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Abstract: Coastal erosion and land degradation are increasingly critical challenges caused by
rising sea levels and intense ocean wave dynamics. While conventional concrete tetrapods
offer immediate structural defense by dissipating wave energy, their reliance on heavy
Ordinary Portland Cement (OPC) and steel reinforcement causes severe ecological damage,
marine toxicity, and carbon emissions. Conversely, natural mangrove bio-shields provide
excellent long-term shoreline protection, but young saplings frequently experience high
mortality on open coasts due to wave shear forces and soil washout. To bridge this gap
between hard infrastructure and ecological restoration, this project introduces the Aqua-
Mangrove Tetrapod—a hybrid, bio-engineered three-legged structural unit. Designed with a
low-cement bio-concrete shell and reinforced with non-corrosive bamboo, the structure
features an upper planting cavity filled with cocopeat briquettes and internal water-passage
chambers. This configuration acts as a temporary incubator that breaks high-energy waves
while sheltering young mangrove saplings during early root growth. As the mangrove root
system expands through the internal channels and anchors firmly into the sea sand, the bio-
matrix naturally decomposes over approximately 10 years, leaving a fully established, self-
sustaining mangrove forest in its place. The proposed system effectively reduces wave
impact, eliminates toxic metal corrosion, restores marine biodiversity, and provides a
sustainable, blue-carbon alternative for modern coastal engineering.

Keywords: Bio-engineered tetrapod, Coastal protection, Wave attenuation, Mangrove
restoration, Bamboo reinforcement, Low-carbon concrete, Blue carbon.

1. Introduction

Coastal zones are among the most productive and densely populated environments in the
world. They support fisheries, aquaculture, tourism, ports, settlements, agriculture, and
important ecological habitats. However, these areas are increasingly threatened by shoreline
erosion, coastal flooding, cyclones, storm surges and changing sea levels.

Mangrove forests form one of the most important natural coastal-defence ecosystems. Their
roots increase sediment retention and their stems and branches create resistance to water
movement. Mangroves also provide nursery habitat for fish and crustaceans and support the
livelihoods of coastal communities.
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At the same time, engineered structures remain necessary where high levels of protection are
required. Rubble-mound breakwaters commonly use large rock or artificial concrete armour
units. Tetrapods are one of the most established forms of artificial concrete armour. They
were developed in France during the 1950s and are designed to provide interlocking,
roughness and void spaces that contribute to wave-energy dissipation. Frontiers+1

The challenge is therefore not simply to choose between natural and engineered coastal
protection. A more sustainable strategy may be to combine the two. The proposed Aqua-
Mangrove—Tetrapod system uses mangroves as a biological and ecological defence while
employing tetrapod armour where greater immediate hydraulic resistance is necessary.

2. Aqua-Mangrove System
2.1 Concept
Aqua-mangrove integrated farming, also known as mangrove—aquaculture integration or
aqua-silviculture, combines aquaculture production with the conservation of mangrove
vegetation.
SEAFDEC describes aqua-mangrove farming as an approach in which aquaculture can be
developed around existing, reforested or naturally growing mangroves while maintaining
much of the ecological integrity of the mangrove area. The approach has been applied to
shrimp and mud-crab culture and incorporates community participation and co-
management. SEAFDEC Repository+1
The fundamental principle is:
Mangrove conservation + aquaculture production + community livelihood
rather than clearing mangroves to create conventional aquaculture ponds.
2.2 Ecological functions
Mangrove vegetation can contribute to:

e Reduction of wave and current energy.

o Sediment trapping and shoreline stabilization.

e Provision of fish and crustacean habitat.

o Improvement of coastal biodiversity.

e Carbon storage.

e Nutrient cycling.

e Support for fisheries and local livelihoods.
Research on Indian mangrove systems hasalso demonstrated the importance of
mangroves for shoreline stabilization and coastal protection. Long-term analysis of the
Godavari estuary, for example, identified mangroves as an important component of coastal
protection while documenting substantial land-use conversion associated with
aquaculture development. Springer

3. Tetrapod Coastal-Protection Technology

3.1 Definition

A tetrapod is a four-legged, irregularly shaped concrete armour unit used primarily in rubble-
mound breakwaters and coastal protection structures.

The unusual geometry allows adjacent units to interlock and creates a rough, porous armour
layer. The resulting structure dissipates part of the incoming wave energy rather than
reflecting all of it.

