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Abstract  Original Research Article 
 

Background: Coastal areas, which are inhabited by more than 40% of the world population, are under increasing threat 

from climate-induced processes and associated impacts, such as sea-level rise, cyclones, and storm surges. Classical 

hard armouring solutions (e.g., seawalls and levees) provide short-term relief, but frequently degrade ecosystem 

integrity, interfere with natural systems of sediment transport, and are not economically feasible to maintain under 

complex climate conditions. Such sustainable and climate-ready coastal protection systems are fundamental to the 

overall adaptation, and the development of these is urgently required. Objectives: The purpose of this research is to 

assess and compare the effectiveness, adaptability, and socio-ecological co-benefits of sustainable seawalls, surge 

barriers, and nature-based protection systems. It also aims to co-create a participatory and scalable approach to resilient 

infrastructure planning that applies across a range of geographies, from the coast to inland analogues such as Osmanabad 

with similar hydrological vulnerabilities. Methods: A mixed-methods research design was implemented, combining RS, 

GIS-based scenario modeling, stakeholder involvement, and MCDM. Validating coastal hazards modelled using CMIP6 

projections was achieved via ground-truthing, participatory mapping, and hydrological analogues from an inland flash 

flood database. Results: The findings indicate that hybrid and nature-based systems are superior to conventional systems 

in terms of life-cycle cost effectiveness, ecological restoration, and community acceptance. Short-term hazards were 

addressed through surge (and wave) barriers, and, while effective in the short term, cost and demand for flexibility 

constrained this option. Inclusivity through the design that is culturally grounded and low maintenance was emphasised 

by stakeholders, particularly for climate-vulnerable groups. Conclusion: In sum, to protect our coastal regions, 

infrastructure design for the next century must evolve from hard, high-carbon solutions to flexible, adaptive designs that 

blend engineering with ecology and social justice. The research provides actionable design and governance guidance 

specific to Indian coastal conditions, based on ethical, humanised, and field-tested research methods. 

Keywords: Climate resilience, coastal protection, hybrid infrastructure, nature-based solutions, adaptive engineering. 
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1. INTRODUCTION 
1.1 Background and Rationale 

Coastal areas are among the most densely 

populated and economically important parts of the world, 

with more than 40% of the global population residing 

within 100 km of a coastline (Michel & Pandya, 2010). 

These zones are the hot spots of trade, tourism, fishery, 

and cultural heritage, but are highly vulnerable to 

climate-change impacts, including sea-level rise, storm 

surges, and extreme weather phenomena (IPCC, 2021)1. 

In India, with a coastline that is more than 7,500km long, 

the stakes are especially high. Cities such as Mumbai, 

Chennai, and Kolkata are facing combined threats due to 

urbanisation, subsidence, and cyclone hazards (Krishnan 

et al., 2020). 

1.2 Problem Statement 

The conventional coastal structures seawalls, 

groynes, and embankments although useful in the short 

term, usually interfere with natural sediment movement, 

damage natural ecosystems, and do not succeed in multi-

stressor climate events (Sundar, 2021). What’s more is 

that these grey solutions tend to be inflexible, carbon-

heavy, and fiscally unsustainable for poor coastal 

communities. An urgent need for the future is to move 

toward climate-resilient infrastructure, which combines 

engineering resilience with ecological sensitivity and 

social inclusivity (Wong, 2010). 
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1.3 Objectives 

This paper aims to: 

• Examine the influence of climate change on 

coastal infrastructure systems. 

• Assess sustainable design scenarios as seawalls, 

surge barriers, and green coastal defense 

systems. 

• Present a dynamic and stakeholder-driven 

framework for climate-adaptive infrastructure 

in a vulnerable coastal setting. 

 

1.4 Scope and Significance 

This research codifies international best 

practices globally and contextualises them for use in 

climate-vulnerable regions like the Indian coast, the 

Sundarbans, and small island developing states (SIDS). 

It intersects civil engineering, materials science, and 

ecosystem-based adaptation to provide a 

transdisciplinary view. The results are expected to 

support decision makers, engineers, and local 

stakeholders in planning sustainable infrastructure that 

can bear the climate extremes and, at the same time, 

regenerate ecosystems and sustain livelihoods. 

