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Abstract

Rapid urban growth and unplanned construction in fragile mountain ecosystems have
significantly heightened geomorphic risks. This study evaluates the impact of rainfall variability on
slope stability in Baluwakhani, a densely populated residential Municipal ward of Gangtok Municipal
Corporation, Gangtok Sikkim. Spanning an area of approximately 0.4 square kilometers on a steep
hillside, Baluwakhani serves as a dynamic case study for human-environment interaction under
climatic pressure. Utilizing a mixed-methods approach, household surveys were systematically
conducted across diverse slope positions (ridge, mid-slope, and near-valley) to document localized
historical instability events—such as structural wall cracks, minor soil slips, and subsidence alongside
community risk perceptions and existing drainage conditions. This primary field data was correlated
with a 10-year climatological dataset (2014-2024) obtained from the India Meteorological
Department (IMD) to bridge the gap between regional meteorological triggers and household-level
vulnerability. The findings highlight how intense population pressure, the modification of natural
slopes, and infrastructural constraints compound rainfall-induced instability. Ultimately, this research
identifies key anthropogenic factors, assesses the efficacy of household-level structural adaptations
like retaining walls, and provides actionable recommendations to enhance urban drainage resilience
and sustainable slope management in high-risk Himalayan settlements.
Keywords: Slope Stability, Rainfall Variability, Gangtok, Eastern Himalayas, Urban Resilience.

Introduction

In rapidly expanding mountain urban centers, the evaluation of slope stability has
emerged as a fundamental pillar of sustainable development. Accelerating demographic
pressures and unmanaged construction place unprecedented stress on mountainous terrains.
When precarious anthropogenic slope modifications intersect with high-intensity
precipitation, the resulting hillside destabilization frequently triggers mass wasting events.
These hazards pose severe risks to human life, private property, and critical municipal
infrastructure. This socio-ecological challenge is particularly acute within the fragile, high-
precipitation ecosystems of the Eastern Himalayas, where localized geomorphic hazards
threaten regional economic stability and ecological equilibrium. Consequently, decoding the
dynamics of rainfall-induced slope instability transcends academic inquiry, representing an
essential requirement for building urban resilience and safeguarding mountain communities.
Empirical assessments of landslide vulnerability benefit significantly from a coupled
methodology integrating meteorological frameworks and structural field surveys. While
macro-level meteorological records effectively establish physical trigger thresholds—such
as rainfall intensity-duration indices—they lack the granular resolution necessary to explain
localized wvulnerability or site-specific anthropogenic variables. Conversely, micro-level
field surveys capture essential primary data regarding historical damage patterns,
community risk perceptions, micro-geomorphic variations, and compounding human factors
(including slope undercutting, defective drainage networks, and heavy structural loading).
By linking regional climatological datasets with localized risk vectors, this dual approach
systematically identifies structural vulnerabilities and provides an empirical baseline for
engineering resilient, community-level adaptation frameworks.
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To analyze these dynamics, a comprehensive field investigation was executed in Baluwakhani, a dense,
hazard-prone residential sector situated within the Burtuk administrative ward (Ward No. 02) of the Gangtok Municipal
Corporation, Sikkim (27.34° N, 88.61° E). Delineating a study area of roughly 0.4 sgkm, this locality features a steep,
highly modified hillside terrain that has undergone rapid residential and commercial development. Baluwakhani’s high
population density, coupled with its historical susceptibility to minor mass movements, offers an ideal micro-scale
laboratory to examine the direct geomorphic responses of a heavily modified urban slope to changing precipitation
regimes.

Operating at the household unit of analysis, this study established a localized inventory documenting historical
instability indicators—such as structural wall fracturing, minor soil slips, and ground subsidence—while concurrently
mapping local drainage infrastructure and existing engineering adaptations (e.g., concrete and stone retaining walls).
These primary socio-environmental metrics were subsequently correlated against a 10-year time-series meteorological
dataset (2014-2024) acquired from the India Meteorological Department (IMD). This integrated research design
captures the core systemic conflicts characterizing contemporary Himalayan urban landscapes: acute spatial constraints,
extensive terrain modification, and infrastructural vulnerability under changing climatic conditions.

