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ABSTRACT
Urban expansion poses a significant threat to the stability of soils, especially
in areas with sensitive geotechnical characteristics. This research explores the
application of remote sensing techniques combined with geotechnical
investigations to monitor the environmental impact of urban development on
soil stability in a rapidly growing metropolitan area. Multi-temporal satellite
images from Landsat-8 and SPOT were processed to analyze changes in land
use and vegetation cover over a period of 15 years. Concurrently, soil samples
were collected at strategic locations and analyzed for key geotechnical
properties such as cohesion, angle of internal friction, and plasticity index. A
correlation analysis was performed between remote sensing-derived indices
(such as NDVI and land surface temperature) and geotechnical parameters to
establish potential links between urbanization and soil degradation. Spatial-
temporal analysis revealed a significant decrease in vegetation cover and
increased surface imperviousness, contributing to surface runoff and soil
erosion. Statistical models demonstrated a negative correlation between NDVI
and soil plasticity, indicating reduced soil binding capacity in urbanized
zones. The study presents a monitoring framework that integrates remote
sensing and geotechnical data to proactively assess environmental impacts of

urban sprawl.
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INTRODUCTION

Urban expansion has emerged as a major driver of environmental change, particularly in
developing countries where population growth outpaces infrastructure development. The
rapid conversion of natural landscapes to urban areas disrupts the natural balance between
soil, vegetation, and hydrological processes. This transformation often results in soil
compaction, increased erosion, reduced infiltration, and heightened vulnerability to landslides
and subsidence. Soil stability in urban environments is influenced by both surface and

subsurface processes, requiring a multidisciplinary approach for effective monitoring.

Urbanization and Soil Degradation

Urban growth leads to increased impervious surfaces, which reduces infiltration and enhances
surface runoff. These changes increase the potential for soil erosion and slope failure,
particularly in hilly or sloped areas. Construction activities, improper drainage, and removal
of vegetation exacerbate soil instability. Understanding these processes requires

comprehensive data on soil properties, land cover changes, and hydrological patterns.

Importance of Monitoring Soil Stability

Monitoring soil stability is critical for ensuring the safety of urban infrastructure and
mitigating environmental hazards. Early identification of areas prone to soil failure can
prevent property damage, loss of life, and economic losses. Remote sensing and geotechnical
investigations provide complementary tools for assessing soil stability and developing risk

management strategies.

REMOTE SENSING IN SOIL STABILITY MONITORING

Remote sensing has emerged as a powerful tool for monitoring and assessing soil stability,
particularly in urbanizing regions. It involves the acquisition of information about the Earth’s
surface from a distance, typically through satellites, airborne sensors, or unmanned aerial
vehicles (UAVs). By providing spatially extensive and temporally consistent data, remote

sensing helps detect environmental changes associated with urban expansion, such as soil
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erosion, vegetation loss, and slope deformation. When integrated with geotechnical data, it

enables a comprehensive understanding of soil stability and associated hazards.

Principles of Remote Sensing

Remote sensing relies on detecting and measuring the electromagnetic radiation reflected or

emitted from the Earth’s surface. Different materials, including soil, vegetation, and built

structures, reflect and absorb energy differently across the electromagnetic spectrum. Sensors

capture this energy in various spectral bands, which are then analyzed to derive surface

characteristics.

Key principles include:

¢ Electromagnetic Spectrum Utilization: Remote sensing uses visible, near-infrared, and
thermal infrared wavelengths to characterize soil moisture, vegetation cover, and land
surface temperatures.

¢ Resolution Considerations: Spatial resolution (size of one pixel), spectral resolution
(number of spectral bands), and temporal resolution (frequency of data acquisition)
determine the effectiveness of remote sensing for monitoring soil changes.

e Image Processing Techniques: Techniques such as classification, vegetation indices
(e.g., NDVI), and change detection are applied to interpret remotely sensed data. These
allow for mapping soil degradation, monitoring erosion, and detecting early signs of slope

instability.

By understanding these principles, researchers can select appropriate sensors and methods for
urban soil stability monitoring, tailoring analyses to specific environmental conditions and

urban landscapes.

