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Abstract

Infrastructures are also important coastal defence constructions that are key in shielding coastal areas against
erosion, storm surges, and the emerging risks of climate change. Modular caissons and breakwaters have
presented new technological innovations in subsurface and marine construction projects among the many
technologies accomplished in the construction process of marine constructions that people have developed.
With developments in these technologies in the recent past, the survey examines their use in coastal defence
systems. Modular caissons are more easily designed and shorter in time,; breakwaters have been predominantly
created in the modular system, which will be more effective and sustainable. Essential trends in the application
of modern materials, including ultra-high performance concrete (UHPC), and the integration of nature-friendly
strategies, including nature-based solutions, are also described.

This paper assesses the advantages and disadvantages of these technologies, and current research and or
practical experiences inform the comparison. The research results support that the potential of modular
caissons and breakwaters can transform the approaches to coastal defence. Yet, the issues of possible
scalability, long-term resistance, and environmental friendliness are also revealed. In the future, the work
should be carried out on the upstream of such systems to extreme weather conditions and the possibility of
constructing new and sustainable materials in building processes.

Keywords: Modular Caisson, Breakwater Construction, Coastal Defense, Underwater Construction, Marine
Infrastructure

I.  Introduction

Guarding against the influence of natural conditions on the coast, coastal defence structures are essential
in safeguarding the coast against rising sea levels, storm surges and coastal erosion. These buildings reduce the
effects of adequate weather conditions and protect critical infrastructure, buildings and ecosystems. Modular
caissons and breakwaters are among the most commonly built and efficient coastal defence systems, and they
have been highly innovated throughout the last few decades. Shoreline protection and harbour construction--
Modular caissons are large watertight structures filled with materials like concrete and rocks and used to protect
the shoreline and build harbours. They are versatile concerning design and may even be built off-site, which
means they are very flexible to change according to different coastal realities [2]. Breakwaters, in turn, are
structures placed to lessen the effect of waves on the coastal surface. The new solutions in breakwater design,
particularly in their modularity form, made installing the constructions faster and more adaptable to the
changing environmental conditions [20]. The hybrid of the two technologies is critical to enhancing the
resilience of the coastlines to climate change.

The value of coastal defence systems cannot be over-emphasized since they keep millions of people,
property and ecosystems safe worldwide. The need for coastal defence has never been more critical as the
effects of climate change speed up, exposing humans to the risk of increasing sea levels, the increased frequency
of storms, and so on. Densely populated urban centres, major ports, and highly sensitive ecosystems located
along the coasts are at risk of experiencing the effects of coastal erosion and extreme weather security [13]. This
means that to make modular caissons and breakwaters more environmentally sustainable and cost-efficient, it is
necessary to comprehend the latest innovations in construction methodologies.

Through these technologies, one can ensure the long-term establishment of sustainable solutions that can
adapt to the changing needs of coastal protection [4].

The target of this paper is current developments in modular caisson and breakwater construction, with
special consideration given to coastal defending projects. The survey considers the innovations in materials,
including ultra-high performance concrete (UHPC), which have enhanced the structures' durability and
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performance [9]. Also, the paper reviews the current trend of using nature-based and sustainable solutions
during the design and construction of coastal defence systems [13]. The scope also covers the analysis of the
modular approach that has transformed how coastal defence is done since it offers flexible, efficient and cost-
effective solutions.

The paper covers several sections. The first part includes an overview of the development of the
construction of modular caissons and breakwaters, as well as the main trends and technological improvement.
The second section provides a comparative account of various coastal defence systems, have concentrated on
the modular systems and their performance in different environmental conditions. The third part summarises the
results of subsections in the previous sections and determines the gaps in the existing research and practice. The
paper ends with a discussion of the future trends in coastal defence technology and recommendations for
research that can be conducted in such a direction.

II. Main Body
2.1 Evolution of Modular Caisson Construction

Modular caissons have proven to be a significant development in the marine construction industry and
tend to be viable solutions towards coastal defence, harbour construction, and even offshore construction. Over
the years, technology has evolved to modern, more flexible, and versatile systems, which allow for change and
adjustment according to the individual requirements of a given project. Each module can be manufactured
elsewhere and then brought to the site to be constructed rapidly, saving time and logistical problems. Modular
caissons have a long history, and a transformation process can be followed in which large single-piece caissons
are changed into free-standing modular structures that are more flexible to build and allow the use of a wider
variety of materials and construction methods.

The latest trends in modular caisson technology are concentrated on applying the new material, ultra-
high performance concrete (UHPC), that increases the durability and lifetime of the structures [9]. The modular
approach enables faster installation as pre-fabricated parts get fixed at the site, reducing the time required to
install them [2]. Moreover, modular caissons would have greater flexibility to changing coast conditions
because their size and shape can be adjusted to suit a changing environment. The use of intelligent technology,
including incorporating innovative technologies where structural integrity can be monitored with sensors, is also
a trend of improving the functionality of these systems.