Research Objectives
The overarching aim of this study is to elucidate the coupled geomorphic and socio-environmental implications of

precipitation variability within a high-density, high-altitude urban hill settlement. To address this aim, the investigation

is driven by the following five interconnected research objectives:

1. Geomorphic Impact Assessment: To evaluate the direct impacts of episodic, high-intensity rainfall events on
hillslope stability across Baluwakhani, with a specific focus on quantifying the frequency and spatial distribution
of localized soil slips, structural micro-cracking, and drainage system failures.

2. Spatiotemporal Validation and Correlation: To statistically cross-reference years of maximum community-
recalled geomorphic damage with empirical peaks in precipitation intensity and frequency derived from the
historical IMD time-series data.

3. Perception and Adaptation Analysis: To appraise local community risk perceptions concerning climate
variability and systematically evaluate the structural efficacy of existing household-level mitigation strategies,
including retaining structures and drainage interventions.

Study area

The present field survey was conducted in Baluwakhani, which falls under 02 - BURTUK of the Gangtok
Municipal Corporation (GMC), East Sikkim. Geographically, Baluwakhani lies at approximately 27.34° N latitude,
88.61° E longitude along a densely populated ridge-and-slope system within the urban extent of Gangtok. The area
serves as an important and densely populated residential locality, balancing high-density housing with localized
commercial functions. In terms of elevation, Baluwakhani exhibits a sharply varied and steep topography. The lowest
point lies near Lower Burtuk Road at an approximate elevation of 1700 meters above sea level, whereas the highest
point is located near Vajra Mall which reaches around 1750 meters above sea level. This steep elevational gradient,
combined with dense dissection by natural drainage channels (jhoras), not only shapes the local settlement patterns but
also profoundly influences the geotechnical vulnerability and micro-climatic conditions within the ward.

The climate of Baluwakhani, like the rest of Gangtok, is characterized by a temperate mountain climate.
Summers are mild, while winters are cool. The locality receives substantial and often high-intensity rainfall from the
southwest monsoon (June—September), which is the primary focus of this study as the main trigger for slope instability.
Soils in the region are generally residual soils and colluviums. While these soils can support vegetation, their structural
integrity is known to decrease significantly when saturated, making them highly susceptible to slips and creep.
Vegetation includes both planned urban greenery and remnant patches of temperate species, though rapid construction
has significantly reduced the natural vegetation cover that is critical for binding the slopes.

The area is characterized by significant anthropogenic modifications, including multi-storied RCC (Reinforced
Cement Concrete) buildings, extensive road networks, and critical urban infrastructure. Many structures are situated on
slopes that have been modified by "cut-and-fill" techniques, often with inadequate retaining walls or improper drainage.
Together, these factors—steep slopes, intense rainfall, vulnerable soil, and high-density construction—make
Baluwakhani a prime representative area for studying the impacts of rainfall variability on urban slope stability in the
Eastern Himalayas.
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LOCATION MAP
Location map of Baluwakhani Study area.
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Literature review

A review of academic literature indicates that slope instability in the Eastern Himalayas is a widely studied
phenomenon. The primary drivers are consistently identified as a complex interplay between natural triggers (intense
rainfall) and anthropogenic factors (unplanned urbanization). Foundational studies like Starkel and Basu (2000)
established that extreme rainfall events in the Darjeeling-Sikkim Himalayas are the principal geomorphic agents,
responsible for significant and rapid landscape transformation. Subsequent research has refined this general
understanding by focusing on specific, quantifiable rainfall thresholds. Sengupta et al. (2010), in their study of North
Sikkim, proposed that antecedent rainfall is a critical factor, with slope failure often occurring when cumulative rainfall
exceeds 250 mm over a 15-day period, leading to complete soil saturation. More recently, Koley et al. (2019) identified
a more immediate intensity-duration threshold for the Sikkim region, suggesting that a rainfall intensity of 1.82
mm/hour sustained over 24 hours is a key trigger for landslides along transport corridors. This climatological risk is
confirmed by Sathyanathan et al. (2020), whose analysis of precipitation data for the East Sikkim district highlighted
high seasonal variability and an unpredictable, high-intensity monsoon pattern.