Recent literature describes tetrapods as one of the earliest irregularly shaped concrete armour
units, developed in France in the 1950s. When arranged appropriately, tetrapods create
substantial void space and a rough surface that contributes to wave-energy
dissipation. Frontiers

3.2 Function in breakwaters
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A typical rubble-mound breakwater contains:

1. Core material.

2. Filter or underlayer.

3. Primary armour layer.

4. Crest and toe protection.
Tetrapods are generally used as the primary armour layer.
Their function is to resist displacement under wave attack while dissipating wave energy
through turbulence, friction, interlocking and wave breaking.
3.3 Hydraulic stability
Tetrapod performance depends on several parameters, including:

o Significant wave height.

e Wave period.

o Water depth.

e Armour-unit weight.

e Concrete density.

e Breakwater slope.

o Placement pattern.

e Number of armour layers.

o Toe configuration.

e Wave direction.

e Construction quality.
Research on concrete armour units in India emphasizes that armour stability is influenced not
only by unit weightbut also by shape, interlocking, slope, packing density,
placement method, wave characteristics and toe protection. Scribd
Tetrapods also have a known structural limitation: their slender geometry can make them
susceptible to breakage under static, pulsating and impact loads. Research has therefore
examined the relationship between hydraulic stability and structural strength Universitets
forskningsportal+1

4. Proposed Aqua-Mangrove—Tetrapod System

The proposed system combines hard engineering and nature-based coastal protection.

A conceptual cross-section can be represented as:

Sea — Tetrapod armour — Rubble/filter layer — Intertidal zone — Mangrove belt — Aqua-
mangrove pond/channel — Protected land

The tetrapod zone acts as the first line of defence against severe wave attack. Behind it, the
mangrove zone provides additional wave attenuation, sediment retention and ecological
functions.

4.1 Functional arrangement

The proposed system may consist of five zones:

Zone 1 — Offshore/outer armour zone

A rubble-mound breakwater or submerged/low-crested structure is protected with tetrapod
armour units.

Zone 2 — Transition zone

A graded rock or filter layer connects the engineered structure with the intertidal
environment.

Zone 3 — Mangrove restoration zone

Existing mangroves are conserved and degraded areas are restored using appropriate native
species.

Zone 4 — Aqua-mangrove production zone
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Where environmentally appropriate, controlled aquaculture of species such as mud crab or
shrimp can be integrated without unnecessary mangrove clearing.

Zone 5 — Community and terrestrial protection zone

The landward area can include settlements, agricultural land, roads, fisheries infrastructure or
other assets requiring protection.

5. Working Principle

The hybrid system operates through multiple mechanisms.

5.1 Wave-energy reduction by tetrapods

Incoming waves encounter the rough and porous tetrapod armour layer. The irregular
geometry causes turbulence and interaction between the wave and armour units, reducing the
energy transmitted toward the landward side.

5.2 Wave attenuation by mangroves

The remaining wave energy encounters mangrove stems, branches and roots. Vegetation
increases hydraulic resistance and promotes energy dissipation.

5.3 Sediment trapping

Mangrove roots and low-flow conditions can promote sediment deposition. Over time, this
may assist in maintaining or increasing the elevation of the intertidal platform, although the
response depends strongly on sediment supply, tidal regime and local geomorphology.

5.4 Ecological buffering

Unlike a conventional concrete seawall, the mangrove component creates habitat and
supports ecological processes.

5.5 Livelihood generation

An appropriately designed aqua-mangrove system can provide opportunities for sustainable
aquaculture and local employment. SEAFDEC's aqua-mangrove model specifically identifies
livelihood development and community co-management as important components.

6. Advantages of the Integrated Approach

6.1 Improved coastal resilience

Combining structural and biological protection can provide redundancy. If mangrove
vegetation alone cannot withstand an extreme event, the tetrapod structure provides
additional protection.

6.2 Ecosystem benefits

The mangrove component provides ecological services that conventional concrete structures
do not normally provide.

6.3 Livelihood opportunities

Aqua-mangrove systems can support fisheries and aquaculture while encouraging
communities to maintain mangrove ecosystems.

6.4 Reduced dependence on a single defence mechanism

A conventional seawall or breakwater relies primarily on engineered resistance. The hybrid
system uses several mechanisms simultaneously.

6.5 Adaptability

Mangroves can grow and modify the intertidal environment over time, whereas conventional
structures generally remain geometrically fixed.

Conclusion

The Aqua-Mangrove—Tetrapod Integrated Coastal Protection System provides a conceptual
framework for combining engineered and nature-based coastal defence. The approach uses
tetrapod armour to provide resistance against severe wave attack while retaining or restoring
mangrove ecosystems behind the structure.
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Aqua-mangrove farming demonstrates that mangrove conservation can be integrated with
productive aquaculture and community livelihood development. Repository Tetrapods,
meanwhile, provide an established form of concrete armour for breakwaters and can
contribute substantially to wave-energy dissipation.
The principal advantage of the hybrid approach is that it does not rely exclusively on either
concrete infrastructure or natural vegetation. Instead, it combines the immediate protective
capacity of engineered structures with the long-term ecological functions of mangroves.
However, the system must be designed according to local hydrodynamic, geomorphological
and ecological conditions. Particular attention should be given to tetrapod stability, structural
breakage, sediment transport, tidal exchange, mangrove health and the environmental
footprint of concrete production.
Overall, the concept has potential as a sustainable coastal-management strategy for tropical
and subtropical coastlines, particularly where communities require both coastal protection
and livelihood opportunities. Future laboratory experiments, numerical modelling and field-
scale demonstrations are necessary before standardized design guidelines can be established.
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