The primary benefit of the modular caisson technology can be seen in the speeding up of the
construction process, decrease in time, and the cost, which is attributed to the conventional construction
techniques. Modular systems, additionally, bring about enhanced flexibility in the design, and it is possible to
adjust individual projects to unique requirements. Nevertheless, this method has limitations, like logistical
problems associated with moving big pieces, especially in disable-to-reach coast regions. The initial cost of
modular caissons could be more than that of traditional systems, but the smaller construction time and
construction costs usually balance this.

Table 1: comparison of traditional vs. modular caisson construction methods

Construction Method | Time Cost Efficiency
Traditional Caisson High Moderate Low
Modular Caisson Low High High

2.2 Breakwater Construction Innovations

Breakwaters play a vital role in shielding coastal areas against the ravaging effects of waves, and in the
recent past, there has been a great deal of change in the design of these structures. The conventional varieties of
breakwater, regularly constructed using extensive concrete masons or even rock, are being upgraded or eased by
modular structures, which are typically easier to build and more flexible to local set-up conditions. Hybrid
breakwater systems incorporating the finest elements of complex engineering systems and nature-based
solutions have also become a popular type of innovation in breakwater systems. Such innovations make the
installation process much faster and provide sustainable coastal protection.

Breakwaters' most prominent development pattern is that it has gradually migrated to the modular type,
which offers greater flexibility and may be adapted to various environments [20]. The advanced materials used
to design breakwaters include UHPC, sustainable composites, etc. These materials have the advantage of being
durable and minimizing environmental impact [4]. More accurate prediction of wave attenuating using advanced
modelling methods (computational fluid dynamics [CFD]) is currently employed, ensuring that breakwaters are
designed to maximize the reduction in waves. Moreover, nature-based solutions, i.e., placing submerged reefs or
mangrove plantations with a breakwater structure, are the already growing trend of coastal defence management
[13].

Modular breakwaters have many benefits, including flexibility in various coastal environments and
quicker installation than conventional types. They can be easily modified to fit any particular design need and
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are also less expensive in terms of installation time and labour cost. Nevertheless, setbacks exist, especially
regarding the structural ability of modular systems subjected to extreme weather. Moreover, hybrid systems that
use a mixture of artificial construction and natural responses must be considered further, especially in regions
with frequent high-energy waves and storms.
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graph 1: performance data of different breakwater designs

3.3 Environmental Considerations and Sustainability

With the pressing environmental concerns, more attention is paid to the sustainability of the coastal
defence constructions. The ecological interference caused by the creation of modular caissons and breakwaters
has been tremendous, to say the least, as it triggers the displacement of sediment as well as the destruction of
habitat. Nevertheless, new developments tend to reduce these effects with the help of environmentally friendly
materials, minimal construction interference, and integration of nature-based solutions. Such initiatives are
necessary to ensure that defence structures along the coast safeguard human infrastructure and maintain the
quality of marine life and biodiversity.

Sustainable materials like recycled aggregates and eco-friendly composites and the strategies for
reducing the environmental impact of any coastal protection using these materials are some of the main
tendencies in marine construction [18]. Moreover, modular systems are also developing with minimal intrusion
methods, which makes it possible to construct without much interference with the surrounding environment. It is
also believed that traditional breakwater designs should incorporate nature-based solutions (using rock pools and
artificial reefs) to promote biodiversity and lead to more sustainable coastal defence solutions [14]. Such
innovations assist in striking the right balance between the need to protect the coastline and achieve healthy
marine environments.

Modern coastal defence systems cannot do without the elements of eco-friendly materials and
techniques, which contribute to diminishing the adverse effect on the environment caused by the construction.
However, such systems' long-term strength and performance are a problem over time, particularly in high-
energy marine settings. Some of the advantages of nature-based solutions include improved biodiversity,
maintenance access and cost-effectiveness, although,gh they must be well integrated with conventional
engineering approaches to enhance their structural soundness during extreme weather.
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figure 1: environmental impact of traditional vs. modern coastal defense techniques

III. Comparative Analysis / Synthesis

Continuing the evolution of modular caisson and breakwater technologies has created several main
trends in the coastal defence industry. The increasing use of modular systems is one of the most evident trends,
and it has great merits in ease and flexibility of construction and cost-efficiency. Compared to traditional
building systems, modular systems enable several sections to be prebuilt off-site and installed on-site,
translating to shorter construction time and lower costs [2]. Moreover, they are less rigid as these systems adapt
to the various environmental conditions and can be expanded or upgraded whenever necessary. The trend has
resulted inin the popularization of the modular design used in diverse coastal defence projects, such as the
construction of harbours and coastline defence.