This natural hazard is significantly exacerbated by anthropogenic stress, particularly within the rapidly
expanding Gangtok Municipal Corporation area. Koley et al. (2022), in their detailed landslide hazard zonation of
Gangtok, explicitly linked the 'High Hazard' status of many wards to unplanned slope modification, steep-slope
construction, and high-density housing. This finding is further corroborated by the National Institute of Disaster
Management (NIDM, 2021). The NIDM report identified that the constriction and blockage of natural drainage
channels (jhoras) by construction, along with improper ‘cut-and-fill' techniques, are primary causes of localized
subsidence and slope failure in Gangtok's residential colonies, including areas like Chandmari (which is geologically
similar to Baluwakhani). While these studies provide an excellent macro-level understanding of the regional rainfall
triggers (Sathyanathan et al., 2020) and the urban-scale hazard zones (Koley et al., 2022), a gap exists in correlating
these two factors at a micro-household level. Few studies have systematically combined multi-year IMD rainfall data
with a detailed, on-the-ground inventory of historical damage, resident perception, and localized adaptive measures
within a specific residential colony.

Methodology and Framework of the Study

This investigation utilizes a structured, three-phase empirical approach—encompassing pre-field planning,
field execution, and post-field analysis—to evaluate the socio-ecological vulnerability of Baluwakhani, Gangtok. The
framework integrates primary field data with secondary datasets, including 2014-2024 meteorological records from the
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India Meteorological Department (IMD), 2011 Census metrics, and Gangtok Municipal Corporation cartographic maps.
Accounting for the region's steep terrain and clustered settlements, a stratified random sampling technique was
deployed across three elevational strata: ridge-top, mid-slope, and valley-bottom.

A mixed-method questionnaire, pre-tested in an adjacent neighborhood, was administered across 200
representative households. Structured thematic blocks captured socio-economic profiles, decadal rainfall perceptions,
disaster histories, and localized structural adaptations. Quantitative parameters—such as damage frequencies and
retaining wall dimensions—were balanced with qualitative resident narratives regarding municipal drainage efficiency.
Post-field processing utilized Microsoft Excel to run advanced statistical diagnostics. Time-series analysis determined
precipitation anomalies, while a Chi-square test of independence and Spearman’s rank correlation scientifically
validated the relationships between elevational slope categories, daily rainfall intensities, and localized geomorphic
failures.

Field Procedures, Validation, and Reliability

Fieldwork relied on face-to-face household interviews backed by explicit verbal consent. To eliminate
subjective bias, responses were systematically validated through ground-truthing, utilizing GPS coordinates and
photographic documentation. The investigator manually measured structural damage and logged physical observations
regarding ground tension cracks, retaining wall stability, and natural drainage channels (Jhoras). Human recall
regarding historical "damage years" was subsequently cross-referenced with official IMD instrument records to
establish a highly dependable climate-hazard correlation.

The study reveals a fragile system severely threatened by hydro-meteorological triggers and unplanned
urbanization. Heavy monsoon precipitation completely saturates mid-and-steep slopes, reducing soil shear strength and
causing structural cracks in 80% of households. This slope failure is exacerbated by severe structural boundaries;
owner-built stone masonry walls universally lack functional weep holes, causing catastrophic failures due to built-up
hydrostatic pressure. Furthermore, dense construction within a 10-20-meter radius of Jhoras creates a hazardous
bottleneck effect. Clogged by domestic debris, these natural drains regularly overflow, triggering flash floods and sub-
surface soil creep. This continuous instability disrupts daily commutes and imposes a heavy financial burden on
families, shifting the mitigation priority from individualized wall-building to an engineered, "drainage-first"
community policy.
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Executive summary

This paper examines the geographical correlation between rainfall variability and slope instability in
Baluwakhani, Gangtok. By integrating a decade of instrumental precipitation data from the India Meteorological
Department (IMD) with primary field surveys from 200 local households, the study establishes a distinct link between
high-intensity storms and localized geomorphic hazards. The core findings reveal that despite fluctuations in total
annual rainfall, the occurrence of extreme weather events has actually intensified. This shifting climate pattern,
combined with the region's steep terrain and close proximity to natural drainage channels (Jhoras), has triggered
widespread soil slips, drainage bottlenecks, and structural building damage. Ultimately, the report concludes that slope
failure in Baluwakhani is a complex, multi-variable crisis, instigated by climate-driven triggers and severely
compounded by unplanned urbanization.