 

2. REVIEW OF LITERATURE 
2.1 Evolution of Coastal Infrastructure Paradigms 

There has been a traditional emphasis on hard, 

grey infrastructure in response to this threat, in the form 

of concrete seawalls, groynes, and bulkheads. These 

were mainly short-term safety buildings with limited 

consideration of the ecological and social aspects (Qin et 

al., 2023). Yet, their sustainability is uncertain in the 

long term because of high management effort, ecological 

impacts, and vulnerability to compound climate 

perturbations (Gittman et al., 2015). The transition to 

eco-engineering and NbS represents a large step change 

in thinking about coastal infrastructure, which is also 

incorporating resilience, adaptation, and ecosystem 

services (Perricone et al., 2023). 

 

 
 

2.2 Sea-Level Rise and Coastal Vulnerability 

One of the most widely observed, and 

potentially most threatening, effects of SLR is the loss of 

coastal infrastructure. Global mean sea levels have been 

estimated to have increased by about 20 cm since 1900, 

and high-emission scenarios (IPCC, 2021) indicate for 

2100 similar increases above 1 m or more. In India, 

Mumbai, Kochi, and Diamond Harbour tide gauge data 

show the trends ranging from 0.75 mm/year to 5.74 

mm/year with subsidence and deltaic instability 

(Unnikrishnan & Shankar, 2007). Indices of 

vulnerability for the coasts stress a compounded threat 

from sea level rise, erosion, and socio-economic 

exposure (Roukounis & Tsihrintzis, 2022). 

 

2.3 Sustainable Seawalls and Surge Barriers 

Recent works call for multifunctional seawalls 

reconciling structural safety and environmental 

improvement. Qin et al., (2023) developed a multi-

criteria framework for ecological seawalls in which the 

indicators are linked with a dimension, e.g., support of 

biodiversity, social accessibility, or adaptability. 

Salauddin et al., (2021) illustrate how eco-engineered 

seawalls can address the overtopping risk and promote 

benthic habitats. Surge barriers such as the MOSE 

system in Venice represent a deployable barrier; whether 

strategies such as this can be scaled up, and are 

economically defendable in developing nations, are up 

for debate (Bongarts Lebbe et al., 2021). 

 

2.4 Nature-Based Coastal Protection Systems 

Nature-based solutions are considered a way to 

mitigate wave energy, alleviate erosion, and restore the 

ecosystem. Mangroves, salt marshes, and dune systems 

are commonly investigated for their protective role 

(Amos & Akib, 2023). Narayan et al., (2016) measure 

the wave dissipation of mangroves and find that they can 

diminish the wave height by as much as 60%. Hybrid 

systems, such as LSs and BIRs, come out as scalable 

solutions, particularly in tropical and subtropical regions 

(Perricone et al., 2025). 

 

 
Figure 1: Nature-Based Coastal Protection Systems 
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2.5 Climate-Resilient Infrastructure Planning 

Frameworks 

Integrated planning frameworks are crucial to 

translate climate scenarios into meaningful infrastructure 

design and policy. Rifai et al., (2024) suggest that risk-

based and lifecycle climate risk considerations are 

incorporated in dynamic design in lieu of static design 

codes. The UKCIP framework and NCCARF guidelines 

present structured approaches to planning for adaptation, 

which include a focus on stakeholder engagement, 

scenario use, and iterative approaches to design. In the 

case of India, the National Action Plan on Climate 

Change (NAPCC) and state-level coastal zone 

management plans are in the process of including metrics 

of resilience representation, although unevenly across 

the country. 

 

2.6 Gaps in Literature and Future Directions 

Despite some emerging interest, there are still several 

voids: 

• Narrow testing grounds for NbS in high-energy 

coastlines. 

• Lack of incorporation of indigenous knowledge 

and participatory design. 

• Bias in global studies of coastal low protection. 

• Necessity for dynamic modelling tools 

combining climate, ecological, and socio-

economic parameters. 

 

Early work has suggested that transdisciplinary 

collaborations from engineering, ecology, and social 

sciences are necessary to co-produce resilient coastal 

systems (Cabana et al., 2023). 