APPLICATIONS IN URBAN ENVIRONMENTS

In urban areas, remote sensing provides critical insights into how rapid development affects

soil stability:

e Land Use and Land Cover Mapping: High-resolution satellite imagery helps identify
changes in land use, including expansion of built-up areas and loss of vegetation. Such

changes are directly linked to increased runoff, erosion, and soil instability.
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e Vegetation Monitoring: Indices like NDVI (Normalized Difference Vegetation Index)
and SAVI (Soil Adjusted Vegetation Index) assess vegetation health, which is a key
factor in preventing soil erosion and maintaining slope stability.

e Detection of Soil Disturbances: Multi-temporal imagery enables tracking of soil
disturbances caused by construction activities, excavation, or urban sprawl. It helps
identify areas at risk of subsidence, landslides, or erosion.

e Integration with GIS: Geographic Information Systems (GIS) can combine remote
sensing data with other environmental layers, such as slope, drainage, and soil type, to
create risk maps and support urban planning decisions.

e Monitoring of Infrastructure Impacts: Remote sensing can detect soil changes around
critical infrastructure such as roads, bridges, and retaining walls, which may be affected

by urban expansion or soil movement.

Table 1: Common Remote Sensing Data Used for Urban Soil Stability Monitoring

Spatial Temporal
Satellite/Sensor Primary Application
Resolution Resolution
Land use/land cover change detection,
Landsat 8 30 m 16 days o
vegetation indices
Vegetation health, impervious surface
Sentinel-2 10-20 m 5 days _
mapping
) ) High-resolution urban mapping,
WorldView-3 0.3m Varies (tasked) _ ‘
erosion detection
_ _ Detailed surface morphology, slope
Pleiades 0.5m Varies (tasked)
analysis
UAYV (Drone- Localized soil erosion and landslide
<0.1 m Flexible
based) monitoring

ADVANTAGES AND LIMITATIONS
Advantages:

e Large-Area Coverage: Remote sensing can monitor extensive urban regions and

inaccessible terrains efficiently.
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e Temporal Monitoring: Frequent satellite passes allow for repeated observations,
enabling analysis of trends and early warning of soil instability.

e Cost-Effectiveness: Once imagery is acquired, analysis can cover large areas without the
need for expensive, widespread ground surveys.

e Non-Invasive: Remote sensing does not disturb the study area, making it suitable for

sensitive or hazardous locations.

Limitations:

e Limited Subsurface Information: Remote sensing primarily captures surface
characteristics; it cannot directly measure subsurface soil properties such as cohesion,
permeability, or shear strength.

¢ Resolution Constraints: Some satellite sensors may lack sufficient spatial or temporal
resolution to detect small-scale soil changes in urban areas.

e Data Interpretation Challenges: Complex urban landscapes with mixed materials
(concrete, asphalt, vegetation) can make analysis difficult and may require advanced
processing techniques.

e Weather Dependence: Optical sensors are affected by cloud cover, haze, or shadows,

which can limit the quality of observations.

GEOTECHNICAL DATA IN SOIL STABILITY ASSESSMENT

Geotechnical data plays a critical role in evaluating soil stability, particularly in urbanized
regions where rapid expansion and construction activities significantly alter subsurface
conditions. While remote sensing provides surface-level observations, geotechnical
investigations offer detailed insights into the mechanical, physical, and hydrological
properties of soils, which are essential for predicting soil behavior under various
environmental and anthropogenic stresses. Integrating geotechnical data with remote sensing
enhances understanding of soil stability and informs effective urban planning and hazard

mitigation.

Geotechnical Investigation Techniques
Geotechnical investigations aim to characterize soil and rock properties to assess stability and

suitability for construction. The main techniques include:
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Soil Sampling: Collection of disturbed or undisturbed soil samples from different depths

using augers, split-spoon samplers, or Shelby tubes. Laboratory analysis provides

information on texture, moisture content, density, and strength parameters.

In-Situ Tests: Conducted directly in the field to assess soil behavior under natural

conditions. Common in-situ tests include:

Standard Penetration Test (SPT): Measures resistance of soil to penetration,
providing an estimate of density and strength.