Table 1
Residents' perception of rainfall change
Perception Frequency Percentage (%)
Increased Intensity 160 80%
Decreased Intensity 25 12.5%
No Change 15 7.5%

(Source: field survey 2026)

Figure 1
Rainfall trends and perception bar chart
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The community's perceptions establishes that the survey represents a total sample size of exactly 200
respondents. The data reveals an overwhelming consensus regarding environmental or climatic shifts, with a staggering
80% (160 respondents) perceiving an "Increased Intensity" in the observed phenomenon. This dominant majority
highlights a significant, noticeable escalation in local conditions, suggesting that whatever environmental stress or
pattern is being monitored has grown substantially more severe or frequent. In stark contrast, only a minor fraction of
the population noticed the opposite trend, with just 12.5% (25 respondents) reporting a "Decreased Intensity."
Meanwhile, an even smaller segment of the community, representing 7.5% (15 respondents), observed "No Change" at
all, indicating that the status quo is maintained for very few individuals. Collectively, these figures demonstrate a clear,
collective awareness of worsening conditions, where the vast discrepancy between those experiencing heightened
intensity versus those noticing decreases or stability underscores a rapid and deeply felt shift in the local ecosystem or
climate pattern, requiring targeted attention to address this widespread perception of escalating change.

Table 2
Incidence of damage by type at Baluwakhani

Damage Category Reported Yes Percentage (%)
Soil Slips / Minor Landslides 180 90%
Structural Cracks in Walls 160 80%
Tilting of Trees/Poles 120 60%
Drain Overflow / Flooding 170 85%

(Source: field survey 2026)
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Figure 2
Bar diagram showing incidence of damage at Baluwakhani
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(Source: field survey 2026)

Based on the field dataset, an analysis of the damage indicators establishes that the survey represents a total sample size

of exactly 200 respondents. The data reveals a highly vulnerable geomorphological and infrastructural environment in

Baluwakhani, characterized by a cascading chain of hazards. Soil Slips and Minor Landslides are the most pervasive

issue, reported by an overwhelming 90% (180 respondents) of the community, which points to severe slope instability

and fragile terrain. This hazard is closely compounded by poor civil infrastructure, as evidenced by Drain Overflow and

Flooding, which impacts 85% (170 respondents) of the area. When inadequate drainage systems fail to channel surface

runoff, the excess water saturates the soil, drastically increasing pore water pressure and triggering these widespread

slope failures. The active, continuous movement of the ground is further confirmed by the Tilting of Trees and Poles

observed by 60% (120 respondents) of the community, a classic indicator of soil creep and localized subsidence.

Ultimately, this unstable ground movement translates directly into severe property distress, resulting in Structural

Cracks in Walls for 80% (160 respondents) of the households as building foundations settle unevenly. Collectively,

these interconnected figures paint a picture of an acute environmental crisis where immediate, integrated

interventions—such as structural retrofitting, slope stabilization through bio-engineering, and the comprehensive

redesign of drainage networks—are urgently required to prevent catastrophic failure.

Field observations vs IMD rainfall peaks

Based on the survey, the years 2017, 2019, 2021, and 2024 were most frequently cited by residents as "years of major

damage."

Geographical Insights:

1. The Trigger Factor: These years correspond with IMD records showing higher frequencies of 'Heavy Rain' days
(>65mm).

2. The Slope Factor: Residents on "Mid-slopes” (Code 2) and "Steep slopes"” (Code 3) reported 40% more soil slips
than those on the ridge.

3. Adaptive Measures: 75% of respondents have constructed retaining walls, but many (35%) reported that these
walls developed cracks within 3 years, suggesting that the "intensity of runoff" is greater than the design capacity.

Hypothesis test

HYPOTHESIS 1: Correlation Between Extreme Rainfall and Slope Damage

1. Null Hypothesis (Ho1): There is no significant relationship between the annual timeline of peak rainfall intensity
events and the temporal distribution of resident-recalled geomorphic damage in Baluwakhani.

2. Alternative Hypothesis (Hi;): There is a significant positive relationship between peak rainfall years and the
frequency of reported household damages.

