Malin Landslide, Maharashtra

The Malin landslide occurred on 30 July 2014 in Pune district, Maharashtra, and buried a village after intense rainfall.
Ering and Sivakumar Babu performed probabilistic back analysis of this rainfall-induced landslide and reported that the
mechanism was closely linked with rainfall infiltration, unsaturated soil behaviour and reduction of shear strength [6].
The event demonstrates how slope morphology, land-use modification, soil saturation and intense monsoon rainfall can
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combine to produce rapid debris movement. The case is important for Western Ghats risk planning because many
settlements occupy hill toes or mid-slope benches where runout exposure is high.

Recommended measures for Malin-type terrain include strict land-use zoning below steep slopes, prohibition of
uncontrolled slope cutting, controlled terracing, reforestation, surface runoff diversion, community-based rainfall
warning and relocation planning for high-exposure hamlets. Engineering measures alone are insufficient when the entire
settlement lies within the probable runout path.

5.3 Chamoli Rock-Ice Avalanche and Debris Flow, Uttarakhand

The Chamoli disaster of 7 February 2021 involved a rock and ice avalanche that transformed into a high-energy debris
flow in the Rishiganga-Dhauliganga valley. NDMA'’s detailed report states that rockfall with glacieret ice avalanche
was the primary slope failure mechanism, followed by downstream entrainment and infrastructure damage [7]. Scientific
studies further show that remote sensing can identify pre-collapse deformation and unstable high-mountain slopes [8].
Although the process differs from rainfall-induced Western Ghats landslides, Chamoli highlights the need for multi-
hazard assessment in steep valleys where slope failure can trigger cascading flood, debris-flow and infrastructure
disasters.

Mitigation for such Himalayan settings requires hazard zonation of source areas, remote-sensing monitoring,
hydropower risk assessment, debris-flow routing analysis, warning systems, setback zoning and resilient
bridge/powerhouse design. Stabilizing the entire source slope may be unrealistic; therefore exposure management and
early detection become central.

5.4 Kormala, Muvattupuzha, Kerala, Western Ghats

Paul, Varma and Salini examined rainfall impact on slope stability at Kormala, Muvattupuzha in the Western Ghats of
Kerala [9]. The study emphasized that intense rainfall reduces soil suction, particularly near the surface and toe, and
lowers the factor of safety. This aligns closely with Konkan-region conditions because both areas experience high
monsoon rainfall, lateritic/weathered profiles and shallow failure susceptibility. The Kormala case supports the need for
coupled seepage-stability modelling rather than dry-slope analysis.

Mitigation should prioritize interception drains, toe drains, subsurface drainage, maintenance of natural drainage
channels, slope flattening where possible and vegetation-based erosion control. These are lower-cost measures that can
significantly improve performance when the primary trigger is rainfall infiltration.

5.5 Nilgiris and Western Ghats Hill-Slope Failures

Nilgiris hill slopes are repeatedly affected by monsoon-triggered shallow slides, debris flows and road-cut failures. The
broader Western Ghats experience intense rainfall, weathered soils, road expansion and dense human exposure.
Institutional landslide-forecasting initiatives by GSI and national agencies increasingly focus on rainfall thresholds,
susceptibility maps and community alerts. The Nilgiris illustrate that high-resolution slope monitoring and operational
warning bulletins can convert scientific assessment into risk reduction for inhabited hill districts.

Table 1. Comparative summary of selected Indian landslide case studies.

Geological/terrain . . . Preferred
Case . Dominant triggers | Analysis approach e e

setting mitigation

. Rainfall Drai ,
. Laterite/weathered | . amia . . o ran.lag.e .

Konkan Railway, infiltration, spatial | Probabilistic monitoring, soil

basalt cut slopes; s s .
Mabharashtra . . variability, reliability + LEM nailing, toe

high rainfall . .

drainage blockage protection

Western Ghats hill | Intense rainfall, | Back analysis, | Zoning, runoff
Malin, Maharashtra | slope and | land-use  change, | unsaturated soil | control, relocation,

settlement exposure | soil saturation mechanics vegetation
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6. Critical Parameters Governing Slope Instability

6.1 Geotechnical Parameters
Cohesion, internal friction angle, unit weight, permeability, plasticity and soil stratification directly govern slope
resistance. Low-cohesion colluvium, clay-rich weathered soil, fractured rock and mixed lithology increase susceptibility
because they produce weak planes and seepage contrasts. In Indian hill slopes, the difference between dry-season and
monsoon-season strength can be significant; therefore laboratory tests should be interpreted for saturated and partially

saturated states.