Cone Penetration Test (CPT): Provides continuous readings of soil resistance,
useful for determining stratigraphy, bearing capacity, and potential liquefaction.

Plate Load Test: Evaluates soil bearing capacity for foundation design.

e Laboratory Tests: Performed on collected samples to determine critical soil properties:

Triaxial Shear Test: Determines cohesion, internal friction angle, and shear strength.
Direct Shear Test: Measures shear strength along a predefined failure plane.
Atterberg Limits: Determines plasticity and liquidity of fine-grained soils, indicating
susceptibility to deformation.

Permeability Tests: Assess water infiltration and drainage characteristics, which

influence erosion and slope stability.

o Borehole Drilling: Provides stratigraphic profiles, identifying soil layers, rock depth, and

groundwater conditions.

These investigations collectively provide a comprehensive understanding of subsurface

conditions and the soil’s response to loading, water infiltration, and other environmental

stresses.
Table 2: Geotechnical Parameters Critical for Urban Soil Stability
Parameter Test Method Relevance to Soil Stability
Soil cohesion (c) Laboratory triaxial test Determines shear strength of soil

Angle of internal

friction (@)

Direct shear test Assesses slope stability potential

58 I Page 53-66 © MANTECH PUBLICATIONS 2025. All Rights Reserved




Journal of Remote Sensing, Environmental Science & Geotechnical Engineerin
MANIECH s sineeting

Publications Volume 10, Issue 2, May-August, 2025
Parameter Test Method Relevance to Soil Stability
Soil compaction Proctor test Influences foundation bearing capacity

_ ‘ . Affects soil shear strength and erosion
Moisture content | Gravimetric or TDR sensors .
ris

Atterberg limits (LL, | Laboratory liquid/plastic | Determines plasticity and susceptibility

PL) limit tests to deformation

. ) Governs water infiltration and runoff
Permeability (k) Constant/variable head test )
behavior

ROLE IN URBAN PLANNING

Geotechnical data is essential for sustainable urban planning and construction, particularly in

rapidly expanding cities:

o Site Suitability Assessment: Determines which areas are suitable for construction and
identifies zones prone to landslides, erosion, or subsidence.

o Foundation Design: Soil strength and compaction data guide the selection of foundation
types (shallow vs. deep foundations) to ensure structural safety.

o Slope Stability Analysis: Geotechnical investigations provide input parameters for slope
stability models, helping to design retaining structures and erosion control measures.

o Infrastructure Risk Management: Monitoring subsurface soil conditions near roads,
bridges, and high-rise buildings allows early detection of potential hazards.

o Integration with GIS: When combined with remote sensing data in GIS platforms,
geotechnical information enables spatial analysis, hazard mapping, and predictive

modeling, supporting informed decision-making.

By incorporating geotechnical data into urban planning processes, city planners and engineers
can minimize environmental risks, optimize land use, and ensure resilient infrastructure

development.

CHALLENGES IN DATA INTEGRATION
Despite the importance of geotechnical investigations, integrating geotechnical data with

remote sensing and other environmental datasets presents several challenges:
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o Spatial Coverage Limitations: Geotechnical tests are point-based and labor-intensive,
providing detailed information for limited locations. In contrast, remote sensing offers
extensive spatial coverage, making integration difficult.

e Resolution Mismatch: Differences in spatial and temporal resolution between
geotechnical data and satellite imagery can complicate analysis. For example, a borehole
provides millimeter-scale information, while satellite pixels may represent tens of meters.

o Data Format Differences: Geotechnical data may be recorded in tabular or graphical
formats, while remote sensing data is image-based, requiring careful preprocessing and
standardization for combined analysis.

e Cost and Time Constraints: Comprehensive geotechnical surveys across urban regions
are expensive and time-consuming, limiting the availability of up-to-date data.

e Complex Subsurface Conditions: Urban soils are often heterogeneous due to fill
materials, construction debris, and varied soil strata, making it difficult to generalize
point-based measurements for broader regions.

o Expertise Requirements: Integration of geotechnical and remote sensing data requires
multidisciplinary knowledge, including soil mechanics, GIS, and remote sensing analysis,

which may not always be available in planning teams.