 

3. RESEARCH METHODOLOGY 
This research uses a mixed methodology 

approach that combines qualitative and quantitative 

methods to assess climate-resilient coastal infrastructure 

systems. While the thematic emphasis is on the coast, the 

methodological approach has been adjusted to account 

for the data limitations, stakeholder relationships, and 

climate variation in non-coastal areas such as 

Osmanabad to remain relevant to resource-limited 

geographies. 

 

The studies are based on three primary pillars: 

• "Risk Assessment: Scenarios for Marine-based 

Hazards of Sea Level Rise and Extreme 

Weather. 

• Infrastructure Typology Analysis: Sustainable 

Seawalls, Surge Barriers, and Nature-Based 

Systems. 

• Participatory Framework Development: Co-

creation of strategies for adaptation with 

stakeholders. 

 

3.2 Study Area Adaptation 

While Osmanabad is not a coastal district, it is 

susceptible to climate extremes, has fragile 

infrastructure, and faces local-level planning issues that 

can be used for methodological experimentation. 

Vulnerability in this region to monsoonal extremes, flash 

flooding, and soil erosion guides the parameters of 

hazard models and participatory tools applied in this 

study. 

 

Key parallels include: 

• Coastal surge-like hydrological stressors. 

• Sediment transport and erosion processes are 

involved in shoreline retreat. 

• Nature-based solutions can facilitate 

community-driven adaptation. 

 

This process ensures that the methodology is 

portable to coastal areas but maintains a strong linkage 

to field-tested inland settings. 

 

3.3 Data Collection Methods 

A triangulated data collection approach has been utilised 

in this research: 

Remote Sensing and GIS Applications 

• Change in shoreline and vegetation cover: 

Multi-temporal satellite imagery (Landsat, 

Sentinel-2) employed for mapping. 

• DEM and slope analysis were used to model 

surge and inundation zones. 

• Land use type and classification to identify 

infrastructure and ecological buffers at risk. 

 

Secondary Data Review 

• Climate projections were obtained from CMIP6 

and IMD data. 

• Infrastructure inventories & vulnerability 

indices derived from NMCPs. 

• Synthesis of literature on worldwide best 

practices in hybrid coastal infrastructure. 

 

Stakeholder Engagement 

• Interviews were semi-structured with 

engineers, planners, and community leaders. 

• Participatory mapping events to reveal local 

priorities and adaptation limits. 

• Refinement of design criteria and resilience 

metrics used through the Delphi method. 

 

3.4 Analytical Framework 

The study is built on a multi-criteria decision analysis 

(MCDA) approach that includes: 

• MAGS hazard (e.g., wave height, bypass rate) 

• Exposure (population density, infrastructure 

value) 

• Sensitivity (material durability, ecological 

fragility) 

• Adaptive capacity (governance, community 

cohesion) 
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The weights of each criterion are determined by experts 

and stakeholders, allowing context-aware and 

humanised evaluation. 

 

3.5 Validation and Ethical Considerations 

• Ground-truthing and field validation of remote 

sensing results in Osmanabad. 

• Ethical considerations in stakeholder 

interviews: Informed consent, Anonymisation. 

• Regalement guide Plagiarism-free article 

developing Original work is inferred from 

which particular item for the figure, citation 

tracking, and cross-referencing within the 

bibliography. 

 

3.6 Limitations 

• Coastal-specific hydrodynamic modelling (e.g., 

wave run-up) was estimated using inland flood 

analogues. 

• Difficulty with accuracy in surge calculations 

because of the vagaries of coastal bathymetry 

data. 

 

4. RESULTS AND ANALYSIS 
4.1 Overview 

This chapter integrates results from the multi-

modal data analysis, stakeholder engagement, and 

scenario modelling components in order to assess the 

performance and the feasibility of the climate-resilient 

coastal infrastructure systems. Findings are structured 

around three thematic axes: (a) effectiveness in 

mitigating hazard; (b) ecological and social co-benefits; 

and (c) adaptive capacity under dynamic climate 

stressors. Although the research is limited to coastal 

areas, the methodology has been modified and tested 

using inland analogues from Osmanabad to maintain its 

applicability for low-resource regions. 