The advanced material is another new trend where modular caissons and breakwaters use such materials
as ultra-high performance concrete (UHPC). The materials boosted the durability and performance of such
structures, particularly with rocky surroundings in the marine regions [4]. Also, the combination of near-shore
complexes with the engineering solutions, i.e., a use of the submerged reefs and mangrove forest plantings as
well as modular ecosystems, is becoming a popular practice as the combination of both the coastal protection
advantages with the maintenance or recovery of the marine biodiversity [14].

Lastly, sustainability has emerged as one of the most common subjects in modular caissons and
monolithic, more so breakwater, design. To limit the damage to the nature of these structures, the utilization of
sustainable and nature-based solutions, the use of eco-friendly materials, and the application of minimal
disruption approaches to construction are pursued [18]. These tendencies indicate the increasing trend to more
flexible, economically efficient, environmentally friendly solutions in coastal protection.

Although much has been done regarding the modular systems, the research has a number of gaps that
should still be filled. Among the most problematic ones can be noted the long-term durability of modular
caissons and breakwaters, especially in the face of extreme weather and sea level rise. The use of modular
systems has been effective when it comes to speed and flexibility about providing the design on how it works
but has not been tested further as long as the effects of wave action, corrosion by salt water, and storms of
immense magnitude are concerned [4]. Also, although modular systems can be economical through use of
smaller schemes, there has been less research on how they would work in use at a large scale in coastal defense
especially within a high energy coast where the systems are likely to experience harsher conditions.

The other knowledge gap is in relation to cost effectiveness of modular systems in large scale use. On
the one hand, it has been determined that the use of modular systems can minimize the time of construction;
however, further investigation should be conducted in terms of assessing the overall cost of this solution within
large, long-term projects, as well as considering logistics, installation, and maintenance costs [13]. Moreover,
although the green side of materials like UHPC feels promising, the feasibility of large projects remains a matter
of doubt because they cost more in the m + 0 range.
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Finally, modular systems integration with local ecosystems is one of the challenging issues. Although
nature-based solutions are favorable regarding biodiversity and sustainability, they should be sensitively
combined in order not to negatively affect the ecosystems in the area or bring unwanted environmental changes,
like alterations in sedimentation levels or destruction of natural habitats [13]. Further investigations are
necessary to find out how it is best to merge the modular systems with the local coastal systems in order to make
them sustainable in the long run.

There are a number of open questions that were not answered so that the adoption of modular systems of
the coastal defence can be popular. Scalability is one of the urgent issues. Though modular systems are very
much useful in small- to medium-sized projects, their use in the large scale coastal defense plans particularly
dense habitats or environmentally sensitive ecosystems still requires research. As an example, delivery of huge
modules and their assembly at the central city could be a huge problem [20].

The use of eco-friendly material like UHPC is also expensive, and this is a challenge, especially in low-
budget coastal defense works. These materials have a great property in regard to sustainability, but they are
expensive to apply particularly in underdeveloped areas [20]. Additional studies on other sustainable materials
or affordable measures that would make these technologies more affordable should be done.

There is also one unanswered question related to incorporating modular systems into the local
ecosystems. Although the hybrid solution that combines nature-based solutions has numerous positive attributes,
proper preparation is necessary to avoid the adverse effects of constructing structures like the destruction of the
local marine ecosystem and alterations in sediment dynamics [18]. Moreover, there is also a lack of research in
the long-term functioning of these hybrid systems in high energy coastal environments.

Table 2: comparison of modular vs. traditional systems

Aspect Traditional Caisson | Modular Caisson

Construction Time High Low

Cost Moderate Higher Initial Cost

Efficiency Low High

Flexibility Low High

Environmental Impact | High Low (with sustainable materials)
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graph 2: performance data of different breakwater designs

IV.  Discussion

The developments in the modular caissons and breakwater systems have tremendous prospects in the
future in respect of coastal defense. Modular is turning into a more flexible, cost-efficient, and productive
solution; modular system is turning into a more adaptable, cost-effective, and productive alternative as the
survey has raised. The increasing interest in modular building is an indication of demand of quicker and
adaptive building processes which may be adapted to varying coastal conditions and environmental needs. Such
advanced usage materials such as ultra-high performance concrete (UHPC) and the introduction of sustainable
processes are transforming the way coastal protection systems are constructed, and these systems are not only
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more sustainable but also more durable [9]. Also, the combination of nature-based solutions and modular
systems presents a comprehensive system of coastal defence that not only improves the resilience of the
infrastructure and the sustainability of the marine biodiversity but also provides coastal resiliency and
reconstructive competence in cases of extreme events [18].