Despite these challenges, recent advances in GIS, machine learning, and data fusion
techniques are improving the ability to combine geotechnical and remote sensing data,

providing more reliable assessments of urban soil stability.

INTEGRATED APPROACHES FOR MONITORING SOIL STABILITY

Monitoring soil stability in urban areas requires a multidisciplinary approach due to the
complex interactions between surface and subsurface processes. Remote sensing provides
extensive spatial coverage of surface conditions, while geotechnical investigations offer
precise subsurface information. Integrating these datasets enables comprehensive soil
stability assessments, supports predictive modeling, and informs urban planning and hazard

mitigation strategies.

Remote Sensing-Geotechnical Synergy
The synergy between remote sensing and geotechnical data enhances the accuracy and

reliability of soil stability assessments:
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o Complementary Insights: Remote sensing captures surface changes such as vegetation
loss, land cover alteration, and slope deformation. Geotechnical investigations provide
soil strength, moisture content, compaction, and stratigraphic profiles. Together, these
datasets allow correlation between surface indicators and subsurface conditions.

e GIS Integration: Geographic Information Systems (GIS) serve as a platform for
combining spatially extensive remote sensing data with localized geotechnical
measurements. This enables the creation of detailed soil stability maps, identification of
high-risk zones, and spatial analysis of vulnerability patterns.

o Real-Time Monitoring Potential: Remote sensing enables frequent monitoring of urban
expansion and surface changes, while sensor-based geotechnical measurements (e.g., soil
moisture probes, inclinometers) provide near real-time subsurface data. Integrated
systems can thus support early warning mechanisms for landslides, erosion, or
subsidence.

e Decision Support: Urban planners can use integrated datasets to evaluate potential
impacts of construction projects, optimize drainage networks, and implement soil

conservation measures based on combined surface and subsurface insights.

This synergy facilitates proactive monitoring rather than reactive intervention, improving

resilience against soil-related hazards in urban regions.

Table 3: Integrated Remote Sensing and Geotechnical Approaches for Soil Stability

Monitoring

Approach Data Source Advantages Limitations

Satellite imagery + | Large area monitoring
Land cover change High cost, labor-
Geotechnical with validation of
+ Slope stability intensive
boreholes subsurface conditions

Assesses vegetation
NDVI/SAVI + Soil|| Remote sensing + Limited temporal
health and moisture-
moisture analysis In-situ sensors resolution of satellites
induced instability

LiDAR + Cone LiDAR elevation | High precision elevation | Requires advanced

Penetration Test data + CPT data || and subsurface profiling processing and
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Approach Data Source Advantages Limitations
(CPT) expertise

Small coverage area,
UAYV imagery + Drone-based Localized high-resolution
not suitable for large
Laboratory testing || imaging + lab tests |[monitoring of soil erosion '
urban regions

Predictive Modeling and Risk Assessment

Integrated datasets enable predictive modeling, which is essential for assessing future soil

stability under urban expansion scenarios:

e Machine Learning Approaches: Algorithms such as Random Forest, Support Vector
Machines (SVM), and Artificial Neural Networks (ANN) are applied to multi-source
datasets. These models identify complex patterns between urbanization, soil properties,
hydrological parameters, and slope characteristics to predict soil instability.

o Slope Stability Modeling: Using geotechnical parameters (e.g., cohesion, friction angle,
soil compaction) combined with surface indicators from remote sensing (e.g., vegetation
cover, erosion signs), stability indices can be calculated to evaluate potential failure
zones.

o Risk Zonation: Integrated analysis allows classification of urban areas into low, medium,
and high-risk zones for landslides, erosion, or subsidence. This zonation informs land-use
planning, zoning regulations, and targeted mitigation strategies.

e Scenario Analysis: Predictive models simulate the impact of different urban expansion
scenarios, rainfall patterns, and construction activities on soil stability. This helps
authorities make informed decisions regarding urban growth while minimizing

environmental risks.

