Briefing on Soft Coastal Structures and
Nature-Based Solutions

Executive Summary

This briefing synthesizes the principles, applications, and governing processes of Soft/Green
Coastal Structures, a key implementation of the broader Nature-Based Solutions (NBS)
framework. NBS utilize natural materials and ecological processes to provide coastal protection
that is adaptive, resilient, and delivers significant co-benefits. Unlike traditional "hard" or "gray"
engineered structures that resist coastal forces, soft structures are designed to work with coastal
morphodynamics by absorbing and dissipating wave energy.

Key takeaways include:

e Core Philosophy: Soft structures aim to mimic and enhance natural coastal features like
beaches, dunes, reefs, and wetlands. They are process-based, promoting resilience
through eco-geomorphic feedbacks where ecological growth and sediment deposition are
mutually reinforcing.

e Primary Functions & Co-Benefits: The primary functions are wave and storm surge
attenuation, erosion control, and shoreline stabilization. Critically, these solutions also
provide ecological co-benefits (habitat creation, water quality improvement), economic
advantages (lower long-term costs, recreation), and social benefits (improved aesthetics,
community acceptance).

o Context-Specific Application: The efficacy of soft approaches is highly dependent on
environmental conditions. They perform best in moderate-energy environments with
adequate sediment supply, gentle nearshore slopes, and sufficient space for landward
migration. They are less effective in high-energy, sediment-starved, or highly urbanized
settings where hybrid or hard structures may be necessary.

e Governing Processes: Successful design hinges on a deep understanding of
interconnected physical and ecological processes, including hydrodynamics (waves,
currents), sediment transport (cross-shore and longshore), morphodynamics (profile
adjustment), and ecological succession.

o Key Structure Types: Foundational soft structures include beach nourishment
(rebuilding sacrificial buffers), coastal dunes (primary storm barriers), and living reefs
(natural offshore breakwaters). Design for these structures relies on established
engineering principles, including Dean’s equilibrium profile for beaches, run-up
calculations for dunes, and wave transmission coefficients for reefs.

Ultimately, Soft/Green Coastal Structures represent a paradigm shift towards sustainable, multi-

objective coastal management that integrates engineering with ecology to build long-term
resilience.




1. Defining Soft/Green Coastal Structures and Nature-Based
Solutions (NBS)

Core Definitions and Principles

Soft/Green Coastal Structures are defined as nature-based or nature-enhanced systems that
utilize natural materials (e.g., sand, vegetation), gentle slopes, and ecosystem processes for
coastal protection. They are designed to work in concert with, rather than against, coastal
morphodynamics.

Nature-Based Solutions (NBS) represent a broader framework for coastal protection. They are
measures that use natural systems, natural materials, or processes inspired by nature to reduce
coastal hazards while providing a suite of ecological, social, and economic co-benefits. This
global concept is endorsed by organizations such as the UN, World Bank, EU, and USACE.

Key Characteristics and Functions
The defining characteristics of soft/green structures and NBS include:

o Adaptability: They are flexible and can self-adjust to changing conditions such as
waves, storms, and sea-level rise.

e Self-Reinforcement: Many systems, through eco-geomorphic feedbacks, become
stronger over time by trapping sediment and fostering ecological growth.

e Dual Functionality: They serve the dual purposes of hazard mitigation and ecosystem
enhancement.

o Energy Dissipation: They primarily absorb and dissipate wave energy through
mechanisms like friction, vegetation drag, and gentle slopes, rather than reflecting it.

e Co-Benefits: They inherently provide valuable co-benefits, including habitat creation,
water quality improvement, carbon sequestration, and recreational opportunities.

Relationship Between NBS and Soft Structures

Soft/Green Coastal Structures are a practical, engineering-focused subset of the broader NBS
philosophy. While NBS is a comprehensive framework integrating ecology, engineering, and
community resilience across various systems (wetlands, rivers, coasts), soft structures are the
specific coastal engineering tools and interventions used to implement that philosophy.

NBS Category Soft/Green Coastal Structure Example
Ecosystem Restoration Tidal marsh as a living shoreline

Biogenic Systems Opyster or coral reef for wave attenuation
Sediment-Based Systems Beach nourishment and berms

Vegetated Systems Coastal dunes with native vegetation

Hybrid Systems Vegetated dunes combined with a low-crested sill




2. Rationale for Utilizing Nature-Based Solutions

The adoption of NBS is driven by their ability to provide effective coastal protection while
delivering multiple benefits that traditional hard structures cannot.