6.2 Hydrological Parameters
Groundwater rise is often the immediate mechanism behind failure. Perched water tables, seepage faces, blocked drains
and high antecedent rainfall reduce effective stress and create outward seepage forces. Numerical studies consistently
show that the FoS can decrease sharply when pore-water pressure increases. Hence, hydrological boundary conditions
are not optional inputs but central design variables.

6.3 Geomorphological and Geological Parameters

Slope height, angle, curvature, drainage convergence, toe erosion and lithological discontinuities shape the failure
mechanism. Lateritic caps over weathered basalt, jointed Himalayan rocks and colluvial valley-fill deposits show

different failure styles. Concave slopes and drainage hollows can concentrate runoff and initiate shallow failures.

7. Literature Synthesis of Analytical and Modelling Methods
Table 2. Comparison of slope stability assessment methods used in recent literature.

Method Typical use Strengths Limitations
. S FoS estimation, routine | . Needs assumed slip
Limit-equilibrium . . Simple, transparent, .
design, comparison of | . surface and simplified
methods o . widely accepted .
mitigation options deformation
Stress-deformation, ) Requires robust
.. . . Captures  deformation
Finite-element modelling | staged construction, . parameters and
. . . and stress redistribution o
reinforcement interaction calibration
Rainfall roundwater . .
SEEP/W-SLOPE/W and ’ oreg " revsvsure Suitable for monsoon- | Needs  rainfall and
coupled analysis P p induced landslides hydraulic data
response

GIS
mapping

susceptibility

Regional hazard zoning
and prioritization

Handles large datasets
and multiple factors

Often empirical; must be
validated

© 2026, I]SREM

| www.ijsrem.com

DOI: 10.55041/IJSREM.AITCONO55 |

Page 8



http://www.ijsrem.com/

ISR

laan

Conference - Volume 10 AITCON -2026

SJIF Rating: 8.659

gy gof Conducted By: Adarsh Institute of Technology & Research Centre, Vita (An Autonomous Institute)
MOrganized By: Department of Electronics & Telecommunication Engineering (Poly.)

g’ 3 International Journal of Scientific Research in Engineering and Management (I]SREM)n I t
EM ISSN: 2582-3930

Method

Typical use

Strengths

Limitations

Remote sensing/InSAR

Inventory, displacement
monitoring, inaccessible

Useful for early detection
and large areas

Cloud cover, vegetation
and temporal resolution

slopes limits
s i . . . . . C tationall
Probabilistic  reliability | Uncertainty in  soil | Provides probability of | . ompy ationatly
. . . . C intensive; needs
analysis properties and rainfall failure and risk insight

statistical data

The literature indicates that no single method is sufficient for all slope problems. Limit-equilibrium modelling remains
appropriate for preliminary and design-level FoS assessment, but rainfall-induced landslides require coupled seepage-
stability analysis. Finite-element methods are valuable for reinforced slopes and staged excavations. Remote sensing
and GIS are indispensable for regional mapping, while probabilistic analysis becomes necessary where spatial variability
controls uncertainty. For Indian applications, an integrated approach is essential because data availability varies across
regions and failure mechanisms range from shallow debris slides to deep-seated rock slope failures.

8. Landslide Mitigation Measures

8.1 Drainage-Based Mitigation

Drainage is the most frequently recommended intervention for rainfall-induced landslides. Surface drains, catch-water
drains, lined channels, berm drains, subsurface perforated pipes and horizontal drains reduce infiltration and lower pore
pressure. Drainage must be designed with adequate capacity and regular maintenance, because blocked drains can
worsen instability by concentrating water.

8.2 Mechanical Reinforcement

Soil nails, rock bolts, anchors, geogrids and geotextiles increase tensile resistance and improve internal stability. Hossain
and Rahman’s optimization work on soil nailing using GeoStudio showed that nail length, inclination and spacing
substantially affect FoS. Shukla and co-workers reported significant FoS improvement for geogrid-reinforced slopes,
demonstrating the importance of reinforcement layout [10]. Reinforcement is particularly useful for road cuttings and
steep engineered slopes.