Predictive modeling, supported by integrated datasets, transforms raw data into actionable

insights, enabling risk-informed urban development.

Case Studies and Applications
Several studies demonstrate the effectiveness of integrated remote sensing and geotechnical

approaches in monitoring urban soil stability:
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e Case Study 1 — Himalayan Urban Areas: In rapidly urbanizing hill regions of India,
high-resolution satellite imagery (WorldView and Sentinel-2) combined with
geotechnical borehole data was used to identify landslide-prone slopes. NDVI analysis
highlighted vegetation loss, while shear strength measurements quantified slope failure
potential, enabling targeted mitigation strategies.

e Case Study 2 — Coastal Cities: In urban coastal zones, UAV imagery coupled with soil
moisture and compaction tests helped detect areas susceptible to erosion and subsidence
due to increased construction activities. Integrated GIS maps guided urban planners in
implementing green infrastructure and controlled drainage systems.

e Case Study 3 — Metropolitan Expansion Monitoring: Large metropolitan regions were
monitored using multi-temporal Landsat data to assess impervious surface growth. These
surface observations were integrated with geotechnical data on soil bearing capacity and
infiltration rates to model areas at risk of flooding, soil compaction, and slope failure.

e Application in Infrastructure Projects: For road and high-rise construction projects,
integrating remote sensing and geotechnical datasets allowed engineers to preemptively
assess soil stability, select suitable foundation types, and implement retaining structures

where necessary.

These case studies underscore the practicality of integrating remote sensing and geotechnical
data for both regional-scale urban planning and project-specific soil stability assessments.
The approach enhances predictive accuracy, supports sustainable urban development, and

reduces environmental hazards associated with urban expansion.

Table 4: Potential Impacts of Urban Expansion on Soil Stability

Impact Cause Detection Method Mitigation Measures

' ' Vegetation removal, Remote sensing Reforestation, green belts,
Soil erosion _ ' _ _ ) )

impervious surfaces || NDVI, UAV imaging erosion barriers
_ Slope stability Retaining walls, slope
‘ Slope excavation, ‘ ‘ .
Landslides ) modeling, grading, drainage
construction )
geotechnical tests management
Heavy machinery, || Proctor test, in-situ Controlled construction

Soil compaction ‘ ‘ ‘ . . _
urban construction density testing practices, soil aeration
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Impact Cause Detection Method Mitigation Measures
Reduced Hydrological Permeable pavements, rain

infiltration and || Impervious surfaces | modeling, satellite gardens, stormwater
runoff imagery management
Groundwater GPS monitoring, _
_ ' _ ) ‘ Controlled water extraction,
Subsidence extraction, soil LiDAR elevation ' '
foundation reinforcement
settlement changes

FUTURE TRENDS AND RESEARCH DIRECTIONS

Advanced Remote Sensing Technologies

Emerging technologies, such as LIDAR, SAR (Synthetic Aperture Radar), and UAV-based
photogrammetry, offer unprecedented spatial and temporal resolution for monitoring soil and
terrain changes. LiDAR provides precise elevation data for slope analysis, while SAR can

detect subtle ground movements over time, even under cloud cover.

Real-Time Monitoring and IoT Integration

The integration of Internet of Things (IoT) sensors with remote sensing platforms can enable
near real-time monitoring of soil stability. Ground-based sensors measuring soil moisture,
pore pressure, and displacement can complement satellite observations, allowing for timely

warnings and proactive mitigation measures.

Machine Learning and Predictive Analytics
Artificial intelligence and machine learning are increasingly being used to analyze multi-
source datasets. These tools can model complex interactions between urbanization, climate

factors, and soil characteristics, improving the accuracy of soil stability predictions.

Sustainable Urban Planning
Future research emphasizes the incorporation of soil stability assessments into urban planning
frameworks. Policies promoting green infrastructure, controlled urban sprawl, and soil

conservation practices can mitigate the adverse impacts of urban expansion on soil health.
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CRITICAL DISCUSSION

While significant progress has been made in integrating remote sensing and geotechnical
data, several challenges remain. Data heterogeneity, resolution mismatches, and the high
costs of geotechnical investigations are key barriers. Additionally, many urban areas in
developing countries lack adequate monitoring frameworks, limiting the applicability of
advanced techniques. Despite these challenges, the combined use of remote sensing and
geotechnical data offers the most comprehensive approach to understanding and mitigating

soil stability risks associated with urban expansion.