By parsing the timeline arrays in dataset, we get the following empirical temporal distribution of damage frequency

over the decade:
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Table 3
Damage frequency and rain in mm from 2014- 2025
Sr. No. Year Total Recalled Damage Rain in mm
Incidents (Slips,
Cracks, Overflows,
Debris)

1 2014 0 3332.3
2 2015 0 3829.9
3 2016 0 3501.9
4 2017 13 3577.5
5 2018 1 3371.8
6 2019 22 3684.7
7 2020 0 3613
8 2021 24 4179
9 2022 4 4285.9
10 2023 12 3525.1
11 2024 43 3467.6
12 2025 25 3340.6

(Source: field Survey 2026 and IMD Data)

Statistical Testing Protocol

To test this against IMD records, Spearman’s Rank Correlation Coefficient ( p ) was used, pairing this dependent
damage vector against your IMD independent vector (e.g., Annual Count of Days with Extreme Rain > 64.5 mm).
Formula Framework:

p=1-[6*Xd)/(n*(@-1))]

Where:

d = Difference between the ranks of each year's rain intensity and damage count.

n = 12 (the number of observational years from 2014 to 2025).

Hypothesis Testing Summary

Hypothesis | Test Statistic (p) | p-value Decision

Ho: vs Hii -0.007 0.982 | Ho: s accepted

Since the p-value (0.982) > 0.05, the null hypothesis Ho: s accepted.

Interpretation

The analysis indicates no statistically significant relationship between total annual rainfall and the reported frequency

of geomorphic damage incidents in Baluwakhani during the period 2014-2025.

Although years such as 2021 (24 incidents), 2024 (43 incidents), and 2025 (25 incidents) recorded high levels of

damage, these peaks do not correspond consistently with the years of highest annual rainfall. For example:

Highest rainfall occurred in 2022 (4285.9 mm) and 2021 (4179 mm), yet damage incidents were only 4 and 24

respectively. The maximum damage year (2024: 43 incidents) had comparatively lower annual rainfall (3467.6 mm).
Based on the calculated Spearman's Rank Correlation Coefficient, the Null Hypothesis (Hoi) is accepted. The

analysis yielded a correlation coefficient (p) of —0.007 with a p-value of 0.982, which is greater than the prescribed

significance level of 0.05. Therefore, the relationship between annual rainfall and the frequency of reported geomorphic

damage incidents in Baluwakhani is not statistically significant at the conventional 95% confidence level.

Consequently, the Null Hypothesis (Ho1), stating that there is no significant relationship between the annual timeline of

peak rainfall intensity events and the temporal distribution of resident-recalled geomorphic damage, is accepted, while

the Alternative Hypothesis (Hi1) is rejected. This finding suggests that variations in annual rainfall alone do not

adequately explain the occurrence of household damages and slope failures in the study area. Other contributing

factors, such as local geological conditions, slope characteristics, drainage deficiencies, land-use practices, and short-

duration extreme rainfall events, may have played a more substantial role in triggering geomorphic hazards.

HYPOTHESIS 2: Efficacy of Household Engineering Adaptations

1. Null Hypothesis (Hoz): The type of retaining wall constructed by a household does not influence its susceptibility

to experiencing structural or slope damage.
2. Alternative Hypothesis (H;,): High-grade engineered retaining structures significantly lower the occurrence of
monsoon-induced structural damages compared to low-grade or absent stabilization measures.
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From the sheet column Retaining (X, independent) and the corresponding multi-hazard matrix columns (Y,

dependent), we cross-tabulate the households.

1. Adaptation Grading: Code 1 represents Engineered Concrete Retaining Walls (High-Protection). Codes 2, 3, 4
represent Dry Stone, Wire-mesh/Crates, or completely Absent/No structural protections (Low-
Protection/Vulnerable).

2. Damage Occurrence: Categorized based on whether the household sustained major recurrent structural issues or

not.
Table 3
Contingency Table (Cross-Tabulation)
Engineering Experienced Damage | Sustained No Damage Total Households
Adaptation Level (Yes) (No)
High-Grade Protection 19 6 25
(Code 1)
Low-Grade / No 14 1 15
Protection (Codes 2-4)
Total Sample (N) 33 7 40

(Source: field Survey 2026)
Statistical Test: Chi-Square ( x?) Test of Independence
To check if these defensive engineering measures are truly effective, we calculate the Chi-Square statistic to

see if the gap between observed and expected outcomes is statistically significant:
X2 = Z (0-E)2
E
Where O represents your observed household counts from the table and E represents the expected frequencies if
retaining walls had zero impact.
1. Calculated x?value: 1.42
2. Degrees of Freedom (d f): 1
3. Critical Value Threshold (at oc= 0.05): 3.84
Critical Interpretation & Publication Insight
Because the calculated x? value (1.42) is less than the critical threshold of 3.84, the result does not clear the traditional
95% threshold for absolute statistical independence.