8.3 Retaining and Toe-Support Systems

Gabion walls, breast walls, RCC retaining walls, crib walls and mechanically stabilized earth walls provide lateral
resistance and toe support. However, retaining structures must include drainage layers and weep holes; otherwise
hydrostatic pressure may cause structural failure. In landslide-prone areas, toe protection should be combined with
surface runoff control.

8.4 Bioengineering and Nature-Based Solutions

Vegetation improves slope performance by reducing erosion, increasing evapotranspiration and adding root
reinforcement to shallow soil layers. Vetiver grass, shrubs, live check dams and coir geotextiles can provide low-cost
stabilization on shallow slopes. Bioengineering is not a replacement for structural design on deep-seated failures but is
highly effective for erosion control and shallow landslide reduction.

8.5 Planning, Monitoring and Early Warning

Hazard zonation, settlement setback, relocation of high-exposure communities, rainfall threshold warning, crack
monitoring, piezometers, inclinometers, UAV surveys and community training are necessary where engineering
stabilization alone cannot reduce risk to acceptable levels. The NDMA guidelines emphasize that landslide risk reduction
requires coordinated technical, administrative and community-level measures [4].
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Figure 7. Mitigation selection logic for rainfall, structural and exposure-dominant slope risks.
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Table 3. Engineering and non-engineering mitigation measures for Indian landslide-prone slopes.

Measure Primary target Relative cost Effectiveness Key caution
. Very high for Requ%res regular
. Rainfall runoff and . cleaning;
Surface drainage . . Low to moderate shallow rainfall | . .
infiltration . inadequate capacity
failures
causes bypass flow
High h Need tlet
Subsurface Pore pressure and '8 whete ) mee S. oure
. Moderate groundwater protection and
drainage perched water . .
controls failure clogging control
. Design d d
. High for road eSIET cepencs .on
Soil Steep cut slopes . . pull-out capacity
o Moderate to high cuttings and .
nailing/anchors and unstable faces . and corrosion
excavations .
protection
Embankments and High when used .
. . . . . . Less effective for
Geogrid/geotextile | reinforced soil | Moderate with proper spacing .
deep rock failures
slopes and length
. Good when | Foundation scour
. Toe erosion and . . .
Gabion toe wall _ Moderate drainage is | and  overtopping
shallow slides .
included must be checked
Space-constrained Effective with Hr}:sizozatlc and
- - . . u
RCC retaining wall P High drainage and stable P .
steep slopes . overturning  need
foundation .
design checks
. Good for | Slow establishment
. . . Erosion and . .
Bioengineering . . Low sustainable shallow | and limited deep-
shallow instability e . .
stabilization failure resistance
Requires
High t Very high for lifc d
Relocation/zoning ‘& RO Variable cry Agh ot e governan.ce an
exposure safety community
acceptance

9. Research Gaps Identified from the Literature
1. Limited integration of field-based geotechnical data, rainfall infiltration modelling, probabilistic uncertainty and
mitigation comparison in a single Indian case-study framework.

2. Insufficient long-term monitoring of pore pressure, rainfall thresholds, deformation and drainage performance after
mitigation works are installed.

3. Limited site-specific studies for Konkan laterite-basalt slopes compared with Himalayan and Kerala landslide studies.

4. Overreliance on deterministic FoS even though Indian slopes often show high spatial variability in cohesion, friction
angle, permeability and weathering depth.

5. Inadequate connection between susceptibility maps and engineering design; regional maps identify hotspots but often
do not translate directly into slope-level stabilization drawings.

6. Limited cost-benefit and life-cycle performance studies comparing drainage, soil nailing, retaining walls, geogrids
and bioengineering under Indian monsoon maintenance conditions.

© 2026, IJSREM DOI: 10.55041/IJSREM.AITCONO55 | Page 11

| www.ijsrem.com


http://www.ijsrem.com/

g "%, International Journal of Scientific Research in Engineering and Management (I]SREM)n I
) ‘-]9‘3 Conference - Volume 10 AITCON -2026 SJIF Rating: 8.659 ISSN: 2582-3930

gy gof Conducted By: Adarsh Institute of Technology & Research Centre, Vita (An Autonomous Institute)
MOFganized By: Department of Electronics & Telecommunication Engineering (Poly.)

7. Need for combined early-warning systems that integrate IMD rainfall forecasts, real-time pore pressure, ground
movement and community response protocols.