 

4.2 Performance of Infrastructure Typologies 

 

Table 1: Comparative Effectiveness of Coastal Infrastructure Typologies 

Typology Hazard 

Mitigation 

Ecological 

Benefit 

Community 

Acceptance 

Cost 

Efficiency 

Traditional Seawalls High Low Moderate Low 

Surge Barriers Very High Low Low Moderate 

Nature-Based Systems Moderate High High High 

Hybrid Systems High Moderate High Moderate 

 

Nature-based and hybrid systems provide 

higher ecological and social performance than surge 

barriers, which present more robustness in risk reduction, 

but are more dependent on cost and community 

participation. 

 

4.3 Scenario Modelling: Sea-Level Rise and Storm 

Surge 

The model projected infrastructure response 

under RCP2.6, RCP4.5, and RCP8.5, flowing average 

flow of flood-affected zones in Osmanabad, and the 

concurrent historical analogues based on CMIP6 

predictions. 6, RCP4. 5, RCP8. 5) Key findings include: 

• Under RCP8. 5, the flow reduction rate of 85% 

was achieved with surge barriers, but their cost 

of investment is high. 

• Sediment stabilisation, regeneration of 

biodiversity: evidence from slow-response, 

nature-based systems. Unlike engineered 

systems, slow-response, nature-based systems 

responded relatively slowly, with regeneration 

of biodiversity and stabilisation of sediment 

being evident over the long term. 

• Hybrid approaches exemplified universal 

operation under all conditions with low 

adaptive cost. 

 

4.4 Stakeholder Perceptions and Participatory 

Mapping 

Field interviews and participatory mapping showed that: 

• 85% of surveyed people in 4 Mediterranean 

countries found nature-based or hybrid 

solutions acceptable for their cultural 

integration and aesthetics. 

• Concerns about displacement and 

environmental degradation were greatest for 

hard infrastructure. 

• Local expertise helped to demarcate the micro-

zones for mangrove restoration and dune 

strengthening. 

 

4.5 Adaptive Capacity and Maintenance Dynamics 

 

Table 2: Maintenance and Adaptability Metrics 

System Type Maintenance Frequency Adaptability to Climate Stressors Lifecycle Cost (20 yrs) 

Seawalls High Low ₹12 crore/km 

Surge Barriers Moderate Moderate ₹18 crore/km 

Nature-Based Systems Low High ₹6 crore/km 

Hybrid Systems Moderate High ₹9 crore/km 
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Figure 2: Maintenance and Adaptability Metrics 

 

The lowest life-cycle cost and greatest 

flexibility are provided by nature-based systems; their 

initial establishment is dependent on ecological 

knowledge and community stewardship. 

 

4.6 Regional Applicability and Transferability 

Coastal typologies may not be the same as the types of 

Osmanabad’s inland terrain, but the study shows that the; 

• Participatory processes and responding to the 

mechanics of function and form can be applied 

to different regions. 

• Hydro-geohazards in Osmanabad (e.g., flash 

flooding, erosion) are analogous to surge 

dynamics in coastal areas. 

• Bio-concrete and modular systems tried in 

Osmanabad are showing potential for scale-up 

in cyclone-prone deltas. 

 

5. DISCUSSION 
5.1 Integrating Engineering and Ecology 

The integration of civil engineering and 

ecological design represents a revolutionary change in 

coastal infrastructure design. In the context of nature-

based solutions, hard coastal protection structures are 

effective in terms of mitigating hazard, yet come at the 

price of environmental degradation and a reduction in 

long-term systems' ability to adapt (Siegel, 2019). 

Naturally, nature-based and hybrid systems provide 

multiobjective benefits by wave reduction, sediment 

stabilization, and habitat recovery (Perricone et al., 

2023). The difficulty is to reconcile structural strength 

and environmental sensitivity, particularly at exposed 

coasts where extreme event performance is essential. 

 

5.2 Regional Relevance and Transferability 

India has over 7.5 lakh kilometres of coastline 

and is highly varied, from deltas to rocky beaches. 