Moreover, future studies should focus on improving data interoperability, adopting
standardized methodologies, and leveraging emerging technologies to enhance predictive
capabilities. Collaboration between urban planners, geotechnical engineers, and remote
sensing experts is essential to translate research findings into actionable strategies for

sustainable urban development.

CONCLUSION

The study conclusively demonstrated that remote sensing data, when integrated with
geotechnical field investigations, provides a comprehensive approach to monitor and analyze
the environmental impacts of urban expansion on soil stability. The reduction in vegetation
cover over the study period, observed from Landsat-8 and SPOT imagery, strongly correlated
with decreased soil cohesion and increased plasticity indices, highlighting significant
degradation in soil mechanical properties. These changes not only threaten the structural
integrity of new developments but also increase the risk of surface erosion and localized land
subsidence. The negative correlation between NDVI and soil plasticity suggests that areas
undergoing rapid urbanization experience deteriorating soil stability, primarily due to
increased impervious surfaces and reduced green cover. The framework developed in this
research enables local governments and urban planners to make informed decisions based on
empirical evidence, rather than ad hoc planning practices. Nevertheless, the study
acknowledges limitations such as the reliance on periodic satellite imagery, which may not
capture short-term urban expansion impacts, and the limited number of geotechnical
sampling points. Future research should aim to develop continuous monitoring systems by
integrating high-resolution satellite data with in-situ sensors for real-time analysis.

Furthermore, advanced machine learning models can be adopted to predict future soil
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stability trends under different urbanization scenarios. Overall, this study emphasizes the

necessity of incorporating geotechnical considerations into environmental monitoring

frameworks, especially in regions facing accelerated urban sprawl, to ensure sustainable

urban development and long-term soil conservation.

REFERENCES

1.

10.

11.

12.

Ahmed, S., & Kumar, R. (2020). Remote sensing applications in urban soil stability
monitoring. Journal of Environmental Management, 260, 110142.

Bhattacharya, P., & Singh, A. (2019). Integration of geotechnical data and satellite
imagery for landslide risk assessment. International Journal of Geo-Engineering,
10(1), 12.

Chandra, S., & Verma, P. (2021). Role of high-resolution satellite imagery in urban
environmental monitoring. Remote Sensing Applications: Society and Environment,
22, 100490.

Das, B., & Roy, S. (2018). Geotechnical investigations for sustainable urban
expansion. Journal of Civil Engineering and Environmental Technology, 5(2), 45-56.
Gupta, R., & Sharma, A. (2020). Urbanization and soil erosion: A critical review.
Environmental Monitoring and Assessment, 192, 387.

Jain, V., & Mehta, K. (2019). Machine learning approaches for predicting urban soil
instability. Geotechnical and Geological Engineering, 37, 581-594.

Joshi, M., & Singh, D. (2021). Landslide hazard mapping using remote sensing and
GIS techniques. Natural Hazards, 105, 1235-1254.

Kapoor, P., & Tiwari, S. (2020). UAV-based monitoring of soil erosion in urbanized
catchments. Journal of Earth System Science, 129(4), 110.

Kumar, A., & Mishra, R. (2018). Influence of impervious surfaces on urban soil
stability. Urban Forestry & Urban Greening, 34, 96—-105.

Lal, R., & Choudhury, D. (2019). Geotechnical characterization of urban soils: A
review. Applied Clay Science, 180, 105199.

Mabhajan, S., & Verma, K. (2021). Integration of remote sensing and geotechnical data
for slope stability assessment. Journal of Applied Remote Sensing, 15(2), 026508.
Mishra, A., & Pandey, R. (2020). Monitoring vegetation loss due to urban expansion
using NDVI. Environmental Earth Sciences, 79, 212.

66 I Page 53-66 © MANTECH PUBLICATIONS 2025. All Rights Reserved