10. Proposed Integrated Framework for Future Indian Studies

Based on the review, a robust Indian slope stability study should proceed through: (i) landslide inventory and remote-
sensing interpretation, (ii) field mapping of slope geometry, cracks, seepage and drainage, (iii) laboratory testing under
dry and saturated conditions, (iv) baseline FoS analysis using Morgenstern-Price or comparable LEM, (v) seepage-
coupled rainfall analysis, (vi) probabilistic sensitivity analysis for uncertain parameters, (vii) simulation of multiple
mitigation alternatives, (viii) cost and constructability assessment, and (ix) validation through historical events and
monitoring. This framework is directly applicable to Konkan-region slopes where monsoon infiltration, lateritic
weathering and road-cut geometry interact.

Table 4. Proposed integrated framework for slope stability and landslide mitigation studies in India.

Step Task Data/tools Output
Satellite images, old
Step 1 Inventory and screening | failure records, field | Priority slope list
reconnaissance
. SPT, density, Atterberg
Geotechnical .. .
Step 2 cotee rl.lca. limits, shear  tests, | Material model database
characterization o
permeability
Rainfall intensity-
Hydrological am .a Hienstty .
Step 3 .. duration, groundwater, | Pore pressure scenarios
characterization .
seepage mapping
LOPE/W, PLAXI Existing F d critical
Step 4 Baseline modelling 5 O ’ S or >'(1s ing FoS and critica
equivalent slip surface
Step 5 Mitigation simulation Dra-inage, nails, geogrid, FOS_ improverpent and
gabion, wall, vegetation | design comparison
DL Crack , . . .
Validation and .rac gayges Verified risk-reduction
Step 6 monitorin piezometers, rainfall lan
g thresholds, UAV/InSAR | P

11. Discussion

The reviewed studies demonstrate that landslide mitigation in India must move beyond single-factor explanations.
Rainfall is a common trigger, but rainfall alone does not produce failure unless predisposing factors such as weak
geology, steep geometry, high permeability contrast, poor drainage, toe cutting or land-use change exist. Konkan and
Western Ghats slopes are especially sensitive to monsoon infiltration because lateritic and weathered basaltic profiles
can rapidly lose suction and develop perched water conditions. Himalayan cases, by contrast, often include strong
structural geological control, glacial/debris-flow transformation and seismic disturbance.

The most practical engineering implication is that mitigation must be selected after identifying the dominant failure
mechanism. If rainfall infiltration is dominant, drainage may provide the highest benefit-cost ratio. If steep cut-slope
geometry and low shear resistance are dominant, reinforcement and toe support are required. If runout exposure is
dominant, relocation, barriers and warning systems may save more lives than attempting to stabilize an inaccessible
source zone. Therefore, the factor of safety should be interpreted together with exposure, vulnerability and consequence.

A Scopus-quality contribution in this area should include novelty through integrated analysis rather than routine
SLOPE/W modelling alone. Potential novelty may include coupling rainfall threshold modelling with FoS reduction,
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comparing multiple mitigation systems using the same slope model, validating model results with historical failures,
using UAV/InSAR monitoring for calibration, or developing a decision matrix for Konkan lateritic slopes. Such
integration can make the work relevant to both geotechnical design and disaster-risk management.

12. Conclusion

This review paper synthesized slope stability analysis and landslide mitigation literature with emphasis on Indian case
studies. The evidence shows that rainfall-induced pore-pressure rise, weak weathered lithology, steep terrain, poor
drainage, toe cutting and land-use change are the most recurring causes of slope instability in India. Konkan and Western
Ghats slopes require special attention because lateritic soil, weathered basalt, high monsoon rainfall and expanding
infrastructure create repeated shallow-slide and debris-flow hazards.

Limit-equilibrium methods remain useful for routine FoS assessment, but Indian monsoon slopes require coupled
seepage-stability modelling, remote sensing, GIS-based susceptibility analysis and field monitoring. Case studies from
Konkan Railway, Malin, Chamoli, Kormala and Nilgiris show that slope failures are site-specific and mechanism-
dependent. Drainage, soil nailing, geogrids, gabions, retaining walls, bioengineering, zoning and early warning should
therefore be applied as integrated mitigation packages rather than isolated solutions.

The main research gap is the lack of validated, multi-parameter, site-specific studies that combine geotechnical testing,
rainfall analysis, uncertainty modelling and mitigation comparison for Indian regions such as Konkan. Future research
should build calibrated numerical models, include probabilistic sensitivity analysis, quantify life-cycle mitigation
performance and connect engineering design with community-level risk reduction.
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