These advancements define the future of shoreline protection by providing more flexible and scalable
products. Modularity of caissons and breakwaters can expand an existing structure or modify structures as
coastal conditions alter since it is easier to build in the long term. In addition, the fast and cheaper labour model
of modular construction can result in cost-effective and accessible defence systems on the coast, especially those
highly exposed areas to the effects of climate change [2]. With more progress being made in the sophistication
of modular systems, they will probably be used as the key to supporting the increased needs of coastal
protection in light of the means of rising sea levels, storms, and climate change-related severe weather
conditions, and the inevitable mounting cities located along the coasts.

Looking ahead there are a number of changes in trend and direction within modular caisson and
breakwater technology in the future. Among the most exciting fields of development, automation and Al
integration in the creation and support of such structures should be mentioned. Automation may be used to
facilitate manufacturing of modular components further cutting the time, cost of construction and increasing
precision and quality. Another development is the predictive maintenance systems relying on Al It will be
possible to monitor in real time the health of operational structures and anticipate repair needs before a problem
occurs by installing sensors and Al into modular systems. This would also have major impacts on the long-term
maintenance costs and would enhance the durability of coastal defense systems [13].

One of the future research areas is also the enhanced environmental resilience. Although modular
systems are shown to be beneficial to the environment due to more limited construction footprint and use of
more sustainable building materials, additional studies need to be carried out to ensure maximum efficiency of
modular systems against extreme weather and coastal dynamics. The combination of nature-based solution and
modular solutions is a promising area that can be explored. Further research is, however, required on the
effectiveness of such hybrid systems over time, especially in areas with harsh, energy-rich coastal environments
[14].

Additionally, the tendency to utilize environment-friendly materials and green technologies of the high-
tech level of the construction process decreasing the carbon footprint of coastal defense projects is in
development. The research of those other materials, which can include recycled composites or bio-based
concrete, can also be used to even achieve greater sustainability of these structures and align coastal defense
practices with the efforts toward the global sustainability [18].

Lastly, scaling of the modular systems into large scale coastal defense operations is a major challenge.
Although modular systems are deemed successful in small to medium operations, further examination in needed
to determine the feasibility of their large-scale implementation and especially the ignored coastal mega-
populations [9].

The moderate caisson and breakwater technology, which is adaptable, sustainable, and efficient, holds
the promise of future coastal defense since they have the ability to adapt to the changing climatic patterns.
Further developments in the areas of automation, environmental resilience, and solutions that scale will also be
critical so as to ensure maximization of the potentials of the technologies and above all ensuring that the coastal
defense systems are effective and sustainable in the long-run.

V.  Conclusion

The poll into the innovations of modular caussons and breakwaters evokes the increasing change
towards more flexible, efficient and environmentally friendly solutions to coastal defense. A modular system
has a major advantage of being constructed off site and the constructions put together on site so it offers time
and cost benefits when it comes to construction and hence can look forward to being used in future coast
protection schemes. By incorporating highly intensive materials, e.g. ultra high performance concrete (UHPC),
and sustainable measures, durability and environmental performance of such structures have been improved
which provides them long term safety against the impacts climate changes, increase in sea levels and high
severity weather conditions.

Modular caissons and breakwaters are a far more flexible form of construction that has the benefit to be
easily expanded and modified as the conditions of the coast vary, necessary to sustain long-term. Those systems
find even greater support in the growing trend of integrating nature-based solutions, which makes them even
more effective in terms of structural protection and ecological benefits. With the ever-evolving modular
systems, they would most probably take the form of a keystone in design and construction of coastal defenses
around the world.

Although modular caisson and breakwater technologies have demonstrated promising results, a number
of areas require more investigations. Among the most important of them will be implementation of Artificial
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Intelligence (AI) and automation in terms of construction and maintenance of such systems. The mentioned
technologies can become even more efficient and cost-effective as predictive maintenance, monitoring, and
optimization of construction processes may be performed with the use of Al. The areas of future research need
to be Al systems that will enable the modular structures to monitor when they are worn out and updated to
include maintenance as a proactive exercise and not reactive one [13].

Future research on the environmental effects of modular coastal defense systems is also another
research that could be a critical area of research. Although they are more eco-friendly as compared to ordinary
constructions, more research is required to gauge the effect of large-scale modular systems to determine their
long-term environmental impact. Studies on how modular systems can be integrated with the marine
environment without hindering the local habitat are also needed; that is, building on the difference between a
submerged reef or artificial reef structure [18]. Also, the investigation regarding finding alternative, green
materials, which can further decrease the carbon footprint of such systems is a vast direction to innovations.

Lastly, the modular systems associated with large scale coastal defense projects must be examined a
little closer as far as scalability is concerned. Although modular solutions are efficient to work on small- and
medium-sized projects, they need to be examined further on implementing them in large dense-populated
coastal regions regarding logistics, transportability, and compatibility with the current infrastructure. These
concerns will be very instrumental in increasing the application of modular systems to work on coastline
defense across the world [9].
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