Primary Protection Functions

e Wave & Surge Attenuation: Vegetation (marshes, mangroves) and reefs reduce wave
energy and slow storm surge propagation.

e Erosion Reduction: Dunes, marsh root systems, and biogenic reefs trap and stabilize
sediment, controlling erosion.

o Shoreline Stabilization: Eco-geomorphic feedbacks create self-maintaining systems that
stabilize shorelines over time.

Ecological, Economic, and Social Co-Benefits

o Ecological: Creation of habitat for fish, shellfish, and birds; improvement in water
quality through filtering; and enhancement of biodiversity.

e Economic: Potential for lower long-term and life-cycle costs due to reduced maintenance
as systems self-repair.

e Social & Policy: Improved aesthetics and recreational opportunities (beaches,
boardwalks), increased community acceptance, and alignment with modern resilience
frameworks like USACE's Engineering With Nature®.

Adaptability and Resilience

NBS promote long-term system health and resilience rather than just static protection. Beaches,
dunes, and wetlands can migrate landward under favorable conditions and can naturally self-
adjust through sediment supply and vegetation growth, offering a dynamic response to sea-level
rise.

3. Comparative Analysis: Soft vs. Hard Coastal Structures

The fundamental difference lies in their approach: soft structures are process-based and adaptive,
while hard structures are resistance-based and rigid.

Fundamental Differences in Approach

o Soft (Green/Nature-Based) Structures: Use natural materials like sand and vegetation.
They are dynamic, evolving with coastal forces to absorb and dissipate wave energy.
Their failure modes are typically gradual.

o Hard (Gray/Engineered) Structures: Built from rock, concrete, and steel. They are
rigid and static, designed to resist and reflect wave energy. This can increase scour and
downdrift erosion, and their failure can be sudden and catastrophic.



Comparative Attributes

Aspect Soft Structures Hard Structures

Materials Natural (sand, vegetation, reefs) Concrete, rock, steel

Response to Absorb / Dissipate Reflect / Resist

Waves

Morphodynamics |Work with natural processes Often interrupt natural processes
- High (ecological growth, sediment

Adaptability adjustment) Low (fixed geometry)

Failure Mode Gradual Potentially sudden/catastrophic

Co-benefits

Strong ecological and social co-
benefits

Minimal or negative

Typical Use

Moderate wave climates; wide

shorelines

High-energy sites; constrained
coastlines

4. Conditions for Effective Application

Soft approaches are highly effective but are not universal solutions. Their success is contingent
on site-specific conditions.

Favorable Conditions for Soft Approaches

e Moderate Wave Environments: Suitable for bays, estuaries, and low- to moderate-
energy open coasts where storm waves are not consistently overwhelming.

e Adequate Sediment Supply: Perform well where natural or engineered sediment
budgets allow for recovery after storms.

o Wide, Gentle Nearshore Slopes: Gentle slopes naturally dissipate wave energy,
improving the effectiveness of dunes, marshes, and reefs.

o Sufficient Space for Landward Migration: Best applied where development does not
prevent the natural landward retreat of dunes and wetlands in response to sea-level rise.

o Environments Favorable for Vegetation: Require appropriate salinity, water depth, and
substrate to support stabilizing vegetation like dune grasses or salt-marsh plants.

o Desire for Co-Benefits: Excel when project objectives include habitat creation,
recreation, and aesthetic enhancement.

Limitations and Unsuitable Environments

o High-Energy Environments: Less effective on open coasts exposed to frequent large
storm waves or long-period swell that can overwhelm the structures.
e Critically Limited Sediment Supply: Cannot rebuild after storms in sediment-starved

systems without constant and costly renourishment.

o Steep or Deep Nearshore Profiles: Offer limited area for wave dissipation and
vegetation establishment.




e No Space for Landward Migration: "Coastal squeeze" from adjacent infrastructure
prevents natural adaptation to sea-level rise.

e Need for Immediate, Guaranteed Protection: Critical facilities like ports or power
plants may require the reliability of hard or hybrid structures.

5. Governing Physical and Ecological Processes

The performance of soft structures is dictated by a complex interplay of hydrodynamics,
sediment transport, and ecology.

Interplay of Core Processes
The design of NBS must account for the following interconnected processes:

e Hydrodynamic Processes: Wave transformation (shoaling, breaking), currents, storm
surge, and wave-vegetation interactions.

e Sediment Transport Processes: Cross-shore transport (storm erosion and fair-weather
recovery) and longshore transport (littoral drift).

e Morphodynamic Processes: The evolution of landforms like beaches, dunes, and
wetlands in response to physical forces.

o Ecological Processes: Vegetation establishment, biogenic reef formation, and habitat
feedbacks.