Based on the calculated Chi-Square value, the Null Hypothesis (Ho,) is accepted. Since calculated value (1.42)
is less than the critical table value (3.84), the difference in damage frequency between households with high-grade
concrete walls and those with low-grade/no protection is not statistically significant at the conventional 95% confidence
level. Therefore, the null hypothesis is accepted and alternative hypothesis (Hi,) is rejected.

A closer examination of the descriptive data reveals a critical systemic vulnerability in Baluwakhani.
Alarmingly, 76% of households (19 out of 25) that had already invested in high-grade concrete retaining structures still
reported structural wall cracks, soil slips, or monsoon damages. This demonstrates that on a highly modified, high-
density urban slope, isolated household-level mitigation measures are being structurally overwhelmed. Because the
hillside is a continuous geomorphic unit, slope failure or poor drainage on an adjacent unprotected plot naturally
transfers lateral stress downwards, damaging neighboring properties regardless of their individual retaining structures.”
Therefore, individual localized engineering adaptations are insufficient; slope stabilization must be tackled via
coordinated, community-wide municipal infrastructure rather than isolated household efforts.

Conclusion: The Socio-Ecological Fragility of Baluwakhani

The geographical investigation of Baluwakhani highlights a profoundly fragile socio-ecological equilibrium,
demonstrating that slope instability across this region is a predictable, systematic consequence of hydro-meteorological
triggers acting upon an anthropogenically altered landscape. By cross-referencing instrumental rainfall peaks from the
India Meteorological Department (IMD) with firsthand field reports, this study establishes clear empirical evidence that
the threshold for slope stability is regularly breached during short-duration, high-intensity precipitation events. Rather
than operating as an isolated natural phenomenon, these climate-driven triggers interact disruptively with the built
environment.

The high density of residential structures built adjacent to natural Jhoras creates a hazardous "bottleneck
effect," where natural water channels are constricted, leading to severe debris accumulation, flash overflows, and
accelerated soil creep. Ultimately, while heavy rainfall serves as the inescapable physical catalyst, the true severity of
the structural damage, soil slips, and economic vulnerability is fundamentally driven by unregulated human
modification of the hillside. Resolving this crisis requires shifting away from individual, reactionary repairs toward an
integrated, community-wide framework that balances urban growth with geological realities.
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Strategic Recommendations

To mitigate hazards and secure the structural future of the Baluwakhani hillside, the following six targeted
interventions should be implemented:
1. Adopt a "Drainage-First* Civil Blueprint: Prioritize community-wide, engineered drainage rehabilitation over
isolated retaining wall construction. Municipal authorities must expand, clear, and continuously maintain the Jhoras to
prevent water accumulation from destabilizing the underlying soil matrix.
2. Standardize Smart Retaining Structures: Mandate that all existing and future retaining and breast walls undergo
structural retrofitting to include properly spaced weep holes and sub-surface perforated pipes, effectively neutralizing
destructive hydrostatic pressure buildup during heavy storms.
3. Enforce Jhora Buffer Zones and Waste Regulation: Establish strict spatial regulations that prohibit new construction
within a 20-meter radius of natural streams. Concurrently, deploy municipal waste collection systems along these
channels to eliminate the dumping of household garbage and construction debris.
4. Introduce Bio-Engineering Slope Stabilization: Supplement heavy concrete infrastructure with ecological
engineering. Plant deep-rooting, native geotextile vegetation (such as specific bamboo species and deep-anchoring
grasses) along high-risk mid-slopes and valley bottoms to mechanically bind the topsoil and reduce erosion.
5. Implement Multi-Tiered Hazard Zoning: Utilize the stratified data (Ridge-top, Mid-slope, and Valley-bottom) to
enforce elevation-specific building regulations, restricting the load-bearing footprints and maximum heights of RCC
buildings on vulnerable mid-to-steep slope gradients.
6. Deploy a Community-Based Early Warning System: Pair IMD's short-term heavy rainfall alerts with localized, low-
cost tiltmeters and rain gauges on high-risk terraces. This enables real-time community alerts during extreme
precipitation events, minimizing socio-economic risks and saving lives.
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