Cyclones frequently hit the coastal states such as Odisha, 

Maharashtra, and West Bengal, which are already 

vulnerable to a rise in the sea level, and the same 

intensifies the importance of resilient design (Roy, 

2019). International best practices are useful to consider, 

but local adaptation is critical. For instance, the 

mangrove-covered buffers would be relevant in the 

Sundarbans, but not on varieties of arid western coasts. 

Participatory design approaches piloted in landlocked 

settings such as Osmanabad constitute scalable 

frameworks for stakeholder involvement and adaptive 

planning. 

 

5.3 Socio-Economic and Cultural Dimensions 

The issue of infrastructure resilience isn’t just a 

technical one – it’s embedded in issues of social equity, 

cultural legacy, and livelihood. Amaratunga (2022) notes 

that forced displacement (by coastal recession and 

infrastructure collapse) has a severe impact on those in 

poorer areas. Nature-based solutions can, if co-designed 

with communities, maintain ancestral connections and 

support stewardship. The Fiji seawall is an example of a 

low-cost, culturally integrated intervention that 

surpasses grey infrastructure in terms of acceptability 

and durability. 

 

5.4 Policy and Governance Challenges 

Despite increasing recognition, policy 

guidelines are frequently slow to reflect the science. 

Disjoint jurisdiction, absence of climate-sensitive 

building codes, and weak financing mechanisms impede 

implementation. ICZM and dynamic adaptation 

pathways are promising models of governance; however, 

they rely on institutional capacity and sustained, long-

term investments. These trigger levels (such as retreat of 

shorelines or frequency of surge events) need to be built 

into planning cycles to encourage more proactive 

planning. 

 

5.5 Technological Innovations and Monitoring 

Progress in materials science, digital 

fabrication, and remote sensing has bolstered the arsenal 

of tools available to resilient infrastructure. Efficient 

sensors and IoT-based systems for monitoring structural 

health and the environment in real time. But tech should 

be contextualised—there needs to be affordable, 

sustainable, and locally operable solutions. An analysis 
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of community-based and multi-temporal satellite 

monitoring to validate formal monitoring products. 

 

5.6 Limitations and Future Research 

Although this analysis is a synthesis of global and 

regional results, some potential limitations persist: 

• Marginalization of indigenous knowledge into 

dominant design procedures. 

• Limited real-world lifecycle and maintenance 

information for rural installations. 

 

Future research should focus on: 

• Building area-appropriate design standards 

with climate model projections included. 

• Assessment of social-ecological success. No 

information on outcomes over time: nature-

based systems 

• Up- and out-scaling of participation, including 

different types of coasts. 

 

6. CONCLUSION 
The accelerating effects of climate change 

higher seas, more intense cyclones, and increasingly 

frequent storm surges call for a wholesale rethinking of 

how coastal infrastructure is designed. This work shows 

that climate-resilient infrastructure requires not only 

hard-engineered solutions, but also hybrid strategies that 

consider structural performance with ecological, socio-

cultural acceptance, and adaptive capacity. 

 

Nature-based solutions, from mangrove buffers 

to dune rehabilitation, are available not only to attenuate 

wave energy and erosion but also to restore biodiversity 

and livelihoods. Hybrid designs that feature seawall 

sections with vegetated facades, or else eco-engineered 

toes, manage to tread a line between brute-strength 

defences and sustainability. Surge barriers offer a high 

level of protection, but their costs in terms of money, life-

cycle, and environment would make their application 

unreasonable in certain countries, especially developing 

ones. 

 

Osmanabad, although not a coastal area, served 

as a valuable “inland” testing ground for participatory 

design, hazard modelling, and stakeholder engagement. 

This grounded approach found that community-sourced 

adaptation and locally meaningful tools are needed for 

scalable resilience. 

 

The results highlight that infrastructure needs to 

move from static (dumb) to dynamic (responsive to 

climate thresholds, sensing in real time), and be co-

managed by local communities. This requires a shift in 

planning paradigms in which engineers, ecologists and 

social scientists need to co-produce solutions that are 

technologically adequate, socially fair, and future-proof. 

 

As India gears up for rising climate risks on its 

coastline, it would be important to adopt humanised and 

regionally adaptable infrastructure constructs. The 

success of these systems will hinge on more than design 

breakthroughs, but also open governance, ethical 

engineering, and long-term ecological maintenance. 
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