Mechanisms of Wave Energy Dissipation
Soft structures dissipate wave energy through a combination of mechanisms:

o Bottom Friction: Energy loss from shear stress at the seabed, enhanced by rough
substrates.

e Depth-Induced Wave Breaking: Shallow reefs and gentle slopes force waves to break
farther offshore, reducing nearshore energy. This is described by the Surf Similarity
Parameter (€ or Iribarren Number), where low values (§ < 0.4) on gentle slopes lead
to dissipative spilling breakers.

e Vegetation Drag & Turbulence: Stems and leaves impose drag and generate turbulence,
causing wave height to decay exponentially with distance across a vegetated area.

e Reef Crest Breaking: The shallowest part of a reef forces early and intense wave
breaking, acting as a natural offshore breakwater.

The Role of Eco-Geomorphic Feedbacks
These are mutually reinforcing interactions that allow NBS to self-adjust and increase resilience.

e Vegetation-Sediment Feedback: Vegetation slows water flow, promoting sediment
deposition. The accumulated sediment raises the bed elevation, creating better conditions



for more vegetation growth. This positive loop strengthens dunes, marshes, and
mangroves.

o Reef Feedback: Living reefs create roughness that dissipates wave energy. This calmer
environment promotes sediment stability and allows the reef to continue growing,
maintaining its effectiveness as sea levels rise.

6. Analysis of Key Soft Structure Types

A. Beach Nourishment

Beach nourishment is a foundational soft engineering tool that rebuilds natural beach
morphology to enhance storm resilience.

e Purpose and Function: It widens the beach to create a larger storm buffer, absorbs wave
energy, reduces run-up and overtopping, and offsets chronic erosion.
e Core Design Principles:

o Dean's Equilibrium Profile: Sandy beaches tend toward an equilibrium shape
defined by h(y) = A * y~(2/3), where h is water depth, v is offshore distance,
and a is a parameter dependent on sediment grain size. Coarser sand (larger 2)
creates a steeper, more stable profile.

o Closure Depth (h_c): The maximum water depth where significant cross-shore
sediment transport occurs. It defines the offshore limit of the project and is critical
for calculating the required sand volume. An empirical estimation is given by the
Hallermeier formula or approximatedash ¢ ~ 1.6 * H s,annual.

e Volume Estimation and Project Longevity:

o The Profile Shift Method is used to estimate fill volume by assuming the
nourishment translates the existing equilibrium profile seaward.

o Project longevity (typically 2-10 years) is primarily controlled by the rate of
longshore sediment transport (littoral drift).

e Advantages and Disadvantages:

o Pros: Maintains a natural appearance, enhances recreation, provides an effective
storm buffer, is adaptable, and supports habitats.

o Cons: Not permanent, requires recurring maintenance and cost, can have
environmental impacts from dredging, and is sensitive to littoral dynamics.

B. Coastal Dunes
Vegetated dunes act as a primary natural barrier against storm surge and waves.

e Role in Coastal Protection: They serve as a physical barrier that controls overtopping, a
sediment reservoir that feeds the beach during erosion, and a feature that promotes
offshore wave breaking.

o Key Design Considerations:

o Geometry: Design focuses on crest elevation, width, and foreshore slope
(typically 1V:5H to 1V:10H).



o Vegetation: Species like Ammophila (beachgrass) are critical for trapping wind-
blown sand and stabilizing the dune with their root systems.
e Performance Metrics (Run-Up and Overtopping):
o Gentle dune slopes promote dissipative wave breaking, reducing run-up.
o Engineering formulas like EurOtop are used to calculate the 2% exceedance run-
up (R _u, 2%) and the required crest freeboard (R_c) to limit overtopping discharge
(9) to an acceptable level.

C. Living Reefs and Breakwaters
Living reefs, such as those made of oysters or coral, function as submerged natural breakwaters.

e Types and Functions: Types include oyster reefs, coral reefs, and engineered structures
like reef balls. Their primary functions are to attenuate waves by forcing offshore
breaking, trap sediment behind the structure, and create complex habitats.

o Key Design Parameters and Performance:

o Design parameters include the reef's crest depth, crest width, and
porosity/roughness, which all influence its effectiveness.

o Performance is often quantified by the Wave Transmission Coefficient (K_t),
which is the ratio of transmitted wave height to incident wave height. A lower K_t
indicates better wave attenuation. The coefficient decreases with shallower crest
depth and wider reef flats.



